


1 Introduction

RRecent experimental data sliows that the siimultancous fragmeutation of highly
excited nnelel into wany fragments with charge 7 > 2 appears as a dominant
reaction chanuel in wielens-nucleus (AA4) collisions at incident energies above
I MV nueleon, Nowadays the mechanism(s) of the reaction receives consid-
erable debare, There are only few models [1]-[3] that attempt to deseribe A1
interactions frow the initial hnpact through to the final formation of clusters.
But these models were not able to give perfect deseription of the distributions
of fragment mass nunber or charge even in the range of its applicability. A
svstematic study of relativistic heavy-ion collisions frown the peripheral to the
tost central in hmpact paratneter are the main goal of the expertments at
RHIC and LHC w1 USA. which will be completed at the end of this century,
Now new experimental fragmentation data {1 of Neo Xe and U+ Em at
~ 1 GeV/nueleon appears and it is rather suspicious that these models can
correctlv describie then, A model is therefore nueeded to deseribe fraginent
production iu A4 interactions at high and super high energies.

To explain the fragment production. it is necessary to couple a model
being able to describe the fast stage of the uteraction with another one which
cant describe the de-excitation of miclear residie. By tradition the first fast
stage of the interaction is usually described with the help of the intranuclear
cascade model (ICAf) {5. 6]. However its region of applicability is liited
in the energy range of < 10 Gel'/nucleon. At high energy one has the so-
called Reggeon theory inspired model (RTIA) [7]. which was successful in
explaining the cascading of particles in proton-nucleus (pA) and 44 collisions.
Concerning the de-excitation models. one imediately remembers the standard
Weisskopf mode] for light particle production. The popular models of nuclear
multifragiuentation are: statistical multifragmentation (8]-[11], aggregation
[2]. [12}-[15] and percolation models [16]-[17] (see additional refercnces in [18]-
[19]). Among these models the percolation one gives the simplest description.

Now the bond-percolation model is widely used to describe mass yield
curves. It is assumed that in an initial state of the nuclcus the nucleous are
occupied the sites of a stmple cubic lattice. Each nucleon has a maximum of
six ueighbors and bonds. Due to an interaction the bonds are broken with «a
probability py which is constant over the whole lattice. A constant ps can only



aive a quaditative description of mass vield curve in pA reactions. Obviously.
the energy deposited into the target nuclens by the projectile is larger for
ceutral than for peripheral collision and py, should reflect this. Thus the py
dependence on impact parameter bas been introduced [20] for pA interactions
and the desired agreement was reached. Unfortunately such dependence is not
hased ou any theoretical approach and considered only as o fitting function,
Moceover this dependence cannot be applied for A interactions hecause the
tiass munber of the projectile and tarper conld be varied in broad ranges and
miany such fittmy, functions would he required.

Recentdy [21] the py dependence onexeitation enerpy of mclear residue has
s proposed. For events at o given excitation energy £ the autlors were
et repradiee the fragmentation data of 600 Mol nucleon Aa + €A
an b Clu.

In the present work this dependence is going to bhe ased to deseribe 1l
fravinentation data ol po+ g [22]0 p 4 Au [23) ar 350 GedVoand €+ Ay
At 3.6 GV puelcon{24). T s found that by nsing this dependence the
wodel nnderpredict the vield of mediun mass fraginents. A new dependence
is therefore introduced by s, With the himprovements of this dependence
the experitnental distribution of mass for the above reactions as well as the
distribition of charge for the recent experimental data 4] of A, Xe, U+ Em
are described.

This paper is organized as follows. Tn See.2 the model is deseribed together
with the conuection of breaking probability and excitation energy. In See.3
the wodel predictions are compared with the experimental data while Sece.d

i~ devated to a few conclusions.,

2 The model

To deseribe fragment production, three ingredients st be specified: the
tmass number of miclear residne. its exeitation energy and the connection be-
tweeti g and the excitation energy, First, it will be shown how to determine
the first two tnpats in the framework of RTIM . Secoud. the percolation proce-
dire i deserihed, Afterwards the conneetion between the breaking probability

and exeitation energy is going to he established.



in the sunplest approach a nucleon can be represented as a core snrrouandod
by clond of virtual mesons, In the course of pA interaction many virtaad
nesons can shimitaneonshy take part. This picture 3s taken inro accoannt
im Regpeon theory, Tn contrast to the cascade picture of sequential binary
collisions between the incident and produced hadrons with target nucleons, «
collective interaction scenario here is favorite. This scenario can be fmitared
as follows: 1f a mueleon of the rarger mclens with mmpact coordinate $, s
knocked onr it can initiate the ejection of other target macleon with jmpact
coordinate & with probability of} 5, - 5 ). This second nucleon caa in s
turn cject a thivd one, oL ewes This s also true in A4 interactions,

The munber of interacting orwounded” nncleons whicls are involved in the
first stape of the interaction can be determined by the following algorithin of

Monte Carlo simulation:

LA o given impact pavameter and given coordinates of the iclear nn-
cleons (in the corresponding reference frames) one can determine the
imteracting uucleous of the nucled aceording to Glanher's approach (see

Refs. [23]-[30]).

2. Oune has to look for all the spectator nucleons of the tacget nucleus. If the
A spectator mieleon is at the impaet parameter distance by, =| 5 ~ §; |
from the j jnteracting nucleon. then it is considered ta be involved in
the process with a probability
b
f."=(‘ﬂ'1'(—,-_'.f)- 1)

2
where 1o is the mean interaction radius, taken as ». = 0.7 fin,

3. If the number of newly involved nucleons is not equal to zero, one has
to repeat step 2. At this point one only needs to consider the newly

involved nucleons'. If the number of newly involved nucleons otherwise
equals zero, then the procedure must be stopped.

The same procedure cat be applied for projectile nucleus destruction.

!This allows one to take inte account the processes when 3, 4,5 .. etc., nucleons are involved in any block
al the mteraction.



The new mechanisin of particle cascading into the nuclens requires in turn
i new procedure for calenlating the exeitation energy of the nuclear residue.
other than JCAL prescription. In doing so we fallow the paper [31] and assume
that in the course of interaction each ejected nucleon transfers to its spectator
neighbor an energy £ distributed according to

F(E) = '*-1.---4'"[.',(/"';'- (2)
< k>

I'he problemn now is how ta decide which nucleons are spectator neighbors,
‘Torsolve this problem two reppesentations of the initial nuclear state are nsed.
Uirst, the nucleons are placed on the sites of a simple cubie fattice having,
a neady splierical volume, Therefore the imeleons whnely are located in the
ncighbor sites 1o the cjected one are supposed 1o be spectatars. Second, the
sucleons are placed randomly according to o normal mnclear depsity, taken
as Saxon-Wood density distribution. If any two mneleons are ina distance
Jd, they are considered as neighbors, . < 2 for, In this case the nucleus
fooks like & percolating cluster. The twao representations are connected by the
recuiremnent that the average sqnare radins of the cubic lattice nuelens must
hie equal ta that given by Saxon-Wood distribution. This guarantees the right
seaetry of the collision.

If a spectator nucleon were a neighbor, e.g.. of two wonnded nucleons, it
would obtain the convolntion of the two energies chosen according to (2). ...,
cie, The s of the energies transterred to all spectator nicleons is considered
as the exciration energy of the residual nuclens.

After the fast stage of the interaction. all spectator nucleons are assuined
to acquire kinetic energy (due to mesonic or barvouic fields). Two nucleons in
an element of phase space are said to be connected if their relative momentuin
is less than the negative potential energy between theun. Otherwise, the two
nucleons are assuined not bonnd to eacl other. A cluster is defined if the
uucleons are connected directly or indirectly by houds. These houds represent
attractive interaction between thew.

Now. consider the nucleons are on the sites of a simple cubic lattice, L.e.,
their positions are fixed in space. The energy distributed into the nucleons
is assumed to be deseribed by a Maxwell-Boltzmann distribution. Having in
mind the criteria of connecting nucleons as described above, the probability



of discauneeting onds can he written as (compare Ref. [21])

= /: VE g [T VE P TAE (3)
where £ s the binding energy and T, = 3E, are the slope parameter (tem-
perature), with £, boing the excitation eperpy.

Thesmthors of paper [21] hive nsed an initial cubic Iattice of 68 sites, with
thie hond breaking probability caleulated by (3). and the slope parameter T,
wits obtained by fitting the data of proton Kinetie encrgy spectra by a single
moving, souree and o binding energy of 7.8 MeV/nuclean, they could he able
to reproduce the fragineutation data of 600 MelV/nuceon Au 4 €0 AL and
(.

e
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Fig.1 The mass yield curves for the reactions denoted on the legend of the
figure. Dashed and solid lines denote the calculations by using the preserip-
tions of (3} aud (4) respectively.



To check the validity of {3) in the framework of the present model, the mass
vield curve of p + Ag is calculated. It can be seen from Fig.1 that the model
underpredict the vield of medium mass fragments by a factor of 2. In Fig.2
the breaking probability py is calculated as a function of excitation energy
E, at < E >= 20 AMeV for the same reaction. The breaking probability is
calculated for this reaction by assuming an impact parameter dependence,
taken from Ref. [32]. while the excitation energy is caleulated by the proce-
dure outlined above, In Fig.2 the points denote the simulation of the breaking
probability as a function of excitation energy.
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Fig.2 The breaking probability as a function of excitation energy of the

nuclear residue for p+ .Ag at high energy. Points denote the actual dependence
(see text), dashed and solid lines are the calculations by using (3) and (4)
respectively.
The dashed line represents the model calculations by using the prescription of
(3). As one can see, the break-up probability rapidly increases with increasing
excitation energy. This contradicts with the actual dependence, shown by
points, where p; increases up to some excitation energy and then levels off
that to be limiting fragmentation. The solid line shows the present work
parameterization of this dependence which is given hy

Dy = Poo [I - pr(—Ez/Ebond)] 3 (4)



where py is defined as a norinalization probability (or “central breaking prob-
ability) and Eyue is the energy required to break one bond, Following Bauer
[32] the two parameters are equal to gy = 0.65 and Eypy = 5 AV

[t should he remarked that the preseription of (3) is in agreement with
that of (4) only in the region of E; from 4 to 10 MeV/nucleon. Bevond this
there is a big difference, wlile the prescription of (4) is limited to py = 0.65,
that of (3) goes to unity,

3 The mass yield curve

Fig.1 shows the complete mass distribution of p+ 4g at 300 GeV. The charac-
terist.. of this distribution is that the spallation cross section decrease expo-
nentially with decreasing mass over most of the mass range, between Ay o~ 48
and 98. At lower mass numbers, the mass vield curve gradually levels off and
then begius to increase sharply below Ay ~ 28, where fragmentation becomes
the dominaut mechanismu. The dashed histogram shows the present work cal-
culations by using (3). In concrete calculations the parameter of (2) is taken
as < E >= 20 Mel and the binding energy at 7.8 MeV/nucleonin(3). For a
given py, a Monte Carlo algorithm decided for each bond individually whether
it is broken or not. The procedure is followed by a counting algorithm which
looks for clusters and evaluates their size. It should be emphasized that iu this
approach gy depends on impact parameter (through the dependence of excita-
tion energy on impact paranieter) in contrast to the approach of Ref.{21}. It
can be seen that while the agreement for very sinall and large mass fragments
is very good, the calculations by using (3) underpredict the data by a factor
of 2 in thie medium mass region between 40 and 90. The underestimation of
the data in this range can be understood by Fig.2. Due to the rapid increase
of break-up probability as a function of excitation energy, one may expect
that the probability to have mediumn mass fragments, using this dependence,
is very low.

It should be remarked here that, the same behavior as the dashed histogram
has been obtained in paper [32]. In this paper the breaking probability was
assurned to depend on the impact parameter of the proton. This dependence
was given by integrating over the nucleon density of the target along the path



ot tne projectile. For their ealealations they used a standard Saxon-Wood
parcmetrization of the density.

Fres i also demonsrrates the distribution of fragment mass for ¢ 4+ dg at
Ioeh energy The dashed lne represents the caleulations according to
cu It can be seen that the calvulations reproduce the overall shape. but also
cuderestimate the data in the range of A, ~ 40 - 80).

It the ciise of p4 du interactions at high energy. the caleulations reproduce
the oxpetimental data wnch hetter, nevertheless, there is a slight underesti-
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Fig.3 The charge distributions of the fragments from Ar. Xe and O+ Em
al ~ 1 Gel/uucleon (1 — 3 respectively ). Histograws denote the experiien-
tal data while the solid lines represent the caleulations by nsing (). Both
data aud caleulations for Xe and Ay are multiplied by factors of 10 and 100
respectively.

mation i the medivm mass fragnients. For ¢+ Auw the agreement of the
caleulations with the data is surprisingly excellent.

The model calenlation shown by solid line in Fig. 1 with the iuprovemens
of (4) is compared with experiinental mass vield curves of p and € + Ag and
pand 4 Au. The parameter of (4) s fixed at < E >= 30 MV, Now, it is
seen that the quality of the firting is considerably better and the vield from



low to high mass fragments is well described in contrast to the calculations
by using, (3). One only notices a slight disagreement of the data of C + Au at
high mass fragments of Ay ~ 160 = 197. But one needs more data to make
anv definite conclusion.,

[u the following. the resuits are obtained using the prescription of {(4).

Among the experiments on M F. emulsion measurements are of particular
interest hecanse they provide an almost complete identification of the frag-
ment charges emitted i a heavy-ion colhision.

The Ko Xeand U+ Emosystems have been studied by this method in
Ref. [1] at ~ 1 GeV/nucleon. The corresponding charge distributions are
displayed in Fig.3. Before going any further. it should he stressed that the
etntlsion data do nor have very Lipgh statistios, This jndicates statistical flue-
tnations in the observed vartables. This poiut should be kept in mind when
cotparing nunerical <immlations with the data,

The main characteristic of the spectra shown in Fig.3 is that the charge
distribution contains all events from light to heavy fragiments. It can also
be seen that a good overall agreement hetween experiment and caleulation is
accomplished, without changing the parameters from that of p+ Ay case,

4 Conclusion

e The present hybrd model, based on RTTM plus a muclear mulrifrag-
mentation model. has furthermore a high predictive power which has not
been fully exploited. by far. The model shows a very good deseription of
the experimental fragment mass distributions of p. C+ Ag and p, C+ An
as well as charge distributions of Kr. Xe and U + Em. The model can
be used for estimation of unelear fragment production in 44 interactions
at high and super high energies. Of conrse, the percolation model can he
replaced by other more reliable mode] of nuclear multifragmentation. We
think that this will not however strongly affect the calculation resnlts.

e The hot muclei fragment similar to other statistical systems. Only at
large values of excitation energy there can be a deviation from statistieal
laws, see Fig.1. This deviation is perhaps cansed by the finiteness of the
nucleus. In very hot nuclear matter the micleons are moving with high



5

velocities aud therefore should leave the interaction volume very fast.
Su. the statistical equilibrinm cannot be reached. At low excitation en-
ergy the nueleons have many collisions between themselves ard statistical

equilibrium is este!dLhed,
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