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The acceleration of deuterons at the Dubna synchrophasotron 
in 1970 showed that there are no difficulties of principle in 
obtaining beams of complex nuclei up to relativistic energies. 
Possible programmes of studies with such beams 1 1-2/ were found 
to be very promissing. These studies are especially urgent due 
to the fact that the experiments in a qualitatively new range 
of energies of heavy- ion beams started in just the same period 
in which the most important ideas of strong interaction phy
sics such as scale i nvariance, limiting fragmentation, quark
parton models and , after all , quantum chromodynamics, which 
pretends to play the role of a consistent strong interaction 
theory , were rapidly developed. The discovery of new particles 
and application of quark models for interpreting their proper
ties have made the positions of the quark models much stronger . 
At present few people doubt that the quarks are good quasipar
ticles which should be used to describe hadrons at small dis
tances. From the very beginning of the studies with relativis
tic nuclei it became evident that there must exist such a re-
gion of collisions of particles and nuclei with nuclei 
for the description of which it is necessary to go over from 
the quasiparticles-nucleons to the quasiparticles-quarks. In 
this paper we show that the presently available bac kground of 
experimental information on relativistic nuclear collisions 
enables us not only to indicate exactly this region, but also 
to define the quark-parton function of relativistic nuclei in 
the most interesting region, the cumulative one. The quark 
matter or quark plasma is obviously the chief and most realis
tic candidate to the role of extreme states of nuclear matter 
which the present Conference is devoted to. 

Attention will first be focused on the study of the effects 
associated with large momentum transfers to nuclei . Large mo
mentum transfers to a system of nucleons (of the order of or 
larger than their mass) require a consistent relativistic ap
proach and correspond to relative internucleon distances of the 
order of or smaller than the confinement radius where the quark 
degrees of freedom must be predominant. As a matter of fact, 
we are dealing here with the problems of the hadron physics 
and quantum field theory. Correspondingly, the methods and 
approaches in these investigations, both theoretical and experi
mental, are essentially an adaptation and development of the 
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high-energy physics methods. These investigations go beyond the 
framework of the canonical nonrelativistic nuclear theory . 
Therefore the first section is devoted to the explanation of 
the basic notions and quantities of the relativistic nuclear 
physics. In the second section we give the most essential phy
sical results and their analysis. The third one contains the 
description of the programme of investigations in the field 
of the relativistic nuclear physics carried out at the Joint 
Institute for Nuclear Research. 

1. THE BASIC NOTIONS AND QUANTITIES 

The region of multibaryon phenomena defined by the condition 
m2 
~ « 1 . (1 . 1) 
p 

where p are the three-momenta of particles and m,their masses, 
is called by us the relativistic nuclear physics. In this re
gion of importance is the production of new particles. The 
relativistic description of multiparticle states encounters 
the fo llowing difficulties: i) we have to deal with a variable 
number of particles and, consequently , with an infinite number 
o f degrees of freedom ; ii) a many-time formalism is needed; 
iii) it is impossible to separate the contributions o f particles 
and antiparticles in a relativistic invariant manner, to sepa
rate the internal motion from the motion of the composite sys
tem as a whole . The description of states in the Fock space 
is the most adequate one to the relativistic 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 ~onrelativistic theo
ry. The Fock column defined on the hyperplane t ~o ("equal time") 
in the coordinate space is 

~,-'V t (x 1) -

'1'ix1. x2) 
$ = I ....... . . ( 1. 2 ) 

! 'l'n(x1'''''xn) 
1 

L· .. 
The squa red functions 11'

11
(x 1, ... ,x

0
) have the meaning of the proba

bil i ty density for n partic l es t o be found in the system. It 
is not d ifficult to show (see , e . g ., ref. ' 3 ' ) that in the non
r elat i vistic case, when t he Hami l t onia n of t he syst em commutes 
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with the particle number operator, the Foc k space disintegrates 
into subspaces. Each subspace has then its Schrodinger equation 
for an appropriate number of particles. While in the relativis
tic case , when the particle production and annihilation can 
occur , the Hamiltonian and the momentum operators do not com
mute with the particle number operator , neither do the Lorentz 
transformation operators . This means that in the Lorentz trans
formation the lines of the Fock column get mixed up and in 
different coordinate frames the composition of a moving object, 
e.g . , a nucleus, will be different. 

The number of the particles in a system depends on the mo
mentum with which it moves.In this connection,of particular im
portance is the concept of coordinate frame moving with infini
tely large momentum / <1,& /(IMF) . For a wide class of theories, 
a composite object in this frame becomes a set of almost non
interacting constituents and the consideration is completely 
analogous to that in the nonrelativistic case .This idea under
lies the parton models 161 which have successfully been applied 
to the collisions of "elementary" hadrons. 

This approach is analogous to the impulse approximation in 
nuclear physics: due to relativistic time dilation the charac
teristic times of the internal dynamics of the system are 
found to be much larger than the collision times . The collision 
c ross section for a composite system is expressed in terms of 
that for a free constituent, the parton. Compared to the ele
mentary particle, the nucleus in the relativistic energy region 
can successfully be thought of 1 11 as a parton gas since the 
life-times of the vir tual nuclear state as an assembly of free 
nucleons are much larger than the life-time of the nucleon as 
a n assembly of partons. 'I'hus, the methods deve loped in the 
quark-parton model s p r ovide us with a basis for considering 
relativistic collis i ons i nvolving nuclei a nd enable us to 
overcome the above-menti oned troubles o f t elati vistic descr i p 
t i on o f many-part icle ~tate s. 

The t ime development of t he syste~ i s defir.ed by the t otal 
energy which fvr a system of free pa r ticles is determined as 

11 
.. 2 2 E == 1 \ / p +rn . 

i == 1 ! ! 
( 1. 3) 

Let. the motion along t he axis z satisfy the basic c riterion 
( 1. 1), then 

n 
E == I vP 2 H 2 + m 2 .. p + I 

I"' 1 iz i ! z i ~ 1 

r 2 + m 2 
_i __ l 

2P iz 
( 1. 4) 
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here and in what follows P is the total momentum of the system, 
and r~= p ~.1.-= p 

2 + p ~ . It is seen that in a coordinate system, 
where Pz ..... (IM~ 14< lt is possible to divide the motion of the 
system into the motion as a whole and the internal motion. 

It should be stressed that our approach is based on the fol
lowing hypothesis: there exists such a Pzthat all the internal 
and transverse momenta are much smaller than this quantity. It 
is convenient to work in the IMF with the light cone coordi
nates \"hich are linked with the ordinary coordinates in the 
following manner: 

r = 1 
(t'+Z'); x = x'; Y=Y'; '= 1 (t '-z' ) . (1.5) 

J2 J 2 
The energy-momentum variables conjugate to the latter are ob-
viously found from 

p xll=lir+~+P x+p Y 
Jl X y ( 1.6) 

from where 

H = 1 (E-p z) ; p X = p ~ ; p' = p' : 'I = 1 (E + p z ) . 
J2 y J2 

It is convenient to write the transformation from the lab.sys
tem to the IMF in terms of the hyperbolic angle w between the 
time axes of these systems 

p z = p ~ ch w + E 'sh w, 

E = p ~ sh w + E ' sh w , 
... .., 
r = r . 

The case we are considering corresponds to chw ... shw .. }e4! 
In this case the transformation along the z axis assumes 

the form 
w' ... ... 

77-.e 17; r ... r ( 1. 7) 

and the rotations around the x and y axes , the form ... .. ... 
r ... r + V17, 

.,., -+17. 
( 1.8) 

Eq. (1 . 8) is analogous to the Galilean transformation, provided 
that 11 is an analog of the mass and V that of the relative 
motion velocity. This analogy becomes still more complete if we 
recall the expression for the energy in the IMF 
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D r 2+m2 
L_j 
2qi 

( 1. 9) H = ~ 
i= 1 

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

... .. 
'I' P (7] 1, r 1; . •• ; '7 , r ) . 

'7 ~ n n 
The invariance under the 
res that all dependences 

riables {3 
1 

=...!!..and the 

(1 . 7) and (1.9) transformations requi
on '7 1 and~~ occur through the va-

.,., 
.. ... 17t 

variables R 1 = r 1 -~P£The wave function 

assumes then the form .. .. 
'l'n ='I' n(f31' ... , {3n; ··· ;Ri R J ···)' (1. 10) 

E · +P· 
13, = E

1 
+P1

: is a fraction of the momentum which is carried by 

subsystem (parton , nucleon, quark) . The normalization of 
these functions is us~ally taken as 

... , ' .. ' ..J: ( ') ~ 2 (.. .. , ) 
<'I , r 71 , r > = •rv 11 - '' • u r - r . ( 1.11) 

The integration is performed over the invariant measure ~d2r. 
In the introduced notation the normalization has the form 11 

d/31 ... d/3 2 2 .. ... 
~ J 0 d r 

1 
..• d r 111 "'({3

1 
, ••• , ~ , R 

1 
, •. • , R ) x 

n ~1 ... f3 
0 

n n n n 
( 1. 12) 

x 'l'n (/3 1, ... ,{3n; R1, ... , R n) • 1 · 

The above- formulated hypothesis about the finiteness of r 1 = p1.1. 

and, in general, of the momenta of the internal motion has led 
us to the fact that the wave function depends on the ratio of 
the momenta {3 alone. Thus, this implies the scale invariance 
of the matrix elements. 

The Fock column which is composed out of the functions 
(l .lO)is a wave function of the parton model 161 .0wing to the 
property of the interaction Hamiltonian to vanish at Pz .. ""' 
which we have postulated, this function describes the mixture 
of practically noninteracting particles-partons. The parton 
model is a natural relativistic generalization of the impulse 
approximation. 

In particular, it is not difficult to show (see ref. 1 51 
) 

that the matrix element of the bilinear scalar density bet-
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ween the two states of a hadron composed of the two consti
tuents is proportional to the integral 

2 4 4 2 df3t 2 
f 'l' *(f3 t,R1)'1'[ {3 1'(R1 +{3 1Q) ] .n d R, (1.13) 

{31(1 -/31 

where Q=;_;, is the transverse momentum of an external effect. 
This formula has a simple nonrelativistic analog in the im

pulse approximation. In the initial state we have a hadron 
in a frame with zero transverse momentum; '1'({3 1 ,R~) is the am
plitude for a two-parton state with parton 1, having momentum 
({3 1, R 1) and parton 2 having momentum [ (1 - f3 1), -R 1 ]. Then 
a transverse momentum Q is deposited on parton 2 to bring 
its momentum to [ 0-{31 ), -R1~]. 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 transform the 
wave function of the final hadron by a transformation of (1 . 8) 
type to a frame in which it moves with velocity Q.This takes 
each transverse momentum and translates it by amount {3Q so 
that the argument of the final state function is (R 1 +{31 Q)2 . 

This apparatus gives only a recipe for overcoming the 
troubles of relativistic description but does not answer the 
question as to how to construct the wave functions of the type 
(1 .10) . However, this apparatus can be used to express the 
cross section of any process in terms of the cross section (o ~ ) 
of interaction with parton b and the universal distribu
tion of the parton number o81J {3, R2 ) by means of the follow
ing formula 

a r ({3 R 2 ) "' k f d/3 ' o r ( L) D ({3, R 2 ) 
B ' b f3 ' b f3 , B/ b ' ( 1. 14) 

Here D8 1 bis the probability for finding a parton (quark) of 
sort b in a hadron, e.g., nucleus, B with momentum fraction {3 
and any transverse momentum R. The summation is performed over 
all the quantum numbers·of the parton (spin, color, flavour). 

For the lepton-hadron scattering 

f + h ... Y' + X 
we have u r~o b. o(l - ~-) the cross section of scattering of a lep-

b 0 I" 

ton on a point-like parton and then find 

ob({3,R 2
) = k ag .ob/b({3 ,R 2 ). 

b 
( 1 • 1 5) 

The analysis of the experimental data on the inclusive scatter
ing of leptons on hadrons on the basis of eq. (1.15) has been 
of an exceptional importance in the present- day theory which 
made it possible to prove not only the validity of the parton 
model, but also the fact that the partons are quarks. The 

' 

,, 

point-like character of the parton-quarks means that the ef
fective coupling constant of the quarks with gluons is small 
and decreases with increasing momentum transfers in virtue of 
the quark asymptotic freedom. The quantum chromodynamics (QCD) 

has enabled one to give grounds for the parton model as a rea
sonable first approximation and to calculate scale invariance 
violation corrections . However, the existing theory does not 
permit to calculate explicitly DB/b(~)~ and these are expe
rimentally determined quantities. The study of similar func
tions for large momentum transfers to nuclei is one of the 
basic problems of the relativistic nuclear physics. 

II. LARGE MOMENTUM TRANSFERS TO NUCLEI 

In the analysis of experimental data in hadron physics inva
riant inclusive cross sections (one-, two- and so on particle 
distributions) 

E do E1E2 du d (1 16) 
P 1 = -- --4 -; p 2 = --- ... ... an so on, . 

0 in dp 0 in dpt dp2 
which correspond to the fixation in the final state of one-, 
two- and so on particles 

I + II -• 1 +X, 

I +II ... 1 +2+X, 
(1.17) 

are used as measurable quantities . Here p 1 , p 2 and so on depend 
on relativistic invariants and , in particular, on s~(p1 + Pn )2; 
ain is the inelastic cross section for reactions proceeding 
in the collision of systems I and II . 

The study of the limiting fragmentation suggested by Yang 
et al.171s=(p 1 +p 11 )2 ... oowas found to be very useful. This limit 
corresponds to scale invariance of the cross sections. They 
are shown to depend only on the ratio of the momenta of newly 
produced and incident particles . 

This idea is very simply expressed in terms of the so
called short-range correlations (SRC) in the rapidity space 
which are introduced instead of the above-mentioned variables 
~ 1 .By the rapidity we mean the quantity 

1 E ~ Pz Pz Et+Ptz y. - y 
Y = -ln---- = arsh-; {3

1 
= = ....l!_e I 1 

2 E -P z ll E I + pI m I 
(1 . 18) 

where 11 i~v r2 ~ m2 .For nonrelativistic energies y = v z. 
We notice the most important property of the rapidity: for 

the Lorentz transformation along the z axis this variable 
changes in an additive manner. Correspondingly, the rapidity 
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difference remains invariant in just the same way as ~ . Owing 

to the properties mentioned the distributions p depend on the 
rapidity differences (the r 2 dependence is, for the moment , 
omitted) 

p 1 (y 1' - y I ; y I - y II ) ' 

p 2 (y 1 - y I ; y 1 - y 2 ; y 2 - y II ) 0 

( 1. 19) 

For definiteness we assume the rapidities to be ordered as 

YII <y e < YI < y1. (1. 20) 

SRC is determined from the following conditions: 
1.If the rapidity differences are much larger than t he charac

teristic correlation length L ~ 2.then Pm is independent of this 
variable, in particular, of (y 1-yu) which corresponds to the 
limiting fragreentation . 

2 .If y 1 -y2 >L, then p2 is factorized to a pr oduct of one-particle 
distributions 

p 2 (y 1 - y I ; y 1 - y 2 ; y 2 - y ll ) y 
1
- y 

2 
> L ... p 1 (y 1 - y 1 ) . p 1 (y2 -y II ) 0 · 2 1 ) 

These conditions are generalized to any Pm, where m > 3. in a tri
vial manner . 

A pr iori there is no special reason to believe that there 
exists a universal correlation length L which is valid for 
all types of high-energy reactions . Moreover, strictly speak
ing, the correlations should not be only of short-range order , 
at least, because of the restrictions imposed by energy-momen
tum conservation. Nevertheless, the short-range correlation 
model well describes many characteristics of multiple particle 
production and may be viewed as an approximate universal pro
perty of hadron i nteractions'S! . 

Nuclear collisions should obey the laws discovered in had
ron physics and , in particular , the use of short-range corre
lations is found to be especially efficient in relativistic 
nuclear physics. 

Fistly, this model enables us to predict the region of ap
proximate validity o f limiting fragmentation. Recall 

(p 1 ·Pu) = m1 m 11 ch(y 1-yii ) "" 

The case Jy1-y11 J ~ 2 corresponds 

1 m1 mil 2 exp y 1 - yll 

8 

to this approximate boundary, or 

( • ) eE "' m m J.. e - I PI pll I mil ' I II 2 xp yl yll > m m .lexp2 
- I II 2 

(. 

E 
or: 2nf~e2 ,.7.4,i.e ., at an energy E 1 of about 4 GeV/nucleon . 
This bdundary appears to be in agreement with the condition 

p2 
( 1 . 1) : 7 "" 14 » 1 . 

m 
If the

1 
rapidity difference (y1-yii) obeys the condition 

(y I - Y II ) > L "' 2 , ( 1. 2 2) 

then the cross section is factorized. The happening near the 
left boundary (yii) does not affect the vicinity of the right 
boundary (y ) ,and vice ver~a . In particular, it follows from 
here that lor the study of the limiting fragmentation of hea
vy nuclei there is no necessity to accelerate them. It is 
enough to study the production of particles with large momen
tum transfers on heavy nuclei under the action of any particles 
of sufficiently high energies so that the condition (1 . 22) 
should be fulfilled. The cross sections obtained in such a way 
can be transformed in a coordinate frame , where the heavy nuc
leus is moving, and seco~dary beams , which will be obtained, 
for example, from uranium acceleration , can be predicted. 

It is just this statement of the problem that has been used 
to study the main regulari ties of the limiting fragmentation 
of nuclei at Dubna starting with 1971. We focuse our atten
tion on the one-particle distributions in the region of li
miting fragmentation of nuclei which is kinematically forbid
den for one-nucleon collisions . In the region exp !y

1
-y

11 
11»1, 

from the energy-momentum conservati on it follows 

11 1 exp (y 1 - y 
1 

) _s m I 0 (I. 24) 

We determine the kinematic limits wi th the aid of the cumu
lative numberN, i.e., the effective number of the nucleons 
of a fragmenting nucleus which are i nvolved in the reaction. 
For the one-particle distributions the minimal N min is deter
mined by the kinematic limits imposed on the mass of the ob
ject participating in the collision 

I+Il ... l +X. 
When exp IY1 -y11 I » 1 in the region of limiting fragm,entation of 
nucleus 1 the relativistic invariant quantity Nm1n assumes, 
according t o eq . ( 1. 24), the following values 

E1 - Ptz 
m in the rest system of nucleus I 

N m I o "' P 1 exp (y 1- yl) 

mp E 1+Ptz 

E o P o 
I + I 

in the rest system of 
particle or nucleus II, 

(1 . 25) 
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where PI is the momentum per nucleon; mp ,the proton mass; y , 
the rapidities; Pt z• the longitudinal momentum. T~e cumulative 
effect corresponds to the region defined as N min > 1. 

The cumulative effect was predicted 1 11on the basis of the 
following assumptions. In the spirit of the parton models the 
one-particle distribution p 1 in the region of the limiting 
fragmentation of nucleus I is taken in the form of a super
position of the one-particle distributions which are due to 
the limiting fragmentation of the objects of mass N·mp inside 
nucleus I 

ll • • 
PI (yl-yl,rl)"' I PN pN(yl-yl,rl)' 

N 
{1.26) 

Without further assumptions on the probability PN for finding 
a constituent with mass Nmp inside the nucleus and on an ex
plicit form of PN the following properties of the cumulative 
effect can be obtained: 

1. The dependence of p:1 on the properties of the target 
{particle II) must practically be absent due to limiting 
fragmentation . 

2 . We introduce in eq . (1.26) instead of the rapidity diffe
rence the quantity Nmin according to eq. (1 .25) and rewrite 
eq. (1 .26) in the form 

II (Nmio .. ) ~ (N min .. ) pl ,r = -PNpN ,r. 
N 

(1. 27) 

According to the definition of PN and eq. (1.25) 

(N min ... O min 
PN , r 1) ,. for N < N . 

It is then clear that Nmin defines the lower limit of summa
tion (or integration if N is continuous) . It is doubtful whe
ther one can expect that many nucleons can get together in the 
cumulation volume. Consequently, PN is a sharply decreasing 
function of N and it may be supposed that 

II (N min ... ) 
pI 'r I .., p 

N min 
• P . (N mm -+ Nmm ,r 1 ) {1. 28) 

Thus, according to our model the main quantity which describes 
the cumulative effect p1l can be approximated by a fast dec
reasing function, e.g ., exponential 

p = C exp [ _aN min I , {1 . 29) 

where a and C are practically independent of the properties 
of particle II in the region of the limiting fragmentation of 

10 
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nucleus I. Eq. {1.29) well describes the experimentally ob
served distributions of the cumulative particles over the va
riable N min , which, according to eq . {1. 18) , coincides with 
the ~ variable discussed in Section I. However, in Section I 
we discussed the parton {quark) distribution , and here we are 
discussing the particle distribution. The short-range corre
lations in the rapidity space for particles produced at large 
momentum transfers correspond to those in the rapidity space 
for partons . Hence, it follows that the cumulative hadron can 
be produced only of the cumulative parton . Owing to this pro
perty the distributions of cumulative particles coincide with 
those of cumulative partons. The production of hadron jets 
in the high-energy particle interaction is one of the important 
predictions of the parton model. According to the parton pic
ture, the distribution of the most rapid hadrons in a jet must 
be about the same compared with that of the most rapid partons 
differing from the former by a shift of the order ~y- 1. This 
fundamental property was given grounds in quantum chromodyna
mics and is a reflection of the asymptotic freedom of quarks. 
It was given the name of soft hadronization or soft color ne
utralization . Hence it follows that the spectra {1 . 29) reflect 
the distribution of partons (quarks) in nuclei, in other 
words, DB/b ({3). 

3 . Simple geometric considerations have led us (see, e.g., 
ref. ' 2 / ) to the following dependence of the coefficient C 
in eq. (1.29) and, consequent,ly, DB/b(/3) on the fragmentation 
nucleus atomic weight: C .. ANmi'Y3, Such type dependences were 
found to be r ather nontrivial so that a number of experimental 
studies has been devoted to them. For large Nmin the exponent 
min the dependence ""'A'" is larger than unity. 

It should be noted that according to QCD the distribution 
Da/ b(/3) describes not only the probability of pro9uction of a 
parton b in a hadron 13 but also the probability, Db/B (fJ), of 
the inverse process, that is , nadronization of a parton (quark) 
b to a hadron B. But DB/ b "'A Nm 

0
'
3 from where it follows that the 

Adependence of the production cross section for heavy (multi
quark) cumulative particles will strongly increase. The latter 
fact is explained by that the pickup probability for additio
nal quarks and whole nucleons increases with increasing thick
ness f of the matter lying on the way of the cumulative parton 
(f-A 1 3).We employ this fact (see ref. 1

9 1
) to explain the 

following experimental regularities of the limiting fragmenta
tion of the nucleus into various cumulative particles 
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o(A .. ") "'A 

o (A ... p) .. A 4 13 

o (A ... d) .. A 5 / 3 

u(A ... t) "'AS/ 3 

and predict further increase of the A dependence in the transi
tion to heavier cumulative particles in an ~pproximate corres
pondence with the AB law,where 8 is the cumulative particle ba
ryon number. 

The predicted properties of the cumulative effect have well 
been confirmed experimentally.The observed energy dependences 
of the production cross section for cumulative particles are 
described by simple exponentials. It is interesting to note 
that the simplest dependence (1 .29) describes in an approxi
mate manner all the regularities of the cumulative particle 
production, including the angular distributions. The main pro
perties of the cumulative meson production were discovered 
in 1971 and are being studied by Stavinsky's group at Dub-
na1 10~The limiting fragmentation of nuclei from deuterium to 
uranium ' was investigated in the range of the cumulative number 
up to 4. As the cumulative particles pions, protons and nuc
lear fragments were studied. A detailed description of the 
presently known properties of the cumulative effect is given 
in the talk by Stavinsky submitted to the present Conference . 
Here I would like only to stress and illustrate three very 
important facts: 

1. Following the above-presented theoretical ideas the uni
versal function (1 . 29) which describes all the spectra of cu
mulative particles (", K, p, A, d, t, 4 He) is a quark-parton 
distribution DB/b ({3) in the region N=f3A > 1. It can be used for 
the prediction of the results of other experiments, e .g., the 
results of deep inelastic scattering 

12 
11 + c ... 11 +x, ( 1. 30) 

which is being studied at CERN on the NA-4 installation created 
with the participation of Dubna physicists. With the aid of 
this installation it is supposed both to study certain regula
rities of QCD and measure the neutral current parameters . It 
is very important for all these effects to obtain as large 
as possible momentum transfers Q2 . It is for just these rea
sons that the giant NA-4 installation has been created . Up to 
the present time these effects were studied in the region of 

the one-nucleon variable f3N .. X• ~: <1, where Q mu is defined 

by the incident p. meson energy. max 
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To this end, we suggest 
to use the cumulative effect, 
i.e . , to study the process 
( 1. 30) in the region A/3 ·/3N"' 

0 

10 

.. x > 1. According to eq . ( 1. 29) 4 
the quark-parton distributi- ~ 10 
ons in this region decreases ~~ 

rapidly in an exponential man-·~ 
ner . However , Stavinsky 's ~ -4 

group has succeeded in mea- ~10 
surin9 these distributions b~ 
to Nm10=/3N"' x > 3. If the lumi- ">l 

nocities of the NA-4 instal- ~I<_, 
lation will be found to be IO 
enough for measuring the 
cross sections of the pro
cess (1 . 30) in the region 
x ~ 3, then the reached Q2 
would correspond to the pos
sibilities of an accelerator 
at an energy higher than 
1000 GeV for the usually 
used region /3 N""' x < 1. 
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The universality of the function (1.29) is best illustrated 
by Fig.l, where this dependence is measured for the change of 
the cumulative particle production cross section by nine or
ders of magnitude. The universal character of this function 
for various cumulative particles including light nuclei, shows 
that the "soft character" is assigned not only to the quark 
hadronization, but also to the nucleon pickup in the formation 
of composite baryon systems . These processes appear to have 
much in common. 

2. As we repeatedly emphasized 111·121 the limiting nuclear 
fragmentation begins in the region IY1 -y11 1 .. L • 2, i.e., at an 
energy per nucleon 3.5-4 GeV. In other words, for nuclear col
lisions at an energy per nucleon E~ ~ 4 GeV/c the quanti
ties C and a in eq. (1.29) cease to depend onE~ and reach 
asymptotic values. This conclusion is a matter of principle 
because it establishes the values of the momentum transfers 
at which the quark degrees of freedom begin playing the im
portant part. The universality of the smooth plot (1.29) shows 
that in the cumulative region the nucleon as a quasiparticle 
of nuclear matter is not adequate to the problem. In this re
gion the quark components of different nucleons are strongly 
mixed . The departure of the quantity a on the asymptotic re
gime has recently been confirmed by American physicists whose 
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result is illustrated in Fig . 2 taken from the review by Scott 
at the Erice School in 19~The quantity T 0 is seen to be 
m 
_P_ and the energy per nucleon E~ is plotted on the absciss 
2a 

axis. There is a rather satisfactory agreement between the LBL 
and Dubna data . It is also important to point to an agreement 
with the data of the Soviet-American collaboration obtained 
at E ~ = 400 GeV /N (the last point on the right). 

3. A Grecial attention should be paid to the study of the 
polarization phenomena in the cumulative effect and the de
pendence of the cumulative effect cross section on the quantum 
numbers (flavours). In ref .1131 a polarization of A hyperons 
has been observed in the reaction"- + A ~ A + X for p

17
= 2.9 GeV/c 

where as the target a mixture of the carbon and xenon nuclei 
is used. Further increase of the appropriate statistics ' l 4,15/ 
has little changed the result. The presence of large polari
zation in deep inelastic processes was found to be very sur
prising, although as early as in 1967 Leskin's group ob
tained ' 16 an indication to a possible large polarization of 
protons scattered with a momentum transfer lying outsides the 
limits of one-nucleon kinematics . Experiments of ref. 17 have 
confirmed the large value of the cumulative .\ particle pola
rization. All the polarization measurements are provided with 
little statistics. However, the data of all the four papers 
are in good agreement with one another. The presence of large 
polarization in the c~~ulative effect has been explained in 
the model of hard collisions by Efremov 18,It is possible that 
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the polarization studies in hard collisions will turn out to 
be a very critical check of QCD since in this theory the po
larization results only from the account of the highest ap
proximations of perturbation theory, at least, of two- gluon 
exchanges . However, for the time being , it is very hard to take 
into account the highest approximations in a quantitative man
ner. 

An effective study of polarization phenomena in the cumula
tive effect can be performed with the aid of intense beams of 
relativistic polarized deuterons the work on the obtaini ng of 
which is being performed at the Laboratory of High Energy 
Physics of the Joint Institute for Nuclear Research. More re
liable information about quark-parton distributions in nuclei 
is extracted from the study of cumulative jets rather than 
from the study of cumulative particles. By the cumulative jets 
we mean the distribution of groups of particles flying into 
the backward hemi-sphere over the resulting cumulative number 
fi 5 =~f3i. Contrary to the jet, the production of one cumulative 

I 
particle proceeds with the participation of only a fraction of 
the momentum of the initial parton . 

I do not intend to give here a detailed review of theoreti
cal studies devoted to the analysis of the cumulative effect 
and other manifestations of the quark degrees of freedom in 
nuclei. This aspect is discussed in the talks submitted to the 
present Conference by Matveev and Lukianov. Review papers 119a.g/ 
may also be recommended. A more detailed consideration of the 
related problems is presented in my lectures at the Erice 
School ( 1979) ' 91 

III. PRESENT STATUS AND PERSPECTIVES OF STUDIES 
IN THE FIELD OF THE RELATIVISTIC NUCLEAR PHYSICS 
AT THE JOINT INSTITUTE FOR NUCLEAR RESEARCH 

For the nearest years the main tools of the relativistic 
nuclear physics will be the proton synchrotron and detectors 
of the elementary particle physics. The intensity of the ex
tracted nuclear beams is already now much higher than the in
tensity of the beams of secondary particles (pions, kaons , 
etc.) which the existing detectors are rated at. The seconda
ry beams, even pion ones, with an intensity 105 -106 part./sec 
are considered to be good for the available facilities and 
the extracted beams of relativistic nuclei have an intensity 
of 106 - lo 11part . /sec. This provides us with an encouraging 
perspective of applying the existing detectors created for the 
work with secondary beams in the relativistic nuclear physics. 
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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 prob
lems discussed. 

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

In the first installation of Stavinsky's group special
ly created for studying processes o£_ the type p + A~ 77{180 °) 
pions were detected by a DISC-type Cerenkov differential coun
ter with a velocity resolution Af3=± 3-10-2 in a velocity range 
0.7~1.0. The second version of this installation is a rotating 
magnetic spectrometer which allowed to perform detailed measu
rements 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 an accu
racy 150~200 psec and measurement of ionization losses and 
intensity of the Cerenkov burst in a solid radiator. The desc
ription of these facilities is given in refs. /20,21 / . A review 
of the recent results of Stavinsky's group is presented in 
his talk submitted to this Conference. 

The study of the nucleus-nucleus scattering at small trans
fers is performed on the internal accelerator targets. This 
technique1221 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. Recently 
the method of thin internal targets has been applied on the 
synchrophasotron for measuring the cross sections of nuclear 
collisions with large transverse momenta . Fig.3 illustrates 
the data obtained~ 

The one-arm magnetic spectrometers with proportional 
chambers are used for measuring the inclusive cross sections 
for relativistic nuclear collisions / 23,24 ' . An installation 
"Photon" is oriented to studying relativistic nuclear colli-

*The author is ' grateful to V. A.Nikitin who has acquainted 
him with these data. 
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sions with emission of neutral particles (11 ° , TJ0 , w0). It is 
a 90 channel terenkov hodoscope of lead glass in 
which the gamma quantum energy is measured. The di
rec tion 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 thickness of the 
converters and amounts to 3 . 4 mrad. A large complex of elect
ronic apparatus and an 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. 125 on cumulative production of 
vector mesons. 

Am0ng track devices the 2-meter propane chamber has been 
advanced most greatly for the purposes of relativistic nuclear 
physics. The multiple particle production in relativistic nuc
lear 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 Solov~ev has solved the principal problems of handling of 
such photographs and has obtained a large amount of experimen
tal information on multiple production processes of relati
vistic nuclear physics. A talk of Soloviev devoted to this 
problem is submitted to the present Conference. A review of 
earlier results was given by Bartke at the 8th International 
Conference on High Energy Physics and Nuclear Structure (Van
couver, 1979) . 

Of a particular interest are the search for and study of 
multibaryon resonances the existence of which is predicted by 

(( ~ 

~ 

u o·• 
;; L 

<1.1 -.1: . 

•] 

~o f 
J:l >
E ,.. 

D\ 

~ ~ 

~ ---r 

12c 3.4~ P + - + ... 
P.= 7.5 GeV/c 

. ... P..-o 
~ - . · ... ·. ·,. .... ; ... .. ,,, ......... 

··:·:~. l)ft 
tjt t rn~l 

I, 1 rt 

~ 
-~ 

'---"---'- ___! l I 

(I) 200 jOO 400 !iOO 6l) 700 6l) OCQ OOJ lUI f3.. . MeV I c 

Fig.J 

17 



the quark bag theo r y . The (i\p ) and , possibly, (AA) and (Ai\p)reso
nances discovered by Shakhbasian on the basis of the study 
o f photographs from t he p r opane bubble chamber were lately 
inte rpreted / 26,'Z7/ as mul tiquark formations i n a s i ngle "bag". 
The confirmation of the existence of such large "quark plas
mons" would be very important, in particular, it would mean 
that we have already discovered metastable states of super
dens e nuclear metter, i .e., multibaryon states possessing ele
mentary particle density. In the same experiments it is found 
to be possible to study t he c umulative production of J\ pa~
tic l e s, including the s tudy o f their polarization (see above). 
The relationship between the c umulative effect and the mani
festation of quark p lasmons is one of the most interesting and 
i mportant objects of the investigations in relativistic nuclear 
physics. 

Figure 4 presents a photograph of the interaction of the 
20Ne nucleus with a momentum 90 GeV/c with the 20Ne nucleus 
in the 2-meter streamer chamber. The description of this appa
ratus is given in ref. 1 281.This chamber was used to show the 
ana logy of the multiplicity distributions of negative particles 
in nucleus-nucleus collisions and in p-p collisions at high 
energies. 

For the study of exclusive reactions in relativistic nucle
ar physics use is made of a 1-meter liquid hydrogen chamber . 
It is bombarded by 3He and 4 He nuclei (see, e.g ., ref. 1841 ) . 

The same bubble chamber has been used for the study of the 
n +p reactions with monochromatic neutrons of a variable ener
gy which was a primary aim of the deuteron acceleration on 
the synchrophasotron in 1970. 

Fig .4 
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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 o f ordinary proton ac
celerators the accelerating system needs not be strongly mo
dified. 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 the obtaining of bare nuclei . 
The acceleration of partially ionized atoms imposes very strict 
requirements on the vacuum inside the accelerator chamber. To 
obtain bare nuclei it is suggested to create pre-accelerators 
with an intermediate stripping. 

Following the recommendation of G.N.Flerov, our Laboratory 
has engaged in developing essentially new sources of heavy 
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 radial oscillations under the ac
tion of the forces of the electric field of the electron 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 ioni
zation region of lo-11 torr. This sourve is sometimes called 
"CREBIS" (cryogenic electron beam ion source) . The present 
status of the relative investigations enables us to hope to 
obtain bare nuclei of an intensity of about 1o11.1(:Z. 

In 1980-1982 an increase of the intensities of 2 C , 14 N , 
160 and 20 Ne is expected to be at the expense of an impro

vement of the injection system, but this increase will not be 
larger than by a factor of 102 . An essential expansion of the 
beam facilities will take place after the creation of a syn
chrophasotron buster. 

Relativistic acceleration of heavy nuclei and even inter
mediate mass nuclei requires 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 injec
tion resolves also vacuum problems in the main ring since 
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The beam intensities of the Dubna synchrophasotron 

Accelerated 
particles 

protons 
deuterons 
4He 
12C 

14N, 16Q 
2<>Ne 

Energy in GeV 
per nucleon 

10 
5 
5 
5 
5 
5 

Particle intensity 
per pulse 

4. 10 12 

5. 10 11 

3. 10 10 

2.1os 
104 

sufficient for expe
riments to be per
formed in the 
streamer chamber 

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 near
est 4-5 years it is planned to use extensively the beams of 
relativistic nuclei of the synchrophasotron up to 5 GeV/N 
energies. As we have already stressed, the limiting fragmenta
tion of nuclei begins at an ion energy higher than 3 GeV/N. 
This ion energy range has, as yet, been obtained 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 10 4 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 superconducting specialized accelerator of 
nuclei which will replace the synchrophasotron. Some progress 
has also been made in the creation of superconducting magnets 
for accelerators (see, e.g., ref . 1291 ) . At the Laboratory 
there are some advances in the creation of superconducting 
magnets with an iron-shaped magnetic field (see, e.g., ref .1291). 
Though the magnetic field is restricted by a value of 2 . 5 T , 
the construction of the magnet becomes , in turn, essentially 
simpler, the winding volume and the weight of the magnetic 
circuit decreases which essentially facilitates their manu
facture in the lab. conditions . 
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The small superconductor volume and the low value of the 
energy stored in the winding enable us to hope to reach high 
frequencies of repetition of acceleration cycles (0.1-0 . 5 Hz) 
and a growth of the average beam intensity. A group of engi
neers and physicists of the Laboratory of High Energy Physics 
under the leadership of Shelaev has got good dipole and quadru
pole parameters . 

Some preliminary suggestions concerning the design of 
a superconducting accelerator of relativistic nuclei which 
was given the name "Nuclotron" are presented in refs . / 30,31 / . 

They have underlain projects of construction of an injection 
complex of the Laboratory of High Energy Physics and, in par
ticular, its intermediate ring accelerator the main parame
ters and the operating regime of which are given in ref. 1321

• 
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 hundreds 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 attention of physicists of the Kurchatov 
Institute. They proposed an interesting research programme 
in the energy range up to 0 . 5 GeV/N (see the talks of Galitzky 
and Ogloblin submitted to the present Conference). 

Efforts of both the institutes were combined and the initial 
design of the intermediate accelerator 1321 underwent some 
changes1331 Other institutes of the JINR member-countries have 
expressed their interest in supporting the creation and deve
lopment of the heavy-ion acceleration complex . 

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