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The collision of high energy particles and relativistic nuclei 
with nuc lei have recently become still more popular at the Interna­
tional Confe rences on High Energy Physics. 

Interest of studying such a type of collisions a rises from the 

:fBct 1hat urDer sane defini te condi tions the rela tivistic nuclear in t erac­

tions provide a unique possibility to investi gate various a s pect s of 
strong interactions. 

As recent studi es have shown, the quark a s pects of nuclear mat­
ter a re of great importance for the construction of both the theory 

of" strong interactions and modern nuclear theory. In particular, in­
vestigations of nu c l ear r eactions with large momen tum transfer s in 

the region of limi ting nuc lear fragment a t j on have led to extremely 
important inf ormation on the role of quark- g luon de t;r ees of free dom 
in nuclei. 

Thus, studies in the field of relativi s tic nuclear physi c s are 
directly related to the problems of hi gh ene r gy and e lementary parti­

cles being solved a t the largest acce lerator centres of the world. 

Relat ivisti c nuclear phys ics is of considerabl e import anc e in 
the Dubna r esearch progrwn. In parti cular, the s e studies a re now a 
wide area a ctivi t y at the Dubna synchropha s otron . 

At pres ent the synchrophasotron is the leading ac celerator of 

li ght nuclei over an energy of up t o 5 GeV per nucl e on, which is in 
the region of limiting nuclear fra gmentation and in which new proper­
ties of nuclear matter begin to manifest t hemselves. 

Table I s hows nuclear beams available at present at the Dubna 

synchrophasotron/1 /. All these are external beams of fully stripped 

ions; fast and slow ej ections are at the users choice. Cryogenic pa­
nels are being insta lled insid e a part of the main ring of the syn­

chrophasotron i n order to improve the vacuum what is necessary fo r the 

ac ce leration of heavier (than in Table I) nu clei. All pane ls should 
be installed by the end of the next year. For Z/A = 0.5 nuclei the 
maximum kine tic energy is 4.2 GeV pe r nu c leon (P = 5.A Ge V/c ) what max 
is substantially higher t han at the Bevalac . 

The total running time of the s yn chrophasotron is ab out 4000 
hours a year, e5% of which is used to implement the program of experi­

mental research. 
A large number of physicists from JINR member-countries and other 

countrie s are invo lved in the program of r e lativistic nuclea r Physics 
at the synchrophasotron. Some aspects of this program are also being 
studie d by Dubna physiciRts at t he Serpukhov and CEruf proton synchro­
trons. 



Results obtained have been published in many papers and were re­
gularly presented at International Conferences/2- 12/. Below we pre­
sent a brief outline of the most significant physical results that 
have been recently obtained by different groups of JINR physicists. 

Among different types of nuclear reactions at high energies of 
particular interest are those in the region of limiting nuclear frag­
mentation which is kinematically forbidden f or one-nucle on collisions. 
A study of' these reactions has led to the discovery of the cumulative 

effect and the most striking features of its. 

Table I 

Type 	of nuclei Energy GeV Intensity per Type of ion 
pulse source 

p 9.0 4 x 	 1012 duop lasmatron 

1010 
n 4.1 x duoplasmatron 

1012
d 8.2 1.5 x duoplasmatron 

td 	(~5 3% of the 8 .2 5 x 108 "Polaris" 
degree of 
polarization) 

10103He 17.2 2 x duoplasmatron 

10104He 16 .4 5 x duoplasmatron 

6Li 24. 6 1.5 x 108 l aser (10 joule 
7Li 23.9 2 x 109 l aser CO2 ) 

12C 49.2 5 	x 108 las er 

160 65 . 6 5 	x 107 lasor 

l0719F 73. i 1.5 x laser 

22Ue 104 "Krion" (elect r Cll81.0 be am ) 
24Mg 98 .4 105 laser 

28Si 11 4 .8 	 103 l aser 

The hypothesis of the cumulative effect was first advanced by 
A.K. Baldin in 1971/13/. The cumulative ef: ect is t he process of col11­
sions between particles or nuclei and nuclei in the region o f limi ­
ting nuclear f ragmen tation wherb scale invariance is va • As a re­

su It of thiS , t he moment um which is much larger t han that per nuc l e­
on of r elativi s tic nuc l eus is transferred to the particle produced. 
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Some important properties of the cumulative effect (such as sca­
le invariance of inclusive spectra of pions and enhanced A-dependenc e 
of their production cross section) were found already in first expe­
riments carried out by V.S.Stavinsky's group at the Dubna synchropha­
sotron with relativistic deuterons in 1971/14/. 

During the ensuing years some other consequences of the hypothe­
sis of the cumulative effect have been confirmed experimentally by 
this team using beams of protons and deuterons with a momentum of 
8.9 	GeV/c and a large set (from D to U) of target-nuclei/15/. 

The main results of these investigations are the followin g : 
1. It has been found that the region of limiting nuclear frag­

mentation begins at an energy of 3.5 GeV per nucleon. In this case 
there is an asymptotic regime in which no dependence of the invariant 

cross section for a reaction of the type I + II .. 1 + ••• on the in­
variant specific energy of colliding objects and other parameters 
(except a scaling parameter) is observed. This result has been con­
firmed by experiments of other groups, which have studied cumulative 
processes for various types of reactions and over an energy range of 
up 	 to 400 GeV/16 a-d/ 

Figs.la and lb show, as an exarnpl~ -'_·,-"":t he data (the energy dependence of the

V
 + . 	 dO 

60 _t_-n---t- ~ slope parameter To on E -:; ~ exp!_T/'lQl 
50:) t/ i 	 I + 

1
dPl_

/ lei and the ratio R =". .". for a eu tar­
~ • ~/ . • ,,' I lBl! 1 ; 	 +:: °l ~f • "., ......_16, l get) on cumulative 7T- production in 
~o '0 t I, •..._.15 i pA collisions obtained in DUbna/15/ and 
~ ~Berkeley/16c/ experiments. Both are ob­

o ~ served to rise with energy up to - 3-4 

°I--+--. , I J GeV after which levelling off occurs. 
'01-------- t --- .-.j 2. The cross sect~ons for cumula­

tive 	particle production in the region08 

of 	limiting nuclear fragmentation~ 0 6 

~ ,., rl (4 ~ E.:.,~ 400 GeV) and in the range of 
00 r ++ : t,.~!;..::'1s""[16cl l scaling variable X from 0.6 to 3.5 
0 .2 

] are 	well approximated by a unique expo­
0 l.---'---'L.....1-_ • ---'--',--'--'---' 	 dO 

0 
• ~ 6 nential dependence (see Fig.2a) E1 _ ~ 
~I 	 d~ 

1Fig. • const Al l? Am( X) exp [ -X/<.X~ 
Where <: X> = 0.14 (to an accuracy of 1~) is a universal parameter 
which does not depend on the quantum numbers of cumulative particles; 
m(X) • 2/3 + Xl3 for 0.6 < X< 1 and m(X) = 1 for X > 1 and A{I20. 
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~he v ariable X' 1 '7/, 
x Q2/ 2lli v • ie de fi ne d as 
- !,lI t1: I - (PIIPI ) I , whe r e 

co ll iding nuclei, 111 and 

corre s pends t o. a sec endary 
pl on ) . The vori a bl e X is 

closely r elated t o the Bjorkcn var i a ble 

f ollows : X = I (PI P!) - 1/2 m
2 

) //( l'I Pn) ­
PI and a r e t he four -moment a ofPII 


1':1 1 are t he i r masse s and the inde x 

part i c l o (in our ca se paTt lc l c i s a 


cal l ed t he e f fe c tive cumulat l v e number . 


I n t he r es t f r wne of the fragJIlenti ng nucleus .i t i s approxi ma tely 

equa l t o inc minim\L~1 t ar ge t ma s s f3o:: X :: ( E - P, I ) / mN, where E and 
P i I are t he ener~ and l ongi tudinal momentillD of t he pr oduced part icle 
1.L l1Ll I!l;) i s t he nuc l eon mass . :r'or de ep -ine l asti c l ept en scat t ering , 

Jie [; l ee t i ng; mas se s , X/ All approaches x. 
The! cumulative region corresponds to. X > 1 . 
Si milar le s ul ts and t he salle va l ue of < X > hav e been confi rmed 

in deep -inelasEc muon scat t ering en nucle i (sec Fig . 2b). The cor­
r espondin[; pr edi ct ien I'las madG by A.I,1. Baldin/ 6 ,18/ a nd r ealized i n 
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Fig .3 compi les t he va l ue s of < X > f or 

diffe r ent t ype s of cumulativ e experiments 
inc l uding de ep-inelastic sca t t e r ing of ne ­
ga tive muons on car bon nuclei f or an ener ­
gy of 280 GeV and momentum transfers e f 
Q2 = _q2 = 200 (G eV)2 . As de ep - inelas tic 

le pton scattering i e believed to. r epresent 
i n teractions with quarks , result s of t he 
NA- 4 experimen ts a r e very important to in­
dicate the quark nat ure of cumulative pro­

cess es. 
3. For i dentical values of variable X 

the invariant cross se ct ions of pion and 
kaon production obey the following approxi­

. dO + dO­ma t e relat~on E , _ (11) ""E, _ . (11)"­
- dPt d P1 

d Cf(+ 11 0(-) ~ '" E I -:; K »> E 1 ~ K • Such a ract 
dp, dP1 

can be interpre ted a s a r esult of pick-up 
f r em t he symme triC quark s ea of correspon­

ding quar ks by the valence quarks of t he 
col l iding ob jects (i.e., the valence quarkB 
of t he collidi ng obj ec t s form a part o f ~~ 
and K+, but they are n ot a part of K- me­

sons) . These re sul ts well conf irm also t he 
qua r k na ture of the cumulative eff ect. 
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ThUS, one can assume that the invariant cross secti on of the 
process I + II 1 + ••• in the region of limiting f ragmentat i on, 
for example, of the nucleus II is ef the form E 1 ci!f = C I alGII l (X,~. 

dp, q q Iq 
Here is the quark-parton structure function o~ nucleus II, 
C l 

GII/ q 
is the constant characterizing the hadronization of quark i nto q 

hadron 1, 0 ~ is the cross section of the process where quark q 
from hadron II passes through target I having the avoi ded colli ­
sion. The physical meaning of t he functions are universa l mo­GII/ q 
mentum distributions of quark q in nucleus II. 

4. The most striking feature of the cumulative effect i s the 

universal (for all the nuclei) X dependence of • In the range GII/ q
X> 1 the function GII/ q is well approximated by a simple dependence 
G / ~ expl-X/.:: X >j wi th the slope parameter < X> = 0.14. As can be n q 
seen from Fig~ 2, is different from zero for X up to 3.5. InGII/ q 
this case the properties of GII/q(X) are in good agreement with 
the idea of t he cumulative e ffect as a result of interacti ons of mul­
tiquark configurations existing in the nucleus and containing an e f ­
fective number of nuc leons equal t o X. 

In accordance with the approximation of the limiting fragmenta­

tion cross secti on CTII; E 1 d_CT- G (X,pl), the ratios of structure 
dp n/q

functions f or diff erent nuclei 1 (in this case He, Al and Pb) norma­
lized to nuc leon 

(1) CTn ' / On 

(ji) CTn ' / CTn 

Dll 

'-11 fib 
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'0 -11 6.!lr 
6 .. 

• 
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.. 


" 

2 
)(. 

Fig. 4 

have the following X dependence: 

for An' > An and X.:: 1;'"' AnGnl/ AIiGII/q < 

~ 6 ... 

~ 1 f or X> 1 (see Fig.4). Such their very diffe­
rent behaviour can be interpreted as a manifes ­
tation of multiquark configurations exist ing 
in nucle i . In our case, in the D nucleu6, 
there are no configura t i cns inc luding quarks 
from morL than two nucleons, whi le the Al nu­
cleus differs a lit t le, in this sense, f rom 

the Pb nucleus. 
The ce r esults have be en in part confi rmed 

by experiments on deep -·i n e l as t i c s cat t er i n!S of 
muons at CERN/20/ and elec t rons at SLAC/21 / on 

D a nd Fe nuclei. This is often called the 
"EMC effe ct". However, the da ta of theBe experi ­
ments are restricted only t o t he region X< 1. 
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Dubna results giv e a ddi tional information on the properties of 

G / q for the regi on X > 1 which hav e not yet be en s t Ud.ied in l ep­
I I 

ton-nucleus i nte ractions , 9.11d they can be c onsidered a s a prediction. 

In particular , the investigation of the A dependenc e of cumu lative 

pion production at X = 1. 3 f or more than t wen ty nuc lei s hows (see 

Fig . 5a) t hat t he lOul tiquark configurations di f fer from one another 

fo r ull nuc l ei with An;S 20, and for All> 20 the amount of multi­

quark configura tions in nuc l ei i s s tabili zed a t a certa i n level. A 
s i mi l ar A dependenc e of cumul a t i ve pion productinn at X = 2 . 1 
(see Fi g.5 b) makes i t possib l e to s e parate t he c ont ribution of 9q " H 

and;12q ~stat es to t he st ruct ure functi on s of nuclei .GII/ q 

§," X~2i)TJ6~'( b~( X· IJ) Q. 

Bo.. 
1 )1 ' 

•~; V -{f- -__til -1-'- - 1;--1 -- --I Mt-- ---H 
~ I 

AA 
lQ tOO ~~ 2.0 100 1'50 .00'0 

Fig . 5 

Thus, an experimen tal test of t he hypothesi s of the cumulative 

effe c t cSI'ried out in oyst emati c inves t igati ons of inc l us i ve nuc l ear 

r eactions with large momentum trans fer s in the regi on of limi t ing 

nuclear fra gmentation confirmed the ex is t ence of tlus physics pheno­

me non , e stabli shed t he universality of i t s main properties and it s 
quark nature. The regularities which follow f rom these experimen tal 

data on limiting nuc l ear fragmentation show evidence for the quark­

-parton structure f unctions of nuclei as independent (il' reduci ble to 
one-nucleon) objects of hadron physics. The properties of these func- ' 

ti ons are in goo d agreement with the idea that in the nucleus there 

are multiqua rk state s realized by a group of nuc leons inside t he nu­

cl eus wi th effective number X which are substantially distinct 
from multinucleon sys tems in a free state. The above properties of 
the structure functions of nuclei, which have been recently confirme d 

in part by experiments on deep.-inelastic scatt ering of leptons on nu­
clei, enable one to predi c t re s ults of future similar experiments. 

An attempt to study cumulative processes in other than i nc lu­

sive ex periments have been c arried out by s eve ral groups from the 
High Energy Laboratory of JINR using pic tures f ro:n the 2m prcpane 
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bubble chamber with Tn plat es r This technique enab l e s one to inves­
tigate inelastic processes unde r 4 rr - geometry condit ions and , i n 
consequence, to obtain more extensive informat i on on the dynamics of 
cumulative interactions. 

Below v.re shal l discus s r esults of D. s t udy of multiple par ti cle 
procru aes in pC, pTa (at 10 GeV/c) and rr-c ( a t 40 GeV/c ) colli si ­

ons a cc ompanying the production of cumulative hedrons. 

Ava ilable experimental data have been analysed verst.s the lar­

gest value of cumulati ve number (30 =E (3 i , Vlhere (3 i = (Ei ­
- Pi [ [)/fill' um onli all the va lues of (3i t'o r secondary hadrolls 
(in our case rr-, p and so on) in e3ch event considered. The 

quant i ty (30 thus determined i s a n ordinary var iable of parton 

mod e ls relat ed to one nucleon of the nuc leus . For example, se l ectinG 

inte r a ctions having particles v/ith(3o> 1 (as known, cumulative), ~/ e 
select events in whlch ther'e occurred the hard interacti on of consti­

tuents of co lliding objects • 

The s election criterion for cumul at ive interactions can be exten­
ded. The point is that a fas t quark produced in the hard interac ti on 

can be hadronized not only to a cumulative particle (version I) but 

also to a cumulative jet (version II). 
In accordanc e with the aim i ndicated, both ve rsions of t he ap­

proach to a study of different kinds of correlation phenomena are 
used in analysis of the experiment al data of both pC, pTa and 

n-C interactions. 
In version I the properties of general average characteristi cs 

(multiplicities, momenta and emission angles in the lab.system, ra­

pidi ties in the c.m. s . of ,["_ 8 hadron-nucleon) of pions and protons 
produced in the above hadron-nucleus interactions have been analysed 

vers us (30 • It has been founi 22 / that the values of (30 = 0.4 (for 
pions) and (30 = 1.2 (for protons) are the boundaries on ,which there 
change the regimes of all characteristics of multiple particle pro­

duction on nuclei. The obtained results indicate the existence of tWJ 
mechanisms a t least which are responsible for the production of se­

condary 7Tt and p in these collisione. It has been found that the 

region of cumulative interactions with (30?;- 0.4 ( for rr:!) and (30? 
1.2 (for p) is distinctly eingled out for a ll the studied properties. 

The analysis of the events from the cumulative region has shown 

the following: (i) The processes, which led to c umulative pion pro­

duction, are independent of the processes of cumula tive proton pro­
duction (only in - 12% of the events proton cumulative proce sses are 
accompanied by the emission of cumulative mesons, and this fraction 

do es no t de pend on J3 0 ). 
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(ii) The inv lll'i ant i nclusi ve cross sec tions for cumulative .,, :! and 
p versus variable Q = f3 i - B (here B is the baryon number of 

hadrons) have an exponential form ~ expl-{3i /<{3 i>] with 
.c.{3i'>TT± c 0.143 ± 0.004 and <{3i> ~ 0.130 ± 0 . 005 (i.e . , with 
universal slope parameter", X> = 0 . 14) . It shouJdbe noted that this 
dependence has been also obs erved in the cumula tive production of 
j ets/23/. (iii ) The behavi our of leading n t mesons (1.e., the pions 

having x * /P :> 2 in the NN c .m.s.) accompanying the produc­= PII max 
tion of cumul a t ive hadrons is a lso of interes t. Their general avera ge 
characteristics appear t o be i ndependent both Of !!: and (3 , i.e.,

o ]. 
they do not "fee l" the cumulative ef fe ct. It is ifficult to explain 
t hese facts i n the framewor k of the mode ls bas ed on the noti ons of 
"central" collisions in which t he leading e f fe ct s hould be suppresse d. 
On the otl:ar hand, it is cli f ficul t t v understand this effec t using fuc 

models of rescattering and collision of incident hadron with nucleon 
having l arge fermion mc.mentum. The "leading" effect is in good agre e­
rnent with the fact tha t leading hadrons are produc ed f rom specta tor 
quarks, which pass through the nucleus without i nt eraction, and cumu­
lative particles are the result of hard interactions of another quark 
of incident hadron. 

All the a bove general charact eristics of secondary particles 
produced in pC, pTa colli sions at 10 GeV/c and n C int er a ctions a t 
40 GeV/c have been a lso obs e rved for proton production in pion-nuc le­
us interactions at momenta o f 3 .7 , 6 and 9 Gev/c/24/ in r+ nucleus 
collisions/25 / and in v/v + nucleus inte r actions/26/. All these 

facts confirm the universality of the genera l characteristics for 
the processes of cumulative hadron and accompanyi ng particle produc­
tion in various nuclear interactions at different ener gi e s of colli ­
ding objects. 

The production of hadron jets in cumul ative processes for " C 
interactions at 40 GeV/c has been studied/231 in version II. Quark 
hadronization from multiquark nuclear states is practica lly unstudied. 
Therefore it is particularly interes ting to select jets in the region 
of nuclear fragmen t a tion and to compare the,m with the properties of 
hadron jets in e+e- and soft hadron-hadron collisions. 

The analysis of the ava ilable data was performed in the c . m. s . 
of i nc ident pions and the corresponding number of nucleons ( ~n) in­
volved in the intera ction. The energy of collision is defined by the 

formu l a E s ;: {S = J \/.. m... ElI ­c . m. • oN 

Such an appr oach make a it possible to observe the change of the 
properties of hadron jets, produced on nUCl ei , with the number of nu­
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cleans involved in the interaction what is somewhat s imilar to an in­
vesti gation of the properties of hadron jets vers us the atomi c number 
of target-nucleus. l.lultinucleon 7l C interac t ions wi th the t otal 
charg e of secondary particles Q = H+ - N_ ~ +1, where 11+ and 
a re the numbers of secondary positive and negativ e particles per in­
teraction, were selected for the analysis (in this case t he protons 
having Plab~ 300 MeV/c were excluded). 

The cumulative events were selec te d using the variable 

o =L f3. > 1 .0. In this case s ummation was done over all seconda­I~o I _\I 
ry particles moving backward in the " ~ c.m.s. because the hadroni­
zation of quarks from multiquark states can occur so t hat none of 
the particles has the j3 i outside the kinematical limit of pion­
-nucleon collisions, whereas the sum of all f3 i in a jet produced 

in quark hadronization is larger than 1.0. A group of particles Ea­
tisfying the condition (3 > 1.0 and having Ix.1 • *2 r P."I /E ~O.05 

o l. l. c.m.~. 
was assumed to be a cumulative jet. 

Based on the analysis performed, the following main conclusions 
can be drawn', (i) In cumulative n -C interactions with the number 
of interacting nucleons ~n ~ 5 the production of hadron jets is ob­
served that collimated towards an incident pion and in an opposite d~ 
rec tion in the 7l-)ln c .m.s. The va lues of average sphericity 
( < S» for both jets COincide with the data for e + e - and hadron­
-hadron interactions at equal E (see Fig.6). ,(ii) In 7l-Cc.m.5. 
interactions the longitudinal and transverse (Fig.7) momentum distri­
butions of pions for cumulative jets and also for the jets collimated 
towards an incident pion agree wi th Similar distributions of pions in 
e+e- annihilation. In this case the longitudinal momentum distribu­
tions of pions, calculated in the rest frame of a meson system 
(.:.M o >==10 GeV) that i8 i dentica l to e+e- events, were analysed. 
(iii) Wi thin the experimental errors, the average multiplicity of 

charged hadrons (<.nch> ) in cumulative IT -C interactions is in 
agreement with the multiplicity in e+e- annihilation ' for equal 

E • (iv) The quark fragmentation functions F (x ) for KO-me­e.m. B. 0 _ + _ q E _ 
sons and !\ -hyperons in cumulat ive TT C, e e and 80ft 17 P col­
lisions have a simi lar dependence (see Figs .8a, b ) . In t his casexE 
the < nKo> and <nAG> • produced in quark fragmentati on due t o the 
pickup of strange quarks from the sea, COincide in t hese inte ractions. 

(v) The diquark fragmentation functions Fqq(xE ' for KO-mesons and 
AO hyperons from multiquark states of the target-nucleus are consis ­
tent with similar 7T-P and e+e- data (see Figs . 9a ,b). In this case 
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t he funct i ons ~:(XE) in cumulat i ve TT-C and F~: (:XE } in e+e­ colli­
s i ons are s i mi lar ove r t he range xE~ 0 . 4 . 
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Thus the results obtained in the study of jet production in rr-c 
interactions at 40 GeV/c indicate that the quark and diquark fragmen~ . 
tation into pions and strange particles is universa l in cumulative 
collisions on light nuclei, soft hadron collisions and e+e­ annihi­

lation. 
The fragmentation of multi quark states on light nuclei is simi~ 

to that of quarks and diquarks in s oft and hard collis~ons of parti ­

c l es. 
The abov e data on the study of the cumulative effect allowed us 

to broaden ideas of the quark nature of nuclear mat ter. The observa­
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tion of multiquark s tates should be also expected in processes invol­
ving relativistic nuclei. 
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Such a kind of expe­
riments has been perform­
ed by the groups of L.S. 
Azhgirey and L.N.Strunov 
in studies of ine lastic 
scattering processes of 
deuterons on diffe rent 
nuclei in reactions of 
the type d + A~p/d + X 
with relatively large mo­
mentum transfers. 

The spect rum of deu­
terons emitted at an an­
gle of' 139 mrad in dd 
interactions at 9 GeV/c 
was studied by L.S .Azhgi­
rey's group/27/ (fig.10). 

From the figure one can 
see tha t a peak from elas­
tic dd scattering at 
8 .59 GeV/c is seen in the 
spectrum. The structure 
over a momentum range of 

. 7.9-8.6 GeV/c caused by 

\;---l ~2 ~~ 0,6 ~.e quasi-elastic dd scatte­
:X::' 2['/"" ring, occurring with tar­

get deuteron break-up but 
without the production of 

new particles, is also seen in t he spectrum. This part of the spectrum 
is we ll described wi thin the framework of the multipl e scattering mo­
del. An analysis of the deuteron spectrum in a momentum r egion of 
<7.9 GeV/c shows that the processes of coherent pion production, 
when the incident deuterons are not broken, pro .ceed at momentum 
transfers of < 1.5 (Gev/c }2 with a marked probability . This fact may 
be considered as an indication of the admixture of" 6q " c onfigurati­
ons in the de uteron. In particular, in order to describe the above 
results, it was necessary to introduce the "hybrid" wave function of 
deuterons containing about 5% of H 6q H states/28/ • 
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A silllilar e;,:perilnent, performed by L.N. Strunov' s group/29/ with 
a high-resolution magnetic spectrometer "Alpha" (reaction d + C 
(or CH2 ) ~ P + X at 8 . 9 GeV/ c), allowe d one to reach higher momentum 
transfers and to reveal a discrepancy with the standard nucleon-nu­
cleon interaction f orm ( the "Paris" potential) as seen in Fig.1·). 
The "Dubna "ave func t ion" extracted f rom these data agrees with that 
from electroproduction experiments at SLAe/30/ and Saclay/32/ . The 
obser ve d exce s s for k ~ 0.2 Ge V/c (k is a relative nucleon momen­
tum in the deuteron) is interpreted as a manifes tation of the N6q~ 
component in the deuteron wavs f unction: ljJ(d} = (1 - 0( ) IjJ (pn) + 
+ G( .ljJ c6q}, wi th a " 6q q a dmixture of about 10%. The hybrid mods{3l' 
has been used t o des cribe the data. 
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The "Alpha " team has a lso be­
gun to investigate 3He "* p and 
3He ... d r eactions at a beam momen­
tum of 6.0-1 3.5 GeV/c in order to 
extract the 3He wave function, 
particularly at a higher value of 
internal momentum. Preliminary data 
on the cross section of 3He ... d 
r ragmentation and the calcula ted re­
sults using the solution of the 
Faddee v equation and the tHl po­
tential wi th a sof t cor e/34/ can be 
seen in Fig. 12. A d i screpancy be t­

een t he expe riment a l dat a and the 
model i s agai n observed here. 
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An investigation of t he f ragmentation of polarieed deuterons 
could give additional informat ion on the quark s truc ture of the deute­
ron wave function/ 35/ • Such an investigation i s planned at t he Dubna 
synchrophaso t r on. 

Turning now t o t he second topic, which is multiple particle pro­
duction in re l ativistic nuclear collisions (the range of small A y 
and smal l momentum transfers) , I would like to poi n t out that the re­
levant experiment a l data have been obtained at Dubna as well as at 
Berkel ey. 

Col lisions of such a type make a deci siTe contribution to the 
tot al CroBS s ection and are well described i n the trame.ork of ordi­
nary nucl ear ph,yaics where the nucleon is a "good" quas1,particle even 
a t the highest energies. Relativis t ic nuc lear collision prooesses are 
deacribed in the same way as usual mul t iple particle produot ion pro­
cesse s of hadron pbysics on the baBis of average general charac teris­
tics • 

In part icular, t he atudy of multiple particle production proces­
ses in nuc leus-nucl eus ool liaions has led us t o the conclusion that 
the mai n charaot eristica of theae processes can be describe4 as a 
superpOSiti on of basic charact erist ics f or nucleon-nucleon collisions . 
In thi s case one can say t hat the addi tive nuc leon model wor k8 well. 
The validity of this f act toll ows due to small momentum transfers in 

t hese processes t hat make a maj or cont ribution to t he tot.l cross 
section. 

By t he present time a gent1'8l picture of the r el a tivistic nu­
c l ear collisions 1 s tc a l arge ex·t ent c l arified . Although the range 
of small ~ y and lIIIIa ll momentum transfers yie lds no eSli8ntially 
new inf ormation even at the highest ene rgiee , a .tudy of multiple 
particle production in nucleus -nuc leus colli . l ons is very i _portent 
for the solution of many probl ems of r elativistic nuclear physics 
and IIIaDJ' problems ot astrop.hysics. 

Multiple particle product ion has been studie~ a t Dubna by means 
of nuclear emulaions, bubble and streamer chambers . 

An intereeting question in nucl eus-nucleus col l i e1Dns 1 s how ma­
ny nuc leons partiCipate in the interaction (Un ). 

Table I I shows Bome new r esults/)6a / on aver age number. of par­
ticipant protons «0 p"') and correlated aver age numbers of partici­

pant nuc l eona £<U,?) for 1n terac tiona between d , 4He , 120 and 
C, Ta at" . 2 GeV/c per nucl eon. In the table a re &1.&0 giTs n ave­
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rage numbers of proton participants «np>DC H) obtained from t he 
DCM mode l/36b/. It can be seen t hat the experimental data make it 
pos sible to choose classes of interac tions with the number Vn va­

~~~ 
T,1ing over a wide range . However, the theore tical va l ues for <np> 
are slightly greater than the experiment al ones . Perhaps the DCM mo­
del sl i ghtly overestimates the number of cascade rescat t erings of 
secondary particles. 

Table II 

Type of in­ 4HeC ce 4HeTa CTa
teractions dC CC central dTa CTa centn1l 

< np > 2.40 3.27 5.11 8.35 5.52 8.64­ 13.84 29 .96 
!Q.03 :!:0.05 ±0.08 ±0.06 ±0.12 :to.24 ±0.37 :to.55 

< Un> 4.4 6.2 10.2 16.0 11.2 17.4 28.5 61.4 
:to .1 ±0.2 :!:0.2 ±0.5 ±0.3 :!:0.5 to.8 :!:1.2 

<: n>DCM 8.7 14.9 32.8 
p 

Let us look at some new results on interac tions between p, d, 
"-­ 12 /36e/'He, C and carbon • These r eactions were studied by a group 
of the 2m propane bubble chamber. Table III shows t he average genera l 
characteristics of secondary ~ - mesona together with the predic­
tions of a Dubna version of the cascade mode l (DCM)/36b/. Prom the 
table one can see a gpod agreement of the experimental data wi th 
the model. 

Table III 

pC de 4HeQ ee 

< n_> 0.33 :!: .02 0 .62 :t .03 1.07:!: .05 1 .52 :!: .07 

<: n_,> expt. 1.14 ••08 1.23 :!: .08 1.11 ± .08 0.85 ± .07 

D_2 DCJ( 1.23 1 .15 1.07 0.70 

<:P.J,> expt. 0.26 :!: .01 0.26 :!: .01 0.26 :!: .01 0.25 ± .01 
GeV/c DCM 0. 21 0.23 0.24 0.24 

<Ylab>IIXPt. 0.85 ± .04 1.00 ± .03 1.04:t .03 1 . 10 :!: .03 
DClI 0.95 0.98 1.05 1.05 

:rig. 13 displays t he dependence of t he aTerage number ot 71 0 ver­
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sus the number of 77 - -me sons for dTa and CTa 00111sioos a t 4.2 
GeV/c per nuc l e on/ 37/ . Cont rary t o nucleon-nucleon da t a at t he s ame 

" 0 

energy per nucleon (where the average number of 7T -meBons decreas es 
wi t h i ncreasi ng the number of 17 --mesons), in nucl eus- nucleus colli­
sions < n 0> increases wi t h ~ n >. This difference in behavi our 

11 v -
i s probably on l y t o r ef l ec t the mechanism of multiple lIN collisioos 

in nucleus-Ilucl eus i nteractioIls. 
The f irst results on antideuteron-deuter on interactions have 

been submitted t o this confe-rence by t he "Ludmila l' collabor a tion/ 
38 

• 
The dat a (- 6500 events of d d i n t eract i ons) we r e obtained by means 
of' a t rack sens i t i ve deuteron target (100 x 16 x 8 cm 

3
) situat ed in­

s i de t h e 2m hydrogen bubble chamber exposed to an R.F s epar ated 12 
GeV/e antideuteron beam (-0.5 d per pulse and hadronic background 

-3~ ) at t he Serpukhov accelerator . 
The t o tal dd annihilati ­

on cr aBS section at 12 GeV/c 
was es timated to be l arger than 
0.04 mb bas ed on one 10-prong 
event (see fig.14) with no 

charged baryons or antibaryons 

and a missing mass of 2~ 

found in a part of the data . 
The multiplicity distribution 

iO 
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of charged particles in dd in­
te ract ions was determined with 
~ n 

c 
h>-4.67±O.05 and <n'>/D • 

_ 2.20:!:0.04, while for dd mul~ 
Pig. 13 nucleon interactions < nch " and 

< n >/D we re estimated to be -3~ larfSer . 
This t eam also studied the reaction dp. ppn at 12 GeV/c /3

8 
/. 

The diffe rentia l and total (10.4±0.7 mb) cross sections were deter­
mined on t he basis of 630 events from thi s r eaction. The experimental 
da ta were found" to be in agre ement with t he theor etical predictions 

obtaine d in terms of Glaube r fo rmalism. 
The events wi t h p spectator were further selected a llowi ng one 

to study np interactions at 6 GeV/c. Approximate l y 250 events of 
np elastic scattering were selected g i v ing cr l (13.9±1.S mb) and e 2 
dcr. L /dt (the slope parameter b. 12.711.3 (GeV/c)- ) close to the 
corre spondi ng quantities for pp elas tic scattering data at the same 
energy. It should be noted that the p n data at close energy yie l d 
smaller values of t he elope parameter1 39/ . Such a di screpancy arises 
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probably due to methodical difficulties connect ed with the selection 
in the experiment s with the deuteron t a r get. 

Pasaing on t o another t opic, whi ch is the charge-exchange pro­
cess wi t h D. -isobar excitat i on in t he nucleus, I would like to pcrint 
out that thi s process may be the most s ui t abl e to solve t he problem 

of the axci t a tion of 4 -isobar degre es of fr eedom in nuclei and t o 
study t he propertie s of the Ll in nuclear matt er. 

Measurem en t s of t he in­
vari ant cros s s ections of the x - 'JX > ;X-_ . 0 !i' + 

' . '-.... • 4 - .... -- (3He , t) r eaction on C and 
\ - , . ./ . ' .. -~, .--. ­

CH2 	 targe ts a t triton em i s ­

sion 	 angl es of ~ 0 . 40 Vfe r e :;.;~~!~7i~~~~ performed at an i ncident mo ­

mentum of 4 . 37 , 6.78 and 
.,. ~ '.1.~~\\. o~ ' ? :-'1:'~'CC 	 ( s ee ).10.78 GeY/c Fig.15 

The sta t istical uncertainty
X • '« . . ' \ X '~,>! Oil 

.-+- t --l...- '. l of the data does no t exceed 

5%, the normalization one is 
Fi g . 14 l ess than 10%. 

The re sult s can be swnmari zed a s f ollows : (i) A single peak is 
seen i n t he p (JHe , t) r eaction cros s secti on (black circles in 
Fig . 15). The posit i on and width of the peak are close t o the exp ec­
ted ones f or the p ( 3He , t) 11 ++ re ac ti on. There a r e two peaks i n t he 

C( J He , t) cross s ect ions (open circles in Fig. 15). The f irst one i s 

located at small Q, and the peak height decreas es with increasing 
projectile energy. The second peak is l ocated in the same Q regi on 
(Q = TJ - Tt and T is kinetic energy) a s the peak in the 
p(3He,t)H~ ++ reacti on cross section. (ii) Two mechantsms con t ribute 
to the reac tion i nves tigated. One of them (the first peak in the 
C(3He , t) reacti on) corresponds to spin-i sospin exc itations of nu­
clear levels in the res i dual nucleus. The o t her one contributes t o an 
internal excitat ion of target-c onstituent nuc leons (in this case we 
shall refer to it as t o .1 production). The contri bution of the lat ­
ter mechanism increases with increasing mom entum and dominates at the 

largest momentum used. (iii) The ratio of the charge-ex change cross 
section dGrdQ (D):: !.J.~/cJ..fti.Q for C and H increases with increa-

Q~ 75 nev 
sing 	incident momentum varying from -0.5 at 3.9 GeY/c to - 1.6 at 

4.37 GeV/ c and 2.J at Pin~6.78 GeV/c (in this case the contribu­
tion of the tail from the nuclear excitation peak being subtracted). 
(iv) There is a shi f t between the .1 -peak positions in the reaction 
on c and H at fixed incident energies. This ' shift can be due t o 
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a ki nematic a l di fference be t we en t he minima l longitudinal mom entum 
trans fe r (at fi xe d Q) .required to exc i t e t he 11 collect i ve ly on a 
f ew- nuc l e on gr oup in 12C and the one i n the charge- exchange pr ocess 
on a s ingl e nuc leon . (v) The comparison of t he da t a on abs olut e (3He , 
t ) cr oss s ect i ons on H and 12C, a s vlell a s t he Glauber cal culation 

resul ts , shows that in the charge-exchange r e a c tion with A produc ­
tion i n nucle i a t h i gh ener gies s uch mechanisms of the collecti ve 

t ype are es s ential , which cannot be r educed to Ll producti on on a 

s ingl e t a r ge t-cons ti t uen t nuc l eon . 

Thus, the se results a r e rather unexpec t ed f r om the point of view 

of "s t andar d" model s if' one negl ects t hos e collec t ive-type effects 
which canno t be r educ ed t o Simp l e "one-nuc l eon" mechani sms and a l s o 

does not t a ke i n to account possib l e changes of the proper t ies of t he 

I:l 	 pas sing t h rough nuc lear mat te r . 
Concluding t his part o f my t a l <t, I 

would like t o say t hat f r agment at ion and 

part icle product i on proce sses i n c ol l i si ons 
of r e l a t i vist i c nue l e i are pe.rhaps " ordina­

~I ry nuclea r phys i cs i n a f as t-moving refe­
"," j l~ \' 

r ence frame" on ly a t smal l moment um t rans­',' ,\ 
~1 ' \ fers and small L1 y, whi l e at l a r ge momen., 

.~ ~ JoQ.7! ....~ t um transfers t hey refl ect the quark st ruc­JJ \'~<' ,...~. t ure 	of nuclei. 
The Dubna r esults have been obtained 

':1 

,,[,H . 
on the properties of nuclear rea ctions at 

small momentum transf ers and small i nt er ­1"1\ /~~~ nucleon distances that allowed one to cla­l.IVr~>"- ri f y a general picture of the dynamics of 

these processes f airly complete ly. 
Of spe cial interest are, in our opini­~u~ 

~ ~. ft. 	 • ., Q . r,~ on, the investigations using the nucleus as 

a laboratory f or "exotic phenomena". I n 
Fig. 15 connection wi th this topiC, 1 would like to 

make Bome c omments on " anomalons", whi ch have at 't racted large atten­
tion during the last few years, and the search for manifestations of 

a phase transition of hadron matt er to a quark-gl uon plasma. 
First of all, let us look at some new r esults on "anOJllBlons" . 

In a large number of papers devoted to the study of inelastic nuclear 
collisi ons for high energies the effect of anomalOUS increasi ng i nt er ­

acti on crOBS sections for secondary stripping fragmen ts having charge 
Z ~ 2 of pro j e ctiles with target-nucleus has been repor ted. This 1n­
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!"ormBtion has aroused considerable interest because this effect can 
be direct ly associated wi th a possible existence of exei ted :rragments 
with an anomalously large cross section and a lifetime of ~ 10-10 s. 
l';ow it seems that the odds are against the existence of these pheno­
mena: one can quote here severa l recent experiments using emulsion£41, 
42/, plastic detectors/ 43 / and multilayer CherenKov counters/44 ,45/. 

In particular, I shoVi in Fig.16 new result s of the Dubna emulsion 
cOllaboration/41 ,42/. The problem of anomalons has been investigated 

on 6053 secondary interactions of projectile nucleus fragments with 
charges from 3 to 10 found in the nuclear photoemulsion expos ed 
to a 22Ne beam at 4.1 GeV/c per nucleon. From the figure one can 
see that the da t a , in which statistics was high enough to allow fra g­
ments of all charges f rom Z = 3 to Z. 10 to be studied separate­

ly, do not exhibi t ony significant variation of interaction mean free 
path ().,") measured a t diffe r ent dist ances f rom the point of projec­
tile fraGments (X). The boundary of the r egion of stable anomalon 

exi stence all ovled by this sta tistic s i.s estimat ed at a 1% coexis­
tence lev<21 by the meth od of maximwa li ke lihood. 

Similar r ellults have been obtai n ed in a 
,.,t, l Z ~) high-statistic s e l ectronics experiment using a 

z.I .-p-40_L......-

2"11 

.... t...r--+ 

All Z 

·...+t-'1~ 

II, • , Ie 1'1: -. tl,. 

:l~ liv e targe t of 40 Cherenkov count or s wi th t hinI 
1." , solid radiator s (5 mm of plexiglass) vlhich 

" 
~ mak e i t possi bl e to measure the fragmen t charge 

and the coordinate s of the po int of its creati ­
on and absorpt ion. The experiment/45 / was per­

formed on a lilt; beam at 4. 5 GcV/c per nucleon . 
The atim.ixture ~f 12C nuclei in the beam vms 

l.:sed for detect or calibration. The br anching of 
the nuclear react i on channels and the mean f r eE 

< 
path for different fragments are in reasonabl e 

X,CPI a!;reement with the published dat a / 43 ,44/( s ee 

Fig. 16 Table IV ). 

Tuble IV 

Mg lIa Ne F 

wean free 

pattJ (rom) 126±2 236±5 133±3 134±5 


Branching 

ratio 0.108±0.004 0.095±0.004 0.052:!:0.003 


18 

The exper i mental I·esul t s hows (s e e Fig . 17) that the abundanc e 
0,( anolllalons wi th a mean f r e e path of 0.7- 2 .0 em i s l e sD t han 2'1b 

for Na , rl e and F f r agments ( 9 E Z :S 11) created by the i nte r ac t ion 
be twe en Lig and ligh t nucl ei contained in t he pl exig l ass target 

3
(C5l!802' densitY .f • 1.10 g/om ). 

Coming now to the second topic , 
),eU/).. I wou l d like to t ell very bri ef ly abo­
~I~.o £I ... 46~?",_:;::' ---lJ • u t re sults of an investigation/ / of 

,~ /' 

.aJ / ' / • QcZ e11 Sl....." .hl 
 t he tempereture and densi t y of nuc l ear' , / 

010,14" ",II • •p mat te r in " central " 12c + 12c co 11i ­.. _..__ d.,.," ),- .I e", 
!lions a t 4 .3 GeV/c per nucleon. For:n .f"," .' CC cent ral int eract i on s (i.e . , t he" ,l e", 

l .:a • event s vfi th no more than two po s i ti ve, 
...e.... s i ngly- charged parti c l es having momen­

F' i. g • 17 t o P .,. 3 GeV/c and emi . t ed a t
lab el ab <: 4 0 with r e s pec t to t he beam di rec,t ion) with addit ional s e­

l e c tion .PL ~ 500 MeV/c, the r oot -mean- s quare radi us r l 1US( PP) = 
= (2.6:!:O.4) fm has been obtained , whi ch, toge t her wi th the totnl num­

ber of participating nuc l eons being about 17 . gives an estimat e of 

.f • (1. 8±0. 5 ) fo f or the densi ty of hot nuclear matt er. 
This v a l ue of densit y, combined Vi i th the " temper a ture " of nuclear 

mat ter To = (1 90±10) MeV e s t i r.Jated f rom the slope of the secondary 

proton spectra Vii thin t he interval of emis sion angles 70°-100°, 
gives a point on the nuclear matter phase diagrame s ho,vn in Fig. 18. 

("( c. entrol 
__ _ L 04k- ql.u~ As is seen from the fi gure , atzoo 
~( ~tlsmQ 

moderate energies and for not veryTr"'n.sit ,Pof'l :~J"~I"" " 
'.gl~ iNt:~(471~"h".". '''" heavy nuclei, we can already be not~ I~O re. ~~a.m"" K:' "-"! far from a transition to the quark­.--t-£- """"'- \ 

~ l-focJrOOlc .......... ~-::- -gluon plasma. The result could be, 
.. 100 

however, more convincing if either '''~;;;'''''';;::'''.,,--:~:~:~\i 
~ heavier ions than carbon or much 

;- Pirm ~~ 
~ 50 J con:t~nsotlon % high energy are used.d ; §i At the end of my talk I would 

o,'.{ L 
10 . like to point out the following: 

PIP. 1 . Relativistic nuclear physics 
M)CLEAR O£HSI1Y 

is s uccessfully being developed atFig. 1 lJ 
Dubna. The program of experimental 

r esearc h in the field of relativistic nuc lear physics bei ng performed 

at JINR (pri mary synchrophaso tron) directly connects important prob­
lems of high energy physi cs , whic h have been discussed a t many Confe­

r ences of F~gh Ener gy Phys ics. 
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2. The nuclear collisions in the region of limiting nuclear frag­
mentat i on are the unique source of ext remely important information on 
a space-time picture of hadron production ( and their internal structu­
r e ) and also on t:le quark-gluon structure of nuclei. I n particular, 
the regularities I'Ihich fo l low from the experimental data on cumul ative 
hadron production provide an evidence fo r the e~istence in nucle i of 
m'il tiquark configurations the structure of Whi ch st rong ly differs from 
free nucl eons. Quark-parton models as suming the exist ence of such a 
kind of states in nuclei seem to be able to explain the behaviour of 
nuc lear formfactors, de ep inelastic lepton scattering and particle 
production in the cumulative region. SUbstantial di fferences exist, 
however , between formulations of these mode ls, and they should be re­
formulated in a consistent way. 
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PesynbTaT~ ~y6~ B o6nacTH npegenbHOA ~parMeHTal\HH Hgep 

B gaHHOM o6sope DPHBOAHTCH HaH60nee 3Ha~~e pesynbTaT~ 
3KcnepHMeHT&nbHYX HccnegouaHHA B o6nacTH npegenbHOA ~parMeH­
Ta~ sgep, swnonKeH~e pas~ rpynnaMH ~H3HKOB OHHH B no­
cnegHee BpeMR H8 ~y6HeHCKOM CHHXpO~a30TpOHe. 

Pa6oTa BWDOnHeHa B na6opaTOPHH BbiCOKHX 3HeprHH OHHH. 
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Dubna Results in the Region of Limiting Nuclear Fragmentation 

A review is given of the most significant results in the 
region of limiting nuclear fragmentation that have been 
obtained by different groups of physicists from JINR in the 
last few years at the Dubna synchrophasotron. 

The investieation has been performed at the Laboratory 
of High Energies, JINR. 
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