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1. Introduction 

Relativiвtic nuclear рhувiсв iв а new вcientific field ariвing 
at JINR in the beginning of the вeventieв with the accelefation of 
deuteronв to the higheвt energieв of the вynchrophaвotron ) at the 
High Energy Laboratory (НЕL) and when the correвponding prog~am of 
experimental reвearch had been developed in general outline ). 

During the enвuing уеаrв the fulfilment of new operating con
ditionв at the вynchrophasotron and the conвtruction of а highly 
effective (above 90%) вlow extraction beam вувtеm in а new expe
rimental hall allowed uв to accelerate still heavier nuclei to 
neon inclusive and to obtain relativiвtic nuc~ear Ьеаmв, the in
tensity of which iв much larger than that of вecondary particle 
Ьеаmв. 

At preвent the вynchrophaвotron iв the leading accelerator of 
light nuclei over an energy range up to :w: 5 GeV/nucleon and the on
ly accelerator that роввеввев а nuclear energy of -3.5 GeV per 
nucleon, which iв threвhold for the region of limiting nuclear 
fragшentation and in which new propertiee of nuclear matter begin 
to manifest themвelves. 

Веаmв of nuclei with energies up to 5 GeV/nucleon have not 
yet been obtained at other accelerator centreв. At CERN вhort 
runв were made with colliding Ьеаmв ofoL-particleв for а с.m.в. 
energy of 126 GeV. In addition to JINR, Ьеаmв of relativiвtic nu
clei were obtained at Bevalac, Berkeley(USA) and at Saturne, Sac
lay(Prance). However, the energy per nucleon at Berkeley iв twice 
as low ав that at Dubna, and the energy at Saclay that muet Ье 
achieved i n t he nearest future will Ье two timeв lower than at 
Berkeley and four timeв lower than at Dubna. The implementation 
of the projectв of more powerful nuclear acceleratorв in Japan, 
USA and PRG iв expected in 1987-1990. 

Currently the tурев and intenвitieв of nuclei (protonв -
10 GeV, nuclei - 4.2 GeV/nucleon) accelerated at the вynchropha
вotron are the following: 
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Туре of Nuclei Int ensity per Pulse -
р 4 • 1012 

d 1 • 1012 

fd 6 • 108 

Не2 + 5 • 109 
3 

4 
не 2 + 5 • 1010 

с б+ 8 • 107 
о8+ 4 • 105 
Ne10+ 104 

· Тhе total running time of the accelerator is 4000 hours а уеа~ 
85% of which is used to implement the program of experimental re
search and 15% to study and improve operat~ng ~nditions of the 
synchrophasotron and its beams.Breakdowns of the accelerator due 
to faults do not exceed 7% of the scheduled time. 

Тhus the current state of the synchrophasotron among nuclear 
accelerators of the world and its operating conditions еnаЫе phy
sicists from JINR member-coumtries to carry out promising experi
ments of to-day. In particular, further development of the synchro
phasotron ав an accelerator of relativistic and polarized nuclei 
allows us to study not only the behaviour of nuclear matter at 
small internuclear distances under extreme conditions, but also to 
create completely new states of hadron matter-quark plasma. 

Further development of the synchrophasotron and the вi111ultane
ous and effective operation of its beams еnаЫе us to check in de
tail the conclusions of quantum chromodynamics and to begin syste
matic studies of the dynamic characteristicв of interference in 
strong and weak interactions. 

Тhе importance of studies in the field of relativistic nuclear 
physics is obviouв. Uвing the availaЫe experimental results, one 
сап see that nuclear collisions at high energy are the unique 
вource of information on а s~ace-time picture of hadron production 
and their internal structureJ). Тhis primarily concerns studieв of 
nuclear reactions, in which а momentum, which is much larger t han 
the Fermi momentum of nucleons of the nucleus, is transferred to 
atomic nuclei. The study of the processes has led to the discovery 
of previously unknown regularitieв and of the character of manifes
tation of multiquark degrees of freedom in nuclei. For example, as 
shown, already at momentum transfer Q~GeV/c the quark degrees of 
freedom begin to play an important role in nuclear proceвses, had
rons of the nucleuв cannot Ье regarded as elsmentary and their 
quark structure вhould Ье taken into account. Consequently, studUв 
in the field of relativistic nuclear physics are directly related 
to the proЫem of high energy and elementary particle phyвics be
ing вolved at the largeвt acceleratorв of the world. 

Although relativiвtic nuclear phyвics exists over а relatively 
short period of time, а great deal of information hав been obtain
ed Ьу different groups of physicists from JIIR asmber-countries in 
the following important fields of вtrong interaction physics:scale 
invariance, limi ting fragmentation, quark-part·on ·models and во on. 
Тhese reвults have been confirmed at other scientific centres and 
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have been generally recognized. 
Вelow we discuss some experimental results that have been re

cently obtained at the synchrophasotron. Results of earlier studi
es сап Ье found elsewhere4). 

2. Experimental test of consequences of the hypothesis of 
cumulative effect 

The hypothesis of the cwwulative nuclear e ffect wав firвt ad
vanced Ьу A.M.Вaldin in 1971'). According t o thiв hypotheвiв, in 
interactions of elementary particleв with nuclei there occur par
ticleв in the kinematical region forЫdden for interactionв with 
nucleons of the nucleus at reвt. In thiв case propertieв of cumu
lative particles вhould Ье determined not Ьу geometric characteriв
ticв of colliding objectв but Ьу local featureв of hadrouamatter, 
i.e. they must вatisfy the principleв of local interaction and 
всаlе invariance. 

Secondary pions, the energy of which iв much higher than the 
kinematical limit of NN colliвionв, were detected

6
already in firвt 

experiments carried out Ьу V .s .stavinsky •в group ) at the вynchro
phasotron wi th а beam of relativi·вtic deuteronв. In particular, 
such important properties of the cumulative effect were found as 
scale invariance of inclusive вpectra of pionв and enhanced A-de
pendence of incl~ive production croвs вectionв of hadron in cumu
lative processeв·f). А year later the latter observation was con
firmed in prgton-nuclear experimentв for large tranвverвe momentum 
Ьу J .cronin ) • 

During the ensuing уеаrв воmе other conвequences of the hypo
thesiв of the cumulative effect have been confirmed experimentally. 
In the experimentв of v.s.stavinsky'в group it has been вhown that 
the dependence of particle production crosв вectionв on cumulative 
number iв univerвal and the dependence on the flavour of produced 
particleв is extremely weak9). А веriев of experimentв, primarily 
experimentв carried out Ьу G.A.Lekвin'в group at the !ТЕР accele
rator 10) allowв one to measure the polarization of cumulative Л0 -
-hyperonв, which hав been found to Ье very large, and to ascerunn 

а strong correlation in the production of cumulative1{\- and ЛК0-
раirв and no correlation for cumulative куку-раirв ). 

Тhе main regularitieв resulting from tfie hypotheвiв. of the cu
mulative effect have been вtudied rather completely. The рrосевsев 
of cumulative particle production have been inveвtigated over а 
broad ~nge of energies and for nuclear interactionв of different 
types ). Тhеве reвults have made it роввiЬlе not only to teвt 
experimentally the mo.st important conвequenceв of the hypotheвiв 
of the cumulative effect and to confirm itв exiвtence, but аlво to 
ascertain the univerвal character of itв main propertieв for nucl~ 
ar рrосеввев with large momentum-energy tranвferв in the region of 
re lativistic energieв (region of limiting nuclear fragmentation). 

It is difficult to interpret theoretically the above regulari
tieв of the cumulative erfect without using quantum chromodynamicв 
and quark-parton modelв 3). In fact, as already mentioned, in in
te ractions of particleв and nuclei with nuclei for large momentum 
tranвferв (Q~1GeV/c) the quark degrees of freedom play an impor
t ant role, and the quark nature of nuclear matter вhould Ье allow
ed f or. Hence, the study of nuclear interactions for high energy 
iв directly r elated to information on the quark structure of nuclei 
and, in particular, on the manifeвtation of multiquark states in 
nuclei and nuclear рrосеввев. In thiв connection the experimental 
test of the consequences and the aвcertainment of the regularities 
of the cumulative effect are the most вpecific example of вuch а 
type of reвearch. 
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2.1. Propertieв of invariant incluвive сrовв вectionв 
of cumulative particleв 

То deвcribe nuclear reactionв in the region of relativistic 
energieв, we uве relativiвtic-invariant сrовв вectionв for inclu
sive reactionв of the type 

I + II - 1 + Х, I + II - 1 + 2 + Х and во оп 
meaвured in experimentв. Сrовв вectionв 

dб' d26 
E{lp , Е1 E2d2 р 

and во on correвponding to theвe tурев of reactionв are the func
tionв of variaЫeв, А 1 and AJI the atomic mаввев of colliding ob
jectв, Р 1 and Ptl the four-dimensional vectorв of their momenta 
and (Р~Р 1 ), (Р4 Р11 ) the products of the energy-momentum four-vec
torв which determine angular and energy diвtributionв of вeconda
ry partic le в meaвured in the relativiвtic-invariant form. 

Introduce t wo new variaЫeв 14) 
о о 2 

Е= (Р. P,)/m 1 m 11 = (Р 1 P11)/m0 • 

the вpecifi c inva~iaЛt energy of colliвion, and 

yi =1/21n[(Ei+Piz)/(Ej-Pjz)] 
longitudinal rapiditieв. Here Р1 • A1Pf and Р11 • А11Р1~ are the 
four-dimensional vectorв of the momenta of colliding nuclei A

1
and 

A11 with atomic mавв m0 , energy Ej and momentum projection Piz on 
the reaction ахiв. In the reвt system of nucleus I 

Е = Е,( А 11 m0 
and in the reвt вувtеm of nucleuв II 

Е =E,/A1 m0 

Вевidев, the productв of the energy-momentum four-vector~ сап Ье 
expreвsed ав followв: · 

(р1 Р,.):: m,m 11 ch(y
1
-y11 ) and(p1 pi):mVm~+p1ich(y;-Y1 ) 

From experiments on multiple particle production in hadron 
col lisionв it is known that the difference of the rapidities is 
J1y ~2. Then 

С Р. Р,.) - с h 2 :::.3 7 
Е:: m

1
m,, "" when ( р р ):::m

1
mnch 6 у 

1 11 

Consequently, for an energy of relativistic nuclei ~3.5 GeV/c/nu
cleon the Е -dependence of invariant cross sections of nuclear re
actions is insignificant, and the limiting nuclear fragmentation 
takeв place. 

Тhе existence of the region of limiting nuclear fragmentation 
has been determined in experimentв performed Ьу v.s.stavi nsky 1 s 
group 9). These reвults have been confi~ed more clearly by

1
the 

groupв of G.N.Leksin 15), к.sH.Eginian 1Ь) and L.S.Shroeder 1) who 
have studied cumulative procesвes in another type of nuclear re
actions and for other energies. 

In the region of limiting nuclear fragmentation the invariant 
cross sections of nuclear reactions are weakly dependent not only 
onE, but аlво on other variaЫes. Ав found in the first experi-
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mentв of V.S.Stavinвky's group, the cross вectionв over this range 
of energies strongly depend only on the ratio of вcalars 

( Р; pJ = V mf+ ~ е х р (У. v) 
( ~ Pu) m1 1 11 • 

i.e. the principle of scale invariance is valid. 
Using the definition of cumulative effect and taking the fore

going into account, one can determine the limit of the region of 
cumulative рrосеввеs. The limit of the region of the cumulative е~ 
fect iвЕ>3.7 and . 12 2 

о )Vmj + Pjz R := ехр( у,- у > 1 . 
Г 1 1 mo 

о 
Here Щn• 0.931 GeV and ~is the kinematical variaЫe which deter
mineв tne order of cumulativity; m8° is the minimum target masв. 

Мain experimental data on the cdmulative effect have been ob
tained under these conditions. Ав already mentioned, the moвt im
portant of them have been firвt obtained Ьу v.s.stavinвky'в group. 
This group has performed the most complete experimental teвt of 
the consequences of the hypothesis of the cumulative effect and 
hав made systematic studies of itв regularitieв for large values of 
cumulative number8°. 

The character!вtic propertieв of colliвions of particleв and 
nuclei with nuclei originateв from the idea of local interaction 
at large momentum transferв and from the fact that а point-like 
object receiving а momentum larger than that of the whole nucleon 
belongs to the group of nucleonв of the nucleuв. Thiв meanв that, 
in studying рrосевsев of thiв type, the notion of nucleon inвide 
the nucleuв ав а good quasi-particle lовев itв веnве, and itв qwюX 
structure must Ье allowed for. In other wordв, specific multiquark 
interactionв are inveвtigated which are directly related to the 
collectivity of quarks of the nucleus. Thiв naturally allowв one 
to uве quark-parton вtructure functions of nuclei GQВ0 , р ) ав а 
main property of nuclear !Н'осеввев at relati viвtic erfergy Ьу ana
logy with hard interactions of hadronв.For relativistic nuclear 
collisions the distributions of quarkв in the nucleuв and the pro
baЬility that the consЦtuent (quark) carrieв the momentЩI! of а 
group of nucleonв are determined Ьу the function Gja0 , Pf) in the 
region fii!. 0 > 1. . . 

For cumulative рrосеввев (the region whereE>3.7 ' and8°~1) 
the inclusive cross вection normalizгd .to thy atomic wei~ht of the 
nucleuв is well deвcribed Ьу the expreesion 8 ) 

Еdб':: во d26' ::::. G( Во р2) 
Adp .г d~0dp.f · .Г' · .L 

An explici t ftmn of thePf-dependence has been mea.вured 19) in. cumula
tive reactionв of different tурев and for а variety of energieв. 
Тhезе data are well approximated Ьу the following expreвsion 

p(pf) = 0.9t>xp(-2.7 pf) + 0.1 
If the crosв вection measured is normalized to the function~(PI), 
one can obtain the сrовв section depending only onB 0 , i.e. the 
вtructure function must take the following form: fiGR 0 , О). 

The valid~"if of thiв statement has been te'sted 1fY the group of 
v.s.stavinвky ) and in experimentв at the Fermilab accelerator 
for higher energy 20). Reвults of the experiments are · preвented in 
fig. 1а;ь, respectively. Here the invariant production сrовв вес-
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tions of different cumulative particles are dependent on variaЬle 
Х introduced Ъу v.s.stavinsky 21). The variaЬle Х is а generalized 
scale variaЬle deterш1n1ng the effective cuшulative number. Тhis 
variable differs from the Bjorken variable х. Тhе relation between 
them 1о found for deep inelastic scattering of leptons as fol
lows 1B)z 

х ~ - 1/2 (~- р~ 
(Р р)- р. 

1 11 11 1 

)( 

Ан • 
Тhе cuшulative region takes place when Х>1. From the figures one 
can draw the following conclusions: а) the X-dependence of inclu
sive production сrовв sections of cumulative particles 1в describ
ed Ъу а unique exponential function G(X) in 1nteractions with а 
large веt of nuclei and for different energies although the G(X) 
function for к- and р шarkedly differs from that forтr+ and к+ 1n 
absolute value; Q) paraшetrization of this dependence Ьу the forш 
G(X)•exp [ -Х/< Х> J leadв to а un1 versal value of 

d ( do) <:Х>~- Ln Е-_ 
dX dp 

< Х> ~ О.1Ч 
Тhе latte:r can Ье вееn in fig. 2, where.( Х > has been шeasured in 
different experimentв with different nuclei for different energies 
and values of х. 
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Тhеве resultв are extremely i mportant for underвtanding the ne
ture of the cuшulative effect. They point directly to the quark 
mechaniвm of cumulative рrосеввев. Indeed, the behaviour of the i~ 
cluвive сrовв вectionв for cumulative meвon production (i.e. the 
equality of the сrовв вectionв f2rn+ ~d к+ and а marked differen
ce from the сrовв вections for К and К ) can Ье interpreted ав а 
reвult of pickup from the вymmetric quark веа of corresponding 
quarkв Ьу the valence quarkв of the coll!ding obj~ctв. Then, e.g., 
the equality of the сrовв вecti~nв for К and 1Т should Ье а re
вult of pickup from the веа of d and s quarkв Ьу knocked out va
lence u quarkв. The production of к- in thiв way will Ье strongly 
suppreвsed. 

The above reвultв,obtained in the вtudy o·f the cumulative effect, 
have allowed A.M.Вaldin to make concre~predictionв concerning the 
abвolute value and X-dependenyo of deep inelaвtic вcattering сrовв 
sectionв for muonв on nuclei ~). 

Тhiв pred1ct1on wав teвted experimentally in а joint JINR-CERN 
experiment. Тh~ group of NA-4 вtudied the inelaвtic вcattering of 
negative muons on carbon nuclei for an energy of 280 GeV and а mo
mentum transfer of Q -100 GeV/c 22). The вtructure functionв of 
carbon nuclei Р2 (Х) and their dependence on variaЬle X.Q /2М(Е-Е) 
were measured in the region Х~1. Results of the experiment are 0 

shown in fig.J. Тhе figure also presents results calculated Ьу в~ 
theoretical modelвz-- the Permi-step model for а rerшi momentum of 
0.22 GeV/c. Ав predicted, the вtructure function of nuclei had an 
exponential X-dependence, and the parameter < Х> wав found,within 
the expe rimental errorв, to Ье 0.14 ~0.01, i.e. it iв equal to uni-
verвal parameter • 

Тhuв, the reвultв on deep inelaвtic вcattering of leptonв com-
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pletely confirm the quark nature of the cumulative effect, the uni
versal character and validity of introducing the quark-parton 
structure functions of nuclei ав main properties of nuclear рrосеs
вев at large momentum transfers in the relativistic region of ener
gies. In addition, these reвults argue against the opinion still 
existing that the cumulatiYe effect is the process related to the 
Fermi motion of nucleons in the nucleuв. 

2.2. Enhanced A-dependence 

Another important property of the cumulative 
ting from the principle of local interaction was 
ed {ав compared to А ) dependence of production 
cumulative particles on the atomic weight of the 
dependence of the type 

dб n 
Edj) =- А 

effect origina
found ав enhanc
croвs sections of 
nucleus, i .е. а 

where n • 1 .о. In thiв саве the power index n muвt depend on Х 
and Р .... 

The enhanced A-dependence of the сrовв вections for par~.~le 
production, which is significantly different from а simplg /.$ be
haviour, hав been firвt studied Ьу V.S.Stavinвky's group • ) in 
nuclear interactions with large momentum transferв. А similar ef
fect has been also obвerved Ьу the group of J.Cronin 8). 

Futher on the effect of enhanced A-dependence wав studied Ьу 
the group of V.S.Stavinsky in more detail 18). This group obtained 
experimental results for а broad range of nuclei (more than 20) 
and different types of produc ed particleв. 

А summary of the results is preвented in fig.4a,b. One can вее 
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that а) the A-behaviour of the сrовв sectionв strongly depends on 
the flavour of produced particleв, namely, at firвt the croвs sec
tionв for pions вharply increase with increaвing А and t hen, from 
А z20, relllain approximately conвtant; for kaons and prot ons the 
production cross вectionв, normalized to А, increase ав А increa
вeв and the transition to the A-dependence арреаrв to set in only 
for А~100. Ь) The A-dependence of the сrовв вectionв iв deter
mined neither Ьу the momentum of produced particleв nor Ьу their 
emiввion angle,but qy the value of cumulative number х. In fact, as 
already mentioned, the incluвive сrовв вectionв of cumulative par
ticle production are well approximated Ьу the expreвsion 

1/IOE~: :::.G(x) 
In thiв саве the quark-parton вtructure function G(X) iв of the 
form 

G{x)~An ехр(-~~>) where n-2/3 + Х/3. 

Consequently, ав expected, with increasing Х the сrовв вection of 
cumulative particle productiqn ав а function of А is more markedly 
different from the вimple Al/& behaviour. Figure 5 preвentв expe
rimental data of v.s.stavinsky's group on the X-dependence of the 
power index n in - An 

1 n[f( А рь) 1 t(AA1)1 
(in the experiment nа ). 

1 n [Ар Ь 1 AAl] 

\ 

1 
600 

dд- т.' 

о~ 100 2оо 
А 

Fig. 4 Ь 
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Ав вееn, n increaвeв from 
2/З to 1 when Х varieв 
between 0.4 and 1, and 
for Х> 1 , wi thin the er
rors, the value of n dоев 
not change and itв valueв 
are grouped around 1,i.e. 
in thiв саве the enhanced 
A-dependence takeв plaoe. 

А вimilar character 
of the A-dependence of 
the incluвive сrовв вec
tions for nuclear reac
tions with large momentum 
transferв iв also observ
ed in pion-nucleus 15), 
gamma-nucleuв "> and (for 
other energieв) proton
-nucleus 17) interactionв. 
In fig.б are presented 
reвults of the recent pa-
per. The power index of 
the A-dependence iв вhown 
ав а function of variaЬle 
К which coincideв with 
the value of~ with а 

good preciвion. From the figure one can вее that the trnhanced A
-dependence takeв place for К~ 1 .о when the energy of colliвion i в 
above 3.5 GeV/nucleon. Тhе reвultв of v.s.stavimвky 1 s group are 
well confirmed Ьу theвe data. 

То date the character of the A-dependence of the incluвive 
сrовв вectionв for nuclear reactions of different tурев has been 
вtudied in а веriев of experimentв 2.-t). For example, in experi
mentв 25) i t hав been found that the invariant production сrовв BSC(
tionв of hadronв with large tranвverвe (Р~) momenta in рА interac
tionв can Ье parametrized Ьу exponential Adependence 

dэб' 
Еdзр 

А c((fi) 

where о( (P.L) iв an increaвing function of tranвverвe momentum inde
pendent of А which iв > 1 for large Р.1. ( the вo-called 11anomalouв 
nuclear deviation"). 

An anomalouв character of the A-dependence iв аlво obвerved 
in nucleuв-~leuв interactionв for а momentum interval of 1 ~ 4 
GeV/c/nucleoiOand in olol·colliвionв for ISR energieв 2'). А deвcrip
tion of different mechaniвmв advanced to diвcusв the effect of ano
malouв increaвing the сrовв вectionв of particles with large Р on 
nuclei and а more detailed liвt of referenceв devoted to thiв вub
ject can Ье found in рареrв 3~ . 

In thiв review we diвcusв the experimental data obtained re
cently at the Dubna вynchrophasotron, in which the anomalouв A-de
pendence hав been вtudied for the production of particleв and 
nuclear fragmentв in proton-nucleus and nucleus-nucleus interac
tionв. Note that f or nucleuв-nucleuв colliвionв i t iв natural to 
assume generalization of the parametrization Ьу the exponential A
-dependence used to deвcribe proton-nucleuв interactionв. In par
ticular, if we have а reaction of the type A+Be-h (f) + Х, where А 
and В are the atomic weightв of projectile and target-nucleuв, h 
and f the registered hadron or f ragment, Ьу anal ogy to рА interac
tionв we аввumе 
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dэб' Еdзр "'(А ·В)о((~) 
Generally вpeaking, вuch 
parametrization iв undoub
tedly approximate and valid 
only f or high enough ener
gieв. А веriев of factorв 
related to the nucleon 
вtructure of colliding nu
clei вhould Ье taken into 
account to deвcribe experi
mental data in general 
termв ~. However, ав will 
Ье shown below, experimen
tal reвults are rather well 
deвcribed Ьу the above par~ 
metrization. 

Тhе behaviour of the 
invariant сrовв вectionв of 
negative pions and protonв 
hав been inveвtigated ver
вuв the atomic number of 
projectile (At) for р, d, 
4Не and 12с interactionв 
with Та at 4.2 GeV/c/nucle
on Ьу the group of the 2m 
propane bubЬle chamber 24). 

Experimental reвultв are preвented in fig.7. The ~(P.L) dependence 
iв вhown for the свве ofn - production. Ав вееn from the figure, 
within the errorв о/ (Р,~..) ~1.0 if Р~ о.в GeV/c. 

The A-dependence of the сrовв вectionв for protonв is given 
in fig.8. Тhе parametera( (Р.~о.) hав the fRllowing valueв obtained 
from thiв diвtribut~on: 1.07±о.О2 for Pf from <>.5 to 1.0(GeV/c'f 
and 1.17±о.оз f<~r P.,~..>1.0(GeV/cf!. _ 

Figure 9 вhоwв the dependence of о( (XJ,.) for i1 -mевоnв in 
nucleuв-nucleuв and proton-nucleuв interactionв. Here Х..&.,. P.L/Pmax, 
where Pmax iв the maximum momentum in the с.m.в. of nucleon-nucle
on colliвionв for correвponding energy and 

R (Ed36') 1 (Ed36') ' 
1 = d1P д.т0 d Эр РТа 

1 
iв the r atio of the differential сrовв вectionв fori1 -meвon 
production. One can вее that the data obtained Ьу the group of the 
2m propane bubЬle chamber are in good agreement with reвultв for 
рА interactionв at 400 GeV and differ from data at 70 GeV/c 29). 
One сап underвtand вuch а difference if to keep in mind that the 
70 and 400 GeV/c data have been obtained for particleв emitted at 
angleв с lове to 90° in the nucleon-nucleon с.m.в., and the nucl~ 
-nucleuв data refer to incluвive particle production. 

Some new and intereвting information on the A-dependence of 
the сrовв вe ctionв not only of particleв but аlво of nuclear frag
mentв hав been obtained in experimentв carried out at the вynchro
phaвotron for proton-nucleuв and nucleuв-nucleuв interactionв. 
Figure 10 preвentв data on the behaviour of the power. index of the 
A-dependence of the сrовв вectionв for different fragmentв (it iв 
denoted Ьу N) verвuв Р.,~.. in рА . interactionв • One can вее that 

]] 



u 1 

~ 
u 
u 

ш 

~ 

м 

OJ 

~о 0.1 

-+-++ 

0.2 0.3 0.1. 0.5 !lб 0,7 0.8 
Р. !GaV/c) 

Fi g. 7 

ю' ,.....,.. 

'tD 
/ / 

". , 
/ / 

/ /. 
+/ / / 

"' / / Юt:- / t/ .+ / 
/ / 

~ 

.... / ~/ 
/ 

/ 

• 2~1 
е p..L > f9eV~~ 

··1 r ~ . ~· ..... 1 с 1 1 1 1 
10 S' 10 50 

Ар 

Fig . 8 

with increaвing the tranвverвe momentum of produced fragmentв t he 
index of exponential A-dependence achieveв 1.0 much faвter than 
for hadronв , and it iв larger than 1 at Р~~ 0.5 GeV/c. 

А вimilar character of the A-dependence of the сrовв вectionв 
for fragmentв iв аlво obвerved for nucleus-nucleuв interactionв. 
Reвultв Qf meaвurementв made Ьу the group of the 2m НЕL вtreamer 
chamber J1 ) вhow that in interactions of 4.2 GeV/nucleon о(. -par
ticleв wi th Li, С, Al and Cu nuclei the value of oi (Р~) iв ... 0.3 
for all fragmenting channels, and it Ьесоmев equal to 1.01±0.06 
f or eventв with вmall impact parameter ("central" colliвions). 

Thuв. all availaЬle data obtained in experiments at different 
energieв in different tурев of interactl ons for different kindв of 
produced particleв, jetв and fragments directly point to the exi в
tence of the A-dependence of production cross вections for parti~ 
and fragments in nuclear reactions with large mo~'ptum tranвfers 
and tranвverвe momenta which is different from А J. Ав а rule, in 
most рар~rв experimental data are approximated Ьу the expreввion 
Е { d 5'/ ар) -л•, wьere tье power index « tв larger th~ uni ty. 
тhlв effect iв called "anomalouв nuclear deviation" 24). Yet вuch 
а form of approximation is inвufficiently valid. 

In fact, the reвultв obtained Ьу the group of v.s.stavinвky 
вhow that t he above approximation iв good only for the саве when 
the croвs вectionв are meaвured for а small number of nuclei (in 
most of the рареrв being diвcuввed the number of nuclei uвed in 
measurementв iв ~ 4). If а large веt of nuclei (much larger than 
four) iв uвed in experiments ав hав been done Ьу v.s.stavinвky'в 
group, the so-called "anomalouв" A-dependence (i.e.E (d 5' 1 d р) -1Ас whereoC. > 1.0) iв the reflBction of the tranвi tion from the л2 J 
type dependence to the А • type dependence. Indeed, the A-depen
dence of th,~roвв вections should have а univerвal behaviour, 
Е (dff/dp)-A .u, for all relativiвtic nuciear colliвionв with large 
momentum transferв or tranвverвe momenta. Тhis effect iв referred 
to ав enhanced A-dependence. 

Prom the analyвiв of experimental data performed Ьу A.Kelis-
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of the сrовв вectionв for hadronв 
in hadron-nucleuв interactionв iв 
explained uвing the hypothesiв of 
hard (predominantly ~ingle) quark
-parton colliвiouQ 3 ). It wав 
made an attempt JJ) to deвcribe 
the meaвured incluвive вpectra of 
mевоnв with tranвverse momenta to 
б GeV/c Ьу the model in which вoft 
multiple and hard quark colliвionв 
inвide the nucleuв are taken into 
account. Ав can Ье вееn from fig. 
11, the reвultв of theoretical cШ
culation qualitatively agree with 
the experimental data B,J4) if 
quark confinement iв allowed for 
in the model. 

Thuв, although there are воmе 
poвitive reвultв of а theoretical 
deвcription of the effect of the 
enhanced A-dependence of particle 
production in nuclear reactionв 
for relativiвtic energieв, а de
tailed mechanism of this effect is 
not clear ав yet. However, uвing 
availaЬle experimental data, pri
marily from the вtudy of the cumu
lative effect, one can confirm 
that the enhanced A-dependence iв 
quark in nature and is the reвult 
of reflection of the preвence of 
multiquark fluctuationв inвide the 
nucleus. 
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вinов24 ) it followв 
that the concluвionв 
on the anomalouв А ct -
-dependence of the 
сrовв вections for 
particles in nuclear 
рrосеввев at high е~ 
gy, where о( > 1.0, are 
not univerвally valid. 
Ав mentioned above, 
there are many theore
tical approacheв which 
claim to deвcribe the 
effect of enhanced in
creaвe of the produc
tion croвs вectionв 
for hadrons in nuclear 
reactionв with large 
transverвe momenta or 
momenta tranвferв (в~ 

e.g.,27) ). However, 
thiв effect iв not yet 
explained вatiвfacto
rily. 

For example. the 
charactef 8f the en
hanced А • -dependence 
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2.3 Cumulative effect in multi ple production 
рrосеввев 

The above reвultв of the experimental teвt of the hypothesi в 
of cumulative eff ect have been obt ained in t he studi eв of i nclu
si ve reactions. 

An attempt to study cumulati ve рrосеввев i n other than inclu
sive experimentв has been made Ьу the group of V.B.LyuЬimov 35) 
i n the analysiв of pictureв f rom the 2m propane bubЬle chamber 
ехровеd to negative 40 GeV/c pionв. The technique allowed the che
racteriвticв of "accompanyi ng" particleв to Ье inveвtigated along 
wi th cumulative partic l es. In particular, the experiment made i t 
роввiЬlе t o determi ne more vali d вelection criteri a for cumulatiYe 
reactions, to diвcover corre l ation effectв between "meвon" and 
"proton" cumulative рrосеввев and to obtain important information 
on their сrовв вectionв and the propertieв of accompanying par
ti cleв. Such experimental conditionв allowed more abundant infor
mation to Ье obtained OL the dynamicв of cumulative рrосеввев ав 
compared to incluвive experimentв. 

The experimental reвultв i nvolved approximately 19000 i nelas
ti c Тf ·-с interactionв. I n the analyвiв, the characteri вticв of 
вe condary charged particleв were в tudied in de t ail verвuв the cu
mulati ve variaЬle р 0 which defineв the degree of cumulati vi ty 
of pionв or protonв. With thi в aim the cumulative number of theвe 
partic leв wав choвen i n each event, i.e. 

j3°= max{ р~} 
where 

А~=(Е . -Р. )/m 
.t'J 1 IZ 

determineв the minimum target mавв (the order of cumulat ivity) 
which is required for t he production of а hadron wi th energy Е1 
and momentum projection Piz on the reaction ахiв . 

The following characteristicв of вecondary part icles were 
вtudied: average multiplicity, average momentum and emiввion 
angle in the laboratory вувtеm , average rapidities , etc. Тhеве 
characteristicв were вtudied for вecondaryтr - me sons wi th а 
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maximum value of j3 ° in а 
given event (n 0-mевоn)ав 
we 11 ав for all other Т1 -
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propertieв versus ~ 0 

allowed two groups of 
eventв to Ье separated 
which are distinctly dif
ferent from one another. 
Reвultв of the experiment 
are preвented in f1g.12a, 
ь. One сап see that the 
properties for Т1 с- and 
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Fig.12b n 8 -pions versus JЗ. о 
change at }3° z 0.6 and 
for protons at В 0 ~ 1, 2. 
Group I is ohar(Cterized 
Ьу В 0 6. 0.6 for pions and j3° ~ 1.2 for protons. For these 
everffв the characteristics under study change wi th J3 ° to the 
boundary valueв of В 0 • Group II hав В 0 :> О .6 for pions and 
~ 0 > 1 .2 for protohs. For these eveniВ all the studied charac

teristicв (except ~ for Т1 0-mesons which increases with increa
sing ~ 0 ) for Т1 0 - and ~ 8 -mesons and protons do not change 
wi th j3 °. Such а character of the dependence of the propertieв 
of secondary particles directly points to the exiвtence of two in
dependent and different in their nature sources of pion and pro-
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ton product i on in hadr on-nucle
us interactions at high energy. 
One of them (i.e. events of 
group II wi th ~ 0 > О .б f or pi
ons and В 0 > 1 .2 for protons) 
has the teneral nature expected 
of cumulative pion and proton 
production. The analysi s of the 
events from group II shows that 
the processes , which lead to cu
mul ative pion production , are 
i ndependent of t he processeв of 
cumulative proton production. 
Only ~ 12% of cumulative pro
tonв are accompani ed Ьу the 
emiвsion of cumulative pions , 
and this fraction does no t de 
pend on the degree of cumulati
vi ty of protons. 

The estimate of the cross 
sections for cumul ati ve pion 
and proton produc tion gives the 
same value of ~11mb. 

The experimental condi tians 
made i t possiЬle to measure t he 
inclusive production cross sec
tions of pi ons and protons emi t
ted i nto the ba ckward hemisphe
re in the laboratory вystem 
versus р2 and В 0 • In во 
do ing, the~cross stёtions are 
f actori zed as: 

Е~: -@Хр(-Р~/<Р}:.)ехр(-]3°/<~~ 
Results of the experiment are вhown in fig. 13. One can вее that 
а) the behaviour of the production cross sections for cumulative 
pi ons ( Nn = 1 ) and f or cumulative pion '~ets" ( Nn~ 2 ) is 
parametrized Ьу the same dependence ехр (- 0 /<jf>), where the 
values of <В0 > are 0.130±0.005 and 0.1 3±0.004, respectively. 
А similar beh6Viour of the incluвive сrовв sections for cumulative 
particleв and а group of particles verвuв J3° agrees wi th the hy
potheвiв of вoft quark hadronization and веrvев ав an addit i onal 
argument in favour of uвing quark-parton вtructure functionв of 
nuclei ав the mai n characteriвticв of ralativi вtic nuclear colli 
вionв; Ь) the dependence of the сrовв вectionв on р2 вtrongly dif
ferв for different val~eв о~ ~ 0 • If the experimental data are 
approximated Ьу ехр(-Р~ /<Р~>)~ the following valueв can Ье obtain
ed for Pi, : o.034:I0.002(GeVtc) for О<. ~0 <. 0.5 and 0.13:!:0.02 
(GeV/c)2 for 0.5 <. 8°<2. Тhеве resultв serve а good argument in 
favour of the validlty of selection of the cumulative region. 

The character of the dependence of the incluвive production 
сrовв вectionв for cumulative protons on ~о iв вimilar to that 
obвerved for pionв. However, the value of во for protonв iв 
вomewhat larger, and it increaвeв with increa~ng the multiplicity 
of accompanying particleв. А вimilar behaviour of the сrовв вecti
onв for cumulative particleв in hadron-nucleus interactionв at а 
large variety of energieв (in thiв experiment Е •286) iв one more 
evidence for the exiвtence of the limiting fragmentation region of 
nuclei. 
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Pigure 14 вhоwв the 
average characteri вticв of 
leading pionв. One can вее 
t hat the characteriвticв of 
leading pionв, i . e . such pi
onв which have а maximum mo-
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pfained Ьу the mechaniвm in which l eading pions are produced from 
spectator quarkв that равв through the nucleuв without interaction, 
whereaв cumulative particleв are produced in hard colliвionв with 
another quark of the incident pion. 

Figure 15 preвentв the angular diвtributionв of protonв for 
all groupв of eventв: protonв with В0< о.б and protonв with 

J3° ~о.б. For the eventв, in which protonв have В 0~ о.б, one 
can observe an enhancement at сов е-0.5 although t~ momentum diв
tribut i onв of theв e protonв have no diвtinct anomali eв. Thiв may 
Ье due t o the motion in nuc lear matter of а colour char ge of t hat 
quark whi ch di d not t ake part in hard colliвion i nherent i n cumu
lat i ve рrосеввев. The enhancement f ound in the angular di в t ribu
ti onв of protonв f rom the eventв wi th В 0 ~ О.б wав a ~ so oь~grved 
in the even t в with the total disintegra~ion of t he nucleuв J ). 

Thuв the regularitieв of cumulative particle product i on ,de
t ermined in thiв experiment providing the maximum number of accom
panying partic le в were detected, well conf irm the concluвionв dr awn 
from the вtudy of purely incluвive reactionв, gi ve new important 
i nf ormation on cumulative рrосеsвев and make an emphaвiв on the 
vali dity tha t theв e рrосеввев correвpond to t he quark-part on pic
ture of hard colliвionв. 
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2.4. Jet behaviour of hadrons in cumulative 
nuclear collisions 

Numerous studies of jet hadron production in different pro
cesses, such as е+е-, i р and hadron-hadron collisions, have shown 
that in these interactions the jots of secondary particles have а 
variety of universal properties J7). For example,one of the iщpor
tant and global properties of hadrons is their jetness which can 
Ье determined Ьу "spherici ty" 

S .. 3/2min(~ Pft 
j 

.. 2 
/~PiJ) ' 

1 

.. 
where Р1 are 

the momenta of secondary charged particles in the c.m.s. of colli
ding objects and PLt are the tranвverвe momenta of ~articleв 
with reвpect ~о the Jet ахiв, for which the вum ~ Р~1 has а mi
nimum value 3 ). The value of S iв equal to 1 for eventв with а 
large number of вecondary particleв diвtributed iвotropically in 
phas e врасе and S <~ 1 if two narrowly collimated groupв of parti
cleв emitted to the oppoвite вidев relative to the dir~on of 
primary particle (or beam particle) are produced in the interac
tion. 

Figure 16 illuвtrates average valueв of the вphericity verвuв 
energy in the с.m.в. of colliding particleв for different tурев of 
interaction. One can вее that the jet characteristicв of Ьadronв 
are practically вimilar in theвe interactionв for correвponding 
с.m.в. energieв. Thiв and other factв indicate that а вingle me
chaniвm of quark/gluon hadronization iв realized to the jet of вe
condary particleв in different, at firвt glance, рrосеввев. 

Below we diвсuвв the data on the jet characteriвticв of multi-
nucleon ~-с interactionв of the cuщulative type for а momen

tum of 40 GeV/c obtained Ьу the group of the 2m propane bubЬle 
chamber. The jet characteriвtic~ of hadron-nucleuв interactionв 
have been вс~у inveвtigated J9). Nevertheleвв, they are of in- • 
tereвt to вolve different proЬlemв asвociated with nuclear inte
ractionв 4 ). 

The method of event вel~ction and experimental data anal~siв 
are deвcribed in detail in 41). For comparison with data on е e
annihilation, the eventв were selected, in which the multiplicity 
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of вecondary charged particleв wав ~ 4. 

А роввiЬlе mechaniвm of jet particle production in hadron-nu
cleuв рrосеввев iв вhown in fig. 17. In the figure are preвented 
the correвponding diagramв for е+е- and ~-Р interactionв. Figure 
18а,Ь depictв the value of ~ S > for the jetв of вecondary 
charged particleв verвuв energy in the с.m.в. of" colliding objectв 
for е+е ( "iJ , [] ), ~ -р(О) and i1 -с ( • , А ) interactionв. The 
value of < S > iв preвented for the jetв em1 tted to the forward 
(fig. 18а) and.backward (fig. 18Ь) hemiвphereв in the саве of e+e
and 11-р int eractionв and the jetв having extra cumulative par
ticleв ( 8 ) or wi thout them ( А ) for i1 -с interactionв. From 
the figure one can вее the following: 

- The valueв of < S > for the jetв from i1 -с interactionв, 
emitted in the direction of primary pion and having cumulative 
/noncumulative particleв, do not differ from one another and agree 
with the е+е- and ~ -Р data for equal с.m.в. energieв. 

- The value of <. S > for the jetв from 11 -с interactionв, 
emitted backwardв and having cumulative particleв, iв much amaller 
than for the jetв free of cumulative particleв and differв from 
вimilar е+е- data. 

-The value of < S > for the jetв from i1 -С interactionв, 
having cumulative particleв, iв practically invariaЬle ав the num
ber of interacting nucleonв of the carbon nucleuв increaвeв. 

Fi gure 19а,Ь preвentв the value of < S> verвuв the energy 
in the с .ш.в. of colliding objectв for the jetв of вecondary 
char ged particleв emi tted in the direction of primary pion (f"ig. 
1 9а) and againвt it (fig. 19Ь). In this саве in the cumulative and 
noncumulative je t в all charged particleв, emitted backwardв in the 
colliei on с .m . в ., had _;3° ~ 1 .5 and ~ 0~ 1 .5, reвpecti vely ( the 
value of ро wав meaвured in вection 2.:3). Ав iв вееn from the 
f i gure , 

- The value of ~ S > for the cumulative and noncumulative 
jete from ~ -с in~eractionв, eшtt!ed in th~ direction of primar y 
pi on, well agreeв with вimilar е е and i1 р data f or equal ener
gy in the с.m.в •• 

- Тhе value of < S > for the noncumulative je t в f rom ~ -с 
i nteractions , emitted to the backward hemiвphere, dоев not coinci
de with the e+e-and i1 -р data. 
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I n addi tion to the study of general properties of the hadron 

j etв f rom ~-с i nteractions, specific characteristicв of particlвв 
of а defini te type belongi ng to different kinds of jetв have been 
inveвtigated i n thi s comparative analyвiв. In particular, e.g., 
t he f ol lowing pro~ertieв of hadrons in the jetв were вtudied (and 
compared t o the е е- data): average multiplicity of particleв, 
thei r longi tudi nal and tranвverse variableв (Р~, Xu) relative to 
the j et ахiв, their rapidi ties and во on. 

Тhев е reвultв are not preвented because of а small volume of 
this report . However, t he main conclusions on all the data on t he 
jet behaviour of hadrons in ~-с interactions can Ье briefly f or : 
mulat ed ав f ollows1 · 

- In cumulati ve ~ -с i nteractions for а momentum of 40 GeV/~ 
when the number of co l liding nucleons is ~ 5, one can observe the 
production of the j et s of secondary charged hadrons emitt ed in the 
direction of primary pion and against it in the collisi~n_c.m.в. 
The value of < S > f or both jet в coi ncides wi th the е е and 
n-Р data for equal energieв i n the c.m.s. 

- The jetв involving cumul ati ve hadrons are much narr ower 
that those i n е+е- and n -р interac t i ons. 

- The multipli ci t y of charged hadronв i n cumulttive ·~-с in
teractionв iв coincident wi th а вimi lar value f or е е- interact~ 
f or equal energieв in t he c.m.s. I t is much вmaller for noncumula
tive ~ -с interactionв . 

- The diвtribution of pionв in cumulat ive ~ -с int eractions 
over the longitudinal and transvers e momentum variableв r e lative 
to the jet ахiв agre~s_with а вimilar distribution of these vari
ables for pionв in е е collisionв . The diвtribution of protons in 

cumulative jetв over вimilar variableв вignificantly differs from 
that of pions. 

- The probaЬility of hadron jet production in t he fragment a
tion nuclear region for cumulative -n -с interactionв iв much lar
ger thag the probability of the production of one charged hadron 
for ~ р interactionв at the ваше energy of incident pion . 
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2.5. Cumulative effect and quark-parton вtructure 
functionв of nuclei 

The reвults of an experimental test of the hypotheвiв of cu
mulati ve effec t made it роввiЬlе to aвcertain rather rigorouвly 
that in nuclear reactionв with large momentum tranвferв hadrons 
cannot Ье conвidered aв &ementary particleв . One should take into 
account t heir quark str uc ture , i.e . вpecifi c multiquark interac
tionв which are due t o the collectivity of quarks or i rreducaЬle 
of quark- par ton вtructure funct ionв of nuclei to one-nucleon. In 
parti cul a r, t he experimental data on limiting nuc lear f ragmenta
t ion obt ained Ьу t he group of v.s.stavinвky allowed one to intro
duce t he concept of quark-parton вtructure functionв of nuclei ав 
main characteristicв of relativi вtic nuclear co11iвionв with 1arge 
momentum transfers and to predict the univerвa1ity of their prope~ 
ties for deep ine1aвtic вcattering of leptonв on nuclei . 

Uвing the proper ty of re1ative1y weak coupling of quarkв i n
side hadronв , the quark-parton mode1, which iв an ana1og of impulse 
approximation in nuc l ear рhувiсв, al1owв the crosв вection of hard 
co11iвionв of hadronsto Ье express ed ав the product of t he nonco
he~ent scattering crosв вectionв of partic1es on ~11 conвti tuentв 
6" 0 of hadron В and the probabili ty G В/Ь (х, Q ) to observe 
conвtituent Ь i nside hadron В, i.e. 

6'в(х,Q2) ~ :L 6'~ Gв;ь(х, Q2) 
ь 

with GJR;ь<x , Q2 ) t he quark-perton structure funct i on of hadron 
В, Q2.-qz- the square of the f our-momentum tranвferred and х = 
с Q2j (2 Р q) the fraction of moment~ Р gr hadron В carried Ьу 
constituent ь. The croвs вection 6"

0 
• А 1 Q4 depends on1y on 

Q2 and descri bes the i nteraction of point-like chargeв in the 1ep-
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ton case. This enaЬles the cha
rac t eriвticв of quark-parton 
structure functions of nuc1e i 
to Ье measured direct1y in stu
di eв of deep inelaвtic scatte
r i ng of 1eptone on nuc1ei. 

Ав noted, thiв fact was 
first teвted in the joiut JINR
-CERN NA-4 experiment 2J), in 
which the deep i ne1astic ecat
t ering of negative muons on с~ 
bon nuclei wae sti died for an 
energy of 280GeV. The meaeured 
characteriвtics of quark-parton 
вtructure functionв of carbon 
nuc1ei were found to Ье the ва
ше as in the experiments on 11-
miting nuclear fragm entat ion. 

These conc1uвions have be
en recent1y confirmed Ьу expe
rimenta1 reвu1tв obtained at 
CERN and SLAC. In theвe experi
mentв the deep inelaвtic acatte
ring of muonв (CERN) and e1ect
ronв on Fe and D nuc1ei were 
studied. 

Studying the X-dependence 
of the ratio of the вtructure 



functionв of Fe and D nuclei obtained from the meaвurementв 
deep inelaвtic вcattering of muonв, the CERN group 42) hав 
that there iв а вtrong difference in the characteriвticв of 
functionв fQr iron and deuterium in the region х~ 0.1. The 
group 4J) hав confirmed thiв effect analyzing the data 
ер inelaвtic вcattering of electronв on the ваше nuclei. 

of t he 
shown 
these 
SLAC 
on de-

Тhеве experimental data are preвented in fig.20. In the figure 
are аlво вhown reвultв calculated for the effect of Fermi motion 
(вolid line) aввuming that thiв effect dominateв. The experimental 
data of both groupв are in good agreement. Вевidев, the obвerved 
character of the ratio of the вtructure functionв of Fe and D nu
clei vе~вuв х canno t Ье explained Ьу the known nuclear mecha
niвms 44). "The data вhow that the momentum distribution of quarks 
inвide the nucleon becomes diвturbed du~ to the presence of other 
nucleonв", write the authors of paper 4J). Consequently, quark-p~ 
ton models muвt Ье uвed for experimental data iuterpretation. 

In other words, the experimental res~lts 42,4J) directly 
poi nt to t he quark nature of the observed effect and completely 
conf i rm t he conclusions drawn previously from the experiments on 
the cumulative effect at the synchrophasotron. 

In fact, if the da ta of V.S.Stavinsky's group 7,9) discussed 
above are presented ав the variaЬles of fig.20, one can вее (fig. 
21) that t he CERN and SLAC results are in good agreement with t he 
Dubna dat a in t he overlapped region of х values. In addition, 
the Dubna dam give new i nformation оп the properties of structure 
func t i ons of nuc lei for t he region of large values of х (not yet 
s tudi ed in lepton-nucleus processes) ав well е~ QU the pr operty of 
structure functionв of nuclei different from 4 o4J) . 

3. Search for multi quark states in nuclei 

The ques ti on of the existence of multiquark states in nucleL 
hав been intenвive ly diвcuesed in а series of theoretical рареiВ4~~ 
The etudy of mult i quark states, 
when quarkв belonging to the 
group of nucleonв are mixed, can 
give valuaЬle information on ~ 
nature of asymptoti c freedom and ю 
quark confinement. Conвequently, 
the queвtion of the existence of 
multiquark stateв is to date one ~о 
of t he i mportant proЬlemв of 
quark phyвics. 
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The observation of шulti 
quark states should Ье expected 
in рrосеввев involving relati
viвtic nuclei. For ехашрlе, the 
above data on the вtudy of cu
mulative effect a llowed us to 
broaden ideaв of t he quark na
t ure of nuclear mat ter and, in 

' + t w~t~+f __ .t _, __ , __ --t--t---·j-
\ ... 

0.5 ~ ' • • 

particular, of the manifeвta-
tion of multiquark вtаtев i n 
nuclear reactions with large 
momentum tranвferв for relati
viвtic energieв. 

Тhе вearch f or а possiЬle 
manifeвtation of multiquark deg-
rees of f reedom i n nuclei has 
been perf ormed Ьу the groupв of 
M.G.Meвhcheryakov 46) and 
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L.N.Strunov 47) in вtudies of inelaвtic вcattering рrосеввев of 
deuteronв on different nuclei in reactionв of the type 

' 1 d +А=- А+ Х, where А. р, d, с, сн2 , ••• and А. р, d. 

In the experiment of M.G.Meвhcheryakov 'в group deuteronв ha
ving momenta of 4.3 and 6.3GeV/c were вcattered Ьу target nuclei 
at an angle of 103~rad во that the four-momentum tranвfer вquared 
/t/ wав ~0.4~GeV/ • In the experiment of L.N.Strunov'в group the 
primary momentum о deuteronв wав 8.9GeV/c and protonв were emit
ted а~ an angle of ~ 0.4° во that the value of /t/ reached~ 0.4 

(GeV/df. 
The data on the inelaвtic ecattering сrовв eectione of deut e

ronв versue /t/ obtained in theвe experimentв are вhgwn in fig.22. 
In the ваше figure are presented the data of paper 4 ), in which 
the сrовв вectionв were meaвured for deuteron momenta of 3.5 and 
5.BGeV/c and а deuteron detection angle of 43.6 mrad. Ав вееn f rom 
the figure, the data preвented вhow that the behaviour of the сrов 
вectionв verвuв /t/ iв complicat ed in cQзracter: it вlowly changeв 
with increaвing /t/ from /t/ ~ O.~eV/~. An analygiв of the deu
teron epectra in the region /t/ ~ O.$eV/c~ вhоwв il- ) that t her e 
iв а вtructure characterietic of exoi t ation рrосеввев of nucleon 
reзonanceв. Thiв fact means that the i ncident deuteron, to а large 
extent, lовев а вignificant fraction of itв momentum and dоев not 
"disintegrate" into individual nucleone. The mechaniвm of thiв 
рrосевв can Ье explained aввuming that the deuteron hав а quark 
structure and the multiple вcattering of quarkв of t he inoident 
deuteron on quarkв of the target-nucleuв makeв а major oontribu
tion to the reaction ~~овв eection. Вавеd on thi в point of view, 
the authorв of paper 4~) вatiвfactorily reproduced the Ъавiс re
gularities of inelaвtic reactionв р + Р .. р + Х and d + Р .-
.. d + х. In particular, in order to deвcribe the above reвultв 
obtained Ьу the group of M.G.Meвhcheryakov, i t wав nесевваrу to 
introduce the 11hybrid11 wave function of deuteronв containin~ the 
contribut ion of а вix-quark вtate. Ав iв вееn from f ig. 23 (вolid 
line), the Ьевt agreement with experiment iв reached if one аввum
ев that in the reaction d + р .- d + Х the dominating contribu
tion belongв to excitat i on рrосевеев of nucleon reвonanceв and to 

"'5% of eix-quark adшixture in the wave function of the i ncident 
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The uве of the hybrid wave functi
on of deuteronв allowв one t o interpret 
experimental dat~ obtained Ьу the group 
of L.N.Strunov 4'f). The вpectrum of р~ 
tonв, produced in the reaction d + А.
.-р + Х and identified Ьу mеапв of Ce
renkov threвhold counterв, wав meaвured 
in thiв experiment. The measured inva
riaпt сrовв вectionв of the yield of 
protonв for с апd сн2 targetв are вhown 
in fig.24. Reвultв of calculationв made 
uвing the hybrid model, i n which the 
wave function of relativiвtic deuteron 
iв of the form 

't'd = 't'np + 'flбq 
о гоо • ou are gi ven in the вате fi!';,l;l!e. То calcu

IDo• e n tu• 1n deu teron reet fra cae OleY / c) late the wave functions ЧJ n and ЧJ 6 ' 
. the Pariв potential (PARIS tE the fi- q 

F1g. 24 gure) and the oвcillator quark model 
were reвpectively uвed. А compariвon of the calculated reвultв and 
experimental data wав made over the rап~е of proton momenta from 
5.0 to 7.5GeV/c (or from 110 to 500 MeV/c in the deuteron reвt вys
tem). The abвolute normalization wав made to the вpectrum region 
wi th вmall momenta. Ав вееn from the figure, the experimental data 
are well deвcribed Ьу the calculated reвultв over all the momentum 
вpectrum raпge except for 290-390 MeV/c. The root-meaп-вquare of 
6q-вtate, the admixture of 6q-вtate in the deuteron апd the rela
tive рhаве of np- апd 6q-componentв in the wave functionв of the 
deuteron fitted in the experiment are preвented in ТаЬlе II. 

From the, taЬle one сап вее that the contribution of 6q-вtate 
in the deuteron iв practically the ваше and equalв ~ 10% 
deвpite different iвoвpin target вtаtев. 

The exiвtence of the 6q-compongnt of the deuteron hав been re
cently aupported Ьу the SLAC group '1). Thiв gro~~ made ап апаlу
вiв of all previouв data апd reвultв from paper ' ) to obtain in-
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\j 
·~ 

Туре of 
t arget 

с 
сн2 

ProbaЬili ty 
of 6q-admixture 

2 · (5 . 4 ± 0.6 )% 
2 . (4 . 3 :!: 0 .4)% 

r (6q ) f m 

0 . 99 :!: 0.04 
0.95 ± 0 .05 

ТаЬlе II 

Phase of np- апd 
6q-componentв 

(95 :!: 7) 0 

( 82 :!: 6) 0 

X2/ degree 
of fre e&m 

1 . 6 
1 . 9 

forma tion on t he characte r of t he momen t um s pectr um of nucleonв in 
the deuteron at deuteron electrodiвi~tegration (the enerAy of 
electronв wав from 6 to 20 GeV and Q from 8 t o 10{GeV/cf). Re
sultв of the aпalysis aregiwn :ln fi g.25a . The momentum di s t r i buti on 
of nucl eons i n t he deuteron is pres ented ав t he s quare of the wave 
funct i on 1 ЦJ (К2 ) f 2 verвus* variaЬle К which is called the nuc le
on momentum of вpectator Р • !he data of L. N.Strunov' • group in • 
t he вате variaЬleв ar e вhown in fig.25 b . Ав вееn from t he figureв , 
t he SLAC data are i n good agreement wi th the reвultв of L.N.Stru
nov' в group апd confirm their conc luвi on on t he exiвt ence of 6q
-вtat e i n t he deuteron . 

Ав noted above, in t he comparat ive analyвi в of the data ob
tained Ьу L .N .Strunov•в group and t he ca l culated reвultв uвing the 
hybrid mode l, an enhaпcement i в obвerved over the range of pr oton 
momenta 290" р* % 390MeV/ c which iв no t de .вcribed Ьу the hybrid 
model. Thi в enhaпcement сап Ье due either to the рrосевв deвcribed 
Ьу а t riangular diagraт with nucleon.iвobars in the.intermediate 
в tate or to t he рrосевв d + N ._ d + N, where d ~ р + N. The 
firвt вta tement i в, however, hardly probaЬle. In fact, t he inde~ 
dence of the momentum вpectra of nucleonв in the deuteron of iвo
вpin target-nuc leuв вtаtе в indicateв that вpin-dependent effectв 
of i nteraction in the final вtate are weak ~ For example, from the 
exper i ment it fol lowв that for СН2 апd С targetв the rati o of the 
сrовв вectionв, R(CH2)/R(C), is equal to 1.00:!: 0.07 ( R • 
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For the рrосевв with nucleon iвоЬаrв in the intermediate etate with 
iвoвpin different from zero, thiв ratio вhould Ье much larger than 
unity {e.g., it вhould Ье ~ 1.22 for the effective number of nucle
onв а4 inвide the carbon nucleuв). Hence the enhancement obeerved 
in the experiment can Ье more naturally interpreted ав the diffrac
tion produ~tion of dibaryon reeonance with iвoвpin r~o and mаве М 
,.., 2 GeV/c • * 

То check thie вtatement, the invariant mаев вpectrum of d-вyв
tem wав conetructed {вее fig.26). The reproduction of thie рrосевв 
{i.e. d + N ~ d* + N) Ьу Monte Carlo and itв compariвon with the 
experimental data lead to the fol~owing parameterв of the dibaryon 
reзonance: М= {2.14 ~ o.01)GeV/o aud = {80 ± 10)MeVfc2. Such 
а etate wав predicted theoretically ?4,50), but an experimental 
evidence for its existenc8 wae obtained for the first time. The di
baryon resonance can Ье interpreted as the production of бq-bag in 
the interaction of deuteron with target-nuoleus. . 

А вearch for multiquark resonance states was performed at the 
synchrophasotron in experiments on the observation of "8xotic" ра~ 
ticles not described Ьу conventional quark models. 

The existence of euch particles in n~ture was predicted in а 
веriев of theoretical papers {вее, e.g., ?5) ). 

At the High Energy Laboratory, JINR the вearch for multi quark 
reвonance st~tes was first performed Ьу th8 group of B.A.Shahbazi
an in 1962 5 ) in the analysis of pictureв obtained Ьу meane of а 
24-litre propan8 bubЬle chamber irradiated with -7GeV/ c neut rons 
and 4GeV/c n--mesons. The invariant mase вpectra of 49 вувtеmв, 
invol virlg Л 0 -hyperone over а broad range of hypercharge, вtrange
ness and baryon number, were inves tigated. 

Ав а r8sult of thiв analysis, вtatiвtically sigllificant реаkв 
were observed only in the invariant mавв вpectra of the вystemв 
having У~ 1. А вummary of the data iв preвented in taЬle III . 
Ав se8n, the param8terв of the mult iquark reвonanceв obвerved in 
the exp8riment are in good agr8ement with predictionв of the bag 
model. Some of th8 reвgnanceв preвent8d in the taЬle were obaerved 
in other experimentв ?f) devot8d to вtudieв of multi quark r8BO
;nance вtаtев in Kd and -n d int8ractionв. 
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Preв8ntly the вearch for and вtudy of reвonance states of the 

indicated typ8 are being perform8d uвing the 2m propane bubЬle 
chamber ехровеd to Ьеаmв of relativiвtic nucl8i. 

In the exp8riment carried out Ьу Yu.A.Тroyan'в group multi
quark reвonance states wi th isoвpin I > J/2 have be8n вearched for 
and вtudied uвing а 1m hydrogen bubЬle chamber irradia~~d with 
monochromatic neuteronв having energieв of ~ ~-1 G8V ). In the 
analyвis of the invariant maвs вpectra рТ1 + Т1 and nТ1_Т1_ from 
reactionв np -Р'Т1 +11 +nn-n-, вtatiвtically вi~ificant реаkв 
W8re obв8rved for masв8B 1438,1522 and 1894 MeV/c and widthв 
~ JO, '20 and ~ 40 MeV/c2, reвpectively which pointв to the e:x:ls

tence of baryon reвonanceв with iвospin 1·5/2. All the data on pa
rameterв of theвe resonanceв, th8ir produotion oroвs seotionв of 
theor8tical models are presented in taЬle IV. Currently the work 
is being performed to incr8ase statisticв and to defin8 quantum 
numberв of theв8 reвonances. 

4. Multipl8 production рrосевеее of particl8в/frag
m8nts in relativiвtic nucl8ar oollisionв 

Multipl8 production рrос8ввеs of particleв and fragments form 
а main part of th8 total сrовв e8ction for r8lativiвtic nucl8ar 
int8ractionв. А picture, obtain8d using the 2m propan8 bubЬle cham
ber {s8e fig.27) 8xpoe8d to а beam of 50GeV oarbon nuclei, illus
trat8в вuch а typ8 ofproc8BB8Bo In th8 picture on8 can В88 not on
ly multiple particle production but аlво the production of frag
mentв of the carbon nuoleus which, in its turn, interactв 
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with another carbon nucleus producing secondary particles. 
А large amount of physics data on multiple proceвses has be

en ob~ined on Ьеаmв of the synchrophaвotron Ьу meanв of track de
vices ~rom these results а fairy comple t e picture of the mecha
nism of these processes emerges. In particular, it has been found 
that the main characteristics of nuclear proceвses fo r an energy 
of > 1 GeV/nucleon are well described Ьу а superposition of the 
characteristics of nucleon-nucleon i nteractions and the average 
transverse momentum of secondar y particles is limited to-350MeV~ 
i ndependent of the energy of the colliding objectв. А comparison 
of the experimental data on mul t iple par tic l e product i on with the 
theoret i cal calculati ons using addi tive nucleon model predi ctionв 
gives good agreement for all the main characteristics of these 
processeв. Тhе validity of this f act fo l lows from small momentum
energy transfers in multiple producti on procesвes that make а ma
jor contribution to the total cross section. In thiв case the nu
cleon i s а "good" quasi-partic le. 

4.1. Inelastic crosв вectionв of nuclear 
interact i ons 

The character of the behaviour of the total inelaвti c сrовв 
вection of relativistic nuclei iв an argument in favour of thiв 
вtatement . 

At preвent ther e are many papers 61 ) devoted to t he meaвure
ment of total ine laвtic сrовв вectionв of nuc lear colli вionв for 
energieв above 1 GeV per nucleon. The whole complex of theвe re-
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м 
(М.еV/с2 ) 

2255.2±0.4 

2354.3±0.7 

21 83 . 2±0.6 

ТаЬlе III 

I . Strange dibaryonв - candidateв f or q6 stateв 
1. Л Р (I • 1/2, У а 1, В • 2, S = - 1 

Bag model 
]2;tedictions 

r 2 Signi f i cance S' prod. М Р 
(MeV/c ) (Nв t dev ) (~Ь ) (MeV/c2 ) J 

16. 9±2.3 8 .05±1.32 85 . 3±20.0 2241 2+ 

56.1±5.0 6 .25±1 .25 65.0±17.0 2353 2-

3.7±0.7 5 .56:!:1.23 60.0±1 5 .0 21 69 1+ 

2. Л РТТ (I = 3/ 2, 1/2, У = 1, В = 2, S • - 1 

Ваg model 
predictionв 

~ r 2 Significance б"prod. 
(MeV/ c ) (MeV/c ) (N8 t.dev.> <rь > 

JГ -
(MeV/ c2 ) J P 

2495 .2±8.7 204.7±5.6 12.86:!:1.68 70.5±15 .0 25оо о- ,,-,2-

п. Strange exotic baryonв -candida tes f or qq4- states Лnn 

Ваg model 

6" prod. 
иredictions 

м r 2 Significance р 

(MeV/ c2 ) (MeV/ c ) (Nвt dev.> ( ft Ь) (MeV/ c2 ) J 

1704 .9±0 . 9 18.0±0.5 5.3 ± 1.6 19 .O:to .6 1710 1/2-

2071.6±4.0 172.9±12.4 10.3:!: 1.5 88.0±27 .0 2120 1/2-

2604 .9±4.8 85.9:!;21.5 5.2:!: 1.4 31 .9±9.0 2615 3/2-

вults leads to the following characteristic properties: а) within 
the experimental errorв the crosв sectionв are independent of the 

energy of colliding objects; b)there iв а weak dependence of the 
croвs sections on the вize of target-nucleus (At) as the atomic 
weight of the projectile (А1 ) increaseв; and с) the croвs sectionв 
for energies above 1 GeV/nucleon are well descr ibed Ьу а simple 
geometric mode l with overlap. 

Figure 28 presents а вummary of the data on total inelastic 
croвs sections for nuc lear interactions verвus Ai and At• I n the 
ваше figure are g~~en experimental data, recently obtained at the 
вynchrophaвotron ), on2~he meaвurement of inelastic cross secti
ons for interactionв of Ne with C,Al, Cu and РЬ nuclei at 4.1 
GeV/n~~leon . One can вее that

6
a ll the experimental data (except 

the 1~ + С point from paper 3) ) are well deвcribed Ьу the ~eo
metric model with overlap, in which the parameter of overlapJ1 
dependв on the atomic weights of the colliding nuclei. ApproXima-
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ТаЬlе IV 

1 
·1 ~ c -Cji

1 СТо М Г JP mode . 6' 4 2 беv/А 
(MeV/~~) (Me~i~2) decay ·· \. 4.2CevjA \ · 6' 

% + \ oz 1 
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\ · t 4 2. Gev /д 
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ting the experimental data Ьу the curve from the formula 

f) • 1011 н2 [А 1 /З + А 1 /З - R(А-1/З in о i t ;- i + At1/3))2 

one getв the following valueв for the parameterв Ro•1.30 fm and 
JЗ-0.93. 

4.2. Multiple production of fragmentв and their 
interaction сrовв вectionв 

Not all nucleonв of the incident nucleuв interact in the ine
laвtic colliвion of relativiвtic nuclei wit~ nuclei. OWing to а re
latively coupling of nucleonв inвide the nucleus, а part of them 
remainв вpectatorв (stripping effect). Not only nucleonв but аlво 
projectile fragments (fragmentation effect) can Ье вuch вtripped 
objectв in colliвionв of nuclei heavier than the deuteron. 

Тhе effect of nuclear fragmentation in nucleuв-nucleuв inte
ractionв hав been g~udied at the вynchrophaвotrg~ Ьу meanв of the 
2m propane bubЬle ~) and вtreamer chambers ) and nuclear 
emulвionв 65). А great deal of information on thiв proceвs has be
en obtained in theвe experimentв. 

Figure 29а preвentв data on the production сrовв вectionв 
for fragmentв of different charge verвuв the atomic weight of tar
get-nucleus, and fig.29b showв the valueв of fragment charge ob
tained in 4не and 12с interactions wi th different target-nucleuв 
for an energy of 4.2 GeV/nucleon. One can вее that а) the dependen
ce of the сrовв s ections of fragment production on the atomic 
weight of target-nucleus is well described Ьу the curve obtained 
f rom t he mode l of multiple вcattering . In во doi ng, t he probaЬi li-
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tieв of joining noninteracting nucleonв to а coupled вувtеm turn 
out to Ье rather large. 
Ь) The behaviour of the сrовв вections of nuclear fragmentation 
versuв the charge of fragment production iв approximated Ьу the 
curve c~~posed of two exponentв with а kick point at Zr-3• 
с) For С + ~ropane interactions an ехсевв yield of Не nuclei 
{~-particles) is obвerved which are often produced in groups. In 
particular, one ~ -particle iв produced in {39±3)%, two in 
{51!3)% and three in {10!3)~ of events. 

In а number of papers 6) devoted to the study of inelaвtic 
nuclear colliвionв for high energieв the effect of "anomalouв" in
creaвing interaction сrовв вectionв for secondary stripping frag
mentв having charge Zf ~ 2 of projectileв with target-nucleus hав 
been reported. Тhiв information hав arouвed conвideraЬle intereвt 
Ьесаuве thiв effect can Ье directly aввociated with the роввiЬlе 
exiвtence of excited fragmentв wtбh an anomalouвly large сrовв 
вection and а lifetime of ,." 10- в. However, the preвent-day ex
perimental eituation of а real exiвtence of вuch fr~entв ("ano
malonв") iв amЬiguouв and requireв futher вtudieв 67J. 

An attempt to obвerve anomalonв hав been made Ьу the group~ 
at the 2m propane bubЬle chamber, НЕL on а beam of carbon nuclei 
with а momentum of 4.2 GeV/c/nucleon. Interaction сrовв вectionв 
of вecondary fragmentв with Zf = 5 and 6 in propane were meaвured. 
The charge of the fragmentв wав identified Ьу the denвity of 8-
-electronв and Ьу evaluating the totaб charge of вtripping frag
mentв in primary and secondary вtаrв 9). 

Figure 30а вhоwв the dependence of the number of noninterac
ting fragmentв on the dietance Х from the primary вtar (open 
circleв), i.e. the врееd of decreaвing the number of fragmentв iв 
вhown ав а function of target thickneвв. The expected decreaвe 
(daвhed lineв) iв evaluated uвing the experimental data on inte
raction сrовв вectionв of primary protonв, deuteronв, Не and С 
nuc176 in propane obtained Ьу thiв group under the вате conditi
onв ). For the fragmentв with Zr • 6 the вlоре of the line cor
reцpondв to the interaction сrовв вectionв of beam nuclei with 
propane, and for the fragmentв with Zr а 2 and 5 the lineв are 
plotted taking into account correctionв to the interaction сrовв 
вectionв of 4Не and 12с nuclei with propane Ьесаuве of the admix
ture of other iвotope вtаtев. Тhеве data are normalized to the 
number of obвerved fragmentв for Х • 10cm. Ав it followв from the 
figure, at вmall diвtanceв Х(Х 10cm) one can вее diвtinctly the 
lовв of fragmentв with Zf • 2 and the increaвed number of frag
mentв with Zr • 6. Thiв iв due to the вuperpoвition of the trackв 
of fragmentв with Zr • 2 (or other charged particleв) in proximi
ty to the primary вtar that imitateв fragmentв with large charge. 

The experimental data given in fig.30a can Ье repreвented ав 
the dependence of сrовв вectionв of fragmentв on their atomic 
weight. Such а dependence iв вhown in fig.30b. The daвhed line iв 
the reвult of approximation of the meaвured interaction сrовв вec
tionв of primary protonв, deuteronв, Не and С nuclei with propane 
(Ьlack triangleв in the figure). Тhе interaction сrовв вectionв 
of вecondary fragmentв with propane are denoted Ьу Ьlack circleв. 
From the figure it iв вееn that the вlоре of the dietribution of 
experimental pointв for fragmentв with Zf • 5 and 6 iв larger 
than that of the daвhed lineв. Thiв meanв that the сrовв вectionв 
of frar.entв with Zr • 5 and б iв larger than the expected value 
(~10%. Thiв reвult iв an evidence for thf0poввiЬle exiвtence of 
excited fragmentв with а lifetime of - 10- which giveв an ano
malouв value Qf their сrовв вection in propane. 
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4.3. Some characteriвticв of particleв produced in 
inelaвtic nucleuв-nucleuв interactionв 

А вyвtematic вtudy of characteriвticв of вecondary particleв 
produced in inelaвtic nucleuв-nucleuв colliвionв for relativi вtic 
energieв iв the important вource of information not only on one
-nucleon but аlво on multinucleon interactionв which give riвe to 
multiple particle production. The вtudy of propertieв of theвe 
particleв verвuв the "multinucleonic degree" allowв the dynamicв 
of their production t o Ье reconвtructed fairly completely. 

4.3.1. Multiplicity of вecondary particleв 

AvailaЬle experimental data obtained in hadron-nucleon and 
hadron-nucleuв interactionв for high energy demoвtrate а weak de
pendence of the ratio of the mean multiplicity of produced parti
cleв to i tв diвperвion ( < n '> /D ) on the ener~ of the projectile 
and the atomic weight of the target-nucleuв ·r•). If the charge of 
eninitial вувtеm i в taken i nto account in the analyвiв of the mul
tiplicity diвtribution of вecondary particleв, all availaЬle data 
f or the interactionв indicated can Ье deвcribed Ьу а uni 
verвal dependence of the type 

D а a<n> + Ь • 
New experimental data on the multiplicity of вecondaries in 

nucleuв-nucleuв interactionв at relativiвtic energieв do contra
dict thiв univerвality. The reвultв obtained at the вynchrophaвot
ron вhow that the behaviour of the multiplicity diвtributionв for 
projectileв beginning from the carbon nucleuв iв quite different 
from that obвerved for hadron-nucleuв interactionв: the value of 
D increaвeв wi th increaвing <. n > much faвter than the uni verвal 
dependence (вее fig.31). Moreover, вelecting а group of eventв with 
вmall impact parameter (the вo-called "central" interactionв) out 
of all inelaвtic nucleuв-nucleuв colliвions, а eign~ficant narrow
ing of the multiplicity diвtributionв iв obвerved-, ). Тhеве diв
tributionв differ more amd more fr.om the univerвal dependence and 
become much narrower than the Роiввоn diвtribution ав "centrali
ty" of the colliвionв increaвeв. The obвerved dependence of D on 

< n "> can Ье explained wi thin the framework of а model wi th inde
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pendent interactionв of projectile nucleonв 73) in which the pro
jectile nucleonв (Ai) in nucleuв-nucleuв colliвionв are aввumed to 
interact with the target-nucleuв (At) independently. Taking theвe 
aввumptions into account, one сап get the following ехрrеввiоnв 
for the average mul tiplicity, < n > AtAt• of вecondarieв and di&
persion, Dл1л , for nucleus-nucleus coliisions in terms of the cor
responding ch1racteristics for nucleon-nucleus (N + At) interacti
ons 

and 
< n>A А = <'~ ><.n> 

i t i NAt 

о2 . = <'J- >о2 + <n>2 о2 
дiAt 1 NAt NAt i 

о/~ 

r / / .. 
~· v 

1 

1 

::t 7 еС+д at 8•4° 

80+А" 11 

6 8 tO t2 
< П-> 

Fig. 31 
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where < ~'}- = А1 6' (N + At) 1 6' (А1 + At) is the average number 

of projectile nucleons which interact with the target-nucleus; 
D is the dispersion of the "i 1 -distribution Pi ('i • 1,2, ••• , Ai); 
~(N + At) and ~ (Ai + At) are the elastic cross sections for 

nucleon-nucleus an~ nucleus-nucleus interactions, respectively. 
А comparison 3) of the experimental data and the calculati

ons with the model gives good agreement. 
The results recently obtained on the average multiplicity of 

neutral particles ( 0 - quanta, Л0 - hyperons and ко - mesons) in 
dTa and СТа interactions at 4.2 GeV/c/nucleon can Ье explained wi
thin the framework of the вате model 74). 

In this cQnnection the experimental data on the multiplicit~ 
distributions ·r5) and the average values of t .ransverse momentum 4) 
for charged ~~ticles do not confirm the predictionв of thermody
namic model 7 ). 

4.3.2. Momentum characteristics of secondary particles 

The experimental data are discussed on momentum characteri s
tics of secondaries produced in nucleus- nucleua interactions ob
tained Ьу 6he groups of the 2m propane bubЬle ·r3,74) and streamer 
chambers 7 ) for projectile_momenta of 4.2 and 4.5 GeV/c, respec
ti vely. The properties of Т1 -mesons and protons produced in nucle
ar reactions with small impact parameter (central interactions) 
were studied in these experiments. 

Figure 32а,Ь presents the momentum characteristics of ~ --mе
воnв and protonв produced in central СС interactions versus t heir 
rapidi ty (у • f(E + Р 11 )/(Е - Р 11 )] ) • The limi t of the kinemati
cal region for ~collisions is denoted Ьу а dashed line. One can 
see that for ~--mesons the maximum density of events is observed 
near у~ 1.1 and for protons at rapi dities beyond the limit of the 
fragmentation regions of projectile and target-nucleus. 
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In fig. 33а, Ь are вhown вimilar diвtributions for Т1 --mевоnв 
and protonв produced in СТа interactionв. In thiв севе the behavi
our of the characteriвticв вignificantly differв from that obвerved 
for се interactionв. 

At the ваше time one can notice that а large number of pionв 
and protonв, the characteriвticв of which are beyond the limit of 
the kinematical region for NN colliвionв, iв obвerved in СС and 
СТа central interactionв. А вimilar вituation takeв place аlво for 
Л0 -hyperonв produced in ~ta and ста interactionв for а momentum 

of 4.2 GeV/c per nucleon ). 
Figure 34а,Ь,с preвentв the diвtributionв ofТl --mевоnв and 

protonв produced in се, dTa and СТа central interactionв verвuв 
the tranвverвe momentum вquared (Р2). The experimental data are 
rather well deвcribed Ьу the curve comyoвed of the вum of exponentв: 

dN -аР2 -ЬР2 
-2 =де +Ве + 
р . . . 

d J. 
Тhеве curveв are denoted Ьу вolid lineв. From the figureв one сап 
draw the following concluвionв: _ 

- The slope paraшeterв for ~ -meвon production in СС inter~ 
tionв are вomewhat different f'1·ощ thoвe obвerved in NN colliвionв 
for the ваше energy of projectile: а relative contribution of the 
вecond exponent iв 33% in СС and 23% in NN interactions. А relative 
contribution of the вecond exponent equalв 41% and 47% for dTa and 
СТа int~ractionв, reвpectively. All the data ор the вlоре раrаше~ 
for ~ -mевоnв are вummarized in taЬle v. 

- In taЬle V are preвented the вlоре paraшeterв for proton 
production in р, d, Не and СТа interactionв. One can вее that the 
вlоре paraшeter of the вecond exponent dоев not change, within 
the experimental errorв, with increaвing the atomic weight of pro-
jectile (except се interactionв). 2 2 

- An exponential ~ependence on Р~ having а вtructure at Р~ • 
0.5 and 1.0(GeV/c) is obвerved for all tурев of nucleus-nucle

us interactions in which protonв are produced with characteristics 
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Fig. 33 а 
beyond t he kinema~ical region f or NN collisionв. The вlоре parame
t er iв 1 (GeV/ c )- which can Ье i nterpreted ав а consequence of 
pro t on production in hard collision processes at aшall distanceв. 

- А comparison of t he exper i mental da t a and t he calculations 
wi t h t he Dubna cascade model with and without taking i nto account 
t he i nteraction of secondary par ticles in the final вtate (fig. 
3 4Ь) вhоwв that t he experimental characteristicв of вecondarieв 
produced in the colliвionв of relativiвtic nuclei with nuclei of 
large momentum tranвferв are not deвcribed Ьу the cascade model. 

Intereвting new reвultв on the property of the average tranв
verвe momentum <: Р .._ '> of Т1 - -mевоnв produced in nucleuв-nucleuв 
interactionв at 4.5 GeV/c per nu~leon have been obtained Ьу the 
group at the 2m вtreamer chamber~hiв group hав been f ound t hat 
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the value of <: Р..1.) for pi ons, produced in interactions 
4не + ( 611, с, Al, Cu and РЬ }, 12с + (С, Ne and Cu} 

and 20Ne + Ne, i s independent of the degree of i nteraction centra
l i ty, the mass of the project ile f or А а 4+20 and the mass of 
target-nucleu~ fo r А • 6~64. Besides , the pr edictiona, of thermody
nsmic model 7') contradict a ll the experime~tal data on < Р~> 
(see f i g .35}. 

ТаЬlе V 

Туре of in-
x2/ndf teraction а ь 

се 23.1 :t 1 . 8 6.2 :t 0.9 1.1 8 
СТа =- -Т1 45. 4 ± 2 . 8 8.3 :t 0. 4 0. 96 
dTa 43 .0 :t 4 . 4 7.8 ± 0.8 0.87 

се 8.7 ± 1.3 2 . 4 :!: 0. 2 0 . 81 
СТа 2 . 62± 0.33 0.99± 0.54 1 . 05 
НеТа =- р 3.21± 0.35 0.44± 0.35 1 . 1 б 
dTa 3.29± 0.39 0.56± 0.54 0 . 82 
рТа 3.1 9± о.б2 - 0 .31 
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4.J.J. Dimenвione of radiation region of ee
condary particlee 

The method of interference of like particlee, which hae been 
put forward and developed in papers 77), ie widely ueed to deter
mine the epace-time etructure of radiation eourcee of eecondary 
particlee ·produced in multiple groduction proceeees. In particular, 
thie method hae been applied 7 ) to the determination of the 

вi ze of the radiation region (r) for eecondary pionв from ~Р in
t eracti one at 40 GeV/c and the lifetime of thie eyetem ('t) in 
t he ~aboratory eyetem. The group has obtai ned that r = (1.9±o.3)fm 
and C"t .. (0.8±0.2)fm. Futher it hae been found that f or the ваше 
proceee in t he c.m.e. t here exiet two radiation eourcee of pione, 
one of which iв due to direct pion produc t ion (r1•C'\:"1 ...,1 f m) and 
another to pion production f rom the decay of reeonanceв (r2 Q 

= crr:2 ~3fm). 
Concrete inf ormation on the epace-ti me вtructure of generatkn 

воurсев of partic leв i n
3
gt fferent рrосе ввев hae been obtained t o 

dat e uвing thiв method ). 
Тhе group working with the 2m propane bubЬle chamber hав ob

tained new data on the ерас е вize of the radiation region of nega
t i ve6pi one i n nucleuв-nucleue interactionв at 4.2 GeV/c per nucle
on ·r ). For с е interactionв r х ().10 % o.89)fm and f or СТа cent
ral interactionв r • (4 .11 ± 1.0~ш . Note that the вize of the ra
diation region о{ pione r ~ (3.44 ± 0.41)fm for all inelaetic СТа 
i nteractione. 

All theвe data make it роввiЬlе t o conf irm t hat t he вize of 
t he radi ation region of ~ --шевоnе in carbon-nucleus collieions 
is determined Ьу the dimensions of projectile. 
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5. Search fo r unstaЬle вuperdenee nuclei 

Тhе e~ietence of euperdenвe nuclei hae been f iret predicted 
in papere 19). During the eneuing yeare attempte have been made t o 
obвerve thie effect. А more completesOeview of experimental reeul~ 
obtained until 1977 сап Ье found in ). 

One of the fielde of а eearch for radioactive вuperdenвe nu
clei haв8feen propoвed and implemented Ьу A.V.Kulikov aod B.K.Pon
tecorvo ) • Uвing the eetup w1 th parameterв 1: ~ 5 •10-Je and 
Ее > 45 KeV, they have obtained the upper limit of the production 
сrовв вection for radioactive вuperdenвe nuclei in рРЬ interacti
onв. 

Later on the energy th~eвhold of electron detection was de
creaвed in the experiments 2), ~n which bubЬle chamberв were used 
under вpecial conditionв and targetв were expoeed to relativiвtic 
nuclei. Тhiв technique allowed one to detect decay particlee of 
practically any energy but it did not all ow one to obtain data in 
the region't: :1§ 1о-Jв. 

Ав вhown 3), the production of metaвtaЬle вuperdenвe nuclei 
in nuclear reactionв can Ье obвerved Ьу delaying nucleon radiation. 
An experimental search for in thiв field for the lifetime of meta
вtaЬle вtаtев ~ ~ 1s has been perfo:пned in the experiment В4). 

Вelow we discuss experimental results 85) on а search for вu
perdense nuclei unstaЬle to JВ-decay for а lifetime of 10-8 ~ 
~ ~ 10-Ьв and metaвtaЬle вuperdenв' nucle i decaying with 

а. 

0-feвon emiввion for а lifetime of 10-
-10- в. These experimentв have been re
cently carried out at the eynchrophaвotron 
on Ьеаmв of carbon relativiy~ic nuclei. 
The momenta of the beam of С nuclei ex
tracted from the synchrophasotron were 
1.68 and 4.5 GeV/c. А layout of the expe
riment and а trigger syвtem are preвented 
in fig.36. Curve 4 in fig.J7 giveв the up
per limit (with а confidence level of 90%) 

~~===sэ 
__ . nЛ~ 
~ 

t:J Ss 

~;;~~~s. SJ к St 

of the production сrовв section for supe~ 
denвe nuclei having lifetime ~ and decay
ing with the emiввion of '~ectron or po
si tron wi th Е :;1145 М.еV in СРо interacti
onв at 4.5 GiV/c per nucleon. Curve 5 
вhowe the upper limit (with а confidence 
level of 90%J of the production сrовв вec
tionв for nuclei, unвtaЬle to the emisei
on of Т1 °-mевоuв wi th а kinetic energy of 
- 50 М.еV, in 12сРЬ interactione f or а шo

mentum of 1.68 GeV/c per nucleon. 

~s, ~~ii~~~s, s, 
s, s, 

к 

Ав вееn from the figuree, the proba
Ьili ty of nucleue production having а ~ 
l i fetime of 1о-8-1о-ьв with the emiвsion i 
of electron/poвitron with Ее>45 М.еV i e ~ 
no larger than 3•10-4 in inelaвtic СРЬ in- ~ 
teractione, and the probaЬility of nucle-
uв production having а lifetime of 1о-7- ;r' 
-1о-1 в wi th t he emi"eion of ~ 0-meвon do- ,.,.. 
ев not exceed 6•10-4in inelaвtic CP.colli· 
e i ons. 

The data on the оЬвеr- ;r' --_ 
vation of вuperdenee nuclei are вummari z- " 50 

'' 100 1zs Е, (Ме.) 
ed i n taЬle Vl • 

Fig. 36 
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Table Vl 

NATURA Р( 10-100 )GeV n,f Heavy ionв 
Е ~ 1 GeV/A 

R.Holtet B.M.Pontekorvc G.Samoвvat P.B.Price et al.5/ 
et а1. 1 1 et а1. 31 et al.47 Ar+Pb -<rr)в 

(Rn)i1o-29st Е >45 MeV Er,En 40 MeV < 1o-31 cm2 , А Abdivaliev et af/ 
.- Rnв (n,J), 't>5.10-3вek <: 10-7 /act С +А- А: 
~ Е>30 MeV 6' ~ 10-33cm2 л: -в, Ef> 20 меv 
о S.Frankel 10-29cm2 

rч 

et а1.21 lм.Кh Anikina et alf ...... 
Cl) 

С + РЬ- А: rч 
(Р, Р') * о 

С-Та_._ 10-7 Aв-X•· ft 

V .Aleвhin et al 1 
81 V.A.Кarnaukhov Е> 45 MeV 

,. -б 
)c-w, 'L~1 о+~1аrв et al. Н57 't">10 в 

i>)E"t(Cf) 100 MeV Ta,Th + p,d,o( G'<1o-29cm2 

5 10-8/act - Rb, Св, Fr Е.,.0 ,;:50 MeV 

.А .Borovoi et al~/ т_,>1 hour, '1:" >10-7 в 
.- б'<1о-29в !';, (Cf) > 20 MeV б'< 10-32cm2 

В.Р Avdeev et а1!2/ ~ A.G.Вuforвk,y: 

rчо "'2•10-8/act et al. 17 р + Fe,Sn,Pь~ Хв 
...... P(70GeV)+A-X

8 
Cl) 

Хв - 3n +У rч 
Хв ~ Y+n+ "6' 

б< 1o-29cm3 
т1/2 :::1 year 
G'<3~1o-34cm2 т1/2 > 1в 

1. Рhув. Rev. Lett., 22(197б)183 8. Letterв to JЕТР, 

2. Рhув. Rev., ~(197б)737 ~(197б)114 

3. Рhув. Lett., ббВ(1977)13б 9. J. of Рhув.,~(1980)723 

4. Phyв.Rev.Lett., l1(1975)409 10. Ya.F.,2!(198 )289 

5. Ya.F., ~(1979)313 Nucl, Рhув., А381 ( 1982)419 

б. JЕТР, 81(1981)1153 11. Letterв toJEТP, 

7. JINR, Dubna, preprint 1-83-275(1983) ~(1980)487 

12. JINR, Dubna, preprint 
Р1-81-59с (1981) 
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б. Conclusion 

From the present brief review of experimental reвults, recent
ly obtained at the вynchrophaвotron Ьу phyвiciвts from JINR member
-countries, it followв that 

- Relativistic nuclear physicв ав а new вcientific field iв 
вucceввfully being developed at JINR. 

- Over а relatively вhort period of time many reвultв, the 
вcientific вignificance of which iв generally recognized, have be
en obtained on Ьеаmв of relativiвtic nuclei. Firвt of all, thiв 
concernв the studieв of nuclear collisions, in which а momentum 
вignificantly exceeding а nucleon Fermi momentum in the nucleuв iв 
tranвferred to atomic nuclei. This iв the experimental confirmati
on of the cumulative effect and itв main propertieв, the existence 
of the region of limiting nuclear fragщentation and во on. 

- New information has been obtained on the obвervation of mul
tiquark вtаtев in nuclei and nuclear рrосеввев. 

- Important reвultв have been obtained on the propertieв of 
nuclear reactionв at вmall internucleon diвtanceв that allowed one 
to clarify а general picture of the dynamicв of theвe рrосеввев 
fairy completely. 

- The program of experimental research in the field of rela
tiviвtic nuclear рhувiсв being performed at the Dubna вynchropha
вotron directly connectв to important proЬlemв of elementars par
ticle and high energy physicв, which are being solved on the lar-
geat accelerators of the world. 

~ 
i9 
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Эксnериментальные исследования в области релятивистской 
ядерной физики на синхрофазотроне ОИЯИ 

Е1-83-334 

Дается краткий обзор современного состояния nрограммы эксnерименталь
ных исследований, выnолненных на синхрофазотроне ОИЯИ в области релятивист
ской ядерной физики. Уделено внимание существующим сегодня возможностям для 
постановки и проведения на синхрофазотроне исследований, а также обсуждают

ся наиболее значимые физические результаты, nолученные разными груnnами фи
зиков стран-участниц ОИЯИ в области релятивистской ядерной физики в nослед
ние годы . 

Работа выnолнена в Лаборатории высоких энергий ОИЯИ. 
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Kuznetsov д.А. El-83-334 
Experiments in the Field of Relativistic 
Nuclear Physics at the Dubna Synchrophasotron 

In this report we present а brief outline of the current state of ex
perimental research at the Dubna synchrophasotron in the field of relati
vistic nuclear physics. In particular, much attent ion is given to the 
availaЬle possibilities of the synchrophasotron which enaЬle us to perform 
research in the field of relativistic nuclear physics and to discuss the 
most significant physical results that have been obtained Ьу different 
groups of physic i sts from JINR member-countries in the last few years. 

The investigation has been performed at the Laboratory of High 
Energies, JI~R . 
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Перевод Л.Барабаw . 


