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INTRODUCTION

The investigation of the reactions with large momentum transfers was found to be very
fruitful in showing the quark structure of matter. These studies are now a wide area of
activity, and the present lectures can by no means pretend to be any kind of a complete re-
view*). T shall dwell mainly on those aspects of the reactions with large momentum trans-
fers which were little discussed at the previous CERN-JINR School of Physics, as well as on
some new results. Most of all, this concerns nuclear aspects, the so-called relativistic
nuclear physics. As recent studies showed, the nuclear aspects of the quark theory of
matter are very important for the construction of both the theory of strong interactions
and modern nuclear theory. They were also found to be important for a number of experiments
performed and being performed, in particular, for the joint JINR-CERN NA 4 experiment, which
will be discussed below. I am sure that these aspects will noticeably affect further re-
search programmes of a number of accelerator centres of the world. In particular, rela-
tivistic nuclear physics is of considerable importance in the JINR research programme.

The concept of the quark is nowadays the basic one in the theory of strong interactions.
Initially we were led to this notion by composite models of hadrons, and from this point of
view the hadrons are naturally thought of as systems that are analogous to the light nuclei.
Subsequent extensive studies of hard collisions also led to the quark structure of hadrons.
The parton model, which is an analogue of the impulse approximation of nuclear physics and
postulates the existence of point-like constituents inside hadrons, enabled us to make sure
that the quantum numbers of these constituents are the same as the quantum numbers of quarks
considered in composite models of hadrons.

The quarks were found to be relatively weakly bound in hadrons. This is the most im-
portant fact for the following. Quantum chromodynamics (QCD) as an asymptotic free theory
has succeeded in explaining this fundamental property of quarks and therefore being very
promising has won general sympathy. The description of hard collisions in the framework of
asymptotic free theories is close to the picture given by the parton structure of hadrons.
The fact that the interaction between the QCD objects becomes stronger with increasing dis-
tance between these objects also gives hopes for obtaining confinement in this theory. The
problem of confinement is still far from being solved. However, it is closely connected
with interactions at large distances and quarks of low relative momenta. This makes it
possible to factorize such effects and to consider the physics of large momentum transfers
and small distances as a relatively independent subject.

The division of complicated motion into fast and slow parts -- the link between which
is seen to be non-essential or weak -- is a fairly old recipe of classical physics. In

*) A large background of information on the reactions with large p.. can be found in the
lectures of Matveev at the 1979 JINR-CERN School of Physics and at the present School.
This subject was also discussed at many other CERN Schools of Physics (see Ref. 1).
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particular, it was proved to be very successful in the theory of accelerators. I imply the
division of particle motion into radial-phase and betatron oscillations. The series expan-
sion parameter which defines the applicability of this method is the ratio of characteris-
tic frequences w/Q.

The applicability of the impulse approximation of nuclear physics is also defined by
the ratio of the characteristic time of collision to the time of slow internuclear relative
motion, or the ratio of the binding energy to the energy of a particle that interacts with
the nucleus, ¢/E.

In quantum field theory, especially in its applications to solid-state physics, ele-
mentary excitations are separated on the basis of the concept of quasi-particles. The range
of applicability of this concept is also limited by the values of the energy-momentum
transfers. As the energy-momentum transfers increase it is necessary to proceed to new
quasi-particles.

As experiments on deep inelastic scattering of leptons show, for momentum transfers
larger than 1 GeV the hadrons can on longer be assumed to be elementary particles, and it
is necessary to take into account their quark structure. Hence, it follows that at such
momentum transfers the nucleons as the quasi-particles of nuclear matter are no longer ade-
quate to the problem. The nucleus should be viewed as a multiquark system, in which the
interaction is mediated by the gluon field in just the same way as the electromagnetic field
bonds electrons and nuclei into atoms and molecules. However, this does not mean that the
new theory 'cancels" the canonical nuclear physics constructed on the basis of the proton-
neutron nuclear model and the non-relativistic quantum mechanics. In non-relativistic
nuclear physics, the new fundamental theory must explain the phenomenological characteris-
tics of nuclear forces and other parameters by expressing them in terms of the fundamental
constants in just the same way as the Van der Waal forces are described by electrodynamics.
However, at large momentum transfers p determined by the condition

2
m
pr << 1, €8]
where m is the characteristic mass, canonical nuclear physics becomes invalid and QCD must
play a decisive part.

The criterion (1) makes it possible to divide the process into a slow motion part with
characteristic time of the order of T ~ 1/m and a fast motion one with T ~ 1/p. The inde-
pendence of these two regimes is the fundamental property expressed as factorization. The
inclusive cross-section is thus expressed as a product of the probability of finding a
constituent (quark or gluon) in the hadron (or the nucleus) by the elementary interaction
cross-section for the constituents. As yet there has been no success in describing slow
motions on the basis of QCD. For the time being, QCD only pretends to the role of the
theory of fast motions that can be described in the framework of perturbation theory.

The algorithm of such calculations (the Feynman rules) can be found, for example, in

1d) .

the lectures by Matveev The main hope is placed on the small 'running coupling constant'

Oy which decreases logarithmically with increasing squared four-momentum transfer
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Here ng if the number of quark flavours and A is the scale parameter of some hundreds of MeV
which is important in all applications of QCD. According to Eq. (1), it defines the order
of magnitude of the characteristic time of slow motion.

Unfortunately, the success achieved in quantitative calculations of hard processes on
the basis of QCD is still very modest, even in the description of deep inelastic scattering
of leptons. The higher order perturbative corrections in the whole Q* region under investi-
gation are found to be large and cannot be reliably calculated. Nevertheless, there are
serious grounds to hope that it is quite possible to make important qualitative QCD pre-
dictions for hard processes. This just explains the great efforts presently being made by
experimenters in studying quantitative laws of hard processes.

What kind of new information is extracted from nuclear interactions? At large momentum
transfers [criterion (1)] the interaction of particles and nuclei with nuclei should be con-
sidered at the quark level. When p? 2 1 GeV® the interaction proceeds in a local manner,
that is with one quark. This is commonly admitted in the literature. However, in the
analysis of experimental data, the nucleons are often thought of as autonomous systems in-
side the nucleus and the interaction proceeds with the quark belonging to one of the nuc-
leons of the nucleus. As will be seen from the foregoing, this assumption, that is widely
used for example when studying deep inelastic scattering of leptons on nuclei, is, generally
speaking, wrong.

The study of high-energy nuclear interactions makes it possible to obtain information
about multiquark states and possibly about a new state of nuclear matter, the quark-gluon
plasma.

As was mentioned above, the processes induced by the quark interactions at large dis-
tances are slow, T v 1/m. These times are expected to determine also the process of trans-
formation of a knocked-out quark into hadrons. With due account of relativistic time dila-
tion (Lorentz factor E/m), we have t’ ~ 1/m*E/m. The time 1’ for fragmentation of a quark
into hadrons is so large that for hard collisions the appropriate formation length exceeds
the nucleus size. In other words, in nuclear collisions, particles with large momentum
values are formed outside the nucleus. 1In this sense the nucleus can be regarded as a tool
for the registration of free quarks. It is also necessary to take into account the fact
that the quark-quark interaction cross-section at large momentum transfers is small,
and double and triple collisions are therefore unlikely. Only one quark of the incident
hadron is involved in the interaction. This means that the spectator quark (or quarks) of
the high-energy incident hadron passes through the nucleus without interacting.

The above qualitative arguments show that nuclear reactions with large momentum
transfers yield essentially new information about the quark nature of nuclear matter.

Section 2 of the present lectures is devoted to the introduction of the basic concepts
and variables of relativistic nuclear physics. Section 3 contains the most essential ex-
perimental data. Section 4 is a brief discussion of perspectives.

THE BASIC CONCEPTS AND QUANTITIES

Back in 1970, when we started studying collisions of relativistic nuclei?>*®), many people
thought that nothing would come of it since the structure of the collisions would be com-
plicated and would give little information. However, these collisions were not found to be
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more complicated than those of elementary hadrons. Moreover, the properties of nuclear col-
lisions were found to be similar to the properties of proton collisions but for higher
energies. Figure 1 shows the event where a carbon nucleus of an energy 50 GeV collides with
a carbon nucleus in propane in the JINR propane bubble chamber, with a subsequent collision
of the fragment nucleus with a carbon nucleus. The angle between the momenta of the bom-
barding nucleus and the fragment nucleus is very small.

Fig. 1

In the collision of relativistic nuclei with small momentum transfers, we are dealing
with ordinary nuclear physics considered in a fast-moving coordinate system. The basic
parameter that defines this type of collision is the nucleon binding energy. The charac-
teristic features of these reactions are given by the pole approximation.

The amplitude of the process

I+II~+1+X ()

has the form

T..T..
i~ 7k 2 2
j (pp-p)° -m

where py and p, are the four-momenta of particles I and 1, and m, is the mass of a particle
exchanged in the t-channel.

To this amplitude there corresponds the cross-section
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Here we introduce the variable




and the parameter

1 - -
a—ﬁnf(m1+mz mI)(mI+m2 ml) .

The factor F, is weakly dependent on the invariant variable bIl'

The simple one-pole formula (4) describes a great deal of experimental data on nuclear
fragment production at relativistic energies. The quantity o = ZelmI -m I/mI m determines
the width of the very narrow energy and angle distribution of the secondary particles.

In rapidity space y, = % In (E1 + plz)/(E1 - plz) the cross-section (4) describes a
narrow forward peak with half-width
]mI - mll

Ay = ZETE—:O.I.
T

Here € is the binding energy. One has € = mp - m - m, in the stripping reaction and
e=m -m -m, in the pick-up reaction. According to Eq. (4), the longitudinal momentum

distribution has sharp peaks for

P1
P,=m frT; = m, *const. .

That is when the momentum per nucleon of the fragment is approximately equal to the momentum
per nucleon of the incident nucleus.

The distribution width can be written as

2 _ (B - F)F
omy = 2e S—g——,

where B = my and F = m;. This formula is known in the literature as the "parabolic law".

Figure 2 shows the longitudinal momentum distribution for the isotopes of carbon obtained
in the reaction '®0 + Be - AC + X with an oxygen nucleus energy of 2.1 GeV/nucleon.
These data were obtained at the Bevatron (Berkeley, USA), where -- just as at Dubna --
studies with relativistic nuclei have begun. The range of small Ay and small momentum
transfers yields no essentially new information even at the highest energies. Collisions
of such a type are well described in the framework of ordinary nuclear physics, where
the nucleon is a good quasi-particle.

-g—:—’?—d;.(n;awﬂ edunuyw)
w7 Sgrpe—=tro " "
E=21 B[N " C c
03
wtt
s
vl
' - S
U 27 30 77 76 J9 w2 pl'radfc

Fig. 2



-6 -

Relativistic nucleus collision processes are described in the same way as usual multiple
particle production processes in hadron physics, namely on the basis of average characteris-
tics; for instance, average multiplicity, one- and two-particle distributions, correlation

functions, etc.

The study of the multiple processes in nucleus-nucleus collisions has led our physi-
cists to the conclusion that the basic characteristics of these processes can be described
as resulting from a superposition of nucleon-nucleon collisions. As it is said,
the additive model works. This is not difficult to understand on the basis of the above-
mentioned ideas. In multiple production processes the average (pp} value is about 300 MeV
and is independent of the colliding energy. Thus, the validity of the additive model results
from small momentum transfers in processes which give the decisive contribution to the total
cross-section. The total inelastic interaction cross-sections for relativistic nuclei are,
to a good approximation, described by the naive geometric model (see Fig. 3, w?ere Ai and
At are the atomic masses of the projectile and the target, respectively, and A’® is pro-

portional to the radius of the nucleus).
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Of great interest are the reactions with large momentum transfers. In spite of the
fact that these reactions have small cross-sections, they definitely answer questions
about the quark structure of nuclei. The study of these reactions at the Laboratory of
High Energies of JINR has resulted in discovering one of the most interesting phenomenon in
high-energy physics, the cumulative effect, which will be discussed below. Certain charac-
teristics of the cumulative effect can also be obtained by means of track devices. However,
their advantage of giving total information about nucleus-nucleus collisions turns, in this
case, into a shortcoming. The cumulative effect can be studied well even with very

little information extracted by means of track devices.

In the analysis of experimental data in hadron physics, invariant inclusive cross-

sections
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which correspond to fixing the final state of one-, two-, ... particles
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I+II~>1+X
(6)
I+II+1+2+X,
are used as measurable quantities. Here p,, p,, ... depend on the relativistic invariants
and, in particular, on s = (pI + pII)z; %in is the total inelastic cross-section for
the collision of systems I and II.

The study of the limiting fragmentation suggested by Yang et al. was found to be very
useful. This idea is very simply expressed in terms of the so-called short-range correla-
tions in the rapidity space

1 e P, _ inh P, 7
)’-2’1“5‘—:5‘2"31”851 T (7N
where ‘
= 2 2 =2
Wy /ri +my and T = Pr -
Owing to relativistic invariance, the invariant parameters p,, p,, ... depend on rapidity
differences (the T2 dependence is, for the moment, omitted). This reads:

Dl(}’l - yI’ yI - yII)

(8
pz(}’l = yI’ yl - yz’ )’2 - yII) .
For definiteness we assume rapidities to be ordered as
Yip Y, <Y<V, - )

The short-range nature of correlations are determined from the following conditions:

i) If the rapidity difference is much larger than the characteristic correlation length
L = 2, then o is independent of this variable. In particular, the independence of
p of (yI - YII) can be considered as a definition of limiting fragmentationm.

ii) I1fy, -y, > L, then p, is factorized as the product of one-particle distributions

P2y =Y Yo = Yas Yo - YD) 2 0y -y e (v, - vy - (10)
These conditions are generalized, in a trivial manner, to any P> where m > 3.

A priori there is no special reason to believe that there exists a universal correla-
tion length L which is valid for all types of high-energy reactions. Moreover, strictly
speaking, the correlations should not be only of a short-range nature, let alone because of
the restrictions imposed by energy-momentum conservation. Nevertheless, the short-range
correlation model describes well many characteristics of multiple particle production and
may be viewed as an approximate universal property of hadron interactions.

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

This model enables us to predict the region of approximate validity of limiting frag-
mentation. Recall

. ~ 1 -
(Pr+Prp) = mpmppch(yy - ypp) = mpmyp 7 exp lyp = yyql -
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The case |yI - yIII 2 2 corresponds to this approximate boundary, or

_ ~ 1 1
(ppeprp) = Epnyp ® mpnpp g exp [yp - ypql 2oy z e 2,
or Z(EI/mI) 2e?=x7.4, i.e. at an energy EI of about 4 GeV/nucleon.

If the rapidity difference (yI - yII) obeys the condition
(YI - YII) >L=2 ’ (11)

then the cross-section is factorized. What occurs near the left boundary (yII) does not
affect the vicinity of the right boundary (yI), and vice versa. In particular, it then
follows that for the study of the limiting fragmentation of heavy nuclei there is no
necessity to accelerate them. It is enough to study the production of particles with large
momentum transfers off heavy nuclei under the action of any particles of sufficiently high
energies so that the condition (11) should be fulfilled. The cross-sections obtained in
such a way can be transformed into a coordinate frame, where the heavy nucleus is moving,
and secondary beams, which will be obtained, for example, from accelerated uranium, can

be predicted.

It is just this approach that has been used to study the main regularities of the
limiting fragmentation of nuclei at Dubna, starting in 1971.

We focus our attention on the one-particle distributions in the region of limiting
fragmentation of nuclei which is kinematically forbidden for one-nucleon collisions. In
the region exp |yI - yIIl >> 1, from energy-momentum conservation it follows that

woexp @y, - yp) Smp . (12)

We determine the kinematic limits with the aid of the cumulative number N, i.e. the effec-
tive number of the nucleons of a fragmenting nucleus which are involved in the reaction.
For the one-particle distributions the minimal N™T is determined by the kinematic limits
imposed on the mass of the object participating in the collision

I+II>1+X.

When exp |yI - yII' >> 1 in the region of limiting fragmentation of nucleus I, the relati-
vistic invariant quantity N assumes, according to Eq. (12), the following values:

E, -p
exp (y. - v+) X __'% in the rest system of nucleus I
Nmin - ul Xp yI yI - (13)
m
p E, + Pz .
— in the rest system of particle or nucleus II ,
E; +p
I I

where pI is the momentum per nucleon, m_ the proton mass, y the rapidities, and p, - the

longitudinal momentum. The cumulative effect corresponds to the region defined as len > 1.

The cumulative effect was predictedz) on the basis of the following assumptions. In
the spirit of the parton models, the one-particle distribution p, in the region of the
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limiting fragmentation of nucleus I is taken in the form of a superposition of the one-
particle distributions which are due to the limiting fragmentation of the objects of mass

Nem
P

inside nucleus I

11 >
DI (Y1 - YI’?I) = % PNQN(YI - YI’r) M (14)

Without further assumptions on the probability Py of finding a constituent with mass Nm

inside the nucleus and on an explicit form of oN? the following properties of the cumulative
effect can be obtained:

i)

ii)

iii)

The dependences of p%I on the collision energy (pI-pII) and the properties of the
target (particle IT) must be almost absent due to limiting fragmentation.

We introduce in Eq. (14), instead of the rapidity difference, the quantity N
according to Eq. (13), and then rewrite Eq. (14) in the form

oIl min ) = ; PN (ME) (15)
According to the definition of oN and Eq. (13):
o M E) =0 for N < NP,

It is then clear that N"'" defines the lower limit of summation (or integration if N
is continuous). It is unlikely that many nucleons can get together in a cumulative
effect. Consequently, Py is a sharply decreasing function of N and it may be supposed
that

Q%I(I\fnln;li) ~ Pij_n‘mej_n(len,;1) .

Thus, according to our model, the main quantity which describes the cumulative effect
p%l can be approximated by a fast decreasing function, e.g. the exponential

o = Cexp [-a™1] , (16)

where a and C are practically independent of the properties of particle II in the
region of the limiting fragmentation of nucleus I. Equation (16) describes well the
experimentally observed universal distributions of the cumulative particles over the
variable N'I,

Simple geometric considerations have led us (see, for example Refs. 2 and 3), to the
following dependence of the coefficient C in Eq. (16) on the fragmenting nucleus atomic
weight: .

OinP A" where m = % + g:;f . (17)
Dependences of such a type were found to be rather non-trivial so that a number of ex-
perimental studies have been devoted to them. For large N™T the exponent m in the
dependence A" is larger than unitya). The so-called anomalous A dependence of the
cross-sections for nuclear reactions with large momentum transfers is one of the most
important signals which indicates that we are dealing with new and interesting phy-
sics (see below).
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The study of particle production with large pr on nuclei is directly related to the
limiting fragmentation problem. In the experiments of the Cronin team“), a strong A depen-
dence, similar to those found in the cumulative effect studies, was discovered. Recently,
a similar A dependence was detected®) in hadron jet production off nuclei using n* and p
beams of high energies. If it is parametrized as Am, then m (with 7 incident) =~ 1.3 and
m (with p incident) =~ 1.45 and increases linearly with increasing Pr- The large values of
such exponents are a strong evidence for new dynamics.

The nuclear reactions with large momentum transfers (of the order of or larger than
the nucleon mass) require a consistent relativistic approach 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 hadron physics and quantum field theory. Correspondingly, the methods
and approaches in these investigations, both theoretical and experimental, are essentially
an adaptation and development of the high-energy physics methods. These investigations go
beyond the framework of the canonical non-relativistic nuclear theory.

The relativistic description of multiparticle states encounters the following diffi-
culties: i) we have to deal with a variable number of particles and, consequently, with an
infinite number of degrees of freedom; ii) a formalism using different times is needed;
iii) it is impossible to separate the contributions of particles and antiparticles in a
relativistic invariant manner, in order to separate the internal motion from the motion of
the composite system as a whole.

The description of states in the Fock space is the one most adequate to 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
non-relativistic theory.

The Fock column defined on the hyperplane t = 0 ("equal time'") in the coordinate space

is
,Wl(xl) N
¥, (Xy,X,)
o =24 ... > . (18)
Wn(xl, ceey xn)
... )

The squared functions Wn(xl, cees xn) have the meaning of probability densities for n
particles to be found in the system. It is not difficult to show (see, for example, Ref. 6)
that in the non-relativistic case, when the Hamiltonian of the system commutes with the
particle number operator, the Fock space disintegrates into subspaces. Each subspace has
then its Schrédinger equation for an appropriate number of particles. While in the rela-
tivistic case, when particle production and annihilation can occur, neither the Hamiltonian
and the momentum operators nor the Lorentz transformation operators commute with the par-
ticle number operator. This means that in a Lorentz transformation the lines of the Fock
column get mixed up and, in different coordinate frames, the composition of a moving object,
for example a nucleus, will be different.
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The number of particles in a system depends on the momentum with which it moves.
In this connection, of particular importance is the concept of a coordinate frame moving
with infinitely large momentum 7,8) (infinite momentum frame -—— IMF). For a wide class of
theories, a composite object in this frame becomes a set of almost non-interacting consti-
tuents and the consideration is completely analogous to that in the non-relativistic case.
This idea underlies the parton models®), which have successfully been applied to the col-
lisions of '"elementary' hadrons.

This approach is analogous to the impulse approximation in nuclear physics: owing to
relativistic time dilation the characteristic times of the internal dynamics of the system
are found to be much larger than the collision times. The collision cross-section for a
composite system is expressed in terms of that for free constituents, the partons. Compared
to the elementary particle, the nucleus in the relativistic energy region can successfully
be thought of?) as a parton gas, since the lifetime of the virtual nuclear state seen as an
assembly of free nucleons is much longer than the lifetime of the nucleon seen as an assembly
of partons. Thus, the methods developed in the quark-parton models provide us with a basis
for considering relativistic collisions involving nuclei and enable us to overcome the above-

mentioned troubles in the relativistic description of many-particle states.

The time development of the system is defined by the total energy which for a system

n
Z 2+m2.

Let the motion along the axis z satisfy the basic criterion (1); then

of free particles is determined as

& : 3 2 4+ m?
i i
E = Z; Mp%z + r% + m% =P, o+ 2; 2 (19)
i=) i=1 iz
and here and in what follows P is the total momentum of the system, and ?i = piT = pix + piy.

It is seen that in a coordinate system, where PZ - © (IMF)B), it 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 following hypothesis: there
exists a P, such that all the internal and transverse momenta are much smaller than this
quantity. One often forgets this basic hypothesis when one tries to account for specific
effects of relativistic nuclear physics on the basis of the Fermi motion of nucleons and
the high-momentum components of nuclear wave functions. It is convenient to work in the
IMF with the light cone coordinates which are linked with the ordinary coordinates in the

following manner:

T = ;L-(t' +z1), x=x', y=y', t¢= 1 t' -2z"H
V2

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

px' = Hr +nz + px+py,
and it follows that

(E-p,)s Px=Pys Py=Pp N

H =
y

1 (E+p,) . (20)
V2
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It is convenient to write the transformation from the lab. system to the IMF in terms of
the hyperbolic angle w between the time axes of these systems

p, = p, cosh w + E’ sinh w
E =p, sinh w + E’ cosh w
> >,

T =1'.

The case we are considering corresponds to cosh w + sinh w - %,e”. 1In this case the trans-
formation along the z axis assumes the form
w! > >
n»>-en, T->T, 2D

and the rotations around the x and y axes the form

> > >
T>1 +Vn

(22)
n->rn.

Equation (22) is analogous to the Galilean transformation, provided that n is the analogue
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

n 2 2
Ty +mp
H= z: . (23)
i=) i

1

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

- >
Win(nl,rl, cees nn,rn) .
Invariance under the transformations (21) and (22) requires that all dependences on ny
and ¥i occur through the variables Bi = ni/n and the variables ﬁi = ?i - (ni/n)pT. The
wave function assumes then the form

vo=¥ (8, .-, B, ﬁiﬁj, ). (24)

B; = (E; *p;,)/(E +P,) is the fraction of the momentum which is carried by a subsystem
(parton, nucleon, quark). The normalization of these functions is usually taken as

(M,TIn', 7'y = nd(n - n')+ 8%(r - ') . (25)

The integration is performed over the invariant measure (dn/n)d®r. In the introduced nota-
tion the normalization has the form

R, ..., ﬁn)wn(sl, cees B R, ....,R)=1.

n

g, ... ds8
n . 2. y*
Zfe—’e—d e TR e By

(26)
The above-formulated hypothesis about the finiteness of Ty = PiT 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 B alone. Thus, this implies the scale invariance of the matrix ele-
ments.
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The Fock column which is composed of the functions (24) is a wave function of the par-
ton model®). Owing to the fact that the interaction Hamiltonian vanishes at P, >, as we
have postulated, this function describes a mixture of practically non-interacting particle-
partons. The parton model is a natural relativistic generalization of the impulse approxi-
mation.

In particular, it is not difficult to show (see Ref. 8) that the matrix element of the
bilinear scalar density between two states of a hadron composed of two constituents is
proportional to the integral

IW*(BI,Rf)‘P[BI,(ﬁl + 616)2] '—dﬁl———— d?R , 27
B,(1 - 82
where 6 =T - ¥ is the transverse momentum of an external effect. This formula has a
simple non-relativistic analogue in the impulse approximation. In the initial state we
have a hadron in a frame with zero transverse momentum; W(Bl,Ri) is the amplitude for a
two-parton state with parton 1 having momentum (51:§1): and parton 2 having momentum
[a -8, —ﬁl]. Then a transverse momentum Q is deposited on parton 2 to bring its momen-
tum to [(1 - 8,), —ﬁl + 6]. The hadron has a centre-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 types (21) and (22) to a
frame in which it moves with velocity Q. This takes each transverse momentum and translates
it by an amount BQ, so that the argument of the final-state function is (ﬁl + 616)2.

This method gives only a recipe for overcoming the troubles of reaching a relativistic
description but does not answer the question as to how to construct wave functions of
type (24).

Let us consider the pole-approximation amplitude (3) in terms of the light-cone vari-
ables. According to (20),

.1 oy olo,
nH =5 (E+p)E-p)=5m+17)
and
gom+r’
-
We find
e ) m + 1l . m3 ) m? + r? - my
ProPy =55 PPy "y T T T T TR

and for the denominator of the amplitude (3) we get

2 2 - 2 - 2 - -

(pp =P -my =mp( - B) +my - my - ——
For the case when particle I is a deuteron, m; = my, and particle 1 a nucleon, m; =m, =m
the denominator assumes the form

m3 - M)A - 8)

where the following notation is introduced
m: + 1

SRR, 28)

2
M2 .
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The mentioned transition to the non-relativistic impulse approximation on the basis of
Eq. (7) enables us to use information about the non-relativistic wave functions in con-
sidering the interactions of high-energy particles with nuclei. The construction of the
wave function comes in this case to a relativistic generalization of the known wave functions
of relativistic nuclear physics. For example, in Ref. 10 use is made of the following rela-
tivistic generalization of the Hulthén wave function for the analysis of the reaction
d+p->p+p+n:

oy = NOM - C)TIOME - )7,

where M? is the same as in Eq. (28), and C, and C, are constants.

The authors of Ref. 11 consider that the applicability of a relativistic quantum mecha-
nical description to, for example, the deuteron seen 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 $ 1 GeV/c. In particular, in the framework of this hypothesis, the one-
particle distribution of fast protons in the process h + A > p + X is given by the formula'?)

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

2
J[Q(NF) Ef%lég%7'= 1 and oo |¥gl" .

The quantity k takes a possible screening into account.

From the very beginning of the studies with relativistic nuclei it became evident that
there must exist a type of nuclear collision for which it is necessary to switch from
the quasi-particle-nucleons to the quasi-particle-quarks descriptions. In the case when
the nucleons are taken to be partons we know the wave function for large relative distances
and try to extrapolate it to small distances; while in the case of parton-quarks large
relative distances cause great difficulties for the theory. Then it is necessary to choose
the basis that leads to a clear-cut separation of the long- and short-distance physics.
In particular, each observed (initial or final) hadron or nucleus can explicitly be expressed
by a set of functions that describe the longitudinal (light-cone) momentum distributions of
its constituents taken one at a time, two at a time, three at a time, etc.; the constituents
are treated as on-shell and, therefore, necessarily moving collinearly with the relevant
hadron. These multiconstituent longitudinal distribution functions are process independent.
If we are interested in the interaction with one constituent then the functions (18), each
line of which has the form (24) in IMF, can be used to construct the quantity

Se*¢ = G(8,,R%) , (29)

where S means summation and integration over all the variables, except over the variables
belonging to particle 1. The quantity (29) means the probability (the expectation value)
of finding in a hadron in the & state a constituent 1 (parton 1) with a momentum fraction 8.
This apparatus can be used to express the cross-section of any process in terms of the
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cross-section Gg of interaction with parton b and the expectation value of the number of
partons GB/b(B,RZ) by means of the following formula

of(8,r) =§ f%i,' ot (&) a8 R - (30)

Here GB/b is the probability of finding a parton (quark) of type b in a hadron, e.g. nucleus,
B with a momentum fraction B and any transverse momentum R. The summation is performed over
all the quantum numbers of the parton (spin, colour, flavour).

For the lepton-hadron scattering

2 +h->2" +X

the cross-section of scattering of a lepton on a point-like parton can be written as
c{ = o®[1 - (8/8")]. Then we find
2y _ b 2
Uh(B,R ) = %; OoGh/b(B’R ) . (31)

Thus the cross-section is expressed as a sum of the cross-sections for non-coherent scat-
tering on all partons b which are, with a noticeable probability, present in hadron B. The
electromagnetic interaction is susceptible only to the constituent charges. The weak in-
teraction reacts upon quarks and antiquarks in a different manner owing to the fact that we
have both neutrinos and antineutrinos. In experiments on deep inelastic lepton scattering

a set of various projectiles can be used!) to obtain a detailed knowledge of the structure
functions GB/b(B,RZ). Of much importance is the fact that the structure functions were
found to be almost independent of R?. This is just the famous scaling. Quantum chromo-
dynamics not only contains the parton picture as a reasonable first approximation, but also
allows the prediction of corrections violating Bjorken scaling. However the existing theory
does not enable us to calculate explicitly the GB/b(S,Rz) functions. They are determined from
experiment and can be used to express the cross-section for different processes on the

basis of definite assumptions and information on the cross-sections for primary quark in-
teractions.

We generalize these important results to nuclei, paying attention to the fact that
the definition of the structure functions (29) contains summation and integration over
an infinite number of variables. According to present concepts, hadrons consist of a
small number of valence quarks (the second and third lines of the Fock column) and an in-
finite number of virtual ''sea'' quarks. In this sense the proton or meson, like the nuclei,
are infinitely complicated objects. In this connection, it is natural to introduce for the
atomic nuclei the quark-parton structure functions GA/Q(B,RZ) as one of the basic concepts
of relativistic nuclear physics.

Experiments on deep inelastic lepton-nucleus scattering at large B are very diffi-
cult and the most complete information on GA/q(B,Rz) was extracted from the studies of
limiting fragmentation of nuclei. However, the limiting fragmentation of nuclei involves
the quark hadronization process according to the quark-parton model. No-one has yet been
able to calculate the probability of this process just as G(8,R?). To overcome this diffi-
culty a hypothesis about soft hadronization is used, that is the B distribution of fast
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particles is supposed to differ little from that of the quarks from which they are formed.
Qualitatively this hypothesis is formulated as an assumption that a quark whose virtuality
is small ~ A? forms a hadron with probability D(y) which depends only on the hadron fraction
Yy of the energy of the parent quark. The short-range correlations in rapidity space

for particles produced at large momentum transfers correspond to those in rapidity

space for partons. Hence, it follows that a cumulative hadron can be produced only from a
cumulative parton. This fundamental property was given grounds in quantum chromodynamics
and is a reflection of the asymptotic freedom of quarks. Hence, it follows that the spectra
(16) reflect the distribution of partons (quarks) in nuclei, in other words, GB/b(B).

As was often mentioned at the CERN Schoolsl), the idea about factorization of slow and
fast motion makes it possible to write the general expression for the cross-section of in-

clusive particle production in the collision of hadrons A and B (in our case, nuclei) in

the form
do 11do
E—/ = do | dB G, ,_(a) (B, ~(Y) == =, 32
3, gb f f n/al® % (B0 () 7 5 (32)

where do/dt is the differential cross-section for the parton interaction subprocess. This
model must, in principle, describe the main laws of the cumulative processes. Specific
features of nuclear interactions, for example the dependence of the cross-section on the
atomic masses of colliding particles, are contained in the quark-parton functions of nuclei
and the DC/C(Y) functions of fragmentation of parton c to cumulative particle C. We write
down the general formula for the spin density matrix of the cumulative particle in this

mode1?2);

A )\I 1
o %’ =de ab Q1 ()0 (8) & 030r g (8"t () (33)
C

where Q(x) = xG(x); GA/a(x) and GB/b(x) are the number of partons of kinds a and b in
hadrons A and B, respectively; the quantity pxx,(do/df'g(s',t') describes the process of
scattering of point-like partons, a + b > c + d; DC?C " is the matrix of fragmentation of

parton ¢ to hadron C with a momentum fraction vy:

X X

! A 2 -A -u t
a = - 77'(1 te), B=- 77'(1 te ), x5 = < XT3
L= L =B = .
s’ =aBs, t v t, u u, s Z(PA PB)
t=-2(Py-Po), u=-2(Pp-Po) .
The limits of integration are as follows:
- X - X
n o ey
X, X,

It is obvious that the polarization will not be zero only in the case when the amplitude of

the process a + b ~ ¢ + d has both an imaginary and a real part. The usual assumption about
the possibility of describing the process of parton scattering in the Born approximation
results in a purely real amplitude and zero polarization. In the quark-gluon model polarization

arises from the interference of the one- and two-gluon exchange terms and is very sensitive



to the properties of the model. The calculations for the case when A is a nucleus differ
from those when A is a particle by the fact that QA/a contains the A-dependent probability
Py of the type (17).

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-PC weakly depends on the k value

E-p
X::__.m__%,:k
p

(in our notation, k = N™™ is the cumulative number); P- is the cumulative particle

polarization;
c) forE = s/Zmp 2 5-10 GeV polarization is energy independent;
d) polarization weakly depends on the beam and target.

The comparison of the measured polarization of A particles produced in a process with large
12)
Pt s
P+Be>A+ X at pp = 300 GeV/c ,

with that of cumulative A particles in processes m + A > A + X '3'%) andn + A » A + X '?)
is in agreement with these conclusions. In the case of unpolarized particles (or particles
with spin 0) Eq. (32) reduces to Eq. (15)

o - T o, (1 -3
where x, = Nmin; dop is the cross-section of a one-nucleon process, and the last factor is
due to an excessive number of passive quarks (see also Ref. 15). We estimated Py in Eq. (15)
starting from the assumption of a uniform distribution of quarks over the nucleus. Essen-
tial deviations from the result of this estimation were obtained in Py calculations'®) on
the basis of the quark bag model.

The study of multiquark fluctuations in nuclei, the so-called fluctons, is of much im-
portance from the point of view of the study of quark dynamics. One of the interesting pre-
dictions of Ref. 16 is that for N"™ > 4 the cumulative effect probability must be negligible.

From Eq. (32) we know that the invariant cross-section for the C hadron production in

the region of limiting fragmentation of hadron B is proportional to
do C
Fp <5« Gy(B7,R%) . (35)
dpC

Thus, the measurement of the particle distributions in the region of limiting fragmen-
tation of hadron B is the measurement of its quark-parton structure function. As applied
to nuclei, this means that by measuring the yield of secondary particles in the region of
limiting fragmentation of nuclei we obtain information about the quark-parton structure
functions of nuclei.

According to Eq. (13), it is useful to introduce instead of B the cumulative number

V'™ = pa = B°, where A is the fragmenting nucleus atomic mass. In the parton picture,
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the parton must be near its mass shell both before and after scattering. Neglecting
parton virtualities and assuming that the nucleons in the nucleus are isolated systems, we
would obtain N™™ to be always smaller than unity. The detection of partons with Nmin > 1
means that we have succeeded in knocking out a quark belonging to a nucleon group. Thus,
studying the quark-parton structure functions in the cumulative region B > 1/A we thereby
study specific nuclear multiquark interactions which are due to quark collectivization
(irreducibility of the quark-parton functions to one-nucleon ones). The cumulative effect
is thus a non-trivial QCD phenomenon, which occurs in a domain where this theory can

be formulated in a consistent way and verified.

SOME EXPERIMENTAL RESULTS

By now there is a large amount of information about relativistic nuclear physics
(see Refs. 3, 11, 16-27). Below we give some experimental results which serve as an illus-
tration and do not pretend to be complete.

Relativistic nuclei, just as many other objects of high-energy physics, were first
observed in 1948 in cosmic rays. Bradt and Peters with their coworkers exposed nuclear
emulsions at a height of 30 km. Detailed studies of this remarkable component of cosmic rays
were performed by the Bristol group. The relativistic nuclei of cosmic radiation give very
important information about its origin, isotope composition, and about the intergalactic
medium which the nuclei passed through. But this information is still to be interpreted.
It is quite obvious that passing through a medium nuclei break up and the part of the
spectrum which is due to 1light nuclei is enriched at the expense of that for heavy nuclei.
The relative nuclear fluxes of cosmic radiation (abundances) were found to be strongly (by
orders of magnitude) different from the abundance of elements in the solar system. There
is, as yet, no explanation for this fact.

It is very hard to study the interactions of relativistic nuclei in cosmic rays with all
details mentioned in the previous sections because of low flux intensities and great diffi-
culties in constructing effective detectors at a high altitude, e.g. on sputniks. The
mechanisms of relativistic nucleus collisions will obviously be studied in detail by means
of accelerators. This will then make it possible to understand many problems of astrophysics.

The general picture of nuclear collisions was obtained with the aid of track chambers,
and bubble and streamer chambers. The possibility of observing and studying quantitatively
individual nuclear collisions, measuring the energies and momenta of produced particles, is
very important for the solution of many problems of relativistic nuclear physics.

Pictures such as the one shown in Fig. 1 make it possible to study short-lived states,
i.e. the interaction of secondary particles and nuclei with matter. It is possible also to
define the lifetime or the interaction cross-section by measuring the distance between the
events. It is a kind of time development of events; a nuclear oscillograph is thus realized.
The traditional methods of nuclear physics cannot give similar possibilities.

More than a million such pictures have been obtained by means of various track chambers
at the Laboratory of High-Energy Physics of JINR. Hundreds of physicists from dozens of
institutes of the JINR-member countries are engaged in treating them with the aim of ob-
taining information of the kind mentioned above. The experimental data show that the average



- 19 -

number of the nucleons of a bombarding nucleus interacting with a target-nucleus (v ) is
rather large. For example, it reaches (v) = 6.00 = 0.60 for the collision of a carbon nuc-
leus with a tantalum nucleus. Tantalum plates were placed inside the working volume of the
propane chamber. By the present time the general picture of nucleus-nucleus collisions at
relativistic energies is to a large extent clarified [see review by Bartkeze)].

At the 19th International Conference on High Energy Physics (Tokyo), in my talk!®)
devoted to multibaryon interactions at relativistic energies, arguments were given in favour
of the following conclusions:

- The limiting fragmentation of nuclei is reached in nucleus-nucleus collisions at an
energy above 3.5-4 GeV/nucleon.

- There exist universal regularities which describe the one-particle distributions in
the cumulative region [Eq. (16)].

- Experiments show a large value of the cumulative particle polarization, strong A
dependences of the cross-sections, and unusual dependences on the quantum numbers
(flavours) and angles.

- The cumulative particle production is in an interesting accordance with the production
of particles and hadron jets with large Py on nuclei.

These results show that we deal with new phenomena, for the interpretation of which
the quark degrees of freedom of the nucleus are important. At the same time they show the
invalidity of the attempts to describe nuclear reactions with large momentum transfers by
taking into account the nucleon degrees of freedom alone.

The experimental data summarized in the talk mentioned!®) allowed the following para-

metrization of the formula (16)

d Y3 m
E = = const. AA[ exp [-a8°] , (36)

where AI and AII are the atomic weight of the fragmenting nucleus and the target-nucleus,

respectively.

A large amount of experimental data is also described by the formula

dO_ 1/3m _T
E ag = const. AIIAI exp T; , (37)

where T is the kinetic energy of a cumulative particle. Parameters a and T, reach their
limiting values at an energy higher than 3-4 GeV/n.

The exponent m was predicted to be B° dependent: m =~ % + % B°. For g > 1, m > 1.
Equation (36) describes practically all the set of experimental data on the cumulative
effect.

The assertion that the cumulative effect is the main source of information on the quark
distribution in nuclei was given further support over the past years (see Ref. 28)*).

*) The quark-?arton structure function of nuclei has recently been discussed by Dar and his
co-workers!'®) on the basis of a modified collective tube model. They have succeeded in
describing a large amount of various experimental material relative to high-energy particle-
nucleus collisions by means of this simple model.
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The universal dependence of the type of Eq. (36) has been confirmed by subsequent
experiments, among which the results of the Stavinsky groung) are worth noting. 1In these
experiments it was shown that the production cross-section for the cumulative particles,

m, K, p, d, and t, can be described by the unique parameter a, that is the latter is inde-
pendent of the quantum numbers of cumulative particles, and this appears to be the most
important characteristic of quark distribution in nuclei (the functions G).. These experi-
mental results are given in Fig. 4. The processes of hadronization of quarks into 'elementary'

hadrons and nucleus fragments are shown to be similar.

The dependence of E do/dg on 8° was retraced when E do/dg'was changed by nine orders
of magnitude.

The limiting fragmentation of the nuclei d, “He, °Li, ’Li, !'2C, Al, Cu, ''2Sn, '?"Sn,
14%Sm, 1°%Sm, 82w, %W, pb, and U was investigated. Figures 5 to 7 present the data on
the cumulative meson production on nuclei in reactions p + A » 7(180°) and p + A > K*(9)
for different proton momenta. The E(do/dg) values, normalized to the atomic weight of the
fragmenting nucleus, are given as a function of the pion kinetic energy T and len The
cumulative number len 1 corresponds to T, =270 MeV and len =2 to T1T 629 MeV. An
approximate equality of the yields (F/A)(do/dp) for identical len, for m and K* mesons, is
found to be a surprising and important result (Figs. 6 and 7). At the same time, (E/A)(do/dﬁ)
for cumulative K~ mesons for identical N" is smaller by about a factor of 30 than for K*
mesons. This appears to be due to the fact that among valence quarks there is none that
enters into the quark constitution K (st). Tigures 5-8 illustrate well the universal

character of the dependence of the invariant cross-section on N
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An important confirmation that limiting fragmentation has been reached at an energy of
3.5 GeV/nucleon is the obtaining of data on the cumulative effect in the reactions
p+A~->1+Xat an energy of 400 GeV 30), These data yield the same universal parameter a
that was obtained by us at an energy of 8.9 GeV.

Figure 9 from Ref. 30 shows the data on particle production in the cumulative region
at an energy of 400 GeV; the Dubna data at 8.9 GeV energy are also plotted there.
Figures 10 and 11 from Ref. 24 are the LBL (USA) data on cumulative m~ and 7+ meson produc-
tion in proton-nucleus collisions. The authors used the parametrization (37). The data
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marked as Ref. 6 are taken from the papers by the Dubna group. Figure 10 shows the energy
dependence of the slope parameter T, and the ratio R = m~/n* for a Cu target. Both are ob-
served to rise with energy until about 3-4 GeV, after which a levelling off occurs. The
trends observed in Fig. 10 are common to all targets. Above about 3-4 GeV, a limiting
value is reached. Figure 11 shows the A dependence of the cumulative pion production cross-
section according to parametrization An [Eq. (37)]. The K value is, to a good accuracy,
equal to our cumulative number N™™_ The variation observed in the A dependence between
0.8 and 4.89 GeV suggests that different mechanisms are responsible for pion production
over this energy region with a smooth evolution from one to the other as the energy is in-

creased.

The complicated and unusual A dependences of the cumulative production cross-sections,
on the one hand, were confirmed and, on the other hand, exhibited new peculiarities. The
most essential of them is the departure of the A dependence from the assumed asymptotic regime.
Deviations from a simple dependence of the type A", where m = % + Y3 8°, should be expected
starting from the models suggested earlier. In fact, according to Ref. 19 for Py we take
the binomial distribution which, to a good accuracy, can be presented in the form

Al N A-N 1 ,N/3 ry .}
oy ' - 0 s g 8 e [ - ()47

The exponential provides here a noticeable deflection from the simple exponential dependence
A", However, using this formula we fail to describe the asymptotic regime discovered by

the Stavinsky group (see Fig. 12).

SR T AR
_'_\ 3" P)//,ffé"'— 3 § {
3w
/.
3 Y .
o 2 /;gf"tg? PR —+
£ 4
Bls- /
W< ] //
?
i
' A
50 100 150 200

Fig. 12

The A dependence of the quark-parton function of nuclear fragmentation is still an un-
solved problem for the theory. As is shown by the data on the cumulative effect and the
production of particles with large pr, the A and B dependences of G are not factorized.
This is likely to indicate that the role of the effects of quark recombination into hadrons
is essential. The important role of quark recombination follows also from the mentioned
""reciprocity relation'" D(y) = G(B), according to which the experimentally discovered A de-
pendence of the cumulative production cross-section should be tracked back to both G and D.
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This idea may explain an essential difference of the A dependence for the cumulative par-

ticles with different quark composition; namely, the increase of the A dependence of the

cross-section by an additional factor AB/S, where B is the baryon number of the cumulative

particle.

It is interesting to note that a similar increase of the A dependence was detected
for the formation of nuclear fragments with pp v 1 GeV/c ®'). Figures 13 and 14 from
Ref. 32 show the data on production of nuclear fragments with large transverse momentum.
The figures illusgrate well the change of the A dependence of the cross-section from the
usual geometric A’® to Am(pT); in this case m reaches a value much larger than unity (up
tom = 3). Data obtained at incident proton energies of 6.6 GeV (black circles) and of

400 GeV (open circles) are plotted in Fig. 13. The fact that the structure functions are

the same in such a wide energy range is good evidence for limiting fragmentation of nuclei.
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The important result is a new measurement of m in the A dependence of the cumulative
A particle production cross-section. From the experiment of the Shakhbasian group m was
found to be 1.45 instead of the value derived from the earlier existing data of the Leksin

group, m = 0.7. The new data are in good agreement with the mentioned dependence of m on
the baryon number of the cumulative particle.

The interpretation of the experimental data on the cumulative effect in terms of the
quark-parton structure functions of nuclei strongly depends on the validity of the hypo-

theses on quantum-number conservation in the process of the quark recombination into hadrons,
the check of which is very important.

In this connection polarization experiments are of special interest. In Ref. 33 it was
proved that in the region of large momentum transfers we are interested in the quark heli-

city conservation in hadronization. Measurements of the cumulative baryon and vector meson

polarization are therefore measurements of the dependence of G and D on one more variable.
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For the time being, we have only rough estimates for the cumulative proton and A hyperon
polarization!®s>!*) | which show that it is large enough and reaches 1005. The quanti-
tative study of polarization phenomena in cumulative particle production is one of the
most urgent experiments in the domain of multibaryon phenomena. In particular, most atten-
tion should be paid to the study of the cumulative effect caused by polarized particles.

Experiments on the measurement of quark distribution in nuclei, which are free of un-
certainties caused by the quark recombination into hadrons, are actually experiments on deep
inelastic scattering of leptons off nuclei in the cumulative region. However, owing to the
smallness of the cross-sections, the only present experiment in which such effects are to be
measured is NA 4 at CERN. I suggested in Ref. 28 extracting the relevant information from
the existing experimental data on the reaction u + '2C > u + X. Using the data on G given
above it is not difficult to estimate the cross-sections. The main dependence of the cross-
section on X will be determined by a sharp exponential [Eq. (36)] with an exponent
(N) = 0.16. The fraction Ac/c of the cross-section for the Bjorken variable x > & is
estimated as

2 x107* for =1

A_c . e—sL/o.le _
o

1.2 x 10™*  for & = 1.5

0.6 x 1075 for & =2.

From this it is seen that, for the existing and expected statistics, it is quite pos-
sible to measure the region of x up to 2 by means of the NA 4 equipment, which is of much
interest not only from the point of view of direct measurements of quark-parton distribu-

tions in nuclei, but also from the point of view of the study of various effects at large Q°.

Lately success has been arrived at extracting the quark-parton structure functions of
the '2C nucleus in the cumulative region from NA 4 experimental data (I take the opportunity
to thank Drs. I.A. Savin and G.I. Smirnov for providing the relevant information and for dis-
cussions). Figure 15 shows the results of processing various experimental data on the basis of
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parametrization of type (36). Also given are preliminary data obtained from the NA 4 ex-
periment for x > 0.7. The quantity 1/(x) = -[d In E(do/dﬁ)]/dx that characterizes the
longitudinal quark distribution in nuclei is seen to possess a remarkable universality.
The dotted line corresponds to the average value (x) = 0.16.

Now I would like to make some concluding remarks to this section.

i) The quark-parton structure functions of nuclei, G(8°,p;), in the region ° > 1 as in-
dependent (irreducible to one-nucleon) objects of hadron physics have become of much
importance and are being studied both for their theoretical and experimental aspects.

ii) The universal character of the structure functions is defined not only by the earlier
established limiting nuclear fragmentation beginning at an energy 3.5-4 GeV/A in rela-

tivistic nucleus collisions. The parameter a = -d 1In p/dB° ~ (B°)~!, which characterizes

the longitudinal quark distribution, was found to be universal, independent of the
quantum numbers of cumulative particles.

iii) The parametrization of the A dependence of the D functions in the form A™ used earlier
(where m was as large as 2) was found to be insufficient. There were observed asymp-
totic regimes in the A dependence:

o« Al .

The strong dependence of m (in the old parametrization) on the cumulative number 8°
and the baryon number of a cumulative particle shows an interdependence (non-
factorizability) of these parameters.

iv) An ever-growing amount of experimental information on cumulative particle pro-
duction goes essentially beyond the framework of the results based on the quark-parton
models of hard collisions and QCD.

v) Of special value is the direct measurement of the D(R) functions in deep inelastic
lepton-nuclear interactions and the study of polarization phenomena in the cumulative
effect as sensitive methods for checking QCD.

FACILITIES AND PERSPECTIVES

For the next few years the main tools of relativistic nuclear physics will be pro-
ton synchrotrons and detectors commonly used in 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 can handle with
appreciable rates.

The relativistic nuclear beams -- the parameters of which will be improved undoubtedly
in the near future -- and the available detectors will make it possible to resolve many of
the problems discussed.

Five electronic installations and three track detectors (a liquid-hydrogen bubble
chamber, a two-metre propane bubble chamber, and a two-metre streamer chamber at the Dubna
synchrophasotron) are used for studies in the field of relativistic nuclear physics. With
the exception of the Stavinsky group's installation, which was used to obtain the main re-
sults on the cumulative effect, all these facilities were constructed for performing studies
in the field of particle physics, and it is only lately that they have been adjusted for
investigations with relativistic nuclei.
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In the first installation of Stavinsky's group specially created for studying processes
of the type p + A » m(180°), pions were detected by a DISC-type Cerenkov differential coun-
ter with a velocity resolution A8 = #3 x 1072 in a velocity range 0.7-1.0. The second
version of this installation is a rotating magnetic spectrometer which has allowed the per-
formance of detailed angular measurements of cumulative particle distributions. There
events were extracted by an independent measurement of the time of flight on two bases
(4 m and 1 m) with an accuracy of 150-200 ps and measurement of ionization losses and in-
tensity of the Cerenkov burst in a solid radiator. The description of these facilities is
given in Refs. 34 and 35.

Recently the method of thin internal targets®®) has been applied on the synchrophasotron
for measuring the cross-sections of nuclear collisions with large transverse momenta3!) .

The one-arm magnetic spectrometers with proportional chambers are used for measuring

the inclusive cross-sections for relativistic nuclear collisions37,%¢),

An installation called "Photon'" is oriented to studying relativistic nuclear collisions
with emission of neutral particles (r°, n°, w®). It is a 90 chamnel Cerenkov 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 read-out. 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 electronic apparatus and an on-line computer of the installa-
tion "Photon' make it possible to study effectively multiple photon emission in relativis-
tic nuclear collisions, in particular the problem formulated in Ref. 39 on cumulative pro-
duction of vector mesons.

Among track sensitive devices the 2 m propane chamber has been developed mainly with
relativistic nuclear physics in mind.

Of 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, (AA) and
(AAp) resonances discovered by Shakhbasian on the basis of the study of photographs from
the propane bubble chamber were lately interpreted*®>*') as multiquark formations in a
single 'bag". In the same experiments it is found to be possible to study the cumulative
production of A particles, including the study of their polarization (see above). The re-
lationship 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.

For the study of exclusive reactions in relativistic nuclear physics, use is made of
a 1 m liquid-hydrogen chamber. It is bombarded by *He and “He nuclei (see, for example,
Ref. 42).

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

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

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 been running reliably at our synchrophasotron for a long
time under operating conditions. This source is sometimes called "CREBIS" (cryogenic
electron beam ion source). The present status of the relative investigations enables us
to hope to obtain stripped nuclei with an intensity of about 10!!/Z.

Relativistic acceleration of heavy nuclei and even intermediate mass nuclei requires
creation of special injection complexes, pre-accelerators at an energy of about 500 MeV/nucleon,
which are of great value by themselves. The high-voltage injection also resolves vacuum
problems in the main ring, since for ions of an energy higher than 500 MeV/nucleon the
electron pick-up is non-essential even for rather moderate requirements on the vacuum.

Thus, the following research programme has been worked out at the Laboratory of High
Energies of the JINR. During the next 4-5 years it is planned to use extensively the beams
of relativistic nuclei of the synchrophasotron up to 5 GeV/nucleon energies. As we have
already stressed, the limiting fragmentation of nuclei begins at an ion energy higher than
3 GeV/nucleon. This ion energy range has, as yet, been obtained in no other accelerator
centres. The available detectors will make it possible to realize a rather wide programme
of investigations. At the present time the construction of a large experimental hall of
an area of about 10* m?, in which a large number of simultaneously operating installations

can be arranged on the extracted beams of the synchrophasotron, has been completed.

Further perspectives at our Laboratory are connected with the construction of a super-
conducting accelerator specialized for nuclei. It will replace the synchrophasotron. Some
progress has also been made in the construction of superconducting magnets for accelerators
(see, for example, Ref. 43). At the Laboratory there are some advances in the design of
superconducting magnets with an iron-shaped magnetic field (see, for example, Ref. 43).
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 manufacture in the lab. conditions.
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 to obtain a growth of the average beam intensity. A group of engineers and physicists
of the Laboratory of High Energies, under the leadership of Shelaev, has got good dipole
and quadrupole parameters.

Some preliminary suggestions concerning the design of a superconducting accelerator
of relativistic nuclei, which was given the name ''Nuclotron', are presented in Refs. 44 and 45.
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