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In the past years there has been a great growth of interest in studying the colli- 
sions of relativistic nuclei and particles vith nuclei. These studies are essenti- 
ally beyond the framework of the canonical nonrelativistic nuclear theory, accord- 
ing to which the nucleus is thought of as a system of nucleons described by the 
Schroedinger equation. Large momentum transfers to a nucleon system (of the order 
of or larger than the nucleon mass) require a consistent relativistic approach and 
correspond to so small relative internucleon distances that not only the concept of 
potential, but also the concept of nucleon itself as a quasiparticle adequate to 
the problem lose their sense. For the relative internucleon distances of the order 
of or smaller than the confinement radius, the quark degrees of freedom must play 
an important role. As a matter of fact, we are dealing here with the problems of 
the hadron physics and quantum field theory. Correspondingly, the methods and ap- 
proaches in these both theoretical and experimental investigations are essentially 
an adaptation and development of the high-energy physics methods. 

The problem of description of composite systems for which the relativistic effects 
are essential has recently been of paramount importance due to the quark models of 
hadrons. As far as true elementary objects are presently taken to be quarks and it 
may be suggested a far-reaching analogy of the particles with the atoms and mole- 
cules, then the processes of relativistic nuclear physics seem to be analogs of 
chemical reactions and processes of plasma physics. 

The investigation of the elementary particle structure at short distances needs 
study of large momentum transfers when the wave length of interacting objects is 
much smaller than their sizes. The large momentum transfers to particles result 
inevitably in the production of a large number of new particles. In the study of 
elementary particle interactions at very high energies we are dealing with systems 
possessing an infinte number of degrees of freedom. In this sense the transition 
to the interaction of nuclei adds only a finite number of degrees of freedom to the 
infinite one. The nuclear collisions in the relativistic region are not found to be 
more complicated that the hadron collisions. Moreover, the collision properties of 
relativistic nuclei are found to be similar to those of protons at high energies. 
Experimental methods for studying these processes have been developed and have suc- 
cessfully been applied in the physics of relativistic nuclei. In hadron physics, 
the study of multiple production and deep inelastic processes has enabled one to 
formulate very important notions such as scale invariance and asymptotic freedom 
of quarks, to check the basic model ideas about the hadron structure. 

The question naturally arises as to what new information we obtain by studying large 
momentum transfers to nuclei. Sceptics asserted, and similar assertions still occur 



at present, that the investigations of interactions of relativistic nuclei would be 
a duplication of the investigations of nucleon properties but would contain some 
unnecessary complications due to the Fermi motion of nucleons and unknown proper- 
ties the nucleus wave function at small distances. In the present lectures we try 
to show the invalidity of such assertions and describe the experimental studies, 
which have resulted in the discovery of nontrivial multibaryon phenomena and the 
theoretical studies which have demonstrated the relationship between these pheno- 
mena and the main problems of construction of the quark theory of matter. The colli- 
sions of nuclei in the relativistic region were found to be even more inform'ative 
than the collisions of particles. This is due to the fact that we know more about 
the nucleus structure than the proton structure and can strongly vary the para- 
meters of colliding objects. We can check the ideas of space-time picture of hadron 
production and obtain additional information which can be extracted by no other 
way and which is very sensitive to strong interaction models under development. 

The interactions of nuclei in the relativistic energy region are at present a wide 
and fast developing field of high-energy physics which is also of great importance 
for understanding the properties of atomic nuclei. In the framework of the present 
lectures, I have no possibility of discussing in detail this domain and I will 
dwell on the problems which seem to me to be especilaly important. The lectures are 
intended for nuclear physicists who are interested in the development of nuclear 
physics in the new energy region. The first section is thus devoted to the intro- 
duction of some important concepts which are not yet generally accepted in nuclear 
physics and are related to the particle physics. 

The processes of relativistic nuclear physics studied by means of modern methods 
of high-energy physics give very abundant information. Unfortunately, the overwhelm- 
ing part of the data is not sensitive to the existing models. Many characteristics 
are of a purely statistical character and are described by the Poisson distributions, 
or reflect really the nucleus properties defined by large distances and the Fermi 
motion. In this connection, it is very important to formulate the problem in an 
optimal manner, to find the conditions of "informative comfort". It seem to us that 
the formulations of the problems associated in some way or other with large momen- 
tum transfers to the nucleon system are most important. 

In the present lectures we pay a special attention to the cumulative effect. By cu- 
mulative particles we mean* the particles produced on nuclei in the region kinema- 
tically forbidden for one-nucleon collisions. Extraction of the events containing 
cumulative particles identifies the configurations in the nucleus wave function 
when several nucleons are at distances smaller than the sizes of one nucleon. At 
such short distances the quark-parton constituents of nucleons appear to be collec- 
tivized which, according to the predictions, must result in the formation of un- 
usual objects of hadron physics. A large amount of appropriate experimental infor- 
mation obtained at Dubna, which will be reviewed below, has attracted a consider- 
able attention of theoretists. I will describe the known to me attempts of inter- 
preting experimentally discovered phenomena on the basis of the methods of theore- 
tical physics. 

The multibaryon configurations which are responsible for the cumulative effect are 
also of great interest because of possible existence of metastable multiquark sys- 
tems, for example, of dibaryons. The application of the quark bag theory to these 
states show that they can be interpreted as a discovery of super-dense states of 
nuclear matter. Rather interesting theoretical and experimental studies a.re being 
performed along these lines at Dubna, I will give a brief survey of them. 

* A  strict definition of the cumulative effect is given in Section 11. 
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In 1970 the systems of the Dubna Synchrophasotron were adjusted to accelerate rela- 
tivistic nuclei. Since that time a wide program of investigations in the field of 
relativistic nuclear physics has been realizing at the Joint Institute for Nuclear 
Research. A sketchy description of this program is also the subject of the present 
lectures. 

To conclude I will discuss some perspectives of the development of an accelerator 
complex which is planned to be constructed on the basis of the Dubna synchropha- 
sotron. 

I. The Basic Notions and Quantities 

The region of multibaryon phenomena defined by the condition 

where 6 are the three-momenta of particles and m their masses, is called by us 
the relativistic nuclear physics. The production of new particles is very essential 
in this region. The number of the degrees of freedom, the number of the variables, 
which describes the result of hadron collisions in this region is so large that 
from the very beginning we are forced to use an incomplete description. The require- 
ments of the theory of relativity are very important and the mathematic apparatus 
formulated on the basis of relativistic invariant quantities, for example, squared 
four vectors, is found to be most suitable. 

In hadron physics, in the analysis of experimental data, the quantities to be 
measured are invariant inclusive cross sections (one-, two- and so on particle dis- 
tributions) : 

which correspond to the identification in the final state of one, two and so on 
particles: 

I+II + 1  + X 

I +II- 1 + 2 +  X. (1.3) 

The quantities p l  , p 2  and so on depend on the relativistic invariants, in par- 
ticular, on s = ( p  I +p11)2 =m:+ rnqI +2(pI . p I T  ) ; a in is the inelastic cross section for 
reactions induced by the collision of systems I and Il ; p I  andpII are the four- 
momenta of particles I and I1 . The p ,  is determined by the following manner. 
Let n particles of the type a ( n > m )  be produced in a collision 

where x is a system of hadrons containing no particles of the type a . We denote 
the cross section of such a process as d u ( n  . X). 
We integrate d a ( n  , X )  over the phase volume of system .X and take the sum over the 
all possible channels of X . Then we obtain the production cross section for n 
particles of the type a with an arbitrary hadronic accompaniment d u ( n )  

f is a relativistic invariant. 

We integrate eq.. (1.4)over the all momenta of the particles of the type a , for 
the exception of m , and divide by u i n  : 

P , = P ( P ~  ,..., P ~ . P ~ , P ~ ~ ) = - L E ~ E ~  ... E~ do  

"in d j ; l  ... d C m  



In virtue of the identity of the particles of the type a,pm is normalized as 
follows 

The symbol< > denotes an averaging over all the observed events with n >rn out- 
going particles. 

In terms of the discrete probability Pn = %  the r.h.s. of eq. (1.5) can also be 
expressed as follows: Oin  

w 

The summation can start with n =  0 , since at n < m  the factor for P, vanishes. 

Thus, the basic quantities to be obtained in experiments and discussed by theore- 
tists are the invariant quantities which depend on s,the four-momenta and,generally 
speakinq,on other quantum numbers of the particles involved in the rcaction. In- 
stead of the relativistic invariants of the type s = (pr + prI ) 2 ;  t ( P I  - p  )2 and so on, 
as the p arguments use is often made of the quantities which are calied rapidi- 
ties. The important properties of p , which will be essential for the following 
presentation, are simply expressed in terms of these quantities. The introduction 
of the rapidities is also necessitated by the difference between the longitudinal 
(along the collision axis) and transverse motions. By the rapidity we mean the 
quantity 

here and in what follows p i  =\/Pi:+ m2 
i  

At nonrelativistic energies the rapidity reduces to a projection of the particle 
velocity on the axis which is assumed to be the direction of collision of par- 
ticles I and I1 : y  - v, . 
We notice the remarkable property of the rapidity for the Lorentz transformations 
along the axis Z . It transforms additively. Respectively, the rapidity difference 

E ' + p ' ,  
remains invariant. In fact, we find y'= ln . With the Lorentz transformation 

P  
E +  v p  P , +  V E  , p; = we get y ' = y + l l n u .  E ' . . Z -  . - 

\/I - v 2  d l - v 2  2 l - v  

The connection of the i and j particle rapidity difference with the pi and p  
four-vector product has the form 

J 

In virtue of relativistic invariance, the distributions pm depend on the rapidity 
differences. The dependence on the transverse momenta pl is for the moment omitted 
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The invariant phase volume: 

For definiteness we assume the rapidities to be ordered 

The important property of the p  distributions, the so-called short-range order 
(SRO)  model, was established as an approximate law of the high-energy hadron phy- 
sics, which is formulated as follows. 

1 .  If the rapidity difference is far larger than the characteristic correlation 
length L  , then p k  is independent of this difference. In particular, p k  is 
independent of (y - y  ) , if I y  I - y  1 > L  . 

I I1  
2. If yI  - y 2 > L  , then p  is factorized to a product of one-particle distributions 

These conditions are in a trivial manner generalized to any p, , where m 2 3 . The 
case l y I  - y I I I > L  corresponds to a limiting fragmentation. The hypothesis of limiting 
fragmentation states that the limit: 

exists. It will be clear from the following that the condition ( 1 . 1 )  provides an 
approximate limiting fragmentation. The limit s - -  is defined by the magnitude 
of the correlation length L . In order to study the two-particle correlations in 
multiple particle production a correlation function 

is defined. According to SRO,  for 1 y  l -y2  I > L ,  C = 0 , and respectively, p2 is 
factorized. In hadron physics it is usually assumed that for large l y l - y 2 1  values: 

A priori there is no special reason to believe that there exists an universal cor- 
relation length L  which is valid for all types of high-energy reactions. Moreover, 
strictly speaking, the correlations should not be only of short-range order, at 
least, because of the restrictions imposed by energy-momentum conservation. Never- 
theless, the SRO model well describes many characteristics of multiple particle pro- 
duction and may be viewed as an approximate universal property of hadron interac- 
tions. 

Nuclear collisions should obey the laws discovered in hadron physics and, in par- 
ticular, the use of SRO is found to be especially efficient in relativistic nuclear 
physics. 

Firstly, this model enables us to predict the region of approximate validity of 
limiting fragmentation. Recall 

The case / y  - y  1 x 2  corresponds to this approximate boundary, or 
I  I1 

E 
or: 2 2 >  e , 7.4 , i.e. at an energy E I of about 4 GeV/nucleon. This boundary 

m~ - 2  
appears to be in agreement with the condition ( 1 . 1 )  : !.I- , 14 >> 1 . It will be still 

."I 



discussed in the lectures. Secondly, since for E 1 > 4  GeV/N the happening near the 
left boundary in the rapidity space (in the vicinity of ylI ) do not affect that in 
the vicinity of the right boundary (yI), then the properties of limiting fragmenta- 
tion of nucleus I must be independent of the properties of nucleus fl . Hence it 
follows, in particular, that in order to study the limiting fragmentation of nuclei 
it is unnecessary to accelerate them. It is sufficient to study the particle pro- 
duction to a backward hemisphere under the action of any kind high-energy particles, 
This assertion is explained on fig.1, where a rapidity distribution is presented. 

Fig. 1 

Let us assume that we are interested in a shaded area of the rapidity distribution, 
the region of limiting fragmentation of nucleus y I , and that IyI -y I > 2 .  If we 
choose a coordinate system where nucleus I1 is at rest, then y I  andy! are both 
positive, y l  being larger than yI . This corresponds to the case when the 
energy of particle 1 is higher than the energy per nucleon of fragmenting nucleus[. 

If now we consider the same situation in the rest system of nucleus I then, as 
is seen from fig.l,the rapidities of nucleus II and particle 1 have opposite signs 
This corresponds to the fact that particle 1 moves in the direction opposite to the 
direction of motion of nucleus 11 (backward hemisphere). According to the limiting 
fragmentation property, in our case p is independent of ~ Y ~ ~ - Y ~  I and the proper- 
ties of particle I1 since particle 1 is located in the rapidity space far from 
particle 11 . It is profitable to choose as particle I1 a light particle, e.g. a 
pion, instead of a nucleus. In so doing, the condition (1.14) is written as (par- 
ticle 11 is moving) 

E I1 2 - 2  8 
m I! 

Thus, in the production of particles on nuclei under the action of pions, the li- 
miting fragmentation is expected to begin at pion energies lower than 1 GeV. The 
same is valid for the particle production on nuclei to the backward hemisphere 
under the action ofy quanta and neutrinos, which will be discussed below. 

The Lorentz transformation of the measured p to a system in which nucleus I is 
moving makes it possible to predict secondary beams which will be obtained, e-g., 
from acceleration of uranium. 

It was just in this formulation that the properties of the limiting fragmentation 
of nuclei have been studying at Dubna since 1971. 

The limits of change of y l  are defined by energy-momentum conservation which can 
be written in the following form 

where M2 is the square of the missing mass. 
We write eq.(1.15) in terms of the rapidities by denoting 
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We consider the case y > y I > yII . exp a >> 1 . Then, taking into account that (p .pi) = I 
= mIp ch(y 1 - ~ 1  : 

2 
where A = M  -m2-m2 
or 

I I l - m l  

- expb+exp(-b) 
m - -.- - p expb = 

A 

I "'11 exp a m exp a 
I1 

This case corresponds to the limiting fragmentation of nucleus I and the largest 
possible value of b=yi-yII(the edge of the sha.r?ed area'in fig.l)is mainly deter- 
mined by the mass m I  involved in the collision. 

Our conclusion that the collisions of pions, and even y quanta and neutrinos, with 
uranium are equivalent to the uranium-uranium collisions seems at fisrt glance to 
be rather paradoxical even if the small area of the rapidity space (shaded in our 
figure) is concerned. The solution to this paradox consists in that the interaction 
of hadrons and, in particular, of nuclei in the region of large momentum transfers 
has a local character. 

It was just this hypothesis that we used from the very beginning as a basis for 
considering the collisions of relativistic nuclei. 

The local charcater of hadron interaction was naturally associated with the expe- 
rimentally discovered property of scale invariance or automodelity of strong inte- 
ractions. We explain these properties. The scale invariance is contained in SRO. 
In fact, the dependence of p on (yI - yl) can be expressed by means of eq. (1.81 as 
a function of the ratio of the four-momentum products 

The dependence of the cross sections on only the ratio of momenta and the indepen- 
dence of S can be obtained by requiring invariance with respect to the transfor- 
mations of all the momenta of the type 

where is constant. As far as (1.19) corresponds to the scale transformation in 
the momentum and coordinate space, then the appropriate property was named scale 
invariance or scaling. A similar property is realized in macroscopic physics in 
those cases when the problem contains no parameters of dimention of length. In our 
case the condition (1.1) garantees the possibility of neglecting the masses which in 
our units (h =c = 1 )  , have dimension cm-1. In addition, the condition (1.1) implies 
so small particle wave lengths that the form factors, internucleon distances in 
nuclei and other parameters of dimention of length become nonessential. The notion 
of automodelity is taken from the point-like explosion theory2) in which the deto- 
nation wave is considered in an approximation when the dimensions of the region of 
the explosion can be neglected. In this case many wave properties can be obtained 
from dimensional analysis. The dimensional analysis of the hadron interaction cross 
sections at high energies based on the neglect of the involved particle masses was 
found to be very useful3). 

It is natural that scale invariance should not so much be postulated as deduced 
from a specific dynamics of interactions. There exists a large number of papers 
in which both scale invariance and its limitedness not only on the side of low, but 
also on the side of high energies are derived from quantum field theory. So, we 
want to stress that both SRO and scale invariance are approximate properties of 
hadronic matter and need further be studied. 



Our application of the rapidity space to nuclear physics needs also be explained 
as to how the description of p in this space is affected by the relative smallness 
of the nucleon binding energy. The nucleus is a relatively weakly bound system, and 
the stripping and pickup reactions must obviously be of much importance in nuclear 
collisions at any energies. The smallness of the energy parameter (mass, binding, 
energy and so on) in its most general form is exhibited in the existence of singula- 
rities (more often poles) in an unphysical domain, very close to its boundary. This 
is just a very simple method of parametrization of the problem in the general form 
which does not require any interaction mechanism models. 

We apply the pole diagram of fig.2 to the 
nucleus collision reaction I + I1 -r 1 + ... - where the line 2 stands for exchange of 
a nucleus in the ground state. Then the 
amplitude of the process has the form: 

i+ 
The existence of this pole singularity 
follows from the basic principles of quan- 
tum mechanics such as analyticity and uni- - tarity of the amplitude and requires no 
other assumptions. We transform the deno- 

Fig. 2 minator as follows: 

or introducing 

(P .P (m +m - m ) (ml +m2- mJ b = 2 [  1 1  - 1 1  and a = - - ? - a -  
11 m l m l  m I 1  m 

we write the process cross section in terms of the squared matrix element (1.20) 4, : 

The quantity 

It is equal in the order of magnitude to the ratio of the binding energy to the 
nuclear fragment mass or a- The fraction with a denominator such as in eq. 
(1.22) behaves as a 6 function 

I c l =  l m I - m1 - m 2  I stripping reaction 

1 ~ 1  = I m l  - mI - m21 pick-up reaction. 
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Now we consider b,, . In the rest system of nucleus I b.. is expressed as 

and in terms of the rapidities Y I and Yl as: 

Comparing (1.22) , (1.231 and (1.25) we see that the rapidity distribution width is 

Thus, the smallness of the binding energy will be revealed in the rapidity space 
throught super-short-range correlations. It is seen from eq. (1.24) that these 
effects belong to the low-energy nuclear physics when the kinetic energy of the 
reaction products is in its magnitude close to the binding energy (Fermi motion). 
An explicit Lorentz invariant form of the cross section makes it possible to consi- 
der the super-short-range correlations of relativistic nuclei on the basis of eqs. 
(1.22) and (1.25) in any coordinate system. The cross sections of these processes 
are very large due to the small denominator F/a2 - lo4F . They are a large part 
of the total collision cross section of the relativistic nucleus but contain infor- 
mation about only its low-energy properties (large distances). This process is re- 
ferred to as nuclear fragment production. A detailed study of this process was per- 
formed in ~erkeley~). The main laws of nuclear fragmentation indicated by the 
authors of the cited paper are the following: 

i) The fragmentation cross sections are factorized o:I = C I  .CII , i.e. each fac- 
tor depends only on the properties of nuclei I and I1 . 
ii) The average fragment velocities are equal to those of bombarding nuclei. 

iii) The fragment momentum distributions are identical in the rest system of frag- 
menting nuclei. The longitudinal momentum distributions coincide with the transver- 
se momentum distributions and can be described by a ~aussian 

N=ae~.p[-p~/26~] , in thiscase 6 = m T J 1 4 0  MeV. 

The latter fact is stressed by the authors of ref. 5) 

As is shown in ref.$), these laws are easily explained by means of eq. (1.22). The 
introduction of the parameter b I 1  alone, instead of longitudinal and transverse 
momenta, makes the analysis simpler. 

The following conclusions are immediately drawn from eqs. (1.221, (1.23) and (1.24): 

1. The cross section factorization is fulfilled in accordance with what one obser- 
ved in experiments) and in order to explain it there is no need to refer to the 
Regge models: when the spin effects are neglected the quantity F of eqs. (1 .22)  
contains the product of the squares 1 T f j  l2 .ITj 12. 

2. The equality of the average fragment velocities (rapidities) is a natural conse- 
quence of the validity of pole approximation. This is seen from eq. (1.22) where the 
denominator behaves like a 6 function of the rapidity difference. 

3. The momentum distribution has sharp peaks at 



according to experiment. This follows from the fact that 

4. The longitudinal and transverse momentum distributions coincide in the rest 
system of a fragmenting nucleus since bI1 in eq. (1.22) is equal to 

The assertion of the authors of refs5) that all the peaks in the fragment distribu- 
tion are described by a unified Gaussian with 6 = m,= 140 MeV is a consequence 
of an insufficient accuracy of experiment. The coincidence of the width with m, 
is of a random character. According to eq.(1.22), the distribution width is given 
by eq. (1.23) which, in notation m l= F; nl I = B, takes the form 

(B- F IF a m 2  = c -- 
1 B 

in which it is also utilized under the name "parabolic law" (see also'the lectures 
by H.Feschbach) . 
The exact formula should contain a summation over all the poles in the unphysical 
domain. The single-pole formula (1.22) well describes the nuclear fragmentation of 
light nuclei for which the levels of nucleus 2 are far from one another and, accor- 
dingly, we may restrict ourselves to the main pole alone. The nuclear fragmentation 
of heavy nuclei is described by a certain set of levels or by an effective pole 
defined by eq. (1.22) with c as a fit parameter. The experimental determina- 
tion of f as a fit parameter and its comparison with Im I- rrl + m e \ ,  where m 2  is 
the mass of the ground state of nucleus 2, may serve as a criterium of validity of 
the single-pole approximation. Eq. (1.22) describes also the fragment angular dis- 
tribution in a system where I moves with a relativistic velocity 

Hence the angular distribution of nuclear fragments is given by the formula 

To conclude we give for convenience a summary of the basic quantities which are 
used in relativistic nuclear physics. 

One-, two- and so on particle distributions 

E 1 d o  p = d o ;  p =-- 
1 G l  2 

@in d <  d S 2  

Because of the fact that it is difficult to determine o i ,  in relativistic nuclear 
physics, experimentalists prefer to present their data in the form 

d o  E 1---- = oi,p = f ( S , Y  
d  l v r  1 ) 

-t + 
El + P l z  is the rapidity, p = r 2  + mf , r i  = p il is the trans- where y l =  -h 

E,-plz 
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verse  momentum, 

t h e  phase volume 

The a x i s  z c o i n c i d e s  wi th  t h e  a x i s  of  c o l l i s i o n  of  p a r t i c l e s  I  and 11 i n  t h e  
mul t ip le  p a r t i c l e  p roduc t ion  r e a c t i o n  I +  11 - 1 + X . The four-momentum produc ts  

Ins tead  of y l  , use i s  a l s o  made of  a  r e l a t i v i s t i c a l l y  i n v a r i a n t  q u a n t i t y  

P l  N m i n  = - exp  j Y 1  - Y I  1 ,  t h e  cumulat ive number ( s e e  below) , and T = E - ml , t h e  
m 1 1  

P 
k i n e t i c  energy of  p a r t i c l e s  i n  t h e  r e s t  system of  fragmenting nuc leus  I . 
The l i m i t i n g  f ragmenta t ion  

lim p = p _  

at exp i y I - yII ( + - 
The kinematic boundary on y f o r  y ., . y and exp 1 y I - y II I >> 1 ( see .  eq. (1 .17)  i s  
defined by energy momentum conserva t ion  

-- M "exP~Y1-Y 1 <  1 - A< 1 , 

I 
S 

P 1 e x p  / y l - y ,  ; - E 1 + p1 is the 
In t h e  frame, where p a r t i c l e  I1 i s  a t  r e s t ,  - - 

m 
I E l +  PI 

momentum f r a c t i o n  of  system I  c a r r i e d  away by p a r t i c l e  1 . 

11. The Cumulative E f f e c t  

In  t h i s  s e c t i o n  we f o c u s s  our  a t t e n t i o n  on t h e  p a r t i c l e  p roduc t ion  i n  t h e  r e g i o n  
of l i m i t i n g  f ragmenta t ion  o f  n u c l e i  which i s  k i n e m a t i c a l l y  fo rb idden  f o r  one-nucleon 
c o l l i s i o n s  ( t h e  cumulat ive r e g i o n ) .  The p a r t i c l e  p roduc t ion  i n  t h i s  reg ion  posses-  
s e s  a  number of p a r t i c u l a r  f e a t u r e s  and a l lows  an obvious i n t e r p r e t a t i o n  i n  t e rms  
of quark-parton models. T h i s  e n a b l e s  u s  t o  speak about  a  s p e c i f i c  e f f e c t  which we 
c a l l  t h e  cumulative e f f e c t .  

The f i r s t  d a t a  on cumulat ive produc t ion  of  mesons by r e l a t i v i s t i c  deu te rons  on 
n u c l e i  were r e p o r t e d  a s  e a r l y  a s  i n  1971 a t  t h e  meeting o f  t h e  American Phys ica l  
s o c i e t y 6 )  and i n  1972 a t  t h e  X V I  I n t e r n a t i o n a l  Conference on High Energy P h y s i c s  
i n  ~ a t a v i a ~ ) .  Since t h a t  t ime  a  g r e a t  d e a l  of  in format ion  on t h i s  e f f e c t  h a s  been 
accumulated. In  our  s t u d i e s  t h e  kinematic  l i m i t s  a r e  def ined  by t h e  cumulat ive 
number N , t h a t  is  by t h e  e f f e c t i v e  number of  t h e  nucleons of  a  f ragmenting nuc- 
l e u s  which a r e  involved i n  t h e  r e a c t i o n .  For t h e  o n e - p a r t i c l e  d i s t r i b u t i o n s  t h e  
minimal value of  N i s  determined by t h e  kinematic  l i m i t s  imposed on t h e  mass o f  
t h e  o b j e c t  t a k i n g  p a r t  i n  t h e  c o l l i s i o n s  

When exp  y I - yll I >> 1 i n  t h e  reg ion  of  l i m i t i n g  f ragmenta t ion  o f  nuc leus  1 ,  (we con- 
m l n  

s i d e r  a s  usua l  t h e  c a s e  y l  > y  ) t h e  r e l a t i v i s t i c  i n v a r i a n t  q u a n t i t y  N a s -  
sumes, according t o  eq.  ( 1 . 1 7 ) ,  t h e  fo l lowing  v a l u e s  



in the rest system of nucleus I 
m 

P 

I E l +  p l z -  p l z  in the rest system of particle ' Z T -  F or nucleus 11 C 

where is the momentum per nucleon, m p  the proton mass. The scaling with the 
min variable is valid much better than with x F *  . The cumulative effect 

corresponds to the region of limiting fragmentation for N > 1. Such a defini- 
tion of the cumulative effect implies the hypothesis that in this range of vari- 
ables the nucleus may be regarded as a noncoherent mixture of point-like constitu- 
ents. The point-like Similarity is necessary for the above-discussed locality of 
hadron-hadron interactions to be provided. The momenta of internal motion of consti- 
tuents are neglected. This hypothesis is a natural generalization of the parton 
modell1). 

We illustrate this model by a simple example. It is analogous to the impulse appro- 
ximation of nuclear physics: due to relativistic time dilation the characteristic 
times of internal dynamics of the system turn out to be much longer than the col- 
lision time. The cross section of collision with a hadron is expressed in terms of 
the probability w ( x )  of discovering inside the hadron moving with a momentum P 
a constituent (parton) possessing a fraction of the momentum equal to xP for X < 1 
and in terms of the cross section for collision with a free constituent. In early 
related papers the process of deep inelatic scattering of electrons on protons 
e + p + e + x  was discussed. Let q be the proton four-momentum transferred to a 
parton. The momentum conservation law reads: 

where p '  is the parton momentum after collision. 

Squaring we have 

*The fact that various authors use different variables and different coordinate 
systems leads sometimes to a confusion. In particular, the Berkeley physicists 
assert that they come to a disagreement comparing their data on the inclusive cross 
sections with the appropriate data of the Dubna physicists. This disagreement is 
explained by the fact that the Berkeley physicists use as the variable x = p;/(p;)max, 
where p: is the momentum in c.m.s., while the Dubna physicists use N- 

F , that 
is, the comparison is made in different coordinate frames. In order to make a right 
comparison the transition from one coordinate system to the other is needed. This 
wrong assertion was repeated9) in spite of our explanationslo). 
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Putting ( x p )  = p'  , in accordance with interaction instantaneousness, we have 
2 2 

x = -  L!-- and, respectively, w(x)= w ( -  . We have obtained the scale in- 
Z ( p . 4  2(q. P) 

variance of the cross section of interaction of a virtual photon with a hadron or 
the famous Bjorken scaling.The quantity xis the Bjorken variable . This naive model 
has recently been given grounds with appropriate restrictions and corrections in 
a theory to which we refer as quantum chromodynamics ( Q 2 D ) .  QCD is a serious at- 
tempt to construct a consistent dynamic theory of quark matter. 

In 1971 we generalized the parton model to nuclei and predicted the cumulative ef- 
fect''). The generalization is based on the simple remark that compared to the ele- 
mentary particle the nucleus can more successfully be thought of as a parton gas 
in the relativistic energy region since the life-times of the virtual state of the 
nucleus as a set of free nucleons are much longer than the life-time of the nucleon 
as a set of partons. It is just the ratio of the collision time to these life-times 
that serves as a smallness parameter which defines whether the impulse approximation 
(or the parton model) is applicable. At the same time, it follows from this consi- 
deration that the probability of transferring large momenta to nuclei is defined 
by the probability of detecting in the nucleus a parton with a momentum equal to 
that of a nucleon group. 

Thus, the parton model contains scale invariance but does not predict the magnitude 
of the probability for collectivization of the parton constituents of different 
nucleons and for production of "large" partons, i.e. partons with momenta much lar- 
ger than that per one nucleon of the nucleus. 

In this connection we paid our attention to the region of the variables of relati- 
vistic nuclear collisions in which the parton model is applicable but, according 
to its general conception, requires that the parton with a momentum which is larger 
than the momentum per one nucleon of the nucleus should participate in the colli- 
sion. The experimental discovery of particles in this region, that is, in the part 
of the region of limiting fragmentation of nuclei in which the produced particles 
have N ~ ~ "  > l  (eq. ('.I)), provides evidence for the existence of many baryon con- 
figurations participating in the formation of one parton. 

We go over to the discussion of related experimental facts, but first we consider 
our model in more detail. In accordance with the parton model we consider the one- 
particle distribution p in the region of limiting fragmentation of nucleus as 
a superposition of one particle distributions p N  describing the limiting fragmen- 
tation of objects of mass Nmp inside 'the nucleus: 

The following properties of the cumulative effect attract our attention even if we 
do not recourse to further assumptions about the probability PN o.f finding a con- 
stituent of mass N m p  inside the nucleus and about an explicit form of pN : 

1. The dependence of P;' on the particle I1 properties should practically be 
absent owing to the general property of hadron matter, the limiting fragmentation. 
Resulting from the latter, the majority of the below discussed experimental facts 
was obtained from the particle production on nuclei by proton to the backward he- 
misphere mainly for the 180" angle or r l = O  (see Section I) rather than from 
the particle production by relativistic heavy ions. 

2. We introduce in eq.(2.3), instead of the rapidity difference Y 1  - Y1 , a qu- 
antity which describes explicitly the cumulativity of the observed process, the 
so-called cumulative number: 



and rewrite eq. (2.3) in the form 

According to the definition of PN and the kinematic limits (1.17) 

Hence, it is clear that N m i n  specifies in eq. (2.4) the lower limit of summation 
or integration, the latter - if it is supposed that N  takes continuous values, as 
is assumed in parton models. It is doubtful that many nucleons can gather together 
in a small cumulation volume. Consequently, PN must be a sharply decreasing fun- 
ction on N and it can be supposed 

Thus, according to our model, the basic quantity describing the cumulative effect 

4 ( N m i n  , r l  ) can be approximated by a rapidly decreasing function, for example, by 

an exponential 

where a and C are the quantities practically independent of the properties of 
particle or nucleus I1 in the region of limiting fragmentation of nucleus I . 
Such kind universal energy dependences have been discovered. The experimental data 
on cumulative pion production, when the fragmenting nucleus is at rest, were 
often presented in the form: 

where T, is the kinetic energy of cumulative pions. According to eq. (2.11, between 
the variables T, and N m i n  (for 0 =  180° ) there exists a linear dependence 

m T,= Nmin -p - m, and it is not difficult to compare eq.(2.7) with the suggested 
2 

dependence (2.6). Following our model, it is not appropriate to present the data 
on cumulative production of protons and other heavy particles in the form 

which is often used in literature, since in this case 

It should be noted that the cumulative baryon systeis are rather slow, for them 
Iyl-yI  I reaches 2 for the cumulative numbers larger than 8 (see eq.(2.1)). Conse- 
quently, almost all the cumulative protons, deuterons and tritons studied up to the 
present time lie in the region of SRO and are strongly affected by the interactions 
in the final state. 

3. The quantities p are supposed to be identical for different nuclei, because 
they are defined by t!e properties of nuclear metter at short distances. The depen- 
dence of P I r  on the properties of nucleus I , especially on the atomic weight A, . 

I 
is contained in PN which characterizes the probability of finding in the nucleus 
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a baryon configuration consisting of N  nucleons at short distances. It was clear 
from the very beginning that it is important to study the A ,  dependence of the 
cumulative effect to which we will pay a special attention. 

The order of magnitude of the cumulative effect cross section and the AI dependence 
of P: were predicted on the basis of the following assumptions: 

a. The constituents move in a nucleus in an uncorrelated manner, that is, PN 
is described by the binomial distribution: 

or the Poisson distribution: 

where - 
N = A  I ' q  

Here q  is the probability for the constituent to fall into the cumulative region 
where the nucleons lose their individuality. This region was taken to be R  = 
0.5 t 0.7 fm, which will be seen to be well confirmed experimentally. 

b.The multinucleon claster occupying the cumulation region possesses the properties 
of a usual hadron. Therefore in order to evaluate P:' , p N  can be taken from the 
data on particle production in pp collisions. The quantit q  was defined: i) as a 

3 
x probability for a nucleon to fall into a volume ~ R S  i< -3- r i  A  , , where A, is 

the atomic weight. 3 

4 n - is the volume per one nucleon 
3 

and ii) as a probability for a nucleon to fall into a region 2 7 r ~ '  ("tube") 

The first case corresponds to the volume density fluctuation. It is easily seen 
that we have an approximate independence of P N  of the atomic mass A  of a fragmen- 
ting nucleus: 

1 1 2  A '  q N a - ( 1 -  - ) ( I -  -- )...   con st(^) 
N ! ( A - N ) !  N! A  A  

For the Poisson distribution 

- R  3 N =  q A  = (--) = const ( A )  
0 

A possible existence of the volume fluctuations of the nuclear matter density was 
indicated as earl as in 195713) when explaining the knocking out of deuterons by 
603 He" protons14y. The second case corresponds to the interaction of a target 
with an effective part of the nucleus centred around the path of the target 
throughout the nucleus. We have here a nontrivialA dependence: 

1  A !  A2N/3 P  = A 1  q N I .  -- -- 
N ! ( A - N ) !  N! (A-N)! N! A  

For the Poisson distribution we have a similar dependence, since in this case 

R  2N N / 3  
' I 3  and iN = (?-) A  FJ = ( 1 ) ~  . When the cumulative number N  increases 

'0 0 



by unity there arises an additional factor All3 . The two mentioned cases give 
strongly different A dependences of p;l : in the first one pIrl is independent 
of AI , and in the second case, according to eq. (2.5), we have 

that is, must depend on the atomic weight in an exponential manner ; 
where m Pincreases monotonously with cumulative number N . According to these 

,min - " + 
considerations, the cumulative production cross section must behave like A 

I 
In the region Nrnin=l the power exponent for A1 is expected to be larger than 
unity. The A dependence of the cumulative effect of such a kind has been found in 
the experiments of the Stavinsky's team15). A similar A dependence has been detec- 
ted by the Croninfs team16) in experiments on production of particles with large 
perpendicular momenta pl =r by 300 GeV protons. Cronin has obtained the A de- 
pendence of the cross sections for these processes of the kind A'(' ) . It was 
found that a(r) is a monotonous function increasing with r which exceeds unity 
for r>2 GeV outside the limits of errors. This analogy of the processes should be 
expected starting from the developed ideas about the effective interaction of a nuc- 
leon group in the region of variables where the kinematics of the problem requires 
collisions with a massive object. 

The formulation of the problem in the case of the cumulative effect has the advan- 
tage that the studied variable ranges exclude successively one-, two- and subsequent 
nucleon collisions. In the Cronin's team experiments there is no strong kinematic 
forbiddenness. 

Below we ive a brief survey of the experimental data on the cumulative effect. The 
reviewsl7? andi8) give a more complete idea about the experimental studies in the 
field of cumulative particle production. We mainly use the data of the Dubna team 
guided by Stavinsky which was first to discover the cumulative meson production 
in 1971. Then during eight years this team was studying the cumulative effect vary- 
ing both the colliding objects and the cumulative particles. The following nuclei 
were used in the latter experiments: d , 4 ~ e  , ' ~ i  , ' ~ i  , "C , A1 , Cu ?I2 Sn , 

Sn ,'44 Sm ,'54~m , *"w , 18'w , Pb , U . As the cumulative particles one used: 
n , p , d , T , 4 ~ e  , 3 ~ e  , Figs. 3 , 4 , 5  and 6 present data on the cumulative 
meson production on nuclei in reactions p + A I -r a (180°) and d +  AI+ ~(1803 for diffe- 
rent proton and deuteron momenta. The E L k  values for different nuclei normalized 

a F: - Y 

to the atomic weight of a fragmenting nucleus are given as a function of the pion 
kinetic energy. The cumulative number N~~~ = I  corresponds to T, = 270 MeV and 

rnin =2corresponds to T, = 629 MeV. Figs. 3-6 well illustrate the universal charac- 
ter of the dependence of the invariant cross sections on N ( or T, ) and on AI . 
In order to prove experimentally the existence of the cumulative effect it was very 
important to show that really we were dealing with the limiting fragmentation of 
nuclei. To this end, the data presented in figs. 3-6 were treated by means of eq. 
(2.7) with the aim to extract the parameter T: . In fig.7 this parameter is pre- 
sented as a function of the momentum per nucleon of colliding nuclei P; . Start- 
ing with the momenta higher than p; = 4 GeV/c,T,O is seen to be no longer depen- 
dent on p 0  . This fact is in good agreement with the SRO model and the estimate 
(1.14) dehing the region where the limiting fragmentation of nuclei begins. The 
limiting value of T; is found to be equal to 60 MeV. The paper by Fujioka et all9) 
submitted to the Tokyo conference contains the results of measurement of Ti for poI 
equal to 12.6 - 28.5 GeV/c. In this energy range T; was found to be constant and 
equal to 60-65 MeV. 

Similar results were obtained for the case when the cumulative particles were taken 
to be protons and other baryon systems. Figs. 8,9 and 10 give the experimental data 



Mul t iba ryon  I n t e r a c t i o n s  a t  R e l a t i v i s t i c  E n e r g i e s  

Fig. 3 F i g .  4 

Fig. 5 Fig. 6 



F i g .  7 F i g .  8 

id' 

-b 
9. id- 
5 w 
tl 18- 
\ 

T i' Nev, 

100 zno 300 

A-P .C 8.5 led \* A Al 
C u  

' Pb 
0 C u  f.4 150° 

- FIT C 1.28 160' 
0 

0. 

? 
R 



Mu1 t ibaryon  I n t e r a c t i o n s  a t  R e l a t i v i s t i c  Energies  113 

F i g .  I 1  F i g .  12 

F ig .  13 F i g .  14 



of the Stavinsky's team on the kinetic energy dependence of cumulative baryon sys- 
tems: protons, deuterons and tritons, respectively, bombarded by the nuclei of car- 
bon, aluminium, copper and lead with a momentum of 8.9 GeV/c. The fragments are 
detected at an angle of 180' to the primary protons. The inclusive cross sections 
are normalized to for protons, A5I3 for deuterons and A 2  for the tritium 
nuclei. As in the case of cumulative pions, the spectra are of a universal charac- 
ter. For protons the universal exponential describes changes in the cross section 
by eight orders of magnitude. 

Fig.11 gives the To values for cumulative protons obtained by the treatment of the 
experimental data by eq. (2.7) for various fragmenting nuclei ( C, Al, Cu, Pb) de- 
ynding on the momentum of primary protons: 1.22 Gev/c (1800) 20), 1.28 G~V/C (140°) 
I), 1.39 GeV/c (1500)~~), 1.86, 4.50, 6.57 ~ev/c (137")23#24), 8.9 GeV/c (180~)~~). 

As is seen from fig.11, the parameter To increases with increasing energy of collid- 
ing particles. In just the same way as in the case of cumulative pions, the limit- 
ing fragmentation begins at ph=4 GeV/c, where To reaches 40 MeV. The Japanese phy- 
sicists, Fujioka et a1.19), measured the parameter To in the energy interval of 
primary protons from 4 to 205 GeV/c which was found to be equal to 40-45 MeV and to 
be in excellent agreement with the bulk of data at relatively low energies and 
with our conclusion that the limiting fragmentation begins at p0 - 4 GeV/c. 

I1 - 

The parameter To is often called "temperature". From the point of view of our 
model the cumulative effect is mainly the result of one hard collision and the no- 
tion of temperature is not applicable in this case. If the experiments? data are - 
described by-eq. (2.6) and the parameter a is taken to be equal to 1/N , where N 
is given by N=(R/~~)% 0.16 , then there arises a surprising possibility of describing 
all the cumulative spectra by this parameter alone and thereby explaining the quan- 
tity To. R is close in its magnitude to the confinement radius. In order to il- 
lustrate to what extent such a description is successful we give in fig.12 new data 

parametrized by E do = C . exp [ - &I for N = 0.16 obtained by the Stavinsky's team. 
d jf N 

The discussed parametrization describes the change of different cross sections by 
nine orders of magnitude up to high cumulativity orders. It is difficult to con- 
ceive such a coincidence in the light of the above remark about the essential role 
of the final states interaction effects for baryon systems. In ref. 18) an attempt 
has been made to improve this parametrization so that it describes the region of low 
energies too. It is supposed in this approach that at low energies the cumulative 
region increases by the wave length of colliding particles 

1 where A = - 
P:: 
11 

This is equivalent to the replacement of the variable N m i n  by 

Fig.13 gives the experimental data on the cross section of the reaction p+A-n(18O0) 
constructed as a function of the variable N '  for different p; values. Eq. 
(2.6) describes also the angular distributions of the cumulative particles to the 
discussion of which we are just proceeding. 

d u Fig.14 shows the experimental data on the production cross section E- for cu- 
d 5 

mulative no mesons with momenta 300, 500 and 640 MeV/c as a function of the angle 
0, . 0, is the angle between the momenta of the primary proton and a pion pro- 
duced in the reaction. It became possible to measure the angular distributions of 
cumulative particles after a rotating magnetic spectrometer DISK operating on the 
Dubna Synchrophasotron beams had been created by the Stavinsky's team. 

It is seen from fig.14 that the 8 ,  dependences of the pion production cross sec- 
tion for the helium nucleus (the pion momentum is 500 MeV/c 4 ) and for the lead 
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nucleus (the pion momentum is 640 MeV/c 4 ) are practically the same. A remarkable 
similarity of the angular distributions of the lightest and heavy nucleus fragmenta- 
tion excludes the cumulative effect models based on the hypothesis about successive 
particle interactions inside the nucleus. We consider to what extent the simple 
model of the type (2.6) taking into account the correction (2.16) is valid for the 
description of the angular distributions of cumulative part'cles 
in a wide energy range of nuclear collisions. In fig. 15 taken from ref. lB) we give 
the same experimental data as in fig.14 but presented as a function of the cumula- 
tive number N '  . The same figure presents the experimental data from ref.22) for 
fragmentation of the lead nucleus with production of negative pions emitted at an 
angle of go0- 150°. The straight line corresponds to the experimental data on the 
energy dependence of the cross section for an angle of8,=180~ taken from fig.13. 
Taking into account the fact that we attempt to describe the bulk of experimental 
data on the energy and angular dependence by means of the simple formuia (2.6) 
which contains no fit parameters (the parameter a is determined from N according 
to the model) the agreement must be admitted to be satisfactoty. In paper26) the 
data on the cumulative production of A hyperons in the reactions n +  C + A 
and n +  C + A which contain also measurements of the angular distributions are 
treated with the aid of eq. (2.6). The authours come to the conclusion that this 
formula well describes both the angular and momentum distributions of cumulative A 
hyperons. The study of the cumulative production of A particles is especially in- 
teresting since it enables us to investigate the cumulative particle polarization 
which is very sensitive to theoretical models. At present there are dataz6rz7) on 
the polarization of cumulative A particles in the collision of pions and neutrons 
with nuclei which will briefly be discussed in the section devoted to the theory 
of the cumulative effect. 

The cumulative roduction of baryon systems was studied by many authors. Leksin and 
2E) his co-workers were the first to pay attention to the universal character of the 

spectra of baryon systems emitted to the backward hemisphere. The quantity B in 
the formula p=C.exp[-Bp2]which describes the proton production on nuclei at large 
angles was found to be independent of the energy and properties of bombarding par- 
ticles in accordance with the limiting fragmentation properties. The empirical 
rule-hypothesis according to which the inclusive cross section normalized to the 
total cross section is a universal function which is independent of the type of the 
interaction and the collision energy was called by Leksin nuclear scaling. A large 
number of papers of the Institute of Theoretical and Experimental is de- 
voted to the study of the nuclear scaling hypothesis. 

An interesting confirmation of the universal dependence of the type (2.6) was ob- 
tained in Batavia where the cross section for proton production in the backward 
hemisphere in the antineutrino-neon interactions was studied (see the review by 
~ezrick~~),' and on the Erevan accelerator where photons were used as particles 11. 
Systematic experimental studies of the cumulative proton spectra were performed on 
the Erevan electron accelerator by the Egijan's team3'). Fig.16 gives the angular 
dependence of the parameter B = 

- 2 . q n  
, where m is the proton mass ob- 

P 
tained in reactions of limiting fragmentation of nuclei 12c d j r  63~u!?)and 208 pb(8  
indiced by gamma quanta with an energy (Ey ),,, = 4.5 GeV from ref. 31) . The data 
marked by ( A ) are taken from ref. 32) and are relative to an energy (E ),,, = 1.2 GeV. 
It is worth noting that the To value obtained in this case for angles close to 
180' is in satisfactory agreement with the discussed above ( T o =  40-50 MeV). 

According to SRO the limiting fragmentation of nuclei under the action of pions, 
gamma quanta and neutrinos begins at rather lower energies than that under the ac- 
tion of baryon systems. For proton-nucleus collisions the parameter To assumes 
the asymptotic value at a proton momentum of 4 GeV/c (figs.7 and 11) whereas for 
pion-nucleus collisions at a pion momentum as small as 1.5 GeV/c (fig.17). Fig.17 
is a result of conversion1*) of the data on the €3 parameter obtained by the 
magnetic spectrometer ISTRA-2 of the Institute of Theoretical and Experimental 
Physics. 
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The beginning of the limiting fragmentation of nuclei at low energies under the 
action of light particles confirms the local character of interactions of relati- 
vistic nuclei in the abovementioned sense. It is necessary to stress the particular 
importance of the SRO correlations for the case when the cumulative particles are 
baryon systems. The effect is in this case complicated by the interactions in the 
final state because the difference of the rapidities of the cumulative particle 
and fragmenting nucleus is small enough. This is also confirmed by experimental 
evidence. 

Firstly, a sharp increase of the A dependence of the yields of cumulative baryon 
systems observed by the Stavinsky' team (fig.8,9, and 10) may be thought of as a 
consequence of the interaction in the final state. In fact, according to the experi- 
mental data presented in figs. 8,9 and 10 the A dependence increase behaves in the 
following manner: the factor A is added to each unit of the baryon number I3 
of a cumulative particle: 

If we apply our model of the cumulative effect (calculation of PN in eq.(2.15)) 
not only to the initial stage of the process, but also to the description of the 
interaction of a cumulative parton in the final state, then eq.(2.151 gives just 
the mentioned increase of the A dependence by a factor . In this case the 
increase is explained by the thickness of the nuclear metter through which the 
cumulative parton passes. If our explanation reflects the real happening then with 
increasing cumulative particle energy (high cumulative orders) A dependences must 
weaken according to the SRO model. 

Secondly, a peculiarity is observed for T = 6 0  MeV (fig.18) in the kinetic energy 
distribution of cumulative baryons (protons,Aparticles) emitted in the backward 
hemisphere. This peculiarity can simply be explained as the effect of final state 
interaction of two baryon systems. It was well studied in the reaction d + p +  p ( p n )  
on the basis of the data obtained by the Glagolev's team on a hydrogen bubble 
chamber irradiated by a relativistic deuteron beam of the Dubna Synchrophasotron. 

In connection with the foregoing I conceive the cumulative production of baryon 
systems as a phenomenon strongly complicated by the final state interaction effect 
which is neglected by the theories based on the idea about hard collisions (see 
below). 

111. Development of the Models of Relativistic Nuclear Physics 

P'2 In the region of multibaryon phenomena specified by the condition (1.1) -- >> 1 
m2 

of importance is the production of new particles. The basic concept of nuclear 
physics, the wave function of a finite number of baryons involved in the problem, 
is found to be invalid. 

The relativistic description of multiparticle states encounters the following dif- 
ficulties: i) We have to deal with a variable number of particles and, consequently, 
with an infinite number of degrees of freedom; ii) A many-time formalism is needed; 
iii) It is impossible to separate the contributions of particles and antiparticles 
in a relativistic invariant manner, to separate the internal motion from the mo- 
tion of the composite system as whole. 

In addition, it is necessary to take into consideration advances in hadron physics. 
Namely, one cannot neglect the finite sizes of nucleons, their internal quark struc- 
ture, it is necessary to take into account the finiteness of the characteristic 
time of formation of hadrons out of partons. According to the existing approaches 



which have been confirmed experimentally and have been given theoretical grounds 
the hadron interaction in the range of short wave lengths (large momentum transfers) 
has a local character. It proceeds in a region the dimensions of which are far 
smaller than the nucleon sizes. The emergence of hadrons "from a point", their 
growth up to "adult" sizes require a certain time during which a "rew-born" hadron 
can cover a long distance without undergoing secondary interactions. In connection 
with the foregoing, the attempts to expalin the cumulative effect by the Fermi 
motion or rescattering of particles inside the nucleus seem to me to have no grounds. 
For the last eight years from the moment of discovery of the cumulative meson pro- 
duction the number of papers in which these attempts were undertaken has strongly 
increased. I do not intend to discuss them here. The possibility of explaining the 
particle production in the cumulative region on the basis of the Fermi motion was 
especially persistently upheld by the Berkeley physicists8~9). The asssumption 
about "long tails" of the Fermi distributions is in contradiction with what we pre- 
sently know about the nucleons. Furthermore, the abovementioned strong A dependen- 
ces and other particular features of the cumulative effect cannot, on principle, 
be explained by the Fermi-motion. 

The description of states in the Fock space is the most adequate one to the rela- 
tivistic nuclear physics, since it can be used to define states with a variable 
number of particles and, at the same time, allows an interpretation similar to 
that of the wave functions in nonrelativistic theory. 

The Fock column defined on the hyperplane t = 0  ("equal time") in the coordinate space 
is 

0 = 

C J 
The squared functions ~,,( ; l . . . . . ; , , )  have the meaning of the probability density 
for n particles to be found in a system. It is not difficult to show (e.g. ,ref.33)) 
that in the nonrelativistic case when the Hamiltonian of the system commutes with 
the particle number operator the Fock space desintegrates into subspaces. Each sub- 
space has then the Schroedinger equation for an approapriate number of particles. 
In the nonrelativistic limit the position of the particles has no time to change 
essentially during the time difference between the events,therefore,the wave func- 
tion is expressed through itself. While in the relativistic case when the particle 
production and annihilation can occur the Hamiltonian and the momentum operators 
do not commute with the particle number operator, neither do the Lorentz transfor- 
mation operators. All these operators are expressed in terms of a lagrangian which 
contains an interaction changing the number of particles. This means that in the 
Lorentz transformation the lines of the Fock column get mixed up and, in different 
coordinate frames, the composition of a moving object, e.g. of a nucleus, will be 
different. 

The number of the particles in a system depends on the momentum with which it moves. 
In this connection of particular importance is the concept of the coordinate frame 
moving with infinitely large momentum34), IMF. For a certain class of theories, 
a composite object in this frame becomes a set of almost noninteracting constituents. 
This idea underlies the parton modelsl1) which are successfully applied to the 
collisions of "elementary" hadron~~~). It is obvious that, according to the prin- 
ciple of relativity,the physics of the problem must be independent of the choice of 
the coordinate frame and the results must have a relativistic invariant form. The 
choice of the coordinate frame enables us only to make the problem Simpler,to dis- 
tinguish explicitly physical a'ssumptions and restrictions. It is no coincidence that 
in nonrelativistic nuclear physics we use the rest frame rather than the coordinate 
frame in which the nucleus moves with a velocity close to that of light. The appli- 
cation of the IMF is found to be useful when the properties of a system make it 
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possible to employ methods analogous to the impulse approximation, namely, when the 
time of collision of an external object with the system is small compared to the 
times characterizing the internal motion of the system. 

One of the essential troubles of relativistic description consists in that the in- 
ternal motion of a composite system is not separable from the c.m. motion. The 
problem becomes, however, simpler if theories are formulated on the light cone 
(see below) . 

The time development of a system is defined by the total energy which for a sys- 
tem of free particles is defined as 

Let the motion along the axis z satisfy the basic criterion (1.1), then 

where P is the total momentum of the system. It is seen that in a coordinate frame 
where P,+ = it is possible to divide the motion of the system into the motion as 
a whole and the internal motion. The Schroedinger equation is then written as: 

The effective Hamiltonian which corresponds to the transverse and relative motion, 
according to eq. (3.3) , is written as 

This Hamiltonian decreases as - at p i z  - m . This is just a reflection of time 
dilation. pi z 

It should be stressed that our approach is based on the following hypothesis: 
there exists suchpiZ that all the internal and transverse momenta are much smaller 
than this quantity. In particular, in the IMF there are no particles with negative 
p i, components. 

It is convenient to work in the IMF with the light cone coordinates ( r ,x , y  , <  ) 
which are linked with the ordinary coordinates in the following manner: 

T =  &(tf+Z'); x=x'; Y=Y' ; 5 = &(t'-2'). 
\I 2 v' 2 

The energy-momentum variables conjugate to'the latter are obviously found from 

from where 
1 1 H ==(E-pz ) ;  px=ph; py=pi ; '7 = -(E +pZ) 

\I 2 v 2 
It is convenient to express the transition from the ordinary coordinate frame to the 
IMF in terms of the hyperbolic angle o between the time axes of these systems 



The case we are considering corresponds to w - -  

X = x ' ;  y = y '  

It is seen that the space hypersurface for the IMF corresponding to t =Ois z'+t'=O 
in the ordinary coordinate frame. This surface is tangent to the light cone. 

Boosts along the z-axis in variables 7 and r are a pure rescaling of the 7's 

q - e m 7 .  r + r  
(3.6) 

Since the theory must be invariant under such boosts, the physically meaningful 
quantities are ratios of the 7's. 

We consider infinitesimal rotations around the axes x and y 

py - p cos c + p Z  sinc 
9 

In terms of the variables r and 7 we have 

1 W  ry - r cost + = 7 e sin c 
Y v2 
- (3.8) 

-W 
q--\/2 rye sinc+rlcosc. 

The transformation in the transverse plane must be finite, from where it follows 
that ~ie-~and the quantity sin€ e-O is of the second order of smallness. In other 
words, 

Eq .  (3.9) is analogous to the Galilean transformation, if 7 is an analog of the 
mass, and Vthatof the relative motion velocity. This analogy becomes still more 
complete if we recall the expression for the energy in the IMF 

The introduced notation and concepts make it possible to introduce the wave function 
of the multiparticle state in the IMF: 

'p7pJvl . r l  ; ... ; v n , r n  ) 
The invariance under the (3.6) and (3.9) group requires that all dependences on r 
and 7 occur through the variables Ki=ri- 'lip and the variables B =  -!k The wave 

? 1 1  7 '  
function assumes then the form 

+ + 
Yn =Yn (/3 8" . ..., Ri .R. ,... ) 

J 
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qz.+Pit , P,=- 1s a fraction of the momentum which is carried by a subsystem (parton, 
p, + pz 

nucleon, quark). 

The normalization of the one-particle state vectors is usually taken as 
2 '7 2 

<q,r lq'r'> =q8(q-q')8 (r-r')=8(--1)8 (r-r'). 
'7 

d'7 2 The integration is performed over the invariant measure --d r.In the introduced 
9 

notation the normalization of the wave functions has the form 

The above-formulated hypothesis about the finiteness of pil=r and, in general, 
of the momenta of internal motion has led us to the fact that the wave function 
depends on the ratio of the momenta P i  alone. Thus, this implies scale invariance. 
The parton model, which we often refer to, is an approach to field theories in the 
IMF on the basis of the state vectors desctibed as an infinite Fock column the 
lines of which are specified by the functions (3.11). The facts that the vacuum 
fluctuations are nonessential and the processes of interactions with partons pro- 
ceed on the mass shell make it possible to overcome the above-mentioned troubles 
of relativistic consideration and calculate the hadron processes, including the 
processes of relativistic nuclear physics. 

The main object to which the parton model was first applied is the deep inelastic 
scattering of leptons on hadrons. It can be said that experiments on deep inelas- 
tic scattering of leptons ( e , p , v . i ; )  on partons have played the decisive role in the 
development of physics. The idea of these experiments consists in that by measuring 
the dependence of the cross sections for processes P + p + P  +X,where f? is a lepton, 
on the squared four-momentum transferred to the lepton q2 we study the proton 
structure at distances - -&. If now we assume that the time r which controls the 

\'lqz I 1 
collision process is also of the order of --- then at q2* the characteristic \' I q21 
times of the internal motion 7 , > > 7 ,  and we are dealing with the situation described 
by the impulse approximation. 

As far as in experiment the summation is performed over all the hadronic states X, 
then the description of the hadron A by means of the Fock column reduced to 
a description by means of fA!a(x),the number of partons of sort a in the hadron A 
with a momentum xP, where P is the total momentum of the hadron A. The quantities 
fA/;i(x) are introduced phenomenologically, since we are unable to calculate them. 
They are normalized as 

1 
X j f 4 / 3 ( ~ ) ~  dx =I. 
a O 

(3.13) 

The cross section for the inelastic scattering of leptons f +  A + P+Xis of the form 

d 2 0  1 -- - 
d 2o 

- I eA!a(x)-_a-dx 
dq' d I ,  3 0 dq2 d  v 

d  20 
Here v -(q-P)=m(E -E').and --a- is the cross section for inelastic scattering of 

dq2d 11 

a lepton I' on a parton a: t ' +  a -P !?'+ a'. For elastic scattering the conservation laws 
are 

q t XP = P' or q2 = -2x(q-P) 



and 

IAIa (x) are the objects of measurements. 

For a review of the study of processes proceeding with large momentum transfers 
the reader is referred to the lectures of Efremov at the CERN-JINR School of 
physics36). 

We add some words about the validity of the orthodox parton model. We have used 
in the conservation law the condition that the parton momenta k = x P  and P'= k k q  

are close to the mass shell. To be precise, the condition of applicability of the 
parton model reads in this case: 

where k2 and (k+qI2 are the virtualities of the parton before and after the 
virtual photon absorption. 

It is common practice to discuss the validity of the parton model in terms of 
the "effective coupling constant" in field theory. In quantum field theory the 
"interaction constant" is not, strictly speaking, a constant, it depends on the 
square of the momentum transfer. In particular, in electrodynamics the interaction 

2 
constant a is = 11137 only for restricted q2. Taking into account quantum ef- 

4 n 
fects we are led to the fact that a is a function of q2 which increases with q '. 
The point-like nature of partons at large q2 means that the.y are with a relatively 
small probability surrounded with a "cloud" made of virtual particles with which 
they can interact (gluons). The small probability of the "cloud" implies that the 
effective interaction constant a s  is small and, contrary to a. decreases 
with increasing qB. Such a behaviour cannot be got for realistic theories with di- 
mensionless couling constant. If we impose, in just the same way as we have done 
above, restrictions on the transverse momenta r .  then in local and renormalizable 
theories it is possible to obtain a decreasing effective coupling constant, but in 
this case locality and Lorentz-covariance are violated. In any field theory an 
integration over all the virtualities is implied and the restriction (3.16) looks 
like an artificial one. There exists, however, a very interesting possibility36) 
that the naive parton model is realized in a restricted domain: 

a,(q2) log q2/JI2 < < I .  

The logarithmic decrease of the effective coupling constant of a quark with gluon 
field as(q2) with increasing q2 is called asymptotic freedom. This property has 
been discovered in QCD and is a strong argument in favour of the latter. 
Although the parton virtuality is in this case rather large, nevertheless, the 
condition (3.16) is found to be fulfilled. However, from the kondition (3.17) it 
follows that: i) for rather large q2 scale invariance is violated, ii) the trans- - 
verse parton momenta increase with increasing q2.Both the properties have been 
observed experimentally. 

We have touched upon certain results of quantum field theory with the aim to show, 
on the one hand, that the parton model can serve as a reasonable first approxima- 
tion for analysing the phenomena of large momentum transfers to multibaryon sys- 
tems and, on the other hand, that the study of these phenomena bears a direct re- 
lation to the main problems of the quark theory of matter. 

The above-stated apparatus is also applied for relativistic generalizations of the 
ordinary nuclear physics. We consider a simple example. Using the properties of 
the wave functions (3.11) it is not difficult to show (see ref. 35) ) that a matrix 
element of the bilinear scalar density between two states of a composite hadron 
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which is made of two constituents is proportional to the integral 

where Q = r - r '  is the transverse momentum of an external effect. This formula has 
a simple nonrelativistic analog. In t e initial state we have a hadron in a frame 9 
with zero transverse momentum,~(Bl,R1) is the amplitude for a two-parton state with 
parton 1, having momentum ( ,R and parton 2 having momentum [(I- P ) , -R 

* Then a transverse momentum Q i s  deposited on parton 2 to bring its momentum to 
[(l-gl).-R +Ql. The hadron has a center of mass velocity in the transverse plane 
given by Q.Thus, to project the state onto the final hadronic state we must trans- 
form the wave function of the final hadron by a transformation of (3.9) type to 
a frame in which it moves with velocityQ.This takes each transverse momentum and 
translates it by amount P Q  so that the argument of the final wave function is 
( R  l.+pl~)? - 
This apparatus makes it possible to introduce the notion of wave functions 
describing the structure of "elementary" hadrons. These wave functions enable us 
to use the ordinary notions of quantum mechanics, in particular, the probability 
distributions. The apparatus does not provide us with a receipt for constructing 
the wave functions, however, after the parton momentum distributions of the type 
fAla(x) in eq. (3.141 have been measured in one experiment, it is possible to use 
it for interpreting other experiments. The mentioned transition to the nonrelati- 
vistic impulse approximation on the basis of eq. (3.18) enables us to use evidence 
about the nonrelativistic wave functions in considering the interactions of high- 
energy particles with nuclei. The construction of the wave functions comes in this 
case to a relativistic generalization of the known wave functions of the nonrelati- 
vistic nuclear physics. For example, in ref.37) use is made of the following re- 
lativistic generalization of the Hulthen wave function for the analysis of the 
reaction d + p + p + p + n : 

P is the same as in eq. (3.11) , C 1  and C 2  are constants. 

This has made it possible to describe the characteristics of interactions of rela- 
tivistic deuterons with protons. As is seen from this example, contrary to pure 
hadron physics, in nuclear physics we know, at least, something about the wave 
function of a system, namely, the asymptotics of long distances and can attempt 
to extrapolate these functions to the relativistic domain for checking the basic 
ideas of hadron physics. . 
A consistent development of the parton model for the explanation of the cumulative 
effect laws has been suggested by ~fremov38t39). The model claims to the explana- 
tion of all the main features of the cumulative effect presented in Section 11, 

, connects the cross section of this process with the cross section of production of 
particles with large transverse momenta r on nuclei and propose equations for 
describing the cumulative particle polarization. 

We write down the general formula for the spin density matrix of the cumulative 
particle of this mode139) which is an application of the so-called theory of hard 
collisions and describes the process of collision of hadrons A + B  + C  + X  

where Q ( x )  =x[(x); l A/a (x) and fg/ (x) is the number of partons of sorts a and b 
in hadrons A and B, respectively, the quantity pAh, $(s',t') describes the process 

of scattering of point-like partons: a + b + c + d  (comp. (3.14) ) ; D ~ ~ ~ ~ ' "  is the 
matrix of fragmentation of parton c to hadron C with a momentum fraction y: 



the limits of integration are as follows: 

It is obvious that the polari-zation will not be zero only in the case when the am- 
plitude of the process a + b  +c+d has both the imaginary and real parts. The usual 
assumption about the possibility of describing the process of parton scattering 
in the Born approximation results in a pureiy real amplitude and zero polarization. 
In the quark-gluon model the polarization is due to interference of one- and two- 
gluon exchanges and is very sensitive to the properties of the model. The calcula- 
tions for the case when Ais a nucleus differ from those when A is a particle by 
the fact that Q A I a  contains the A dependent probability PN of the type (2.13) 
or (2.14) : 

We draw the following qualitative conclusions about the polarization properties: 
a) polarization strongly depends on 6 with a peak around 90': 
b) the product k . P C  weakly depends on the k value 

X -  E - p z  a k 
P 

(In our notation, k = N  is the cumulative number); PC is the cumulative par- 
ticle polarization; 

C) for E =  5 1  5+10 GeV polarization is energy independent; 
2m 0 

d) weakly depends on the beam and target. 

The comparison of the measured polarization of A-particles produced in a process 
with large pL39) 

with that of cumulative A particles in processes 

n + A +  A + X  26,27) 
and n +A + A + X  26) 

is in agreement with these conclusions. In the case of unpolarized particles (or 
particles with spin 0) eq. (3.20) reduces to eq. (2.3) 

x = Nmin ; dop is the cross section of an one-nucleon process, the last factor 
is due to an excessive number of passive quarks (see also ref.40)). We estimated 
P N  in eq. (2.3) starting from the assumption on a uniform distribution of quarks 
over the nucleus. Essential deviations from the result of this estimation were 
obtained in PN calculations41) on the basis of the quark bag model. 

The study of multiquark fluctuations in nuclei, the so-called fluctons, is of much 
importance from the point of view of the study of quark dynamics. One of the in- 
teresting predictions of ref.41) consists in that for ~ ~ ' 5 4  the cumulative effect 
probability must be negligible. 

A fair number of papers is devoted to the investigation of the cumulative effect 
models on the basis of relativistic generalizations of the standard nuclear physics 
which do not take into account explicitly the quark structure of nucleons. The IMF 
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apparatus is applied to the wave functions of nuclei consisting only of nucleons. 
The authors of ref.42) consider that the applicability of relativistic quantum 
mechanical description of, e-g., the deuteron as a system of only two bodies is 
based on the absence of noticeable inelasticities in the NN scattering phase shifts 
up to relative motion momenta L 1 GeV/c. In ref.42) many experimental facts on the 
cumulative production of mesons and protons are analysed on the basis of the 
hypothesis on nucleon pairing correlations in nuclei which is well known in nuclear 
physics. In particular, in the framework of this hypothesis, the one-particle dis- . tribution of cumulative protons in the process h + A  -r p  + X  is given by the 
formula 

1 do P ( M ~ , ,  - E -- = A . K - -  

Otor d; 1 - P  
2 

Here p ( M N N )  is the probability density for a correlated nucleon pair. In the 
case of the deuteron it is normalized by the condition 

and for the nucleus at rest 

d m 2 3  - p p ,  R = _P---- 

M D  
(comp. eqs. (3.11) and (3.19)); K takes into account a possible screening in the 
interaction of a hadron with a correlated pair;atot is the total cross section for 
the interaction h +A . 

1 1 d 6  The authors stress that it is just the quantity -E %, rather than -E -, 
Otot d~  Oin dg 

must weakly depend on the kind of the incident particle and criticize paper2 ) 

in which the inverse assertion is given. papers42) contain also a criticism of the 
models of refs.43,44). 

An interesting rough version of the model defined by eq. (2.3) was suggested in 
ref-45). The simplification of eq. (2.3) consists in the following (let particle I1 
be a parton 

113 
where <NI > = A I  is the effective number of nucleons involved in the collision. . Dar and some other authors showed that eq. (2.23) is an economic means for 
describing a large amount of experimental material. 

All the described models are of a tentative character and have a restricted-pre- 
dictive power. Especially, this concerns the quantum number dependence which is 
usually assumed to be weak. However, following the basic hypotheses, we are 
dealing with "large hadrons", "tubes", '.'fluctons", "quark plasmons", i.e., with 
objects possessing, e-g., large baryon charge and hypercharge. According to the 
ideas about gauge vector fields,the integral of motion must be exhibited dynami- 
cally (the coupling constant is proportional to the integrals of motion). In par- 
ticular, it may be expected51) that in just the same way as the coherent electro- 
magnetic interactions with nuclei are proportional to the squared charge z2 the 
cross section of production of vector mesons o and 6 will be proportional, for 
example, to the squared hypercharge of a "quark plasmon" which emit these 
mesons. In ref.51), in the framework of the two-component model, which takes into 
account "noncoherent" (parton) mechanism and "coherent" mechanism of Regge exchange 
one gives a numerical estimate of growth of the meson yield compared to the 7 
meson yield in the cumulative region. This growth is due to a possible proportio- 



nality of the amplitude of fragmentation of a baryon cluster ("plasmon") with 
meson emission to the hypercharge and baryon number of the cluster. The check of 
this prediction in experiments on nuclear limiting fragmentation 

A + w l + n O y  and A + ? l + y y  

is of much interest from the point of view of both the verification of the important 
dynamic symmetry and clarification of the role of the multiquark states in cumulative 
particle production. 

IV. Present Status and Perspectives of the Studies in the Field 
of Relativistic Nuclear Physics at the Joint Institute 
for Nuclear Research 

For the nearest years the main tools of relativistic nuclear physics will be proton 
synchrotron and detectors of elementary particle physics. The intensity of the 
extracted nuclear beams is already now much higher than the intensity of the beams 
of secondary particles (pions, kaons etc.) which the existing detectors are rated 
at. The secondary beams, even pion ones, with an intensity lo5 - lo6 part./sec 
are considered to be good for the available facilities and the extracted beams 
of relativistic nuclei have an intensity of lo6 - 10"~art./sec. This provides us 
with an encouraging perspective of applying the existing detectors created for the 
work with secondary beams to relativistic nuclear physics. The relativistic nuclear 
beams, the parameters of which will be improved undoubtedly in the nearest future 
and the available detectors will make it possible to resolve many of the problems 
discussed. 

Five electronic installations and three track detectors, liquid hydrogen bubble 
chamber, two-meter propane bubble chamber and two-meter streamer chamber, of the 
Dubna synchrophasotron are used for studies in the field of relativistic nuclear 
physics. For the exception of the Stavinsky team's installation, which was used 
to obtain the main results on the cumulative effect, all these facilities were 
intended for performing studies ,in the field of particle physics, and it is only 
lately that they have been adjusted for investigations with relativistic nuclei. 

In the first installation of the Stavinsky's team specially created for studying 
processes of the type p +  A+ rr(180°) pions were detected by a DISC-type Cerenkov dif- 
ferential counter with a velocity resolution Ab=+ 3 .  in the velocity range 
0.7+ 1.0. The second version of this installation is a rotating magnetic spectro- 
meter which allowed to perform detailed measurements of the angular cumulative 
particle distributions. Events were there extracted by an independent measurement 
of the time of flight on two bases (4 and 1 meter) with anWaccuracy 150+200 psec 
and measurement of ionization losses and intensity of the Cerenkov burst in a solid - 
radiator. The description of these facilities is given in refs.46) and47) . Among 
the recent results of the Stavinsky's team it is necessary to mention a detailed 
study of the limiting frapentation of light nuclei. The measurements are led to 
particle energies corresponding to the kinematic limit of interaction with the - 
nucleus as a whole. The investigation of elastic pd scattering with large momentum 
transfers has been carried out. 

The study of the nucleus-nucleus scattering at small momentum transfers is per- 
formed on the internal accelerator targets48). This technique which was developed 
on the Dubna Synchrophasotron with the participation of the same physicists 
started the well-known investigations with the aid of a supersonic jet target on 
the Serpukhov and Batavia accelerators. This same technique was lately employed 
to perform a search for the isotopelO~e in relativistic nuclear collisions. 

Two one-arm magnetic spectrometers with proportional chambers are used for mea- 
suring the inclusive cross sections for relativistic nuclear collisions49,50). An 
installation "Photon" is oriented to studying relativistic nuclear collisions with 
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emission of neutral particles ( no ,qO ,oO ) .  It is a 90 channel Eerenkov hodoscope 
of lead glass in which the gamma quantum energy is measured. The direction of 
gamma quanta is measured by 32 spark chambers with a magnetostrictive readout. 
The accuracy of measurement of the gamma quanta direction depends on the thick- 
ness of the converters and amounts to 3.4 mrad. A large complex of electronic ap- 
paratus and a on-line computer of the installation "Photon" make it possible 
to study effectively multiple photon emission in relativistic nuclear collisions, 
in particular, the problem formulated in ref .51) on cumulative production of vector 
mesons. 

Among track devices the 2-meter propane chamber has been advanced most greatly 
for the purposes of relativistic nuclear physics. A typical photograph of this 
chamber is given in fig. 19 where collisions of carbon nucleus of a momentum of 
50 GeV/c with a tantalum nucleus (vertical lines are tantalum plates in the 
working volume of the chamber)and a carbon nucleus of propane are shown. The mul- 
tiple particle production in relativistic nuclear collisions is found to be simpler 
from the topological viewpoint than that in p-p collisions at an energy of hund- 
reds of GeV. A large group of physicists under the leadership of Soloviev has sol- 
ved the principal problems of handling of such photographs and has obtained a 
large amount of experimental information on multiple production processes of rela- 
tivistic nuclear physics. The characteristics of multiple particle production de- 
fined in Section I have been obtained. The extraction of multinucleon interactions 
is made by the number of proton spectators Z, : 

<u > = 2(Z- <z, >) 
P 

where <up> is the average number of the nucleons of a bombarding nucleus which 
have interacted with a target, Z the charge of the bombarding nucleus, < Z , >  the 
average charge of stripped particles. 

The experimental data show that the average number of nucleons taking part in the 
interaction is rather large. For example, it reaches<vp>=6.00 + 0.60 for the 
collisions of the carbon nucleus with the tantalum nucleus. The table gives the 
values of the ratio < n - > / < v p  > or the average numbers of the produced negative 
particles per nucleon of an incident nucleus. 

I 

The constancy of the values tabulated testifies in favour of the definition ofcup> 
and the fact that the nucleons of colliding nuclei interact, on the average, in an 
independent manner. 

Of a particular interest are the search for and study of multibaryon resonances 
the existence of which is predicted by the quark bag theory. The (Ap) and possibly, 
( k A )  and(l1Ap)resonances discovered by Shakhbasian on the basis of the study of 
photographs from the propane bubble chamber were lately inter~reted~'-~~) as multi- 
quark formations in a single "bag". The confirmation of the existence of such large 
"quark plasmons" would be very important, in particular, it would mean that we 
have already discovered metastable states of superdense nuclear metter, i.e., multi- 
baryon states possessing elementary particle density. In the same experiments it 
is found to be possible to study the cumulative production of A particles, 
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including the study of their polarization (see above). The relationship between 
the cumulative effect and the manifestation of quark plasmons is one of the most 
interesting and important objects of the investigations in relativistic nuclear 
physics. 

Fig.20 presents a photograph of the interaction of the 160 nucleus with a momen- 
tum 72 GeV/c with a target in the 2-meter streamer chamber. The description of this 
apparatus is given in ref.54). This chamber was used to show the analogy of the 
multiplicity distributions of negative particles in nucleus-nucleus collisions and 
in p-p collisions at high energies. 

The first experiments on deuteron acceleration on the Dubna Synchrophasotron in 
1970 showed that in order to proceed to the acceleration of nuclei with the aid of 
ordinary proton accelerators the accelerating system needs not be strongly modified. 
Thus, any high energy accelerator can be adapted to accelerate deuterons and a 
particles. 

In order to pass to the acceleration of nuclei with large atomic masses a number of 
technological problems should be resolved. The main of them is obtaining of bare 
nuclei. The acceleration of partially ionized atoms imposes very strict require- 
ments on the vacuum inside the accelerator chamber. To obtain bare nuclei it is 
suggested to create pre-accelerators with an intermediate stripping. 

The Laboratory of High Energy Physics of the JINR started developing essentially new 
sources of multicharged ions: electron beam ion and laser sources. The electron 
beam ion source invented by Donetz is a rather compact device which has reliably 
been running on our Synchrophasotron for a long time under operating conditions. 
The principle of operation of the source consists in the following. A certain 
amount of one-charged ions of an element to be accelerated is introduced into an 
electron beam of high density (hundreds of amperes per cm2). The ions perform ra- 
dial oscillations under the action of the forces of the electric field of the elec- 
tron space charge. The interaction of the ions with the fast electrons of the 
beam produces a multiple ionization; the ion charge increases. The electron beam 
is placed in a deep vacuum in a strong longitudinal magnetic field (superconducting 
solenoid). Cryogenics makes it possible to obtain a magnetic field of practically 
any necessary value and reach a vacuum in an ionization region of 10-l1 torr. This 
source is sometimes called "CREBIS" (cryogenic electron beam ion source). The pre- 
sent status of the relative investigations enables up to hope to obtain bare nuclei 
of an intensity of about lo1 l. 1/2. 

The beam intensities of the Dubna Synchrophasotron which were used by the physi- 
cists in 1978 are tabulated. 

Accelerated Energy in GeV Particle intensity 
particles per nucleon per pulse 

protons 

deuterons 

4 ~ e  

1% 

1 4 ~ ,  160 

20~e 

4.1012 

5 . 1 0 ~ ~  

3. 10l0 

2.106 

lo4 

sufficient for experiments 
to be performed in the strea- 
mer chamber 



In 1979-1980 an increase of the intensities of 12c , l 4  N , l6 0 and 20 Ne is expected 
at the expense of an improvement of the injection system, but this increase will 
not be larger than by a factor of lo2. An essential expansion of the beam facilities 
will take place after the creation of a synchrophasotron buster. 

Relativistic acceleration of heavy nuclei and even intermediate mass nuclei requi- 
res creation of special injection complexes, pre-accelerators at an energy about 
500 MeV/N, which are of a great value by itself. The high voltage injection resol- 
ves also vacuum problems in the main ring since for ions of an energy higher than 
500 MeV/N the electron pick-up is nonessential even for rather moderate requirements 
on the vacuum. 

Thus, the following research programme is worked out at the Laboratory of High 
Energy Physics of the JINR. During the nearest 4-5 years it is planned to use ex- 
tensively the beams of relativistic nuclei of the Synchrophasotron up to 5 GeV/N 
energies. As we have already stressed, the limiting fragmentation of nuclei begins 
at an ion energy higher than 3 GeV/N. This ion energy range has as yet been ob- 
tained in no other accelerator centers. The available detectors will make it pos- 
sible to realize a rather wide programme of investigations. By the present time 
it has been completed the construction of a large experimental hall of an area of 
about lo3 m2 in which a large number of simultaneously operating installations can 
be arranged on the extracted beams of the Synchrophasotron. 

Further perspectives of our Laboratory are connected with the creation of a super- 
conducting specialized accelerator of nuclei which will replace the Synchrophasot- 
ron. Some progress has also been made in the creation of superconducting magnets 
for accelerators (see, e.g. ref.55). Some preliminary suggestions concerning the 
design of a superconducting accelerator of relativistic nuclei which was given the 
name "Nuclotron" are presented in refs. 56 57) . They have underlain projects of 
construction of an injection complex of the Laboratory of High Energy Physics and, 
in particular, its intermediate ring accelerator the main parameters and the ope- 
rating regime of which are given in ref.58). The creation of the Nuclotron on the 
basis of the resources available at the Laboratory (buildings, tunnel, energetics, 
large experimental hall equipped with a system of channels, detectors, etc.) will 
make it possible to lower noticeably the cost of the accelerator complex. 

The first stage of construction of the Nuclotron is the creation of a buster of an 
energy of few handreds of MeV/N. The use of it as a Synchrophasotron injector at 
this stage will essentially improve the JINR beam facilities. The buster beams will 
also be applied to studies of supersonic and high-temperature nuclear reactions, 
as well as to medical and space research, etc. 

The creation of the intermediate ring accelerator-buster has attracted the atten- 
tion of physicists of the Kurchatov Institute. They proposed an interesting re- 
search programme in the energy range up to 0.5 GeV/N. 

Efforts of both the institutes were combined and the initial design of the inter- 
mediate accelerator5*) underwent some change~~~). Other institutes of the JINR 
member-countries have expressed their interest in supporting the creation and de- 
velopment of the heavy-ion acceleration complex. 

Thus, the Laboratory of High Energy Physics research programme implies constant 
development of the accelerator complex with actually unceasing and intense use of 
relativistic nuclear beams. This prodives us with large possibilities of performing 
investigation in the new and very perspective field of physics, relativistic nuc- 
lear physics. 

I am much pleased to notice a many-year fruitful collaboration with V.S.Stavinsky 
in the study of the cumulative effect. I am also grateful to S.B.Gerasimov, 
A.V.Efremov, L.L.Frankfurt and M.I.Strikman for numerous discussions. I am espe- 
cially grateful to Professors A.Zichichi and A.Gabriele for their hospitality in 
Erice and to Professor D.Wilkinson who has created a very pleasant atmosphere at 
the School. 
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