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The experimental results from a systematic study of cumulative 7, K=, p, and d production in
the inclusive process B+A—c+X are presented. The beam B was protons, deuterons,

helium nuclei, or carbon nuclei with momentum per nucleon equal to 4.5 GeV/c. The A
dependence of the cross sections was measured for these beams for fixed secondary-particle
momentum equal to 0.5 GeV/c and emission angle = 120°. The fragmenting nuclei are

D, He, °Li, "Li, C, Al, Si, Cu, *®Ni, ®Ni, ®*Zn, !'%Sn, '24Sn, and Pb. The energy dependence of
the 7= -meson, proton, and deuteron cross sections in the momentum range 0.3-0.7 GeV/

¢ (9=120°) was measured for **Ni, %Ni, Zn, !14Sn, 12*Sn, and Pb nuclei using an 8.9 GeV/c
proton beam. Details of the behavior of the cross sections were found in various nuclear
fragmentation regions. The behavior of the exponent of the A dependence of the proton, deuteron,
and pion cross sections as a function of the mass number of the nuclei in the primary beam

was studied. The results are compared with the data available in the literature. Various models of
cumulative particle production in interactions of hadrons and nuclei with nuclei at various

beam energies are discussed. Tables of invariant differential cross sections are presented, along
with the results of fitting the energy dependence of the cross sections in various representations.
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INTRODUCTION

Systematic studies of cumulative particle production,
i.e., particle production which is forbidden by conservation
laws in collisions of free nucleons, were first begun by
Baldin.! They were discovered experimentally by the Stavin-
skii group at the JINR synchrophasotron in the process D(10
GeV/c)+Cu— 7~ (0°)+X (Ref. 2). Pions with energy con-
siderably greater than the energy per nucleon of the deuteron
were observed in that experiment. According to the limiting-
fragmentation hypothesis of Yang,® in this experiment the
source of high-energy pions is the acclerated deuterium nu-
clei, and the contribution of the target nucleus is insignifi-
cant. This idea was confirmed in subsequent experiments.

The first experimental indications of unusual phenomena
in hadron—nucleus interactions were the results from elastic
pd scattering of 660-MeV protons* and quasielastic deuteron
knockout from light nuclei in a 675-MeV proton beam.’ The
data of both these studies clearly indicated that the collision
was collective in nature, i.€., two or more nucleons could be
found at short distances. The results of these studies served
as the basis for the hypothesis that dense clusters of nucleons
exist in nuclei for a short time. These are the nuclear-matter
density fluctuations predicted by Blokhintsev.® Now they are
referred to as fluctons or few-nucleon correlations.

The early stage of the study of cumulative processes
during the period 1971-1982 is discussed in the reviews of
Refs. 7-11. The physical basis for studies using relativistic
nuclei is discussed in Ref. 7, where the scale-invariant be-
havior and the specific A dependence of the cross sections
for the cumulative effect are obtained. A brief review is also
given of the program of research using relativistic nuclei at
the JINR High Energy Laboratory. The experimental data
obtained by various groups and the characteristic features of
cumulative particle production are summarized in Ref. 8.
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The physical nature of fluctons as multiquark configurations
in nuclei and the existence of fluctons in the bag model are
discussed in Ref. 9. The model of few-nucleon correlations
and its application to hadron—nucleus and nucleus—nucleus
collisions are described in Ref. 10. Various models of cumu-
lative particle production are compared with the experimen-
tal data in Ref. 11. The results of studies carried out in the
last decade are noteworthy for the improved accuracy of the
experimental data and the development of better theoretical
models.

At present there is a great deal of experimental data on
cumulative particle production. In most cases the experi-
ments were designed such that cumulative particles are re-
corded in the angular range 90°—180° (the backward hemi-
sphere) in inclusive processes B+A—c+... . In this case,
fragmenting target nuclei are the source of cumulative par-
ticles. The most complete studies are those which have been
performed in proton beams in the energy range 1-400 GeV.
In addition, there are data on the cumulative production of
protons on v, v, v, w~, K, and p beams, and fragmentary
data for beams of D, He, and C nuclei. The spectrum of
cumulative particles includes 7= mesons, K= mesons, A,
p, n, p, and the nuclear fragments d, ¢, *He, and *He. Frag-
menting nuclei in a wide range from deuterium to uranium
have been studied, including isotopically separated lithium,
boron, nickel, zinc, tin, samarium, and tungsten nuclei.

Let us briefly discuss the typical features and the main
results obtained in studies of cumulative processes and intro-
duce the needed definitions.

BASIC REGULARITIES IN CUMULATIVE PARTICLE
PRODUCTION

Energy dependence. The traditional representation of the
results on the energy dependence of the cross sections essen-
tially reduces to the following expressions:
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Here, E, p, and A are the energy, the secondary-particle
momentum, and the mass number of the fragmenting
nucleus, T is the kinetic energy of the observed particle, and
Ty, xo, and a are the slope parameters of the spectra. The
scaling variable x, as in deep-inelastic scattering, is the
Bjorken variable, modified for the case of moderate initial
energy.® Writing the inclusive process as

I+ 1+, (4)

where the symbols refer to the primary beams, the fragment-
ing nuclei, and the secondary particles, we obtain an expres-
sion for the variable x:
(PP )+ MM, +(M3—M})/2
x= .
(PPu)— (P Py)— MMy~ MMy

Q)

Here Py and Py are the 4-momenta per nucleon of the pro-
jectile and the target, respectively; P, is the 4-momentum of
the measured particle; M|, My, and M, are the correspond-
ing masses; M, is the additional particle mass needed to
satisfy the conservation laws (in the calculations it is as-
sumed that M,,=0, Myxy=My—M,, M,,=—M,, and so
on). In contrast to the Feynman and Bjorken scaling vari-
ables, x varies from O to A (A is the nuclear mass number),
and in a first approximation it corresponds to the number of
nucleons needed to produce a cumulative particle with given
characteristics (momentum, mass, and so on).
The light-front variable « is given by

E—P cos U

T ©
where E, P, and U are respectively the particle energy, mo-
mentum, and emission angle, and M, is the nucleon mass.
We immediately note that the variable x that we use, the
Feynman and Bjorken variables, and « all coincide at high
initial energies.

For fixed emission angles the energy spectra of the vari-
ous particles are similar for different nuclei. The cross sec-
tions depend exponentially on the kinetic energy of the cu-
mulative particles or on the other variables, and the slope
parameters of the spectra in various representations are dif-
ferent for light and heavy nuclei. Already in the early studies
of cumulative particle production'>!® it was shown that the
slope parameter T, has the same value for different nuclei
(C, Al, Cu, Pb), and is approximately 60 MeV for pions at an
emission angle of 180°. In later studies,®'*!5 where cumu-
lative production was studied throughout the backward hemi-
sphere and the cumulative-particle spectrum included kaons,
protons, and baryon fragments, it was shown that there is a
general regularity in the behavior of the cross sections, char-
acterized by a single slope parameter x;==0.14 for interme-
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diate and heavy nuclei. The ITEP—-Pennsylvania experiments
using a 400-GeV proton beam played an important role in
establishing the scale-invariant behavior of the cumulative-
production cross sections.'®™'® It was concluded from the
results of Refs. 8, 12, 13, and 14—18 that limiting nuclear
fragmentation as a function of the scaling variable .x is real-
ized in the range of initial energies 4-400 GeV. Here the
values of x varied from 0.35 to 3.5, depending on the char-
acteristics of the observed particles (the mass, momentum,
emission angle, and initial energy). The cross sections for
pions change by nine orders of magnitude in this range of
X.

In recent years experimental data have been obtained in
this range of primary proton energies. Data for 10 GeV are
given in Refs. 19-22, and data at 15-65 GeV are given in
Refs. 23 and 24. Cumulative proton production on 40-GeV/
¢ m , K™, and p beams was studied in Ref. 25. These
studies confirm the characteristic features of cumulative par-
ticle production and, naturally, contribute to a deeper under-
standing of these processes.

Since the properties of cumulative particles turned out to
be rather conservative for different energies and types of
primary beam and fragmenting nucleus, this was reflected in
the empirically established facts. The approximate indepen-
dence of the shape of the proton spectra, normalized to the
total inelastic cross section, of the energy and type of pri-
mary particle, and the hierarchy of attainment of scaling be-
havior with increasing mass number of the fragmenting
nucleus are known as the phenomenological hypothesis of
nuclear scaling.’®?" The universality of the shapes of the p,
p, m=, and K™ spectra in any of the scaling variables is
referred to as superscaling by the authors of Ref. 22.

Analysis of cumulative production processes led to the
concept of the quark—parton structure function,”® which
characterizes the probability for a nuclear constituent to have
momentum corresponding to that of a group of nucleons.
The nuclear constituent in question is understood as a quark;
a group of nucleons in a small volume is transformed into a
multiquark configuration. The interaction between hadrons
(and nuclei) arises as a result of individual collisions of the
quarks of the fragmenting nucleus with the quarks and glu-
ons of the target. A spectator quark not involved in a colli-
sion carries a fraction of the momentum of the fragmenting
hadron. The hadronization of a quark is considered to be a
soft process, and the distribution of hadron—fragments is as-
sumed to correspond to the distribution of the spectator
quark.

The A dependence. The very first experiments to study
the cumulative effect demonstrated that the cross section for
cumulative production of pions is proportional to the nuclear
mass number A.'* This came to be referred to as enhanced
A dependence of the cross sections, because the typical de-
pendence of the pion production cross section in hadron-
nucleus interactions is characterized by exponent n==2/3.
Further studies'®?%3 revealed that the exponent n is greater
than unity in the case of cumulative proton production
(n=1.3), and is even greater for baryon systems like d, f,
and so on. In addition, it was found that the cross section for
cumulative proton production is independent of the number
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of neutrons for fixed nuclear charge Z (the isotopic effect).
The quoted values of n pertain to the region of intermediate
and heavy nuclei. If we consider the A dependence of the
cross sections normalized to the nuclear mass numbers, we
find that it is characterized by a sharp increase of the cross
sections in the region of light nuclei, after which the cross
sections flatten out as A increases. The constant value is
reached in different regions of nuclei for different particles.
For example, for pions this regime sets in at A=30, and for
protons and baryon fragments it sets in at A==100.

If the dependence of the cross sections on the mass num-
ber A is described by a power law, E(do/dp)~A", then for
protons, deuterons, and tritium the exponent n is 1.3, 1.6,
and 2, respectively. Since the production cross sections are
independent of the neutron excess, the Z dependence of the
cross sections is more regular. This regularity in the Z
dependence®® is manifested for both light and heavy nuclei.
For example, for protons and deuterons the exponent n is
respectively 2 and 2.6 for nuclei in the range from Li to Al.
In the range from Al to U the values are 1.5 and 1.7 for
protons and deuterons, respectively. This dependence has
been measured for 20 nuclei, including isotopically enriched
ones.

The excess of the exponent n over unity is usually asso-
ciated with the rescattering of created particles on intra-
nuclear nucleons, the final-state interaction, and other sec-
ondary processes. Another viewpoint is that, as in the case of
cumulative pion production, the processes producing protons
and other fragments are equally probable throughout the
nuclear volume, but the boundary layer can have an effect. If
the primary interaction occurs near the nuclear surface, the
nuclear medium is insufficient for the production of a mas-
sive fragment. Then it is not the entire volume of the nucleus
which is effectively involved, but the volume decreased by
the thickness of the surface layer. Here it is obvious that the
thickness of the surface layer must be correlated with the
fragment mass. A quantitative estimate is made assuming
that the cross sections for fragment production behave as

do
EEfv(roAm—p)}. (7

Here rpA 13 is the nuclear radius, where ro=1.2F. The quan-
tity p can be associated with the size of the fragment-
emission region. Introducing the parameter £€=p/r( and us-
ing the ratio of the cross sections on various nuclei to that at
the mass number of lead, the expression

do
E '('1‘[—) (A)Apy,

1_§A* 1/3\ 3
gi= v

do
AE ap (App)

can be used to find the parameter £. The values of ¢ thus
obtained are £,=0.9, {,= 1.6, and £,=2. It can be seen that
there is actually a correlation with the fragment mass. The
inclusion of the parameter ¢ leads for these fragments to a
volume-type A dependence in a wide range of cumulative-
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particle momenta and emission angles. A detailed procedure
for studying the A dependence on the basis of these repre-
sentations can be found in Ref. 5.

In Ref. 19 the volume nature of the A dependence of the
cross sections was associated with the effect of the right-
hand kinematical limit of the process pA— p()X. Denoting
the invariant differential cross section as f(x), we can write
F(x)=fo(x)(1 —x/A)", where n is a parameter. This expres-
sion satisfactorily describes the data with the parameter
n=8=*1 for protons and n=7=*1 for pions. The function
fo is approximated well by the expression C exp(—x/x,) for
x0=0.135£0.001 for protons and x,=0.139%+0.002 for
pions. The values of f are close for the data at initial ener-
gies of 10 and 400 GeV, and identical for different nuclei.

The angular dependence. The spectra of cumulative par-
ticles at various angles (backward hemisphere) have been
measured in pA and dA interactions in Refs. 14 and 15. The
slope parameter T, of the spectra varies as a function of the
particle emission angle. It increases by about a factor of 1.5
in the angular range 180°—-90°. Measurements of the angu-
lar dependence of the cross sections at fixed particle mo-
menta showed that the behavior scales on different nuclei, in
particular, for helium and lead nuclei,? which may indicate
that rescattering processes are absent or relatively unimpor-
tant. The dependences of the proton and deuteron cross sec-
tions on the ®Li nucleus also demonstrate scaling (the proton
and deuteron momenta are 0.7 GeV/c). The angular depen-
dence of the cross sections in the pA interaction has a clearly
expressed structure for emission angles in the range
150°—-180°, in particular, there is a peak in the backward
direction. The irregularities in this angular range have also
been studied in Ref. 31. The behavior of the cross sections is
different in the case of the dA interaction. In both pA and
dA interactions the invariant cross sections for cumulative-
particle production do not depend linearly on cos ¢ in the
range of emission angles 180°-90°. The angular depen-
dence of the cross sections for protons and light fragments
was analyzed in Ref. 32 for pA interactions at a proton en-
ergy of 400 GeV.

The availability of data at different emission angles
makes it possible to study the pf dependence of the cross
sections. In particular, the following approximation has been
found for pions:'*

¢(p?)=0.9 exp(—2,7p})+0.1. )

Taking into account the pi dependence, the pion data are

represented by a single slope parameter in the angular range
90°-180°.

THE EXPERIMENTAL CONDITIONS

In spite of the diversity of primary beams, the data on
cumulative particle production on nuclear beams are frag-
mentary. The experimental facilities of the High Energy
Physics Laboratory at the JINR allow the gaps to be filled by
systematic and detailed studies performed using the nuclear
and proton beams of the synchrophasotron. In the experi-
mental program using beams of p, D, a-particles, and C
nuclei with momentum per nucleon equal to 4.5 GeV/c, the
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FIG. 1. Schematic view of the DISK-2 installation.

emphasis was on the detailed study of the A dependence of
the cross sections, because it is the most interesting aspect of
cumulative processes. The energy spectra were measured us-
ing an 8.9-GeV/c proton beam on isotopes of nickel, zinc,
tin, and lead (with the natural mixture of isotopes). In all
cases cumulative 7=, K=, p, and d particles were recorded
at the angle 9=120°. The data which are most reliable sta-
tistically were obtained for pions, protons, and deuterons.
The following target nuclei were used in the experiments: D,
He, °Li, "Li, C, Al, Si, Cu, *®Ni, *Ni, ®*Zn, ''*Sn, '?*Sn, and
Pb.

The experiment was performed using the DISK-2 setup,
consisting of a time-of-flight spectrometer combined with
magnetic analysis of the secondary particles in momentum.
The setup is shown schematically in Fig. 1. The primary
beam of accelerated particles is transported through a
vacuum duct and focused by a magnetic optical system on
the target (7) with an image spread of =7 mm. The second-
ary particles (target fragments) are momentum-analyzed by a
sector magnet H (2SP94), pass through the counter S, and
are focused by the doublet of quadrupole lenses @ and Q,
(IML15 and 2ML1S) on the counter S4. They also pass
through the counters S, and S5, the Cerenkov counters C,
and Cy, based on solid radiators, and the gas Cerenkov
counter C,. The counters S4, C;, and C,, are constructed as
a single unit and.are not shown in Fig. 1. The magnetic
optical channel (H, Q,, and Q,) and the secondary-particle
counters are located on two connected movable ribs with
common rotation axis passing through the center of the tar-
get, located at the primary-beam focus. The channel is ro-
tated remotely with an accuracy of 0.1° in the range of azi-
muthal angles 49°—180° (the angles 49°—90° for restricted
size of the measuring area are reached by rotating the magnet
H on a special platform about its axis by 180° and then
reconnecting the ribs). The range of momenta recorded by
the setup is 0.15-1.6 GeV/c for singly charged particles. The
setup allows the following particles to be recorded simulta-
neously:

7T*,K*,p,p,d,t,*He,*He.

Two types of target were used in the experiments. The

8 Phys. Part. Nucl. 28 (1), January—February 1997

solid targets had a diameter of 30 mm and a thickness of
0.1-8 g/cm®. The cryogenic targets of diameter S0 mm had
dimension along the beam equal to 50 and 140 mm. Both
types of target were mounted on a common housing, which
could be moved in the vertical and horizontal directions. The
target was placed in the beam remotely and controlled by a
television system with a fluorescent screen. The primary
beam was monitored by a telescope of counters S5, S¢, and
S5 located at an angle of 135° relative to the direction of the
primary beam (the monitor M p) at a distance of 3 m from the
target. The telescope M, records particles produced in the
interaction of the primary beam with the damper of the
vacuum duct (mylar). The telescope of counters Sg, Sy, and
S0 (the monitor M ;) is directed toward the target and serves
to control the beam spill. The value and constancy of the
ratio M,/M ,. throughout the spill cycle indicate complete
passage of the primary-beam particles through the target.
The calibration of the telescope M, is based on measurement
of the induced activity in the reaction '>C(p,pn)!'C. For this
purpose, a plastic scintillator is bombarded at the focus of the
primary beam, and the induced activity is measured using a
specially designed setup.

The counter S, is located near the magnet H at a dis-
tance of 2.4 m from the target. The distance between
counters §; and S; is 3.8 m, and that between S, and S; is
0.97 m. XP1021 photomultipliers are used in counters S;—
S4, and their operating mode is chosen so as to obtain the
best time resolution (* 50 psec) for linear dependence of the
output charge signal on the number of photoelectrons. The
Cerenkov counters C; and C, have radiators of polyethyl-
methacrylate of special purity, glued onto 56DVP photomul-
tipliers. FEU-87 photomultipliers and scintillators of dimen-
sions 50X 10X0.8 mm’ are used in the monitoring
telescopes M, and M ,. The magnetic spectrometer was
calibrated by the current-carrying wire method,® and al-
lowed determination of the central particle pulse as a func-
tion of the current in the magnet or of the magnetic-field
strength according to a Hall probe. The momentum resolu-
tion Ap/p of the spectrometer is 8%. The acceptance of the
setup is 3.4X 1073 sr, and the absolute normalization of the
cross sections is 10—15% (the last number pertains to a beam
of carbon nuclei).

Secondary particles separated by the magnet H accord-
ing to their charvge and momentum pass through the counters
S1—S4 and the Cerenkov counters and are identified by mea-
suring the following characteristics:

*The particle time of flight on the baseline S,-S; (¢,).

*The particle time of flight on the baseline S,-S; (¢,).

*The ionization losses of particles in the scintillators
52 R S3 N and S4.

«The intensities of Cerenkov radiation of particles in the
radiators of counters C, and C,,.

The algorithm of the 7 criteria provides an efficient
method of isolating useful events. Using the linear relation
between the particle times of flight on the two baselines ¢,
and t,, the 7 coordinate can be determined from the expres-
sion

T=1 "‘2[2+260.
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FIG. 2. A dependence of the deuteron cross sections on various beams.

In this coordinate, events not associated with random
signals in the counters have a distribution independent of the
velocity of the detected particles, and their distribution in
T, has a single maximum. Specification of the limits for the
corresponding useful events leads to suppression of back-
ground events by more than a factor of 20. Similarly, using
the criterion

TAE3=tl . 2.6[2"’ 150,

we obtain a distribution in which all events not associated
with random ones are separated in charge and, in a first ap-
proximation, are not separated in velocity. In addition to the
charge separation, measurement of the ionization losses
raises the reliability of the particle identification. The setup
operates on-line with a computer.

The set of values ¢, t,, Ag,, Apz, Mgy, Ic, and I,
forms the event space. A region in event space is specified by
the condition that the event coordinates be observed simul-
taneously within given ranges of each coordinate. The
multidimensional-analysis program allows events in different
multidimensional regions to be distinguished and the one-
and two-dimensional projections of the events contained in
these regions to be constructed on the coordinate axes of the
event space during the data analysis. Analysis of the result-
ing distributions makes it possible to evaluate the number of
events of a particular type, the statistical characteristics of
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FIG. 3. A dependence of the proton cross sections on various beams.
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FIG. 4. A dependence of the 7r* cross sections on various beams.

the spectra, and the contribution of random coincidences for
high charge loads in the detector. In addition, the multidi-
mensional analysis for each type of particle produces a bank
of integrated characteristics of useful events. This contains,
for each type of particle, information about the number of
events, the effectiveness of the limits in each of the coordi-
nates used, and the average amplitude of the event distribu-
tion in each coordinate. The programs feeding information
into the bank are optimized in time, and allow all the infor-
mation for all types of secondary particle recorded simulta-
neously to be processed between accelerator cycles. After
each series of measurements the information contained in the
bank is written into a file of final results located on a
memory disk. The setup and procedure for calculating the
cross sections from the measured quantities are described in
detail in Refs. 34-36.

The targets of separated isotopes used in the experiments
had the following enrichments (in percent relative to the
main isotope): °Li (90.3), "Li (99), ®Ni (99.7), %*Ni (93.1),
%47Zn (98.7), 'Sn (92), and '**Sn (97.2). The correction as-
sociated with the difference from 100% enrichment is
=1% on the average.

THE EXPERIMENTAL RESULTS

Proton—nucleus and nucleus—nucleus interactions. In
Figs. 2-5 we give the data on the A dependence of the cross
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FIG. 5. A dependence of the 7w~ cross sections on various beams.
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sections for deuterons, protons, and positive and negative
pions on proton, deuteron, He, and C beams.>” As noted
above, the cross sections are seen to increase sharply in the
region of light nuclei, and to flatten out as the mass number
A increases. This behavior is characteristic of all the beams
used. It should be noted that the cross sections on deuterium
and helium beams are close in magnitude, while the cross
sections for different particles are similar. Another feature
can be seen from the figures for isotopes of nickel, zinc, and
tin. There are irregularities in the behavior of the cross sec-
tions which are manifested specifically for protons and 7+
and 7~ mesons.

The behavior of the cross sections as a function of A is
similar to that of such nuclear characteristics as the density,
binding energy, and charge radii. These properties of nuclei
are well known (see, for example, Ref. 38). With these prop-
erties in mind, let us consider light and heavy nuclei sepa-
rately. The data on the A dependence of the cross sections
for fragmenting nuclei from deuterium to carbon are shown
in Fig. 6 on a magnified scale.*® The lines on the graph
connect the points. The solid line shows the behavior of the
nuclear density calculated from
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FIG. 7. A dependence of the cross sections for cumulative particles in the
process p+A—c+... (9=180°).
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TABLE I. 7*/7™ cross-section ratios for various beams.

A, p+A, D+A, ‘He+A,
SLi 1.21+0.03 1.12+0.06 1.05+£0.07
Pb 0.96+0.03 0.99+0.04 1.05+0.03
A
p(A)=——m- (10)
4 [5 )
— | = \r

The values of the rms nuclear radii (r®) were taken from
Ref. 40. It is quite obvious that the behavior of the cross
sections (Fig. 6) is correlated with the behavior of the
nuclear density. A quantitative estimate can be obtained by
comparing the density ratios with the cross-section ratios.
For example, the increase of the density by a factor of 4.2 in
going from deuterium to helium corresponds to cross-section
ratios of 5.38+0.22, 3.90*+0.13, and 3.86*+0.13, respec-
tively, for protons and 7" and 7~ mesons. Meanwhile, the
decrease of the density by a factor of 2.5 in going from
helium to lithium corresponds to the cross sections being
equal for all particles. The passage from lithium to carbon
again reveals a correlation: the ratio of the densities of car-
bon and lithium, equal to 2.25, corresponds to the cross-
section ratios 2.22*+0.06 (p), 3.26=0.09 (d), 1.43+0.04
(7)), and 1.42+0.17 (7). We see from these numerical
values that there really is a correlation between the cross
sections and the density. In Fig. 7 we show the data for
primary protons with momentum 8.9 GeV/c and emission
angle 180°, taken from Refs. 14 and 15. The behavior of the
cross sections here is the same as in Fig. 6, and even for
nuclei in the range *He—°Li the behavior is similar, with the
possible exception of the deuteron data. Therefore, the stud-
ied region of light nuclei indicates that the cross sections for
cumulative particles are correlated with the nuclear density,
which varies maximally for these nuclei. This correlation is
manifested in beams of protons and nuclei, is independent of
the emission angle and type of particle, and in all probability
has a quite general nature.

Using the data of Ref. 41, where the numerical values of
the invariant differential cross sections for the particles stud-
ied here are given, and of Ref. 42, let us give a number of
relations which are obeyed by the processes under study.
One of the interesting characteristics in cumulative particle
production is the 7m*/7~ cross-section ratio. In Table I we
give these ratios on various beams for light (°Li) and heavy
(Pb) nuclei.

We see from the data of Table I that these ratios are
nearly equal to unity in isotopically conjugate processes,
which is natural, and they are unity for the lead nucleus,
which has a large neutron excess. The 7 /7" cross-section

TABLE Il. p/7" cross-section ratios for various bcams.

A, ptA, D+A, “He+A, C+A,

Li 25.3+0.7 26.4+0.8 27.6+1.2 26.0+0.9

Pb 113+3 117+5 110+5 82+4
V. K. Bondarev 10
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ratio in the elementary processes p+p—m~ and  effect. The irregularity is that the cross section for cumula-

p+p—mt is =025. The same ratio in the process
p+D— is = 1. This question was studied specially in Ref.
43. Tt is interesting to follow the ratios of the proton and
@t cross sections for the case of nuclear beams. For com-
parison, we have again chosen lithium and lead nuclei. The
results are given in Table II. From the data of this table we
conclude that the p/ 7" cross-section ratios are constant for
all beams, that they differ by about a factor of 4 on lead and
lithium, and that the ratio decreases significantly on carbon.
The decrease of the p/ar* cross-section ratio in the process
C+Pb may be associated with suppression of the proton
yield due to screening by the incident carbon nucleus. The
possible manifestation of screening in nucleus—nucleus inter-
actions was pointed out in Ref. 44.

Let us turn to the regions of intermediate and heavy
nuclei. In these regions the density is approximately con-
stant, but the charge density varies. We first studied the cor-
relations between the cross sections and the nuclear charge
density in Ref. 37. Experimental indications of this possibil-
ity had been noticed considerably earlier,”° but the insuf-
ficient statistical reliability of the data did not allow any
definite conclusions to be drawn at that time.

Let us consider the available data.*”* They are shown in
Fig. 8 (primary protons), Fig. 9 (primary deuterons), and Fig.
10 (helium nuclei). The irregular behavior of the cross sec-
tions for all particles and primary beams is clearly seen for
the scale used in these figures. This irregularity appears in
isotopically enriched nickel, zinc, and tin nuclei. We noticed
the effect earlier,29 and it has become known as the isotopic

11 Phys. Part. Nucl. 28 (1), January—February 1997

tive proton production is independent of the neutron excess
in the nuclei. The isotopic effect was later confirmed in Ref.
45 using 7.5-GeV/c proton beams and 5-GeV/c 7~ beams,
and the isotonic effect was discovered. This is the indepen-
dence of the neutron production cross section of the proton
excess. Later,46 we showed that the cross sections are inde-
pendent of the neutron excess for 7 and K+ mesons. The
recent data (see the figures for 7+, 7™, and p) allow us to
conclude that the cross sections for positively charged par-
ticles are sensitive to the proton content of the fragmenting
nucleus, while those for negatively charged particles are sen-
sitive to the neutron content. The quantitative behavior of the
cross sections on isotopically enriched targets is seen from
Table III, which lists the cross-section ratios for the particles
and beams studied.

From Table III we immediately see the following:

*The cross-section ratios on nuclei with the same charge
and different neutron content (®*Ni/*®Ni, '2Sn/''“Sn) are
equal to unity for positively charged particles within the ex-
perimental error.

*The cross-section ratios on the same nuclei for nega-
tively charged particles are greater than unity and follow the
neutron excess of the nuclei.

*The cross-section ratios on nuclei with different charges
(%*Zn/5*Ni) are greater than unity for positively charged par-
ticles and close to or less than unity for negatively charged
ones.

*The scale of variation of the cross sections lies within
the limits of the relative proton and neutron content in the

V. K. Bondarev 11
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nuclei. This is a new and unexpected result for hadron-
nucleus and nucleus—nucleus interactions in general and for

FIG. 9. A dependence of the deuteron, proton, and pion
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cumulative processes in particular, especially because the
7+ and 7 cross sections are approximately equal for the

FIG. 10. A dependence of the deuteron, proton, and

pion cross sections for a beam of He nuclei.
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TABLE III. Cross-section ratios (not normalized to A) in various processes.

Process S4Ni/*8Ni B AL 647n/%Ni
P 1.00+0.03 0.97+0.03 1.06+0.03
ptA—-Tt 0.98+0.03 0.98+0.03 1.04+0.03
7 1.22+0.03 1.17+0.03 0.90+0.03
) 0.99+0.04 1.00+0.03 1.12+0.04
D+A—-7t 1.00+0.03 0.99+0.03 1.07+0.02
7 1.24+0.06 1.12+0.05 0.88+0.03
p 1.04+0.03 0.99+0.03 1.10+0.03
‘He+A—m" 1.10+0.05 1.01+0.05 1.09+0.05
o 1.40+0.12 1.14+0.06 0.95+0.09

lead nucleus (the ratio of the number of neutrons to the num-
ber of protons is N/Z=1.5). This has been well known for a
long time.

For the sake of comparison, we recall that the relative
neutron content in isotopes of nickel and tin is 1.2 and 1.16,
respectively. The ratio of the charges of %Zn and %Ni is
1.07.

The available experimental data for proton and nucleus
beams make it possible to study the A dependence of the
cross sections on the mass number of the primary beams
directly. For this we determined the exponents n in the A
dependence of the cross sections for pions, protons, and deu-
terons for each of the beams. The exponent n was found
from the expression

1 EdUA /EdUA
n 35(0 z;(ﬂ

ln(A 1 /Az)

The nuclei A; and A, were respectively taken to be Pb and
Al. The numerical values of the exponent n are given in
Table IV.

In Fig. 11 we show the dependence of n on the type of
beam. The data of Table IV and Fig. 11 show that the A
dependences of the cross sections for various beams are
similar for pions, protons, and deuterons. The values of n
become practically constant (a different constant for each
particle) beginning with beams of helium nuclei.

PROTON-NUCLEUS INTERACTIONS USING
8.9-GeV/c BEAMS

The A dependence. The results obtained in studies with
proton and nucleus beams using isotopically enriched targets
stimulated interest in the more detailed study of this region
of nuclei. Accordingly, measurements were made of the A
dependence of the cross sections for cumulative 7=, K=,
P, and d production (momentum 0.5 GeV/c, 9=120°) in an

TABLE IV. Values of the exponents n in various processes.

+

Process d p T kg
ptA 1.45+0.02 1.16£0.01 0.80%+0.01 0.84+0.02
D+A 1.56+0.02 1.23+0.02 0.84%0.02 0.85+0.11
‘He+A 1.64+0.02 1.29+0.02 0.95*+0.05 0.99+0.07
C+A 1.61£0.02 1.30£0.02 1.00*0.06

13 Phys. Part. Nucl. 28 (1), January—February 1997
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FIG. 11. Values of the exponent n for various beams.

8.9-GeV/c proton beam, and of the energy dependence of the
m*, p, and d cross sections in the momentum range 0.3—0.7
GeV/c. The fragmenting nuclei were ®Ni, ®Ni, %Zn,
1148, 1245n, and Pb. In Figs. 12— 14 we show the data on the
A dependence of the cross sections for all the particles of this
series of measurements. In Fig. 15 we show the data of Ref.
15 for emission angle 180°. The curve in that figure shows
the behavior of the charge density on these nuclei. A jump of
the density between the nickel and zinc nuclei is clearly seen,
and is manifested uniformly throughout this group of nuclei.
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We see that the general behavior of the cross sections is
similar to that studied in the preceding section and confirms
our earlier results*® about the independence of the cross sec-
tions for positively charged particles of the neutron excess.
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FIG. 15. A dependence of the proton cross sections, p=0.5 GeV/c,
¥=180°.

Unfortunately, no definite conclusions can be drawn regard-
ing the K~ -meson data-owing to their poor statistical reli-
ability.

The quantitative data are given in Table V in the form of
cross-section ratios for various fragmenting nuclei and par-
ticles (the cross sections are not normalized to A).

Here we see the same regularities as for proton beams of
half the momentum. Positively charged particles follow the
proton content, and negatively charged ones follow the neu-
tron content. The cross-section ratios for deuterons occupy
an intermediate position.

The energy dependence. The study of cumulative par-
ticle production on nuclei with various neutron contents at
fixed nuclear charge (separated isotopes) has a rather long
history. The goal has been to determine the possible contri-
bution of the most exotic nuclear systems to cumulative pro-
cesses, because the initial hypothesis about the cumulative
effect' presupposed that the nuclear form factors have a neg-
ligible effect in the hard part of the spectra. The first experi-
mental results*’ confirmed the initial assumption' at a level
of =10-15%, and the later results cited above revealed
more details.

The present study is the first to investigate the isotopic
effect in detail in the momentum range 0.3-0.7 GeV/c. The
main results are presented in Refs. 37 and 48. Here we shall
use the tabulated data and the results of their approximation
from Ref. 41, which are contained in the Appendix.

TABLE V. Cross-section ratios (not normalized to A) on isotopic nuclei
(p=0.5 GeV/c, 9=120°, P,=8.9 GeV/c).
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FIG. 14. A dependence of tae kaon cross sections.
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Process S4Ni/*Ni S4Zn/%Ni 1248/ 11430
p+tA—d 1.03+0.03 0.98+0.03 0.98+0.03
ptA—p 1.05+0.03 1.15%£0.03 0.96+0.03
ptA—Tt 0.99+0.03 1.16+0.04 0.99+0.03
ptA—-T” 1.20+0.04 1.09+0.04 1.13+0.03
p+A—K* 1.07+0.06 1.11+£0.05 1.01+£0.05
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FIG. 16. Energy dependence of the pion and proton cross sections.

The energy dependence of the cross sections for cumu-
lative particle production at emission angle 4= 120° or simi-
lar values has been studied by us'*!"®> and by others!6-2245:49
on various nuclei and at various initial energies. For identical
kinematical conditions our data agree with the others within
the experimental error and the absolute normalization of the
cross sections. As mentioned above, the energy spectra be-
have exponentially in various representations with the corre-
sponding slope parameters. Since the spectra on different
nuclei are similar, as an illustration we give the energy spec-
tra of protons and pions on the Pb nucleus, studied together
with the isotopic nuclei. These spectra are shown in Fig. 16.
The data on the energy dependence were fitted by the expo-
nential expressions'  given above. The parameters of the fit
for specific nuclei are given in the corresponding tables of
the Appendix. In the measured momentum range for protons
and 77~ mesons the data are better described by two expo-
nentials, and therefore the measured momentum range was
split into two parts, conventionally referred to as the soft
(0.3-0.5 GeV/c) and hard (0.5-0.7 GeV/c) regions. The
general results of the fit are given in Table VI.

We see from the data of this table that there are clear
differences between the slope parameters in the soft and hard

15 Phys. Part. Nucl. 28 (1), January—February 1997

TABLE VI. Weighted mean values of the slope parameters.

Interval T,
(GeV/c) (MeV) Xo a,
03-0.5 33.4+0.4 0.097%0.0012 0.081+0.001
x*=6 x’=9 x*=6
p
0.5-0.7 44.8+0.3 0.114+0.004 0.092%+0.001
x=13 xX’=1 x:=
0.3—-0.5 789*+1.3 0.161+0.003 0.129+0.002
X*=9 x=19 x:=17
-
0.5-0.7 72.5+0.4 0.153+0.001 0.117+0.001
x=1 x’=1 =1
0.3-0.7 72.6%+0.2 0.150%0.005 0.118%+0.001
‘n_+
= x= xi=
0.5-0.7 29.3+0.3 0.102+0.001 0.082*+0.001
d
XZ =2 XZ =9 XZ =3

regions. In addition, the values of y? characterizing the slope
parameters in the soft part of the spectra are quite large. This
may be associated with the small error, and if so, the expo-
nential dependence does not hold with this accuracy. An-
other reason might be the fact that the slope parameters for
specific nuclei are quite different. In the case of protons, for
example, on the !2Sn nucleus, the slope parameter is
=4% higher than that for the other nuclei. Similarly, for
7~ mesons the slope parameter is =10% higher for Pb and
1245n nuclei (see the Appendix). The data of Table VI for
deuterons are avaliable only in one momentum range, be-
cause the initial momentum was 0.5 GeV/c.

Comparison of the data for 4.5- and 8.9-GeV/c proton
beams. It is interesting to compare some characteristics of-
cumulative production on the same nucleus which are used
in measurements in primary proton beams with momentum
differing by a factor of two. First we consider the ratio of the
v - and 77~ -meson cross sections, presented in Table VII.

The data of this table show that these ratios are nearly
the same in the two beams within the experimental error, and
they demonstrate another type of detailed scaling in cumula-
tive pion production. A second interesting possibility is the
direct comparison of the cross sections in the two beams for
all (sufficiently statistically reliable) particles on the same
nuclei. These data are given in Table VIIL.

Here we see that the proton cross sections for the 8.9-
GeV/c beam are very close to those at half the momentum,

TABLE VIL. Ratios of the 7*/p~ cross sections for various beams.

A P,=45 GeVic P,=89 GeV/c
BNi 1.21+£0.03 1.21+0.04
Ni 0.97+0.03 1.01+0.04
%4Zn 1.13+0.04 1.27+0.08
145 1.06x0.03 1.05+0.03
1245n 0.89+0.03 0.91+0.03
Pb 0.97+0.03 0.95+0.04
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TABLE VIII. Ratios of the cross sections for different proton beams (8.9/
4.5).

A d p 7t "

BNi 1.14+0.03 0.86+0.03 1.31+0.03 1.30+0.03
5INj 1.15+0.03 0.90+0.03 1.32+0.03 1.27+0.04
54Zn 1.13+0.03 0.98+0.03 1.47+0.05 1.30%0.06
1143n 1.45+0.03 1.07£0.03 1.42+0.05 1.43+0.04
1245n 1.31%0.03 1.06+0.03 1.42+0.05 1.30+0.04
Pb 1.41+0.03 1.12%+0.03 1.54+0.04 1.58+0.05

while the pion cross sections grow and the deuteron cross
sections are undecided, showing considerable growth begin-
ning with tin. The individual properties of the nuclei might
play a role here. However, a unique A dependence of the
cross-section ratio is observed for all the particles: the cross-
section ratios grow by about 20% in going from nickel to
lead.

DISCUSSION OF THE EXPERIMENTAL RESULTS

Preliminary summary. The results of the preceding sec-
tions show that the A dependences of the cross sections in
proton and nucleus beams are similar for all the particles
observed in this study. Moreover, this similarity persists in
the detailed behavior of the cross sections. For light nuclei
we see correlations between the cross sections and the
nuclear density, which are identical for both pA interactions
(primary proton momentum 8.9 GeV/c, emission angle
180°) and DA interactions (momentum per nucleon 4.5 GeV/
¢, emission angle 120°).

In the region of intermediate and heavy nuclei the de-
tailed similarity is manifested in the behavior of the cross
sections on separated isotopes of nickel, zinc, and tin. The
scale of variation of the cross sections is comparable to the
relative proton and neutron content in these nuclei, and cor-
relations are observed between the production cross sections
of positively charged particles and the proton content, inde-
pendently of the neutron excess, and between the cross sec-
tions for negatively charged particles (pions) and the neutron
content. These features (the isotopic effect) occur for both
proton and nucleus beams. A change of the primary proton
momentum by a factor of two does not affect the scale of
variation of the secondary-particle cross-section ratios, i.e.,
the isotopic effect persists in the behavior of the cross sec-
tions.

The 7*/a~ cross-section ratios on light and heavy nu-
clei are identical for proton and nucleus beams.

The p/m" cross-section ratios for the same nuclei and
beams have a similar behavior, differing only in the value of
the ratio on light and heavy nuclei (°Li and Pb, respectively).

The energy behavior of the cross sections on separated
isotopes of nickel, zinc, and tin is exponential in all repre-
sentations, and, except in the case of positive pions, is char-
acterized by two exponentials which distinguish the soft and
hard parts of the spectrum. However, according to the x?
criterion the exponential representation of the spectra in the
soft region is not satisfactory at this level of experimental
error, especially for protons.

16 Phys. Part. Nucl. 28 (1), January-February 1997

The exponents of the A dependence of the cross sections
for pions, protons, and deuterons behave similarly as a func-
tion of the mass number of the projectile and tend to a con-
stant (different for each particle) beginning with beams of He
nuclei, i.e., the exponent n depends on the projectile mass in
going from a proton to a deuteron beam (we recall that the
proton and nucleus beams in this series of experiments had a
momentum of 4.5 GeV/c per nucleon).

Direct comparison of the cross sections for 8.9- and 4.5-
GeV/c proton beams (in both cases the secondary-particle
momentum is 0.5 GeV/c) for identical nuclei and secondary
particles reveals a unique A dependence of the cross-section
ratios: these ratios grow by about 20% in going from nickel
to lead nuclei. The absolute values of the cross sections for
protons are close for both primary beams, and the pion cross
sections grow with increasing initial momentum.

Ratios of the structure functions. As mentioned in the
Introduction, the experimental results on cumulative particle
production led to understanding of the quark—parton struc-
ture function of the nucleus. The cross section for the inclu-

sive process (4) is described by?3*°
1l
E ﬂri=C‘cr'G (x,p%)) (11)
ldp] qYq7 g PiL)-

Here E,| and p, are the energy and momentum of inclusive
particle 1; C ; is a constant characterizing the hadronization
of a quark ¢ into hadron 1; afl is the cross section of the
process in which a quark ¢ from nucleus II passes through
the target I without collisions; G",q(x,p% ) is the quark—
parton structure function of nucleus II, interpreted as the
quark momentum distribution in the nucleus. It follows from
this expression for the inclusive cross section that the ratio of
the inclusive cross sections of different fragmenting nuclei
II' and II is equal to the ratio of their structure functions:

da':l’
dp,

c_igf_ G g(x.p1,)
' dp, Gu/q(x,Ph) .

The properties of the nuclear structure functions have been
studied in Refs. 14 and 15 for a wide range of fragmenting
nuclei and initial energies. A remarkable result in the study
of cumulative particle production was the establishment of
the relations

E, (12)

do

K+
dp, )

E d—o(w7)=E d—c(w+)=E
ldPl ' dp, !

do
>E,| d_pl(K ). (13)

These relations are valid for identical values of the scaling
variable x for all particles and confirm the assumptions of
Refs. 28 and 50. Since nuclei predominantly contain valence
u and d quarks, the equality of the K* and 7" cross sections
can be viewed as a consequence of the fact that their struc-
ture functions G",,,(x,pi) are identical. In addition, it can be

T a" Kt - . .
assumed that C; =C; =C, . The K~ cross section is
significantly smaller because this meson does not contain
valence quarks.
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FIG. 17. w*/7~ cross-section ratio as a function of the scaling variable
X.

The ratios of the structure functions on nuclei of sepa-
rated isotopes of nickel, zinc, and tin for pions and protons
were first studied in Ref. 48 as a function of the scaling
variable x; this is equivalent to study of the energy depen-
dence of the isotopic effect for these particles. The results are
shown in Fig. 17 (pions) and Fig. 18 (protons).

Let us consider the pion data. The cross-section ratio for
the combination ®Ni/*®Ni is practically unity for 7% and
about 1.2 for 7~ in the entire range of x. These nuclei con-
tain identical numbers of protons (Z=28) and different num-
bers of neutrons, N=236 and 30, respectively. The ratio of the
mt and 7~ cross sections for the combination '2*Sn/!'!*Sn
behaves similarly. This pair of nuclei also contains the same
number of protons (Z=50), and the numbers of neutrons are
N=74 and 64, respectively. The last combination ®*Zn/%Ni
shows that the 7~ cross sections are practically equal, and
that the 7" cross section is greater than unity. The proton
and neutron contents in these nuclei are 30 and 34 (Zn) and
28 and 36 (Ni). In the last case the numbers of protons and
neutrons in the nuclei are different for identical mass num-
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FIG. 18. Ratio of the proton cross sections as a function of the scaling
variable x.

bers (isobars), but the dominant role played by the nuclear
charge is apparent.

The same combinations of nuclei for the ratio of the
proton cross sections (Fig. 18) show that the proton produc-
tion cross section is independent of the neutron excess on
isotopes of nickel in the entire range of x. The x dependence
of the cross-section ratio in the soft region of the spectrum
can be traced for tin isotopes. The last combination (zinc and
nickel isotopes) demonstrates the effect of the nuclear
charge, which is comparable in magnitude to that for pions,
and indicates that the soft part of the spectrum depends on
X.

The close relation between cumulative processes and
deep-inelastic scattering of leptons on nuclei was seen even
in the early period of the investigations. In particular, a simi-
lar behavior of the structure functions studied in cumulative
production and lepton—nucleus scattering was specially
noted in Refs. 46 and 50-52. The universal nature of the
structure functions in hadron—hadron and lepton—Ilepton
deep-inelastic scattering when the structure of the primary
hadron is taken into account was stressed in Ref. 53, where
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FIG. 19. Ratio of the structure functions of deep-inelastic scattering in the
process u(90 GeV)+A from Ref. 56.

the results of investigations of inclusive processes over a
long period of time are summarized.

The studies of lepton deep-inelastic scattering on nuclei
undertaken in the last decade at various accelerators have
revealed interesting features in the behavior of the structure
functions, which turned out to be different for free nucleons
and nucleons in a nuclear medium. The history of the subject
and the results obtained by various collaborations can be
found in Ref. 54. The recent data of the BCDMS
collaboration®® are particularly interesting, as they apparently
definitively confirm that the structure function F 2C is nonzero
for x=1 in the scattering of 280-GeV muons on carbon.

The relatively recent data of the New Muon
Collaboration®® (NMC at CERN) on the scattering of 90-
GeV muons on 6Li, 12¢, and “Ca nuclei indicate interesting
features in the ratios of the structure functions. The selected
nuclei differ in their dimensions and densities. They are
r=2.6F and p=0.04 F~3 for °Li, r=2.5 F and p=0.09
F~? for 12C, and r=3.5 F and p=0.11 F~3 for “Ca. The
ratios of the structure functions on these nuclei turn out to be
sensitive to the nuclear sizes and densities in the range
x=0.008-0.05. As an illustration, in Fig. 19 we give one of
the results of Ref. 56.

COMPARISON WITH THE DATA IN THE LITERATURE

The results presented in the preceding sections reveal the
general regularities of cumulative processes: the absolute
values of the invariant differential cross sections, the behav-
ior of their A dependence, and the exponential variation of
the cross sections in various representations. The correlation
between the cross sections and the nuclear density is, in our
opinion, the first experimental fact suggesting a reason for
the strong variation of the cross sections and their irregular
behavior for light nuclei. In any case, this fact determines the
sizable value of the cross section for all the particles ob-
served experimentally. The interesting feature in the behav-
ior of the cross sections on “He and °Li nuclei (the cross
sections per nucleon are identical) may be related to the fact
that in an inclusive process we obtain an averaged picture,
whereas in some cases the °Li nucleus acts like the core of
the helium nucleus with a deuteron outside the closed shell.
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Since the 'Li nucleus has much smaller radius than does
SLi (Ref. 57), this region of nuclei is very suitable for per-
forming correlation experiments, which are quite easy to de-
sign from the viewpoint of the choice of particle and the
momentum and angular detection ranges.

In the region of light nuclei there are interesting features
associated with the behavior of the cross sections for cumu-
lative particle production in various beams. The proton and
neutron yields from oLi, "Li, Be, '°B, "B, and C were stud-
ied in Ref. 58 using proton beams with momentum 7.5 GeV/
¢ and 7w~ beams with momentum 5 GeV/c at an angle of
120°. The A dependence of the cross sections behaves ir-
regularly for isotopes of lithium and boron. The proton yield
increases with increasing number of neutrons, and the charge
of the incident particle plays a significant role for isoscalar
nuclei: more neutrons are produced in 7~ A interactions,
while the proton yield is higher in pA interactions. The fol-
lowing values were obtained'*'" for the cross-section ratio
on isotopes of lithium using an 8.9-GeV/c proton beam
(9=180°, momentum 0.5 GeV/c): 1.75+0.53 (d),
1.24+0.04 (p), 1.02+0.09 (7"). The cross-section ratios
on lithium isotopes ("Li/SLi) for a beam of carbon nuclei
obtained in Ref. 41 are 1.43+0.11 (d), 1.22+0.03 (p),
1.39+0.08 (7*), and 3.2+2.4 (K™*). Thus, the isotopic ef-
fect on light nuclei is manifested in pA interactions only for
pions. In CA interactions for all particles the cross sections
are observed to grow with increasing number of neutrons in
the nucleus (see the tables of cross sections in the Appendix),
i.e., the isotopic effect in the sense of the cross sections for
positively charged particles being independent of the neutron
excess is not observed. Here we see a second feature which
is manifested in carbon beams. In connection with this, we
note the results of Ref. 59 on the measurement of the spectra
of protons, deuterons, and tritium in CA interactions (emis-
sion angle 160°). Comparison with the data from pA inter-
actions showed that the slope parameters of the deuterium
and tritium spectra are increased for a carbon beam. On the
other hand, in Ref. 60 the study of the 7w~ spectra in pC, DC,
aC, and CC interactions did not reveal any change of the
shape of the spectra within the 10—15% error. It may turn out
that more accurate measurements in nucleus—nucleus colli-
sions will reveal important details of the interaction mecha-
nism. A phenomenological approach to the description of
cumulative production in nuclear collisions taking into ac-
count the presence of fluctons of the projectile and target has
been developed in Ref. 61 and awaits experimental testing.

The characteristic features of cumulative protons, in par-
ticular, the A dependence of the cross sections and the slope
parameter of the spectra on various nuclei, which have been
studied using a beam of bremsstrahlung photons with maxi-
mum energy in the range from 2 to 4.5 GeV (Ref. 62) turned
out to be the same as for proton beams. The proton kinetic
energy was measured in the range 65-280 MeV at angles of
45-150°.

The inclusive proton spectra on the standard set of frag-
menting nuclei (Be, Al, Cu, Pb) were measured in Ref, 25
using m, K, and p beams of momentum 40 GeV/c. The
range of proton kinetic energies was 0.1-0.3 GeV, and the
average detection angle was 157.5°. The general regularities
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of cumulative processes appear under these experimental
conditions: the exponential behavior of the cross sections,
the similar behavior of the cross sections for different beams,
the independence of the slope parameter of the spectra from
the mass number of the fragmenting nuclei (for A=27), and
the difference in the behavior of the cross sections on light
nuclei.

The results obtained using neutrino beams are interest-
ing. The interaction of a wide-band neutrino beam with en-
ergy 10—-200 GeV with photoemulsion nuclei was studied in
Ref. 63 (at Fermilab) to observe the cumulative protons. The
data obtained on the slope parameter of the proton spectrum
and on the A dependence of the cross sections were com-
pared with the data for hadron and antineutrino beams.
Within the experimental error the results are the same for
different beams and confirm the general regularities of cu-
mulative processes. In addition to the inclusive data, the au-
thors of Ref. 63 studied the multiplicity correlations in
events with cumulative protons. Among the interactions
studied, those authors saw events without cumulative par-
ticles and events with one or more cumulative particles
(some even with more than three). It turned out that the
average number of relativistic (s) particles is independent of
the number of cumulative protons and of whether or not any
are present at all. The average multiplicities of » and g par-
ticles (protons with momenta 250—1000 MeV/c) are propor-
tional to the number of cumulative protons. The data were
analyzed by the authors of that study using the few-nucleon
correlation model and the mean-field model, and it was
found that there are no correlations between (x,), the aver-
age value of x for events with cumulative protons, and (x),
the average value of x for the other events. This result dis-
agrees with the predictions of those models.

The same neutrino beam was used in Ref. 64 to study the
depenence of the average yield of cumulative protons on the
squared 4-momentum transfer Q2 for events with and with-
out cumulative protons. It was found that in the range of
neutrino energies 10 GeV<E <30 GeV, the value of {Q?)
is independent of the presence of cumulative protons in the
events. In the range 30-50 GeV the value of (Q?) is larger
for events with cumulative protons than for ones without
them. For E,>50 GeV the value of (Q?) is smaller in events
with cumulative protons than in ones without them. For
E,>50 GeV and Q?>15 (GeV/c)? the average yield of
cumulative protons falls sharply (by about a factor of 4).
This led the authors of Ref. 64 to conclude that as E, and
Q? increase, the momentum transferred to the parton jet in-
creases, and, in accordance with the hypothesis of finite had-
ron formation length, the contribution of secondary interac-
tions decreases. At sufficiently large momentum transfers
hadrons can be formed outside the nucleus, which causes the
contribution of secondary interactions to die out.

Similarity of the characteristics of cumulative protons
and neutrons was noticed in Ref. 65, where the proton and
neutron yields were studied for a large group of nuclei using
proton beams of momentum 7.5 GeV/c and 7" beams of
momentum 1.4 and 5 GeV/c. The secondary-particle kinetic
energies were measured in the range 60-200 MeV at the
angle 120°. The proton and neutron spectra on different nu-
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clei and beams are similar. The ratios of the neutron and
proton cross sections are close for heavy nuclei on different
beams, and they demonstrate scaling behavior as a function
of the secondary-particle energy. It is remarkable that these
ratios are smaller than N/Z, the relative content of neutrons
and protons in the nuclei studied.

The spectra of cumulative particles (protons and pions)
were measured in Ref. 19, for kinematical conditions close to
those of the present study, in the secondary-particle momen-
tum ranges 0.6-1.8 GeV/c (protons) and 0.6—-1.6 GeV/c
(pions) for emission angle 119°. This is the largest momen-
tum range for an initial energy of 10 GeV. Our data were
compared with the results of Ref. 19 (cross sections per
nucleon of the fragmenting nucleus) for Pb and Ta nuclei
with similar A values, taking into account the absolute nor-
malization of the data. The fit to the proton data'® gives the
average value (xy)=0.134+0.002 in the entire range of x.
The fit to the combined data reveals two exponentials with
slope parameters 0.13620.002 and 0.08*+0.006. Similarly,
for the combined pion data we find (xq)=0.145+0.002
(") and (x0)=0.150+0.002 (7~), but in the latter case
the value of x* is over 30. The original values of the slope
parameters in Ref. 19 for pions were 0.140%+0.002 (7r*) and
0.137£0.002 (7). The slope parameters of our data for
pions of different sign agree for momenta above 0.5 GeV/c
and exceed the values in Ref. 19 by about 10%. On the other
hand, the slope parameter of the proton spectrum is about
15% smaller than that in Ref. 19. This discrepancy arises
because in Ref. 41 we obtained the slope parameters by sepa-
rate fitting of the regions arbitrarily designated as the soft
and hard parts of the spectrum, which is not really correct for
a small number of points. Our goal there was to obtain the
most acccurate value of the slope parameters for individual
nuclei (see the corresponding tables of the Appendix).

The ratios of the 7 and 7~ cross sections in Ref. 19
are identical and within the experimental error (10%) inde-
pendent of the mass number of the fragmenting nucleus.
These ratios increase from 1.1 to 1.3 in the pion momentum
range 0.6—-1.4 GeV/c. Possible reasons for the pion cross-
section ratios to differ from unity are the following: the ef-
fect of the incident-particle charge or of the Coulomb field of
the nucleus, the neutron excess in the nuclei, or the differ-
ence between the structure functions of u and d quarks in
isotopically asymmetric nuclei. All of these factors can ap-
parently affect the cross-section ratio, but so far a satisfac-
tory explanation is lacking.

According to the data of Ref. 24, which summarizes a
large series of studies by those authors, the dependence of
the 7 /m" cross-section ratios on the pion momentum
shows that the ratios deviate from unity by less than 20%,
and a significant momentum dependence can be seen only
for the tungsten nucleus.

A number of interesting results were obtained in Ref. 66
from study of the process p+A— 7~ (180°)+ X on the C,
Al, Cu, Sn, and Pb nuclei. The measurements were per-
formed in proton beams of energies 0.8, 1.05, 2.1, 3.5, and
4.89 GeV. First, the /7" cross-section ratio grows with
increasing initial energy and reaches unity for initial energy
~35 GeV. The slope parameter of the pion spectrum T, be-
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haves similarly as a function of the energy of the proton
beam, reaching a constant value of ~60 MeV for initial en-
ergy of the proton beam ~5 GeV.

The behavior of the exponent of the A dependence of the
pion cross sections has special features at different initial
proton energies. For the energies 0.8 and 1.05 GeV it is
constant, equal to about 2/3. Then it rises to unity at the
value of the scaling variable used in Ref. 66,
K=T,/Th*=1 (the cumulative region), where T;* is the
maximum possible kinetic energy of pion production in a
nucleon collision. The pion energy spectra have an exponen-
tial form in the dependence of the cross sections on the scal-
ing variable x'=p.™/(p5" Imax- The slope parameters of
the spectra are different for each initial proton energy. The
scaling behavior of the cross sections for negative pions as a
function of the variable (1—x')" following from the hard-
scattering model is not confirmed by the experimental data.
The results of Ref. 66 confirm the main features of cumula-
tive production and, in addition, demonstrate the attainment
of the asymptotic regime for initial energy equal to 4-5
GeV, in agreement with Refs. 13 and 7.

Let us consider the /7~ cross-section ratio from the
viewpoint of the isotopic invariance of the strong
interactions.! Denoting the invariant differential cross section
as Edal/dp=f, for the elementary event we can write

flp—a"nX)=f(n—a" pX)=fn,
flp=a AT =fln—om"A7)=f4,

1
f(P'—’W+AO)=§fA,

fa

—_— <

- £<1

In the case of the *®*Ni and ®Ni nuclei with numbers of
protons and neutrons Z,N and Z,N+ AN, respectively, we
have y=AN/N=0.2. Similarly, for the pair of nuclei ®Ni
and %Zn we have y'=AZ/Z=0.07. Then for the ratio of
cross sections on nuclei with different numbers of protons
and neutrons Z,;,N, and Z,,N, we obtain

R(m)= ZintNSY 2y
ZofntNofa  Zy°

. ZifatNify N,
R(mT )= =—.
ZofatNofy Ny
Finally, for the ratio of cross sections on nuclei which are
isotopes and isotones we obtain

(£=0.1—001).

R(wH)=1; (isotopes),

(14)

=+ 2
R(m™ )= =y

)= A—Z: r. T )= 1
R(m7)=1+ 7 1+y’; R(m )=1 (isotones).

(15)

We see from the latter expressions that the ratios of the 7"
and 7~ cross sections are determined only by the relative
content of protons and neutrons in the nuclei and do not
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involve any additional factors which could take into account
other characteristics. The general values for the cross-section
ratios are in quite satisfactory agreement with the experimen-
tal values quoted above for proton and nucleus beams of
various initial energies and emission angles (Tables III, V,
and VII). This viewpoint preserves the succession with the
clementary event and reflects the general conservation laws.
However, the results on light and heavy nuclei are not de-
scribed in this scenario. We recall that on light nuclei the
cross sections are observed to grow with increasing number
of neutrons, while on heavy nuclei the cross sections for
positive and negative pions are about the same.

In Ref. 37 the irregularities in the behavior of the cross
sections for positive particles on isotopically enriched nuclei
were associated with the change of the nuclear charge radii,
the known values of which were used to calculate the density
per nucleon of the nucleus (the charge-distribution density).
It was noted that the cross sections are correlated with the
charge-distribution density determined in this manner. Figure
15 shows the data on the proton production cross section and
the values of 47R3/3A for isotopes of iron, nickel, and zinc
(here R stands for (r?)'2). The slight hint of a jump in the
curve in going from ®Fe to *®Ni is related to the fact that
there are several values of the rms radii for these isotopes,
calculated using different models.*> We chose the average
radius, which could level out the result. The existence of this
correlation, which has the same magnitude for particles with
different kinematical and quantum characteristics, is very in-
teresting for understanding the interaction of relativistic nu-
clei. We stress the following: the collision parameter was not
controlled in the experiment.

We see that the main characteristics of cumulative par-
ticle production are quite insensitive to the form and energy
of the primary particle beams. The data of the present study
demonstrate this stability for nuclear targets, in detail in
some cases. Before summarizing the results, let us study the
most popular models of cumulative production. We make no
claim that our discussion is complete and do not go into the
details of the original studies. We note only the main features
which can be directly compared with the experimental re-
sults.

POSSIBLE MECHANISMS OF CUMULATIVE
PARTICLE PRODUCTION

Unavoidable accompaniments of processes involving
nuclei are the Fermi motion of the nucleons and the rescat-
tering of the created particles on intranuclear nucleons if they
are created inside the nucleus. Naturally, the question of the
contribution of the Fermi motion arose in connection with
the first discovery of cumulative pions in the process D
+Cu— 7 (0°). The calculations performed in Ref. 67
showed that the experimentally observed cross sections are
about two orders of magnitude larger than the possible con-
tribution from the Fermi motion. Direct calculation of the
experimental spectrum of pions from nuclei® showed that in
the hard part of the spectrum the effect from the contribution
of the Fermi motion is smaller than the observed effect by
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4-5 orders of magnitude. Here it is appropriate to note that
the work done in Ref. 69 essentially reproduced the experi-
ment of Ref. 2. The fragmentation of the incident deuteron
into w~ on C, Al, Cu, and Pb targets was studied in order to
explain the dependence of the cross section for projectile
fragmentation on the type of target. The exponents n proved
to be 0.27%0.09, which indicates that the interaction has a
peripheral nature. A similar conclusion was made in Ref. 70
in studying the fragmentation of a beam of helium nuclei
into 7~ (the exponent a=0.4).

The contribution of successive rescatterings on intra-
nuclear nucleons was calculated in Ref. 71 for cumulative
proton production, and qualitative agreement with experi-
ment was obtained. The characteristic features of the
multiple-scattering mechanism are the presence of recoil
nucleons and polarization of the final protons, which must
accumulate in successive scattering events. The latter feature
was not confirmed experimentally. Measurements of the pro-
ton polarization on various nuclei using a 1-GeV proton
beam gave a zero result on the average.”” The polarization of
cumulative protons in pA interactions for initial proton en-
ergies in the range 16-64 GeV is insignificant (=10%).”
The role of the production of large masses in the intermedi-
ate state in inelastic rescattering on the nucleons of the deu-
teron, leading to cumulative pion production in the entire
kinematically accessible region, was estimated in Ref. 74.
The authors showed that the experimentally observed value
from Ref. 12 can be obtained in this approach. The studies
that we have quoted’"’* date from the early stage of inves-
tigation of cumulative processes, and it is not at all obvious
whether or not the logic of these studies incorporates the
properties of scaling, detailed scaling, or superscaling which
characterize the modern experimental results on cumulative
production.

The authors of Ref. 75 were the first to propose a mecha-
nism for cumulative hadron production analogous to the pro-
duction of hadrons with large transverse momenta on
nuclei.’® The nucleus is treated as a heavy elementary par-
ticle consisting of n, quarks. The incident particle decays
into parton—quarks, one of which (or a more complicated
quark formation) collides with a parton (or quark formation)
of the nucleus and produces a parton with large momentum
transfer, which is emitted into the backward hemisphere and
is hadronized into a detected particle. For the incident par-
ticle, the quarks contained in the volume of radius
' turn out to be coherent. In the rest frame of the
nucleus this volume is dilated by the vy factor, and for suffi-
ciently large initial energy E, when y>R/r, it cuts a tube
from the nucleus. The probability for a single quark to be
incident on the coherence volume is equal to the ratio of the
cross-sectional areas of the tube and the nucleus:
q~(ro/R)?<1, and the probability for all 3A quarks to
reach this volume is (¢2)*4 and falls off factorially with
increasing A. The process on coherent fluctons with smaller
quark content is more probable. The cross section for cumu-
lative hadron production in the process B+A—C+X has
the form

rozmp
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d3(f E a(0)—1 ‘P(sf))
=T z) AT
£y
Xexp| —& 9B lnm -Cl|. (16)

Here E, &, and 9 denote the energy of the incident particle,
the energy of the observed hadron, and the emission angle,
a(0) is the intercept of the leading Regge trajectory in the
BB channel, ¢@(& ) is a power-law function of €5, C is a
constant parameter, and k=n,+n,+n_.—2, where n; is the
quark content of the interacting flucton formations of the
incident particle and the observed hadron. The function
B(L) is monotonic in the region L>0, B(0)=0, and B~L
for L—oo. The specific form of this function depends on the
clustering in the nucleus, i.e., on how large are the groups of
quarks in the coherent fluctons. This expression describes the
characteristic features of cumulative processes: for
a(0)=1 the cross section is independent of the initial en-
ergy, and with increasing A the cross section grows roughly
as A", where n=2+¢g4(B/L). The slope B grows with in-
creasing mass of the incident particle (g£4) and decreasing
A, and the cross section is isotropic for small momenta
(p/e<<1) and falls for p=¢. The quantitative description
depends on the model of flucton formation.

The quark—parton model of production on nuclei at high
energies was developed in Ref. 77 and gives a good repro-
duction of the experimental results on the deep-inelastic scat-
tering of leptons on nuclei, on lepton-pair production, on
cumulative pion production, and for processes with large val-
ues of x and small p, . The model is based on the concept of
the fragmentation of a group of nucleons lying inside a tube
of cross section o oriented along the trajectory of the inci-
dent particle. The nucleons inside the tube are assumed to be
inactive at the time of the collision and are spectators whose
interaction is neglected. The inelastic cross section on the
nucleus has the form

A
o(a—b)= fai .3, P(i.4)o(ab), a7)

where o, /o is the effective number of nucleons in the tube,
P(i,A) is the probability that the tube contains exactly i
nucleons, and o;(a—b) is the fragmentation cross section of
this tube. The nucleons contained in the tube can be replaced
by quarks, assuming that d,=u, and u,=d, for the (Z/A);
protons and the [ (A —Z)/A]; neutrons contained in the tube.
Then in the frame of the overall momentum of the nucleus
the valence quarks of the nucleons in the tube have the fol-
lowing x distributions:

u(x)=(ZIA)a(x)+[(A—Z)/A)d(x), (18)
d(x)=(ZIA)d(x)+[(A—Z)/A)i;(x). (19)

The forms of the functions d;, d~, u;, and u; used in the
actual calculations and of the functions describing the re-
combination of quarks into hadrons are given in Ref. 77.

In Ref. 11 the fragmentation model’’ was used to esti-
mate the isotopic effect for protons and 7+ mesons, which

occurs owing to the smallness of the ratio (Z/tTizO.l. In
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addition, the isotopic effect was predicted for K* mesons,
and the isotonic effect was predicted for =~ mesons and
neutrons. These predictions were actually confirmed experi-
mentally, at least qualitatively, and here it would be interest-
ing to have more accurate calculations. As was shown in Ref.
11, the fragmentation model gives a completely successful
reproduction of the experimental results for particles consist-
ing of valence quarks. However, calculations give a factor
=600 for the K*/K~ cross-section ratio, which is an order
of magnitude larger than the experimental data. The results
of the present study for the K*/K~ ratio give 40+20%,
x=1.2 in the range of nuclei from Ni to Sn. In the hard-
scattering model'! the K*/K ™ ratio is =80 for the tantalum
nucleus (initial energy 400 GeV, x=1). The hard-scattering
model leads to too rapid falloff of the cross section for the
cumulative process with increasing x, and it is doubtful that
a description in terms of a quark—quark scattering mecha-
nism of heavy-fragment (p,d,t) production would work, be-
cause even in processes with large p; the behavior of the
proton cross section (~p, 12 differs strongly from that of
the meson one (~p}8).

The original idea of fluctuations of the nuclear-matter
density® was developed in Ref. 9 to the current level of un-
derstanding. Density fluctuations occur in a small correlation
volume V§Z(4/3)7rr2, where r; is the correlation radius.
The initial proton can interact with the correlation as with a
single object of mass M =km, i.e., the flucton mass. The
probability for such an event according to the classical
theory of an ideal gas (normalized to the A nucleons of the
nucleus) is estimated as

lgf:(':)(vg/vo)""A""zA>>k(A/k!)(V§/Vo)k_l
(20)

for A>k. Here AV, is the nuclear volume and
V0=(4/3)1rr(3, is the nucleon volume for effective radius
ro=1.2 F. Such a fluctuation has a lifetime 7, small com-
pared to the period of motion ¢* of the orbiting nucleon. The
probability is B4=r,/t". The reaction cross section and
form factors for scattering on the nucleus A are defined as

o=, kBiay; F=2, kBiFy, 1)

where o, and F are the cross sections and form factors for
the interaction of the incident particle with the flucton (k is
the number of nucleons in the flucton). They are calculated
either phenomenologically by analyzing independent experi-
ments, or microscopically, using quark—parton representa-
tions of the hadron— or lepton—flucton interaction mecha-
nism.

Starting from the assumption that the nucleons of the
nucleus lose their individuality in the correlation region
r<rg, the probability ,8;: is redefined as

Bi=biDy, (22)

where bt is the probability of finding an ordinary (not com-
pressed) cluster of & nucleons in the nucleus A, and D, is the
probability of finding this cluster in a state of fluctuation
compression, i.e., it is essentially the probability for a phase
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transition of k nucleons into a state of a 3k-quark object. The
quantity bf is calculated by the usual methods of nuclear
physics. The probability D, is calculated using one of the
models of quantum chromodynamics. Calculation of the
probabilities for multibaryon configurations shows that D
decreases strongly with increasing k and, for example, for
k=4 is ~10~*. The probability for a two-baryon system in
the deuteron is 8-9% according to the data on deep-inelastic
scattering.

The cross sections for cumulative pion and proton pro-
duction calculated on the basis of flucton representations re-
produce the experimental results for p, =0. It is sufficient to
introduce fluctons with k=4, and in the vicinity of the kine-
matical limit for the kth flucton the cross section receives a
contribution from the following (£ + 1)th flucton at interme-
diate values of its variable. In all the cases studied (different
k and A), the correlation radius r¢ in the flucton lies in the
range from 0.5 to 0.7 F, i.e., it is comparable to the radius of
the core of the NN force. The cross sections for pA—p and
pA— ar have identical structure. The ratio of the proton and
pion cross sections in a particular case (P,=8.9 GeV/c,
¥=180°, secondary-particle momentum 0.5 GeV/c, Pb
nucleus) is 30—150, which agrees qualitatively with experi-
ment. In contrast to reactions with backward particle produc-
tion, in processes with large transverse momenta the reaction
mechanism undergoes a change, when the partons making up
the nucleon and the flucton undergo hard collisions with
large momentum transfer.

The model of few-nucleon correlations was developed in
Refs. 78—81 and was applied to various processes at high
energies. This model is based on the hypothesis of a nuclear
core, the existence of which leads to a noticeable contribu-
tion from configurations in which n nucleons are found at
small relative separations. The probability of such a configu-
ration for the deuteron is estimated to be (4—8)X 10”2 and
grows with increasing atomic weight of the nucleus. After
systematically studying the space-time picture of the scatter-
ing process y+D—p+X, the authors came to consider
hadron—nucleus processes with the following assumptions.

It is assumed that in passing through the nucleus, a suf-
ficiently fast hadron 4 knocks out slow nucleons lying at the
same impact parameter relative to the incident hadron. The
number of such nucleons is ~A . If along its path the fast
hadron 4 encounters a correlated pair, the number of which
is ~A '3 the incident hadron splits this pair and the spectator
nucleon is emitted backward with large momentum. As a
result, the inclusive spectrum of cumulative nucleons is pro-
portional to Ao hA~Ac hA for a sufficiently heavy
nucleus, where nuclear surface effects are unimportant. The
splitting of the correlated pair is described, as for the deu-
teron, by taking into account screening. It is assumed that the
hadron # interacts identically with the proton and the neu-
tron, which are distributed uniformly at the center of the
nucleus, i.e., the correlation functions p%” and p4" are equal.
In the geometrical picture, the cross section for the interac-
tion of a hadron A with the nucleus is o hA=AThN/N,
where N is the average number of nucleons in a tube of
cross-sectional area Trpi, assuming that the transverse size
of the hadron p, is smaller than the characteristic spacing
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between the nucleons in the nucleus. A clear realization of
this scenario is the Glauber picture, in which the incident
hadron interacts with each of the N nucleons of the tube
independently. The probability of finding in the nucleus a
nucleon correlated with any of the N nucleons of the tube
is

|
T PA (M) (2= a), (23)
and the cross section for the inclusive process is

ki (Myy)
2—a ’

o 1 py (M)
E oA g

Kp= Ot
(24)

Here a=(\/m2+p7—p3)/m is the scaling variable. In the
replacement of o, AN by 0;,hAN, K, takes into account pos-
sible screening in the interaction with the pair and the small
suppression due to the final-state interaction. This expression
for the cross section is also valid for a heavy nucleus, when
there is a noticeable probability for the knockout of several
pairs. The condition for it to be applicable is E;, /N s>E,,
where E|, is the energy beginning at which the cross section
for knockout of a nucleon of momentum py from the deu-
teron depends weakly on the incident-particle energy. For a
real nucleus there is a relatively broad distribution in the
number of collisions, and the onset of scaling is delayed.
This equation is also applicable to the production of cumu-
lative 7, K, and A.

In the case of formation of fragments (d,z,...) it is
assumed that on the average the incident hadron breaks up
several correlated pairs of nucleons at the same impact pa-
rameter relative to it. The cumulative nucleons from these
pairs are combined into the observed fragments in the mean
field of the nucleus. This mechanism leads to a relation be-
tween the cross sections for fragment production, which are
expressed in terms of the cross section for proton creation.
For example, for deuteron production we have

do 2
(130' gD Ep dipp (pD/z)

Ep g—=—5|——F " —
> dpy P} Aajy

hN
Aol . (25)
This relation is valid for 4= 180°. The factor &y, is of order
102, A similar expression can be written down for tritium
fragments.

In nuclear collisions** the universal quantity is (in both

YA and hA interactions)
5" (k) =Gy (k) ) ey (26)

Here «p is the screening factor in the interaction of an NN
pair of nucleus A with nucleus B, and

do.B+A—>N+X

A/IN —
GB (a7ki)_a dadzkl

Kp. (27)
The quantity xz depends only on the mass number of the
nucleus B, and not on A. The inclusive cross section for
nucleon knockout from a pair (triplet) is practically indepen-
dent of the interaction of nucleus B with nucleons not be-
longing to correlations. The B dependence of «j is qualita-
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tively determined by the condition that the interaction of
nucleus B with the pair (but not with nucleus A) be periph-
eral, i.e., a few-nucleon correlation must interact only with
the edge of nucleus B. Otherwise, spectators are not formed,
because they lose their energy in interacting with the nucle-
ons of nucleus B. Since the thickness of the surface layer
depends weakly on the mass number of nucleus B, at large
B we have GQ/N(pN)~B”3.

A specific expression of the universality of cumulative
particle production in nuclear collisions is the scaling law:**

G4 P ()G P (py)=0(A|,Ay), (28)

i.e., the ratio of the inclusive spectra is independent of the
type of incident particle (we note that in the original hypoth-
esis of the cumulative effect it is assumed that the character-
istics of cumulative processes are independent of the type of
colliding objects). Using the expression for the scaling law,
we can form the following cross-section ratios:

He+A—-p+X

R He+A—p+X
" D+A—p+X’

Ty S

Here He and D denote the primary beams, and A and C are
the fragmenting nuclei. These ratios are shown in Fig. 20.
We see from these figures that the ratios R; for protons,
deuterons, and pions are practically independent of the mass
number of the fragmenting nuclei (excluding the region of
light nuclei in the case of pions). The ratios R, are constant
for pions, and for protons and deuterons they are growing
functions of A which differ because of their different A de-
pendences. These results are in reasonable agreement with
the assumptions of Ref. 44.

The inclusive cross sections in nucleus—nucleus colli-
sions at high energies were studied in Ref. 82 using the
Glauber multiple-scattering theory taking into account multi-
nucleon collisions. The AA interaction process is represented
as a set of a series of interactions of one or several nucleons
of the projectile simultaneously with one or several nucleons
of the target. In the nonrelativistic case this set can be rep-
resented as successive interactions. At superhigh energies
parallel interactions are more likely, where one or several
nucleons of the projectile decay into virtual constituents
(partons) long before the interaction. These then interact with
one or several nucleons or partons of the target, forming
observable final particles. The inclusive cross section 7"’ for
AA collisions is expressed in terms of the inclusive cross
sections o for simultaneous collisions of i nucleons of the
projectile with k nucleons of the target:

A A
I“)=2 2 1,(,:); 15,:)/AA’=Uf-,:)w,-w,'((2m)2(i+k_2),
i=1 k=1
(30)
where w; is interpreted as the probability of finding i nucle-
ons of the projectile at the same point:

Awizi!c;(zm)m—”f dxpi(x). (31)

A similar expression can be written down for the target
(w'). Equation (20) distinguishes the dynamics of the pro-
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FIG. 20. Ratios of the cross sections for various particles
according to the scaling law.
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cess at small distances by means of o!;’ and the geometrical

picture of its evolution related to the nuclear structure, which
reflect the probabilities w; and determine the A dependence
of the cross sections. The region of the spectra of the cross
sections (rf,:) for different i and k differs purely kinemati-
cally. The region where o'}’ #0 and ¢¢}’=0 is referred to as
the cumulative region. If we take i=1 and k to be the mini-
mum value allowed in the given kinematics (the approxima-
tion of few-nucleon correlations), then in the cumulative re-
gion of target fragmentation

ID=[=AA" 0w (2m)** Y, 32)

which is A times larger than the inclusive cross section for
cumulative particle production on the nucleus A’ by a single
nucleon. Experimentally (see Figs. 2—5 and the tables of
cross sections in the Appendix), the cross sections for CA
interactions exceed those for pA interactions by about a fac-
tor of 4.5.

The microscopic picture of the production of light frag-
ments in hadron—nucleus interactions was studied in Ref. 83
in the central region and in the target-fragmentation region.
The inclusive process h+A—F+X was studied, where F
denotes the fragment mass number (F=2-4). When the
momentum of the produced fragment p .= Fk is directed into
the forward hemisphere (the noncumulative region), each
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parton interacts with only one nucleon of the target nucleus
(n=1). Owing to the kinematical constraints, in the cumu-
lative region it is impossible to produce a fragment nucleon
with the needed momentum & per nucleon, so that the inter-
action of each incident parton with at least two nucleons of
the target nucleus is taken into account (n=2). In a collision
of a parton with n nucleons of the target nucleus it is pos-
sible to produce a fragment nucleon with momentum k be-
longing to the kinematical region with limits given by
k_/m=n, where m is the nucleon mass, k_=ko—k,,
ko=(k>+m?)"2, and k,=k cos 9. This expression is valid
for ultrarelativistic energies of the incident hadron. For
n=2 in the case of production of a fragment directly back-
ward it follows that the fragment momentum is bounded by
the value 3/4m per nucleon.

Expressions have been obtained for the fusion coeffi-
cients in the central region (nucleons are created with large
momenta at small angles, n=1) and in the target-
fragmentation region (moderate momenta, angular range
90°-180°, n=2). For both regions there are predictions
about the behavior of the fusion coefficients as functions of
the mass numbers of the fragments and targets and the an-
gular and momentum dependences. Dependence of the fu-
sion coefficients only on k _ automatically arises in calculat-
ing the Feynman diagram of the process, where along with
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the dependence of the fusion coefficient on k_ one also ob-
tains the absolute value of the coefficient without free param-
eters. However, the calculated values of the fusion coeffi-
cients depend critically on the nature of the nuclear density
distribution and on the values of the fragment radii. In an
earlier study84 the proportionality of the fusion coefficients in
the deuteron to 1/k_ was obtained from purely geometrical
considerations by analyzing the space-time picture of
hadron—nucleus interactions.

The production of cumulative protons in hadron—
nucleus interactions was studied in Ref. 85, where the con-
tributions of various mechanisms (spectator, direct, and re-
scattering) to the inclusive cross sections were also calcu-
lated. The proton kinetic energies lie in the range 70-230
MeV for the angles 90°, 120°, and 160°. The results of the
numerical calculations showed that rescattering dominates in
the cross section at 90° and 7,<160 MeV. Above these
energies the direct mechanism begins to dominate, and the
contribution of the spectator mechanism is negligible. At
160° the main contribution comes from the spectator mecha-
nism, and the contribution of the direct mechanism is negli-
gible. The situation at 120° is not very clear because all
mechanisms except the direct one are important.

Let us make a few remarks about cumulative proton pro-
duction. For example, according to the data of the present
study, the scaling variable x for protons in the momentum
range studied (0.3-0.7 GeV/c) varies from 1.2 to 1.7. The
scaling variable for pions in the same momentum range var-
ies from 0.6 to 1.4. The proton cross sections significantly
exceed the pion cross sections at the same values of the
scaling variable. At the same time, the slope parameters of
the proton and pion spectra are close in the hard part of the
spectra. Protons are initially present in the nucleus as struc-
tural elements and can acquire a considerable energy via the
various mechanisms mentioned above. There is a persistent
idea that protons emitted into the backward hemisphere with
momentum greater than 300 MeV/c, i.e., exceeding the av-
erage momentum of the Fermi motion, are cumulative. It is
also known that there are at least two values of the slope
parameter in the proton energy spectrum (for angles different
from 180°). The results of the present study indicate that this
limit should be moved up to 500 MeV/c, in order to tune out
the complicated soft-proton production mechanism.

A more rigorous definition of the term ‘‘cumulative par-
ticle’’ is given in Ref. 86. It is based on isolating the kine-
matical region of variables where the quasiparticles charac-
terizing the interaction dynamics are quarks. The criteria for
this are b;;=5 and x> 1, where

) 2
b,-k=—(ﬂ— ﬂ) . (33)

m; my
The quantities b;, are the squared differences of the
4-velocities, and p; are the 4-momenta of the particles with
mass m; participating in the reaction. According to the nota-
tion of (4), in the frame of the fragmenting particle
by =2T,/m,, where T is the particle kinetic energy. The
limits on the kinetic energy of the various particles are
T,>0.35GeV, Tx>1.23 GeV, and T,,>2.34 GeV. The con-
dition by >5 implies that the energy per nucleon of the
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interacting nuclei must be greater than 4 GeV, beginning at
which limiting fragmentation sets in. We see from these es-
timates that a proton kinetic energy satisfying both condi-
tions has not been reached in the experiments performed so
far. The ratios of the inclusive cross sections normalized to
A as a function of x for various particles (K*/mw, KY/K™,
7~ /p; Ref. 87) differ in the regions x<1 and x> 1; in the
latter case they become constant (a different constant for
each type of cross-section ratio). The ratios of the p/m cross
sections grow in the entire range of x from 0.3 to 2.5. There-
fore, in our opinion both theoretical work and future difficult
experiments will be required to understand cumulative pro-
ton production.

The cluster model of cumulative particle production (the
nuclear-fireball model) was developed in Refs. 88-92. A
cluster is produced in the first collision of the primary par-
ticle with the nucleus. The resulting system is not a set of
free particles, and over a period of time 7 it behaves as a
single hadronic system. In the cluster rest frame the time is
7~ 1/m . Subsequent collisions between the cluster and the
intranuclear nucleons cause it to be in an excited state, the
lifetime of which is 7,4 in the nuclear rest frame. The time
between two successive collisions is Az=\/v, where \ is
the mean free path of the cluster in the nucleus and v is the
cluster velocity. The condition that the cluster not emit par-
ticles between two successive collisions is 7,,>A¢ or

Trad
m> Nv. (34)

The cluster will emit secondary particles inside the nucleus
when its velocity is decreased to the critical value
Ver=(14749/N\)" "2 owing to collisions with intranuclear
nucleons. The spectrum of pions emitted by the cluster is
given by

E—puv cos ¥

i
T, zr) 172

f(p,¥)=const-exp
0(1 -0

, (35)

where p=|p|, 9=3(p-v), and T, is the universal hadron
temperature =160 MeV. The characteristic ‘‘temperature’’
of the pion spectrum is

Tc= TO[( 1- vcr)/( 1+ Ucr)] 1/2’ (36)

which can be estimated by choosing \=(1—2)m'. This
corresponds to the velocity v ,=0.7-0.8, and therefore gives
T.=67-53 MeV, in good agreement with experiment.

In the case of emission of secondary protons, it is as-
sumed that their appearance in the cumulative region is as-
sociated with the formation and decay of a fireball with non-
zero baryon number. The spectrum of protons emitted by a
baryonic fireball is given by

Sf(p,¥)=const-exp[ — y(E—vp cos 3)/Tg], 37)

where E and p, as before, are the total energy and momen-
tum of the secondary particles, y=(1—v?)""2, and Ty is
the fireball temperature. The values of v and T are deter-
mined from the experimental spectra at various fixed angles.
In particular, the data on the reactions Ne+ U (400 MeV/
nucleon) and Au+ Ar (500 MeV/nucleon) lead to the values
Tp=40-70 MeV and v =0.06—0.1. The data obtained in the
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process y+A—p+X were described by (37). Analysis of
the data for pions and protons at initial energy 400 GeV led
to two values of the parameters 7' and v characterizing the
spectra. For pions from tantalum nuclei the values are
T,=148 MeV and v ,=0.63. For protons they are T,=91
MeV and v,=0.3. The different values of the parameters for
pions and protons might indicate the existence of two
sources of particle emission.

Treatment of the fireball as a thermodynamical system
corresponding to an ideal gas of quarks, antiquarks, and glu-
ons (the quark—gluon plasma) leads to the following expres-
sion for the hadron spectra in fireball decay in its rest frame:

(m+p?) "+
$=exp ————F—|, (38)

where the chemical potential of the hadron £ is equal to the
sum of the chemical potentials of its constituent quarks. For
mesons, Bom™= M1~ Mgz - For baryons,
Mp= php1+ Upot wpy. For nuclear matter with equal num-
bers of protons and neutrons containing # and d quarks,
My=pg=p and u,, =0 (mesons), u,=3u (baryons). We
see from (38) that the effect of the large proton mass is
canceled by the nonzero value of w,. According to the
model assumption, hadron—nucleus collisions occur via the
production of a fireball containing the nucleons in the tube of
nuclear matter lying on the path of the projectile with aver-
age values of the parameters T, and v,, and a fireball of
zero baryon number with parameters T, and v,,. The spec-
tra of cumulative K~ and K mesons are predicted to be
different in this approach. The quark structure of the K~
meson is (iz,s) and that of the K* meson is (u,5), and a
K~ meson can be produced in a pair with a K * meson, the
source of which is a fireball with the maximum temperature
T and zero baryon number. There is an additional source of
K* mesons due to the associated production of strange bary-
ons (A, 2, and so on). Here the creation of K * mesons is
determined by the parameters T, and v, . The experimental
data indicate that the yield of K+ mesons is enhanced and
that their A dependence is close to that for protons, 443

Recent studies” " reflect the current view of the prob-
lem of deep-inelastic processes on nuclei involving both lep-
tons and hadrons. The experimental data are the results on
cumulative particle production and deep-inelastic scattering
(the BCDMS and EMC effects). As noted in Ref. 93, the
discovered effects are in conflict with all (nonrelativistic)
representations of the nucleus as a system of nucleons bound
by potential forces. However, it turns out to be quite natural
to view the nucleus as a relativistic, quantum-field bound
system. The main feature of such a system is that owing to
the vacuum polarization, the nucleus is not just a system of
A interacting nucleons, but a particle—antiparticle sea carry-
ing a certain fraction of the total nuclear momentum in the
infinite-momentum frame. Here the momentum fraction of
the nucleons must be decreased. In quark language this im-
plies a decrease of the average momentum fraction of the
valence quarks of the nucleus relative to that of a system of
free nucleons. Quark models of cumulative particle produc-
tion and the EMC effect are analyzed in Ref. 95.
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Let us discuss the main points, following that study. The
invariant cross section for the process AB— hX for a particle
h in the fragmentation region of the nucleus A at small trans-
verse momentum and neglecting the internal transverse mo-
tion of the quarks inside the nucleus has the form

do

Salxy,p)=¢ =
Pa—n(%yp1) Ln;

A B X
ol =syspy |Fala)da,
h X a

(39)

where F, is the nuclear structure function divided by the
baryon number A, and f5 is some function whose form de-
pends on the specific production mechanism of the hadron
h, but is independent of the nucleus. For the mechanism of
limiting fl'agmentationl’3'8 the cross section is simply propor-
tional to F4(x), i.e., fg(x/a)fvé(x/a— 1). Here x=—u/s
and y=—1/s.

In the classical potential picture of the nucleus, any
structure function can be expressed in terms of the nucleon
distribution in the nucleus 7, (determined by the one-
nucleon wave function) and the nucleon structure function
Fy(x):

Fa(x Q2)=fAT (a)F (i Q2)da (40)
AN B A N a’ .

The distribution T, is normalized to conserve baryon
number when F, is taken to be the valence-quark distribu-
tion, and to conserve energy—momentum, when the com-
bined distribution of all quarks, antiquarks, and gluons is
used. Substitution of (40) into (39) gives the relation be-
tween the cross sections for processes on the nucleus and the
nucleon:

A X
PAﬁ.h(X,P,L)zf Ts(a)py »h(;,lh)da, (41)
X

valid also for the cumulative region x> 1. Few-nucleon cor-
relations contribute to the high-momentum part (a>1) of
the function 7, , because the Fermi motion does not describe
this part of the cumulative-particle spectrum. Studies of
deep-inelastic scattering on nuclei show that the nuclear
structure function does not reduce to the nucleon structure
function, in the sense that there is no relation of the type (40)
with a single function T4 for any distribution of quarks or
gluons.

As was shown in Ref. 93, for a nucleus A and a nucleon
there are in general relations of the type (41) with three in-
dependent distributions: one for the nonsinglet channel Tx §
(valence quarks F), and two for the singlet channel T (for
the sum of the distributions of all the quarks and antiquarks
F, and gluons G). Assuming that T =T, =T and that the
integrals of Tf; and T/A\’S differ by 4-6% for intermediate and
heavy nuclei,

A g -
f (T5—T%)da=A,~0.04-0.06, (42)
0
it is possible to obtain an excellent quantitative description of
the ratio of the structure functions in the entire experimental
range of x. Attainment of this value of the EMC effect for

valence quarks in the region x>0.4 requires that
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J.A(l — a)TIXS(a)da= J:a(T;i(a)— sz(a))dazAA ,
0
(43)

i.e., the total momentum of the ‘‘valence’’ nucleons must be
smaller than the nucleus momentum. Owing to the differ-
ences in (42) and (43), the nucleus must contain, in addition
to the gq and gluon seas of the valence nucleons, a ““collec-
tive”’ sea of gq pairs which is small in magnitude (~A,)
but just as hard as the valence-quark distribution.

The difference between 7% and T%° leads to a new ele-
ment in nuclear structure: an additional collective nuclear
quark—antiquark and gluon sea. Despite the smallness of the
parameter A4 , it has just as hard a distribution spectrum as
do the valence quarks, which can play a decisive role in the
spectrum of cumulative K~ and p not containing valence
quarks of the nucleus. In the region x>1 their spectrum must
be completely determined by the additional sea, owing to the
more rapid falloff of the nucleon contribution. The study of
these particles reveals an interesting possibility for under-
standing the nature of the difference between the nucleus and
nucleon structure functions. This difference may arise owing
to rescattering of valence and sea quarks in multiquark fluc-
tons. Then in the region x=1, where the contribution of the
multiquark component to the valence-quark distribution is
still small and the contribution of the antiquarks of the col-
lective sea dominates, the yield ratio K /K~ =u,(x)/i,(x)
will depend weakly on x and will amount to
=2/A,~30-40 for intermediate and heavy nuclei. In the
region x==2, where multiquark fluctons begin to dominate
also in the valence part, this ratio must decrease to
2/A,=4-6. If the valence and sea quarks are redistributed
throughout the entire nucleus either as a result of rescattering
on each nucleon or owing to transfer of part of the nucleon
momentum into certain meson or NN components, this fall-
off should not occur.

According to this approach, cumulative production of
antiprotons can give information about the possible packing
of the collective sea. If it is packed with NN pairs, the main
mechanism for antinucleon production must be antidiquark
fragmentation, and a large ratio p/p~A,/2 should be ex-
pected. If there is no such packing, the dominant mechanism
is fragmentation of an antiquark of the nuclear sea into an
antiproton, which leads to additional suppression of the an-
tiproton yield.

A new approach to the description of cumulative particle
production on the basis of the quark—gluon string model is
described in Refs. 96 and 97. The model gives a more suc-
cessful description of the fragmentation of ordinary hadrons,
assuming the existence of heavy multiquark states in the
fragmenting nuclei. The main problem is to explain the cu-
mulative production of particles of the type K~ and p, which
contain only sea quarks. An interesting experimental fact,
mentioned above, is that the ratios of the yields of these
particles to the yields of particles which are similar but con-
tain valence quarks of the nucleus are independent of x for
x>1. In the case of nucleon fragmentation the yield ratio
falls sharply as a function of x. This behavior cannot be
explained by the simplest fragmentation models using the
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valence- and sea-quark distributions measured in deep-
inelastic scattering, or by models of nuclei consisting of
nucleons. The reason is that the distribution of sea quarks in
the nucleon falls off rapidly compared with that of valence
quarks. The difference between these distributions is much
smaller in the quark—gluon string model. It was shown in
Refs. 96 and 97 that the difference is too small to obtain
approximately constant behavior of the K*/K™ ratio as a
function of x, without coming into contradiction with the
experimental data from nucleon—nucleon scattering. Analy-
sis of the spectra of cumulative K* and K~ mesons has
shown that they are similar and consistent with the available
experimental data.2'>* The model predicts growth of the
K~ /p yield ratio as a function of x in hadron—nucleus inter-
actions.

The theoretical approaches to the problem of cumulative
particle production can arbitrarily be characterized as either
hot or cold. These terms reflect the conditions under which a
source of cumulative particles (fluctons, few-nucleon corre-
lations, fireballs, clusters, and so on) appears. Hot models
start from the assumption that such an object arises in the
interaction process and then decays into particles with cer-
tain characteristics. Cold models presuppose the existence of
such an object in the initial (fragmenting) nucleus with no
dependence on the initial particle.

We see that none of the models considered gives a com-
prehensive explanation of all the characteristics of cumula-
tive particle production or, even more so, of the details in the
behavior of the cross sections. Nevertheless, all these models
explain the main properties of cumulative production with
some degree of success. Not all the model predictions agree
with the available experimental data, and some require addi-
tional experimental information. The common feature of the
theoretical approaches is the use of non-nucleon degrees of
freedom, especially for particles consisting of sea quarks.

THE MAIN RESULTS

1. Using a single experimental procedure, we have made
the first detailed study of the A dependence of the cross
sections for cumulative particle production in proton and
nucleus beams in a wide range of fragmenting nuclei from
deuterium to lead, and have shown that these dependences
scale. In addition, we have discovered detailed scaling in the
behavior of the cross sections on isotopically enriched nu-
clei, which is manifested for all the beams used.

TABLE IX. p(4.5 GeV/c)+A, 4=120°, p=0.5 GeV/c.

A d p (X107 (X107
SLi 0.212+0.004 1.47+0.03 0.58+0.012 0.48+0.01
C 0.67%0.02 3.02+0.06 0.65+0.013 0.66+0.013
Si 1.25+0.03 4.63+0.09 0.85+0.017 0.73+0.014
3BNj 2.04+0.04 6.23+0.13 0.85+0.017 0.70+0.014
54N 2.10+0.04 5.68+0.11 0.76+0.015 0.78+0.016
%4Zn 2.08+0.04 6.02+0.12 0.79+0.016 0.70+0.014
1145n 2.39+0.05 6.37+0.13 0.69+0.014 0.65+0.013
1245n 2.39+0.05 5.66+0.11 0.62+0.012 0.70+0.014
Pb 3.18+0.06 6.43+0.12 0.57+0.011 0.59+0.012
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TABLE X. D(4.5 GeV/c)+A, 9=120°, p=0.5 GeV/c.

TABLE XIII. B+A—K*+ ..., 9=120°, p=0.5 GeV/c.

A d )] at (X107 7 (X 1071 B
D 0.4220.012  0.228+0.006  0.241*+0.006 A p (X1073) D (X1073%)  “4He (x107%) C (X107?%
‘He  0334+0009 226007  0890+0.018  0.93+0.02
SLi  0344£0007  224+005  0.848+0017  0.76+0.04 D et
c 1.12+0.02 497+0.1 1.21+0.02 1.08+0.12 (He 0-9? 022 . .
Si 205+004 699014 129003  128x012 4 053%019 1003 20=13 1006
NI 3.74+0.07 9.8+0.2 1.27+0.03 1.17£0.04 Li 28%13
SNi 373+0.12 8.87+03 1.1620.02 1.31+0.03 c 0.70£022  22*03 3.0+09 1504
Sn  3.92+0.08 9.9+02 1.24+0.02 1.15+0.03 Al 1603
i + 3+07 39+20
4n . 4722009  10.5+02 108002  1.10+0.02 St 30505 a3 N
4Sn 490009 9.67+0.19  098+002  1.13%0.05 27207 Tav10 219
Pb 6.32+0.13 11.0+02 094£003  0.95+0.02 . 42:1 20+09 f2xl2 0=
3.0+0.5 6.5+0.9 99+3.0
Cu 35+0.5
4y 3.0%05 69+1.0 11%3 29+ 1.7
1950 52+0.8
1248n 3.7+08 8.2+09 13+6
Pb 2.6+0.8 12+4 12+2 39+0.4
TABLE XL He(4.5 GeV/c)+A, 9=120°, p=0.5 GeV/c.
p y . T x10-)  m(x10-)  TABLEXIV. p(89 GeVic)+A, 9=120°, p=0.5 GeVic.
SLi 0.302+0.016  2.16=0.05  0.783+0029 0.746+0041 A K* (X107%) K~ (x107%
c 1172002 6.08+0.12  1.63+0.04 P "
Si 2.13+0.06 724+0.14  130+0.06 1.13+0.07 5432 }f;f g‘gz i'i:?'z)
BNi 3.65+0.07 10202 1.41%0.05 1.05+0.08 ay 1‘3 2: 0' 0 3'2: 0‘7
SNi  3.95+0.08 9.6+0.2 1.41+0.05 1.33+0.10 ““Isl e 30504
“Zn  308x008  10.6+02 1.54+0.05 126+ 0.07 o i'igz g'gg o
Sn  5.62+0.11 11.6+0.2 1.32+0.04 1.22+0.05 Pb n 1'25;0'18 T
245y 5.51%0.11 10.60.2 1.23+0.05 1.28+0.05 =0
Pb 7.6+03 129+03 1.17+0.02 1.1120.03
TABLE XIL C(4.5 GeV/c)+A, 9=120°, p=0.5 GeVic.
A d P (X107 K*(X107Y) TABLE XV. p(89 GeVic)+A; 9=120°, p=0.3 GeV/e.
SLi 0.66+002  477+009  1.84+005  0.104+0.061 , — -
L 081+006  497+009  220+0.1  028+0.13
c 1812004 10212042 3182004  0.15+0.04 SNi 61.0+12 1.43%+0.06 1.05+0.02
Al 3.42+008  1408+028  3.45+0.06  0.16+0.034 64Nj 57.6+12 130+ 0.04 1,10 0.02
Cu 784+0.14 22310 3.89+0.06  0.35+0.05 647n 590.7+12 1.49+0.03 1.09+0.02
145y 10.6+0.3 2522+0.35 3.4+0.2 0.29+0.17 11480 69.3*1.4 1.38+0.03 0.985+0.020
1196n 10.6+0.24 24.6+0.5 3.43+0.07 0.52+0.08 1245n 573%12 1.22+0.02 0.971+0.020
Pb 11.9+0.5 25914035  3.17+0.12  0.39+0.04 Pb 713+15 1.20+0.04 0.907+0.019
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TABLE XVL. p(89 GeVic)+A, 9=120°, p=0.4 GeVic.

TABLE XIX. p(89 GeV/c)+A, 3=120°, p=0.7 GeV/c.

A p " (X107h o (X107h A d (X107Y  p (x107"h) @t (X107 @ (X1073)
BNi 18.8+0.04 4.30+0.10 3.03+0.07 BNi 2.85+0.06 497*0.11 7.30+0.30 5.95+0.24
64N 17.1+0.3 3.81%0.12 3.27+0.07 N 2.87+0.06 4.68+0.09 6.34+0.21 6.58+0.25
$4Zn 19.3+0.4 4.30+0.10 3.24+0.06 54Zn 6.36+0.25
t4sn 222+0.4 3.75+0.09 3.06+0.06 1143n 4.53+0.11 6.22+0.12 6.92+0.25 6.20+0.20
1245 189+0.4 3.44+0.08 2.91+0.06 1248 4.07+0.08 5.44*0.11 5.94+0.16 6.40+0.20
Pb 25.0%0.6 3.35+0.07 2.90+0.06 Pb 5.90+0.15 6.60*0.10 6.30+0.20 6.56+0.21

TABLE XX. Parameters of the approximation of the energy dependence of

TABLE XVII p(8.9 GeV/c)+A, 9=120°, p=0.5 GeV/c.

the proton cross sections for p momentum in the range 0.3-0.5 GeV/c.

A d p ot (X107h 7~ (X107Y 2 T, N Cindf
T d.f.
BN 233005  5.39+0.11 1.11£0.03 0.91+0.03 58
D Ni 3+04 252+38 13
“Ni  241%005  5.12+0.10 1.00+0.02 0.99+0.03 6“N: ;;;g 4 231+8 30
“Zn  236+005  5.88+0.12 1.16+0.03 0.91+0.05 s4zn 33.8+04 231+8 14
"Sn 3.46+007  6.82+0.14 0.98+0.02 0.93+0.02 Hagp 338204 267+9 "
'Sn 313006  6.03%0.12 0.88+0.02 0.97+0.02 124, 34.940.4 21147 17
Pb 4.50+0.09  7.22*0.14 0.88+0.03 0.93+0.02 b 33,0204 313+10 6

TABLE XVIIL p(8.9 GeV/c)+A, 9=120°, p=0.6 GeV/c.

TABLE XXI. Parameters of the approximation of the energy dependence of
the proton cross sections for p momentum in the range 0.5-0.7 GeV/c.

A d p " (X107Y) 7T (X107} A T, B, X/nd.f.
BNi 0.82+0.02 1.73+0.04 3.00+0.07 2.41+0.06 BNi 45.0+0.6 864 1.0

SNi 0.84+0.02 1.60+0.03 2.75%0.06 SN 44.9+0.5 81+4 2.4

54Zn 0.86+0.02 1.78+0.04 2.95+0.07 2.61+0.07 54Zn 423+1.0 11310 1.0

14gp 1.24+0.03 2.05+0.04 2.84+0.12 2.51+0.06 114Sn 45.0*0.5 107+5 10

12480 1.15+0.03 1.82+0.05 2.50+0.06 2.57+0.06 12450 44.7+0.5 97+5 S

Pb 1.69+0.04 2.25*+0.05 2.66%0.08 2.60+0.06 Pb 449+0.5 115%5 2.4
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TABLE XXII. Parameters of the approximation of the dependence of the TABLE XXV. Parameters of the approximation of the dependence of the

proton cross sections on the cumulative number x for p momentum in the proton cross sections on the light-front variable a for p momentum in the
range 0.3-0.5 GeV/c. range 0.5-0.7 GeV/c.

A Xo B, x¥/n.d.f. A a, B, XYn.d.f.
PN 0.093+0.001 781+36 1.4 SN 0.093+0.001 398+28 1.0

%Ni 0.094+0.001 718+ 33 8 Ni 0.092+0.001 381+25 1.0

$4Zn 0.098+0.001 681+31 2 %4Zn 0.090+0.002 501+ 64 1.0

14sn 0.098+0.001 788+ 36 3 t4sn 0.092:+0.001 502+34 3.0

12450 0.101+0.001 605+28 3 12430 0.092+0.001 457+30 1.0

Pb 0.096+0.001 941+43 10 Pb 0.092+0.001 537+35 1.0

TABLE XXIII. Parameters of the approximation of the dependence of the
proton cross sections on the cumulative number of x for p momentum in the
range 0.5-0.7 GeV/c.

TABLE XXVI. Parameters of the approximation of the energy dependence
of the 7" cross sections for 75 momentum in the range 0.3-0.7 GeV/c.

A Xo B, x*/ndf. i T, By X*/md.f.
S8NT:

SO 0.115+0.001 313+21 1.0 64:; Zi';‘fg'g ?;gfg; ;2
SINi 0.114%0.001 30019 1.0 s4ze 72'310'5 21'010'7 L1
%47n 0.110+0.003 408+ 50 1.0 1agn 72'4: 0'5 19.01 0.6 1‘8
145n 0.114+0.001 394+25 4.6 1249, 72. 3: 64 17.3:0.5 2.7
1245, 0.114%0.001 359+23 20 P 136205 160+ 0.6 30
Pb 0.114+0.001 42+27 1.0 R N :

TABLE XXIV. Parameters of the approxirpation of the dependence ‘?f the TABLE XXVII. Parameters of the approximation of the energy dependence
proton cross sections on the light-front variable a for p momentum in the of the 7~ cross sections for 7~ momentum in the range 0.3-0.5 GeV/c.
range 0.3-0.5 GeV/c.

A T, By X*/nd.f.
A ay B, X*/nd.f. 0 !

BNi 76.5* 1.0 12.7+0.7 1.6
3N 0.078+0.001 872+ 41 1.0 64N 78.0+ 1.0 12.84 0.6 1.0
S4Ni 0.078%0.001 802+ 38 6.0 64z 75.8+ 1.0 137407 10
64Zn 0.082+0.001 756+ 35 1.0 Hagn 79.6+ 1.0 11.0+0.5 24
'14Sn 0.082+0.001 875+ 41 2.0 124g 86.6+2.0 78407 10

, .6+ 2. 8+0. .

1248n 0.084+0.001 671%32 2.0 Pb 827+ 1.0 0.1+ 0.4 10
Pb 0.080+0.001 1047+ 49 1.0
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TABLE XXVIII. Parameters of the approximation of the energy depen- TABLE XXXI. Parameters of the approximation of the dependence of the

dence of the 7w~ cross sections for 7~ momentum in the range 0.5-0.7 7~ cross sections on the cumulative number x for 7~ momentum in the
GeVl/e. range 0.5-0.7 GeV/c.

A T, By X*/ndf. A Xo B, x¥nd.f.
Ni 71.5£1.0 19.0£2.0 1.0 3BNi 0.150+0.003 60+9 1.0

®Ni 71.8+ 13 19.0£2.0 1.2 N 0.151+0.003 62+8 1.0

64Zn 740+ 1.3 16.0£ 1.7 4.7 647n 0.155+0.002 506 3.0

'14Sn 724+ 1.0 18.0x 1.5 1.7 114Sn 0.152+0.002 57+6 1.0

1248n 71.8x1.0 19.0+ 1.6 1.0 1245n 0.151+0.002 62*6 1.0

Pb 73.8+ 1.0 16.0+14 2.3 Pb 0.155+0.002 50+5 1.0

TABLE XXIX. Parameters of the approximation of the dependence of the TABLE XXXII. Parameters of the approximation of the dependence of the

w* cross sections on the cumulative number x for 7* momentum in the ar" cross sections on the light-front variable @ for 77+ momentum in the
range 0.3-0.7 GeV/c. range 0.3-0.7 GeV/c.

A X0 B, x¥n.df. A a, B, x¥n.d.f.
BNi 0.14920.001 78+4 1.0 BN;i 0.117+0.001 121%7 2.0

®Ni 0.150+0.001 69+3 1.8 64N 0.118+0.001 1066 4.0

64Zn 0.1490.001 82+4 1.0 64Zn 0.118+0.001 115+5 1.8

45 0.149+0.001 73%3 4.8 114gn 0.117%0.001 1075 1.4

12480 0.149+0.001 65+2 32 1248 0.117+0.001 97+4 3.0

Pb 0.152%0.001 57+3 33 Pb 0.119%0.001 88+4 3.1

TABLE XXX. Parameters of the approximation of the dependence of the

TABLE XXXIII. Parameters of the approximation of the dependence of the
7 cross sections on the cumulative number x for 77~ momentum in the

7 cross sections on the light-front variable @ for 7~ momentum in the

range 0.3-0.5 GeV/c. range 0.3-0.5 GeV/c.

A Xo B, X/nd.f. A @ B, X md.f.
8Ni 0.155+0.002 484 25 8N 0.125+0.002 63=5 1Ll
SN 0.157+0.002 48+3 1.7 s4Ni 0.127+0.002 62+4 1.0
54Zn 0.153+0.002 53+4 1.5 %4Zn 0.124+0.002 69+5 1.0
11480 0.161+0.002 39+2 1.0 ll4gn 0.130+0.001 51+3 1.0
1?4Sn 0.176%0.002 24*3 1.0 1245 0.140+0.003 33+4 1.0
Pb 0.167+0.002 31%2 1.1 Pb 0.135%0.002 40+3 1.0
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TABLE XXXIV. Parameters of the approximation of the dependence of the
7~ cross sections on the light-front variable a for 7~ momentum in the

range 0.5-0.7 GeV/c.

A ay B, x> /nd.f.
S8Ni 0.115%0.002 1121 1.0
64Nii 0.116+0.002 117x1 1.0
647n 0.119+0.002 90+ | 49
tH4gn 0.117+0.002 104+ 1 1.9
1248 0.116+0.001 115+1 1.0
Pb 0.119%0.002 91+1 25

TABLE XXXV. Parameters of the approximation of the dependence of the
deuteron cross sections in various representations for d momentum in the
range 0.5-0.7 GeV/c.

A T, Br x2md.f.
3Nj 29.0+0.4 22.0*1 7.0
64Nj 28.6+0.4 23.0+1 6.0
547Zn 27.9+0.9 25.0+2 1.0
H4gn 29.8+0.5 30.0*1 9.0
1248n 29.9+0.4 28.0+1 4.0
Pb 29.9+0.5 40.0+2 2.0

TABLE XXXVI. Parameters of the approximation of the dependence of the
deuteron cross sections in various representations for ¢ momentum in the
range 0.5-0.7 GeV/c.

A X0 B, xm.d.f.
>8Ni 0.101£0.001 111+8 1.0
%4Ni 0.100*0.001 121+8 1.0
$4Zn 0.101+0.003 113+1 1.5
114gn 0.104+0.002 146+ 1 3.0
124gn 0.104+0.001 134+9 1.0
Pb 0.1040.002 191+1 1.0

TABLE XXXVII. Parameters of the approximation of the dependence of
the deuteron cross sections in various representations for ¢ momentum in
the range 0.5-0.7 GeV/c.

A a, B, x2md.f.
38N 0.081+0.001 139+ 1 1.0
5Ni 0.080+0.001 151+1 1.0
54Zn 0.082+0.003 135+ 1 1.0
14gn 0.084+0.001 1811 2.0
1248 0.084+0.001 166+ | 1.0
Pb 0.084+0.001 236+ 1 1.0
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2. We have performed the first detailed investigation of
the energy dependence of the cross sections on isotopically
enriched nuclei of nickel, zinc, and tin, using an 8.9-GeV/c
proton beam, and we have determined the values of the slope
parameters in the representations traditional in the study of
cumulative processes. The A dependence of the secondary-
particle cross sections has been studied in just as great detail
in the momentum range 0.3—-0.7 GeV/c. The wide range of
fragmenting nuclei made it possible to reveal the character-
istic features of different subranges of nuclei.

3. We have discovered a correlation between the cross
sections and the nuclear density for light nuclei (D, He,
Li, 'Li, C). It is this which is mainly responsible for the
sharp increase in and irregularities of the behavior of the
cross sections in this range of nuclei. The data for emission
angle 180° indicate the same behavior of the cross sections
in this range of nuclei. The */7~ and p/7™* cross-section
ratios on light (°Li) and heavy (Pb) nuclei are independent
of the mass number of the projectile nucleus. The 7"/~
cross-section ratios are close in magnitude for light and
heavy nuclei, while the ratio of neutrons and protons in Pb is
1.5.

4. For intermediate and heavy nuclei we have discovered
an isotopic effect in the behavior of the cross sections: the
production cross section of positively charged particles
(mt. Kt p) is independent of the neutron excess at fixed
nuclear charge. On the other hand, the cross section for 7~
production is correlated with the neutron excess. The two
effects occur in proton, deuteron, and He beams. These ef-
fects are comparable in magnitude to the relative proton and
neutron contents in the fragmenting nuclei.

5. On light nuclei °Li and "Li the isotopic effect is mani-
fested only for 7+ mesons in proton—nucleus interactions.
The isotopic effect is absent in beams of carbon nuclei: the
production cross sections for positively charged particles
wt, K, and p grow in going from °Li to "Li.

6. The ratios of the structure functions (ratios of the
inclusive cross sections) on isotopically enriched nuclei as a
function of the scaling variable x demonstrate symmetric be-
havior for pions of different sign of the charge, owing to the
relative proton and neutron contents in the nuclei. The analo-
gous cross-section ratios for protons on the same nuclei re-
veal a marked x dependence in the soft (up to 0.5 GeV/c)
part of the spectrum, especially in the case of tin isotopes.

7. Comparison of the cross sections of positively and
negatively charged particles on fragmenting nuclei which are
isobars (%*Zn and %Ni) shows that the nuclear charge plays
the dominant role in the production of positive particles.

8. The isotopic effect in the behavior of the cross sec-
tions for =+, 7, and p is manifested in the same manner in
primary proton beams of momentum 4.5 GeV/c and 8.9
GeV/c.

9. The exponents of the A dependence of the cross sec-
tions for pions, protons, and deuterons as functions of the
mass number of the primary beams demonstrate scaling be-
havior, increasing in magnitude as the type of beam changes.
Beginning with beams of He nuclei they become constant, a
different constant for each particle.
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CONCLUDING REMARKS

We have considered processes of cumulative particle
production in interactions of nuclear beams with a large
group of fragmenting nuclei, essentially encompassing the
entire periodic table. Comparison with the results of studies
for beams of various types of particles at various energies
shows that the main features of cumulative production are to
a large degree preserved and, in some cases, even preserved
in detail. It has been found that for studying the details in the
behavior of the cross sections for cumulative particles, the
most sensitive characteristic is the A dependence of the cross
sections, which is manifested specifically in various regions
of fragmenting nuclei.

The A dependences of the cross sections on proton and
nucleus beams were measured in this study at a secondary-
particle momentum of 0.5 GeV/c, which corresponds to the
scaling variable x=1 for pions. In Refs. 45 and 98 the A
dependence of the pion cross sections was studied for
x=1.3 and 2.1. The measurements were made at different
emission angles (90° and 168°) using more than 20 nuclei
and demonstrated the scaling behavior of the cross sections.

The results of the present work were obtained by study-
ing inclusive processes with the maximum possible specifi-
cation of the initial state, which pertains to the type of frag-
menting nuclei chosen. The statistical errors in the
measurement of the cross sections are 2—5% in most cases. It
is these facts which have set the terms for the detailed stud-
ies. The detailed scaling in the behavior of the cross sections
both for the A dependence on proton and nucleus beams and
for the energy dependence of the cross sections on proton
beams with twice the momentum is a weighty argument in
favor of a single mechanism for the evolution of the interac-
tion process leading to the production of cumulative par-
ticles, at least under the kinematical conditions of the present
study. The A dependence of the cross sections measured at
fixed momentum of the observed particles demonstrates scal-
ing behavior as a function of the nuclear density for light
nuclei, independently of the sign of the particle charge. For
intermediate nuclei the sign of the particle charge is corre-
lated with the relative proton and neutron content. This cor-
relation vanishes for heavy nuclei. Therefore, three regions
of fragmenting nuclei are distinguished, each one interesting
in itself. Identical momentum of the particles in the study of
the A dependence is the only common feature. Secondary
particles of different masses possess different kinetic ener-
gies and suggest that the properties of detailed scaling are
preserved when their kinetic energies or initial momenta are
changed. This has proved to be true for primary proton
beams (at values of the momentum differing by a factor of
two).

The set of results obtained in the present study repre-
sents new experimental material for studying processes of
cumulative particle production in beams of protons and nu-
clei. The secondary-particle spectrum contains both the
structural elements of the nuclei and structures arising in the
interaction. The detailed scaling in the behavior of the cross
sections of particles differing so greatly in their kinematical
and quantum characteristics may be related to the specific
behavior of the nuclear medium in the case of isotopically
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enriched nuclei or to the effect of the electromagnetic field of
the incident particle on the initial state of the fragmenting
nucleus. It is also possible that both factors play a role.

The correlation with the nuclear density, which varies
maximally for light nuclei, may be the decisive reason for
the existence of configurations which generate cumulative
particles. Of course, correlations on this scale are not ob-
served in the region of nuclei where the density is approxi-
mately constant. The variable quantity in this region of nu-
clei is the charge density, due to the variation of the nuclear
charge radii. The estimates given above indicate a possible
correlation between the cross sections and the charge den-
sity. Since a correlation with the neutron content is observed
in 77~ production, it could be assumed, as for positively
charged particles, that there is a relation between the cross
sections and the neutron-distribution density. However, in
this case there is no experimentally known characteristic
such as the rms radius, so that we can only hypothesize. On
the other hand, it can be assumed that the protons and neu-
trons of the nucleus are not uniformly distributed from the
viewpoint of the incident particle, which via its own electro-
magnetic field can interact earlier and more strongly with the
charged protons (more precisely, with the region occupied by
the nuclear charge, since some neutrons necessarily partici-
pate in forming this region). This can induce polarization of
the nuclear medium, which, in turn, can lead to spatial sepa-
ration of the sources emitting particles of different sign of
the electric charge.

The fact that the cross sections for cumulative particles
on nuclei with different neutron content but identical charge
(equal to the number of protons) behave differently shows
that the initial states of the nuclei make a definite contribu-
tion to the interaction process, while the contribution from
the incident particles is leveled out, because the isotopic ef-
fect is the same for different beams. However, in all cases we
have beams of charged particles, and it would be interesting
to perform an experiment to study these effects using pri-
mary beams of neutral particles, for example, neutrons from
the stripping of deuterons.

We think that it would be interesting to study the behav-
ior of the cross sections of sea particles (K~ and p) for the
group of nuclei ®Ni, %Ni, and %*Zn even in an inclusive
experiment, in order to determine the scale of the isotopic
effect or its absence for such particles.

The near equality of the 7% and 7~ cross sections on
nuclei with neutron content significantly greater than the pro-
ton content is a well established fact and has been noticed in
the studies cited above. A possible explanation is that a neu-
tron halo exists at the periphery of the nucleus, where a
significant number of neutrons can be concentrated. This
would affect their density distribution. Regarding this, there
are some interesting data obtained in experiments using ra-
dioactive beams.” For example, the ''Li nuclei produced
experimentally have size comparable to that of the Pb
nucleus, but they are nevertheless a bound system in which
the ‘‘extra’’ neutrons are pushed out to the periphery of the
nucleus. These experiments have revealed interesting fea-
tures in the nuclear structure related to the neutron and pro-
ton excesses.
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The results of the present study give well defined guid-
lines for performing correlation experiments. The region of
fragmenting nuclei, the type and energy of the primary
beams and secondary particles, and the emission angles can
be fairly arbitrary. Accordingly, different regions of values
of the scaling variables can be chosen. The types of correla-
tion can be rather diverse, beginning from measurement of
the hadronic accompaniment for a particular cumulative par-
ticle, to study of the interference of identical particles, as has
been done, for example, in the studies by the ITEP group'®
on nuclei with natural isotope content.

A relativistically invariant approach to the description of
multiparticle processes in the space of relative 4-velocities
by=— has been developed in a series of
studies and applied to a large set of experimental data.
Here u;=P;/m; is the hadron 4-momentum divided by its
mass. The indices i,k take the values LII,1,2, ... when the
inclusive process is written as I+1I—1,2,... +X. The in-
variant cross section for the production of n particles is
treated as a distribution function in the space of the b;;:
F(b]]],b]],b[z, o ,b" 1 ,bnz, [N ,b]z, e ). The function
F is monotonic in these variables and falls off sufficiently
rapidly for b;;—o0. This property of F is manifested as the
correlation-depletion principle, allowing the hadrons to be
defined as clusters of partons with small relative velocities
b;, and deconfinement to be defined as a process giving rise
to particles with b;;>5.

A new approach to the study of correlation phenomena
in multiple-production processes was suggested in Ref. 102.
For example, the expression for the correlation function of
any three particles 1,2,3 is

C3=W(b\3,b13,b23) —~W(b ) W(b3)W(by). (44)

Here W(b,,), W(b,3), and W(b,3) are the one-dimensional
distributions in the variables b, b3, and b,;, and
W(b,,b13,b3) is the three-dimensional distribution in the
same variables. These and the other distributions are taken
from experiment. Specific expressions for different forms of
the correlation functions are given in Ref. 102.

Particle multiple production has been analyzed in the
space of relative velocities for the reaction 7 (40 GeV/c)
+C—m*+X (in a propane chamber). The distributions of
pion pairs in b;; turned out to be identical in the fragmenta-
tion regions of the pion beam and the C nucleus. The analo-
gous dependences for 7 mesons and protons in the target
fragmentation region differ significantly in the values of
bix, in particular, the values of by, . The properties of pion
jets expressed in these variables turned out to be similar in
7~ C interactions in both the pion fragmentation region and
the target fragmentation region. Studies of the proton distri-
butions in pC, dC, CC, pTa, and dTa interactions (4 GeV/
nucleon) and 7~ C interactions (40 GeV/c) (Ref. 103) re-
vealed the presence of 4-dimensional baryon clusters whose
properties are independent of the type and energy of the pro-
jectile. It was also shown that in relativistic nuclear reactions
there are two regions characterized by different values of
b;. Values b;~10"% correspond to classical nuclear-
physics processes, and values b;;~ 10~ " correspond to the
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transition region, where the quark—gluon degrees of freedom
are included.

We have sketched only the general aspects of the prob-
lem. The possibilities offered by the use of the space of
variables b;; and the justification of self-similarity and cor-
relation depletion in interactions of various objects with nu-
clei in a wide range of energies are given in the studies cited,
which include the details of the determination of the jet axis,
the cluster center, and so on. All these questions are treated
more systematically and completely in Ref. 107.

The next-generation SPHERE installation'®® offers great
possibilities for further study. This installation is designed to
study multiple cumulative particle production in nearly 4
geometry. Among the main goals are the following:

(1) Study of reactions producing two or more particles
(m, K, p, p,...) and vector-meson (p, @, ) production in the
cumulative region; searching for narrow resonances due to
the manifestation of hidden color, exotic quark states, and
resonance quark (multiquark) systems. The investigation of
such reactions makes it possible to study the two- and, per-
haps, three-particle structure functions.

(2) Study of spin effects in reactions with large transfers,
particularly in reactions involving polarized deuterons.

(3) Study of muon-pair production in collisions of rela-
tivistic nuclei and the hadron accompaniment of muon pairs.

(4) Study of the dynamics of particle multiple-
production processes on the basis of measurements of the
correlation function and the azimuthal correlations in particle
production on light and heavy nuclei for the purpose of iso-
lating the ‘‘elementary event’’ corresponding to a local in-
teraction.

(5) Study of the x dependence of the nuclear structure
functions separately for valence and sea quarks in the cumu-
lative and noncumulative kinematics of muon-pair produc-
tion. By measuring the isotopic content of the fragmenting
nuclei (the proton and neutron content), it is possible to ob-
tain data on the x distribution of the sea separately for the
proton and the neutron.

In addition, there are plans to continue the studies using
the internal target of the nuclotron, which allows investiga-
tion of the region of the transition from the nucleon degrees
of freedom of nuclei to the quark—gluon degrees of freedom
as the initial beam energy changes. These problems and the
possibilities offered by the accelerator complex at the JINR
High Energy Physics Laboratory are discussed in consider-
able detail in Refs. 108 and 109.

The present work was performed at the JINR High En-
ergy Physics Laboratory, where studies in relativistic nuclear
physics were initiated. I am deeply grateful to Academician
A. M. Baldin, who laid the foundations for research in this
area and continues to actively support it.

The operation of the installation in synchrophasotron
beams, the data collection, and the processing and analysis of
the experimental results involved my colleagues G. S. Aver-
ichev, N. Giordenescu, P. 1. Zarubin, O. Yu. Kul’pina, N. S.
Moroz, Yu. A. Panebrattsev, M. Pentsya, V. G. Per-
evozchikov, and A. N. Khrenov. I am deeply grateful to all
of them. I would like to give special thanks to A. G.
Litvinenko for numerous and fruitful discussions of the ques-
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tions which arose in the course of the work. I am always
grateful to now-deceased Prof. V. S. Stavinskii, who pos-
sessed a clear understanding of all the problems discussed
here and was always ready to share his knowledge.

Finally, I would like to express my deep thanks to A. L
Malakhov for his great and varied help throughout this work.
I am also indebted to my colleagues in the SPHERE collabo-
ration Yu. S. Anisimov, S. V. Afanas’ev, A. Yu. Isupov, V.
I. Kolesnikov, G. L. Melkumov, I. I. Migulin, S. G. Rezni-
kov, and A. Yu. Semenov.

This work was performed with the support of the Rus-
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APPENDIX

Here we present the tabulated data on the invariant dif-
ferential cross sections for the processes that we have studied
in the form

1 do 1E d*c

- -1 -1
Edp AP p TpdQ (mb-GeV~2-sec® sr~!-nucleon™1).

Tables IX—XII contain the data on the A dependence of the
cross sections for beams of protons, deuterons, helium, and
carbon with momentum per nucleon equal to 4.5 GeV/c. In
Table XIII we give the cross sections for K *-meson produc-
tion in the same beams. Next we give the data obtained using
an 8.9-GeV/c proton beam. Table XIV contains the data on
the A dependence of the cross sections of 0.5-GeV/c K* and
K~ mesons. The energy dependence of the cross sections in
the momentum range 0.3—0.7 GeV/c is given in Tables XV—
XIX. The parameters of the approximations of the proton,
pion, and deuteron cross sections in various representations
are given in Tables XX—-XXXVII.

UThe author is grateful to S. B. Gerasimov for a discussion of this topic.
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