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i. Introduction

It 15 well known (see, e. g. [11) that transition from jlow to
high energies causes substantial changes 1n the structure and
the number of nuclear fragments created 1n hadron-nucleus thA) and
nucleus—-nucleus (AA) interactions. At low energles the evaporation
and fission products of the nuclei, remained after the cascade
(fast) stage of the nuclear reaction, dominate among all the
fragments (see Fig.l). At high energies the multiple production of
the fragments with the masses of the order of 10-20 a.e.m. occurs
and the mass spectrum changqges in the corresponding way (Fig. L,
i.e. nuclear multi1fragmentation takes place. Since it 1is difficult
to admit these fragments result from the evaporation and
fisslon processes, an assumption has appeared (3] that 1n this case
we deal with the liquid-to-gas phase transition with the conseguent
condensation of the nuclear gas to the droplets—fragments. This
hypothesis arises from the form of the fragment mass spectrum of

=

the L/H; type £3,41 which 1% consistent with the predictions of
llquxd condensation theory (5] (N¢ {s the mass of the fragment).
However, finality of the nucieon number and the binding enerqgy
effects constiderably distort this spectrum (see £3,4]). Therefore,
to test the hypothesis of this type. it is necessary to consider
the “"phase transitions” 1n a system with the finite number of
particle. This problems arise and are solved in {nvestigations of
the processes united under the name “percolation” [&). Therefore it
seems natural to try to describe the nuclear multifragmentation

process 1n terms of percalation. [n particular, in paper (7] it is
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Fig. 1. The fragment mass spectra CY]JF
at two energies of the incident 1
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supposed that 1n the course of interaction the nucleus 1is heated
and changes to the gase state. At the gas condensation simulated by
percolation of free positioned points, the observable fragments
appear tapproach [). In the series of papers (81 an approach which
1s inverse, in a sence, was applied: it 1s supposed that the
nucleus is the cubic crystalline structure which 1is partially
destroyed when heated (approach [I). At present within the
framework of this approach a quite good description of the set of
the experimental data is reached (see (8.,91). Unfortunately. this
agreement is obtained by introducing quite arbitrary
phenomenoclogical parameters and relationships. As a result, the
predictive ability of this approach is decreased. Besides, within
the framework of this approach it is impossible to put a gquestion
about the percolation structure of the “cold” nuclel (i.e. the
structure of the nuclei in the ground state) . because the structure
of the crystalline type 1is postulated. At the same time this
question 1s quite natural within the framework of the first
approach. Below (section 2) we consider one of the possible
approaches to clearing up the percolation structure of the ‘“cold”
nuclel and suggest a method of building the nucliei as a united

(bound) percolation cluster. A possible mechanism of destruction of

these clusters in nuclear reactions is Qlven in section 3. In
the forth sectiaon the fragment mass spectra are described taking
into account evaporation of particles from the “"hot” euxclted

fragmencs.

2. Fercolation of nuclei

There are many methods of bullding ("assembling") percolation
clusters (see refs. in (&61). For example, the first nucleon can be
placed into the origin of the coordinate frame. The second one,
linked with it, can be placed at the distance T +from the first
nucleon with the probabil{ity #71). The third one can be finked with
the first or the second one and placed at the distance 24y or 2
with the probability %?71) or ¢szx etc. Unfortunateliy, we have not
found the form of the function #(r) to obtain the density of the
nucieons 1n the assembled cluster close to the known nuclear
density. Therefore we follow (1@} and sample the nucleon
coordinates for the nucleus with the mass number A independently o+

one another in accordance with the distribution

P2 = Comt/[ 4+ exp((z-R)/el,
R= 1.08/}4/3?&”, C=0.545 ¢m. (1)

Then one should fink the nucleons. Taking into account the short
range of nuclear forces, we will assume that the occuring of the
links between the closely placed nucleons is more preferable,
i. e., the probability ID(?"'/) of the 'linking of two nucleons i an& j
with the di{stance Z,} between them is egual to 1 at 2, 0 and @
at 2,57""’“. In the papers (7,1@] /b('?—g/') was chosen 1In the <form of

& —function:

4 ‘Ze/ £ 2,

;) = 2)

fJ( d (2] Zij > 26

Generally speaking, in this case the “"cold” nucleus does not
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represent a single percolation cluster. fesides there are no
reasons for cnoosing any aefinite value of Z,. (see Fig. 2a.
Taking this into account we choose P('Z,_J) in the form:
P2 = exp(-2./2.). @
The percolation structure of the cold nucleus varies (on the
average! depenaing on 2. . However, at Z¢~'1ﬂ%e‘ 1.4 fm all the
nuclei are represented by a set of 5-6 percolation clusters which
are not connected with one another (see Fig. 2Zb). Note, that the
benaviour of the curves 1n Fig. Zb allows an assumption that at
Z2.= 1.4 fm in the zystem of the Infinite number of particles

a single 1nfinite connected percolation cluster 1s created.
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Fig. 2. The average number of the “fragments” of the “cold"
nuclel as a function of the parameter re calculated using
formulae (2) and (3) (Figs. a and b, respectively). The
mass numbers of nuclei are given i1n the figure.
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In other words, we suppose that Ze = 1.4 fm 15 a critical

value of the percolation parameter. In the following

calculations we wused this value. Certainly, the fact that our

"cold” nuclel do not represent a single percolation cluster

1§ 1nconvenient. However., the analysis shows that these nuclei
mainly consist of a big single connected cluster and I-4
unlinked nucleons t(see, e.g Fig. 3. This seems to be due to
imperfection of the assembling method and the use of the
noncorrelated distribution of (1}). To get rid of these
“homeless” nucleons we connect them “by force” to the nearest
neighbours belonging to the connected cluster. Thus our cold

nucleus 1s always a single connected cluster.
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A few words about the internal structure of the clusters. In
Fig. X the nucleon distribution of the 64Cu nucleus over the
coordination number ﬁﬁ (1.e. the number of the neighbours linked
with the considered nucleon) is given. As seen, on the average
there are about 3 nonllnked nucleons with ﬂ2=0. The average number
of links {A,) = 5.5: . At <A) =2 the nucleus would look like a
“crumpled” chain or a necklace. [f the arbltrary vertex is removed
this nucleus would decay 1nto two fragments. At <AQ) =% various

structures of nuclei are possible. The simplest one is the binary

tree structure which usually decays into three fragments of various

*)
I.e.. the nucleus greatly differs +rom the crystal with the cubic

lattice, where { M) = &.



lengths when any vertex is removed. Adding loops decreases the
number of the produced tragments. When the peripheral nucleons are
removed. the produced number ot fragments can be less than three

too. Therefore, the percolation structure of the cluster and 1ts

configuration can greatly affect the +form of the fragment mass

spectra.
According to our calculations (ﬁ2> > oz, therefore, when an
arbitrary nucleon 1is removed, GBroduction of more than three

fragments 1s possible, in principle. The real fragment spectrum 1s
conditioned by removig both central and peripheral nucleons. To
estimate the degree of destruction of the nuclei, more accurate

additional assumptions are needed.

J. Nuclear multifragmentation

it is experimentally found rather long ago that the products
of nuclear reactions at high energles contain the nucleons which
cannot be attributed to evaporation particles. ‘fraditionally these
particles are supposed to be nucleons-participants of the <fast
stage of the interaction. [n the papers using the photoemulsion
methods the charged particles of this type are namea g-particles.
To describe their yield and destruction of the nucleus one could
use any model of inelastlic nucleus—nucleus interactions. In this
paper the Glauber approximation is used.

According to the Glauber approximation, the probabilities of
various inelastic processes in interactions of nucleli A and B at
the fixed lmpact parameter é? and the given coordinates of the
nucleons of tha nuclei with the mass numbers A and B in the impact
parameter plane ([§;} and (%Z} respectively?’, are specified by

adifferent terms of the expression expansion {1i,123:

1 —L.n n(i—g’ij)-_- ZZ 94/ [ ﬂ(i—}“,)-r )

=4 j k=1 =1 m=4
PELS 23. mtjk
A 8 A 8
s 202 Fugin[ ][] (1 gem)+ .-
2 ipfet ket l=1 m=1
‘44 P4 i,j mEK L
§uj = X(E-3;+%) + YN (I 3,47 - Y- TYE-3:2

where XYZB is the amplitude of elastic NN-scattering in the impact
parameter representation. lhe first expansion term

gives the probability that only one nucleon in nuclei A and B will
be toucned ("wounded"). The second one gives the probablility that

one nucleon in nucleus A and two nucleons in nucieus B will be

é’efore after

43
Fig. 4. The pattern ot the ﬁ& nucleus and its fragments in the
impact parameter plane pefore ana after interaction with
=1.]
the Br nucleus. The wounded nucieons are marked by

crosses.



touched, etc. kemaval of the “wounded"” nucleons naturally leads to
the destruction of the nuciei. In Fig. 4 the ZlAka nucleus before
and after interaction with the Baﬂr nucleus is given as an example.
As seen, taking 1into account the destruction of the percolation
structure of the nuclieus after the knocking-out of nucleons, one
can in principle explain the phenomenon of multifragmentation of
the nuclel. Unfortunately, the calculations show that the yield of
the moderate mass fraaments is stronaly suppressed. To describe the
experimental data one has to assume an abnormalily high degree of
excitation of the produced fragments. In this case the yields of
Light fragments with the masses in the 5-12 a.e.m. reglon are
strongly suppressed. It is not a surprise, because it is known that
the Glauber approximation shouid be supplemented by an additional
assumption. In paper (13] it was suggested that every intranuclear
collision results in 3-4 additionally knocked nucleons. Since this
number is close to the value <M), we assumed that in the course of
the fast stage the woundeéd nucleon leaves the nucleus together with
its nearest neighbours. [t considerably improves the results.

To take into account the excitation enerqy of the primary
“hot"” fragment we introduced the parameter 6“ into the maodel.It is

the excitation enerqy per broken iink. Obviously, the value of

£'(AQ> should be close to the nucleon binding energy.

4, Choise of the éﬂevalue and descripfion of the experimental data
To describe the decay of# excited nuclei-fragments we use the

evaporation—fission model described in paper [14]. The sampling

of inelastic reactions according to the expression (4) was carried

out by the Monte Carlio alqorithm in the code DIAGEN (151. The

parameters of the NN elastic ampiitude were taken from paper (161.
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Fig. §. Mass %;eld curves in the reactions p + Ag fat Z0Q GeV)
108
and C + Ag (25.2 GeV) (multiplied by 3). The points

are the experimental data [171. The histograms are our
calculations at different values of the parameter 6“

‘tnumbers in the figure).

The results obtained by varying the parameter 5' are given {n
1@8

Fig. 5. The best description of the reaction p + AQ we reached
*
at £7=3 MeV is not quite good. At the same time the description of
h .r . 12“ 108 64 12 &4
e eactions c o+ Ag, p + Cu and c + Cu is quite
satisfactory (see Fig. &). We assume that the more correct

consideration of the nuclear structure and the knock out the
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Fig. 6. Mass yield curves in the spallation reactions of Cu
12 40
by 3.9 GeV protons (a), 25 GeV C (b) and 9@ GeV Ar
L]
tc). The histograms are our calculations at £ =3 Mev.

The points are the experimental data [18,191].

nucleons from the nuclei (the cascading of the secondary particles)

allows great improvement of the results.

5. Conclusion

On the whole the percolation approach is a good basis for the
description of nuclear multifragmentation. i¥f the percolation
structure of the nucleus and 1its destruction in the nuclear
reaction are taken into account, one can explain the main features
of the nuclear multifragmentation process. However, the reaction
progducts stronqgly depend on the following deexcitation process of
the primary “"hot" fragments. To describe the multifragmentation
process gquantitatively, there 1is a set of ways of the model
improvement, e.g. more specitic description of the percolation
structure of nuclei and the process of deexcitation of “hot"
fragments, taking into account the cascading of the secondary
particles, etc. it is of great interest to explain the momentum
spectra of the produced fragments within the framework of the

percolation approach. This work is now in progress.
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limakoB C.I0., YxuHckuii B.B. £2-89-581
Mepkonsauusa H MynabTHOparMeHTALHA Afep

llpegnoxeH crnoco6 nocTpoenHs ''XonoAHwx' sAmep kak nep-
KOJIAIMOHHLIX KIaCcTepoB. B paMkax omnpelelleHHBX npenioKeHHH
O 3aKOHOMEPHOCTSAX Pa3pPhBOB CBA3eH MeXIy HYKJIOHAMH B xole
silepHbBIX DeakKIMd rnoJIyyeHO OMHCaHHe mnpollecca MylsTHhparMeH-

TAUHUK B a[APOH—-AOEPHbBIX U ALPO—ALEDHbIX B3aUMOOEHCTBHAX NnpHUu
BbICOKHX OJHEePpIrusax.,

Pabora BbmonHeHa B JlaGopaTOPHU BHYHCIHTENBHON TEeXHUKH
U aBToMaTusauuu OWUIH.

IpenpuHaT O6BEeIHHEHHOTO HHCTHTYTA ALEePHLIX Hccienon aHHil. Jly6na 1989

Shmakov S.Yu., Uzhinskii V.V. E2-89-581
Percolation and Multifragmentation of Nuclei

A method to build the "cold" nuclei as percolation
clusters is suggested. Within the framework of definite
assumptions of the character of nucleon-nucleon link
breaking resulting from the nuclear reactions a descrip-
tion of the multifragmentation process in the hadron-

nucleus and nucleus-nucleus reactions at high energies
is obtained.

The investigation has been performed at the Laboratory
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