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Fragmentation of **Ne in emulsion at 4.14 GeV/c
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Abstract. Charge distributions of projectile fragments produced in the interactions of
“Ne beams with emulsion at 4.14 GeV/e have been studied. Correlations between
projectile and target fragments and among projectile fragments arc presented. The change
of charge yield distribution with the violence of the collision has been shown. The present
analysis contradicts theoretical calculations describing the inclusive charge yield distribu-
tion of fragments by a single process.

1. Introduction

In nucleus-nucleus collisions, the nucleons in the overlap region are called partici-
pants. The remaining nucleons are spectators. Large impact parameters lead to
‘gentle’ reactions while small ones give ‘violent’ interactions. The spectators are the
prefragments which decay further into fragments. The mechanism of this process is
still a matter of debate. Fragmentation is one of the historical [1} and fundamental
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questions [2-4] in high-energy nuclear physics. The author of [2] schematically
distinguished three main mechanisms for the fragmentation of A=200 prefragment
nuclei: the first is spallation, which leads to one fragment of mass near to that of the
prefragment nucleus; the second is fission, which gives two heavy fragments, each of
mass close to half the prefragment nucleus mass; and the third is multifragmentation.
which provides several fragments. In [3, 4] the fragmentation processes are divided
according to the temperature, 7, of the prefragment nucleus as follows: at 75 MeV
the mass yield distribution is localised near the minimal and maximal masses
corresponding to single nucleons and residual nuclei. At T=5-7MeV the mass
distribution has a U-shaped form which indicates the multifragmentation threshold.
At T>7 the inclusive mass yield distribution becomes a monotonic decreasing
function, the steepness of which increases with increasing 7.

Many theoretical models have been devoted to the study of the muitifragmen-
tation process [2-16]. In some models, the prefragment nucleus heats up and then
condenses into droplets [5, 6]. In others, it simply evaporates the fragments sequen-
tially [7]. In [8-13], the fragments are statistically emitted from an intermediate
excited nuclear system. Other statistical approaches [14-16] try to explain multifrag-
mentation without any reference to thermal equilibrium, i.e. as shattering of the
prefragment nucleus into many pieces. A detailed description of different multifrag-
mentation models is given in the review articles [2-4].

To study the multifragmentation mechanism, a huge number of experiments have
been carried out. These experiments dealt with heavy-target-nucleus fragmentation
induced by energetic protons and ions (e.g., [17, 18]). The use of heavy-ion beams has
an important experimental advantage: one can study the fragments produced by the
disintegration of the projectile nucleus. The fragments of the projectile nucleus are
fast, distinguishable and can be easily measured in detectors and/or spectrometers
while the target fragments are slow, difficult to measure and often stop in the target
material. Most of the heavy-target fragmentation experiments gave one-particle
inclusive measurements, e.g. the charge do/dZ or mass do/dA yield of the fragments.
Various models predicted nearly the same form of do/dZ and do/dA. Thus these data
turned out to be inconclusive with respect to various models.

In the present experiment all projectile fragments (pF) were recorded, and their
charges and emission angles were measured. Thus we have exclusive data which
enable one to study different types of fragment distributions, correlations and
comparison with theoretical models. It is of particular interest to test whether
fragments are emitted from one source at a single excitation energy.

In the present study, two samples of 4.14 GeV/c *Ne-emulsion collisions have
been used. The first sample consists of 4307 events measured in this experiment
(EXP) and the second consists of 4976 events simulated in a computer by the cascade-
evaporation model (cem) [19] under the same experimental conditions.

The paper is organised so that §2 presents the physical implications of the used
code of the cem. The details of the experiment are described in §3. Section 4 provides
the selection criteria for the studied events. The results and discussions are outlined in
§5. Section 6 is devoted to the conclusions of the paper.

2. Model and scheme of calculations

The proposed model is a development of the intranuclear cascade code [20], used for
the description of hadron-nucleus interactions, to the case of nucleus—nucleus colli-
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sions at high energies. Each of the colliding nuclei, in its reference frame, is treated as
a Fermi gas of nucleons in a potential well V(r) = B + Pi/2m. where m is the mass of a
free nucleon and B is the average binding energy of a nucleon inside a nucleus, which
is nearly equal to 7 MeV. Nucleons have a momentum distribution inside a nucleus of
the form W(P) dP=P?dP, 0<P<P(r) which is isotropic in momentum space. The
maximum value of the local Fermi momentum Px(r) can be expressed in terms of the
nuclear density p(r), Py=h[3x"p(r)]". In practice, this distribution is cut off at a
distance R, where p(R)/p(0) =0.01. The form of the nuclear density is an oscillatory
one for nuclei with mass number A<16 and a Wood-Saxon one for A>16. The
distance between any two of the A nucleons in a nucleus is taken to be not less than
2r., where ».=0.4 fm which is the radius of a nucleon core.

A nucleon of the incident nucleus, in the laboratory system, is considered to be an
independent particle which is characterised by a 4-vector of spacetime {r, ], a 4-vector
of momentum-energy [P, E] and of effective mass m = (E*— P?)"*=m— V(r). This
consideration is also valid for a target nucleus nucleon in a reference frame connected
with the incident nucleus. The effect of the nuclear potential on a particle entering the
nucleus is taken into consideration through the sudden approximation, by increasing
the particle kinetic energy by the quantity V(r).

Introducing the approximation of an independent particle with an effective mass
allows one to use relativistic kinematics, taking into consideration the effect of
relativistic compression and the symmetry of the problem relative to the colliding
nuclei. In fact, this is one of the basic assumptions of the model which turns the
interaction of two complex systems into the interaction between their constituents.
Since nuclei move with relativistic velocity, the suggestions made are not obvious and
they can be fulfilled only a posteriori.

The dynamics of the interaction are followed in time by using the Monte Carlo
method. The model takes into consideration the interaction between the nucleons of
the two colliding nuclei and those of the cascading particles with nucleons of both
nuclei. The collisions between the cascading particles and themselves are neglected.
As is usually accepted in the intranuclear cascade models, a fast incident particle can
interact with any target nucleon located in its path with a cylindrical cut of cross
sectional area m(r,,, + Ap,)°, where A, is the de Broglie wavelength and r,, is a quantity
which is nearly double the value of the strong interaction range and is taken to be 1.3
fm®. Thus the probability of scattering on the Kth nucleon after traversing without
interaction (K — 1) nucleons is given by the binomial distribution:

K-1
Wy = 2 (1=g)q«-
i=1

The partial probability ¢, (i=1,2, ..., k—1) is expressed in terms of the interaction
cross section on the ith nucleon, a,, q;=0./(ryy + Ap)*.

Tracing the time evolution of the interacting system, at a fixed time ¢ all possible
collisions are considered and we choose the one which is realised before the others,
i.e. Ar=min (¢, and the system is moved towards a new moment t~¢+ At. Thus, for
two-particle collisions chosen in this way, the reaction characteristics are selected at
random and the obeying of the Pauli exclusion principle is checked. In the case of
collision of nucleons from the two colliding nuclei, the Pauli principle is checked in the
rest system of the target nucleus as well as in that of the projectile.

In the case of hadron-nucleon collisions, the process of meson formation is
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considered as in the usual cascade calculations [20].

It is worthwhile mentioning that the nuclear nucleon, with which an interaction has
occurred, is considered as a cascade particle in the further steps and is no longer a
constituent of the nuclear system. This causes local change of the nuclear density (the
trailing effect [20, 21]) in collisions of two nuclei.

The cascading stage ends when the interacting nuclei are separated by a distance
such that their potential wells do not overlap further and all cascading particles are
emitted from the nuclei or absorbed by them. As usual in cascade calculation [20],
particles inside the nucleus are followed to a certain minimum kinetic energy
V(R) + T.,. A particle with energy less than the minimum value is absorbed by the
nucleus. According to [20], T, equals Vi, (R) for & mesons and T, = V¢, + B for
nucleons, where Vi, (R) is the Coulomb potential energy on the outer boundary of
the nucleus. The estimation of the number of residual nucleons in the potential well
and their isotopic constitution gives the mass and charge numbers of the residual
excited nucleus. The excitation energy is determined by the energy of the absorbed
particles and ‘holes’ which are formed as a result of intranuclear cascading. The
momentum of the residual nucleus is deduced from momentum conservation. which is
applied, in the course of our calculations, at each particle collision.

In the next step, the residual nucleus is described in the framework of statistical
equilibrium theory. The calculation of this evaporation stage is carried out by the
Monte Carlo method, and in this case the density parameter of the excited state,
a=A/10MeV~'20].

The Coulomb force acting between the projectile and target nucleus is also
considered in the model. In fact, in the presence of a Coulomb field the colliding
nuclei move along a Coulomb trajectory and not along a straight line. Effectively this
corresponds to an increase in the impact parameter and a rotation of all coordinate
systems by a particular angle. Both of these quantities are easily found from the study
of the classical motion in the Coulomb field.

3. Experiment

Stacks of Br-2 nuclear emulsions were exposed to a 4.14 GeV/c “Ne beam at the
Dubna synchrophasotron. The stacks consisted of 50 or 100 pellicles having dimen-
sions of 20 cm X 10 em X 600 um (undeveloped emulsion). The intensity of irradiation
was 10" particles/cm®, and the beam diameter was about 1 cm. Along-the-track double
scanning was carried out, fast in the forward direction and slow in the backward
direction. The scanned beam tracks were further examined by measuring the delta-
electron density on each of them to exclude the tracks having charge less than the
beam-particle charge.

One-prong events with a secondary-particle track emission angle of less than three
degrees and without visible tracks from excitation or distintegration of the target
nucleus were excluded due to elastic scattering.

Along a total scanned length of 947.4 m, 9318 inelastic interactions of *Ne ions
with emulsion were recorded, leading to a mean-free path of 10.2£0.1 em for inelastic
interactions. This value and other experimental details have been published by our
collaboration in [22-26]. In the measured events, the secondary particles are classified
as follows: (i) black particle tracks (b) having a range L<3 mm in emulsion which
corresponds to a proton kinetic energy of <26 MeV; (ii) grey particle tracks (g) having
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relative ionisation /*( = I/1,)>1.4 and L>3 mm which corresponds to a proton kinetic
energy of 26-400 MeV, where [ is the particle track ionisation and /, is the ionisation
of a shower track in the narrow forward cone of an opening angle of 3°; (iii) the b
and/or g particle tracks are called heavy-ionising-particle tracks (h); (iv) shower
particles (s) having /*<1.4. Tracks of such a type with an emission angle of <5° were
further subjected to rigorous multiple scattering measurement for momentum deter-
mination and, consequently, for separating the produced pions and singly charged
projectile fragments (protons, deuterons and tritons). The ratio of 'H:’H:*H was
found to be 63:27:10 [26]. Further more, the Z =1 pr are not included in s particles.
(v) The multicharged Z>2 pr are subdivided into Z=2,3, . . ., 10 fragments accord-
ing to the measured delta-electron and/or gap density. Thus, all particles were
adequately divided into pF of Z=1-10, target fragments (TF), i.e. h particles, and the
generated s particles. The total charge of the pr, Z*=23n,Z,, was calculated in each
star, where #; is the number of fragments of charge Z; in an event. For each track we
obtained from measurements: (a) the polar angle 6, i.e. the space angle between the
direction of the beam and that of the given track and (b) the azimuthal angle @, i.e.
the angle between the projection of the given track in the plane normal to the beam
and the direction perpendicular to the beam in this plane (in an anticlockwise
direction).

4. Selection criteria

From the sample of the EXP (4307 interactions) and that of cem (4976 interactions),
we selected events having a pr total charge of Z* = 10, i.e. those conserving the charge
of the beam nucleus. Thus, 855 events from the experimental sample and 553 events
from the simulated interactions were chosen for the present study. Here we study the
charge yield distribution for ~Ne projectile fragmentation, the fragment—fragment
correlation and the relation between rF and TF. This enables us to distinguish between
different theoretical models.

5. Results and discussion

The multiplicity characteristics of the events selected from EXP and cem are
presented in table 1. The values of (1), (n, and (n,,) in CEM are systematically higher
than the corresponding values in EXP. Light and heavy ¢F are produced in CEM more
copiously than in EXP. The rr of medium charge Z =4-6 are nearly absent in cem.
This can be explained by the fact that in cem the light fragments are produced by
evaporation and the heavy ones are just residual nuclei of the prefragment systems.
Table 1 demonstrates that there is a great difference between cem and EXP in all
average multiplicities of fragments. Table 2 shows the catalogue of 855 selected
events. i.e. those having the rr total charge of Z* = 10. One can see different channels
of fragmentation ordered according to Z,,,,. the charge of the heaviest pr emitted in an
interaction. At the beginning one can observe the ‘gentle’ spallation process in which
one or two particles are evaporated from the prefragment nucleus leaving the residual
nucleus which cools down, forming a heavy fragment. This process is characterised by
low excitation energy and temperature. On the other hand, at the end of the table one
can notice a “violent” process in which the prefragment Ne nucleus has been split into
H and He fragments. Figure 1 shows the charge yield curve for fragment production
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Table 1. The multiplicity characteristics of the selected events of the total charge of vk,
Z" =10, from EXP and cem.

EXP CEM
n 1.30£0.06  1.91£0.09
n) 0.96£0.06  1.46£0.10
N 1.4440.07  2.34%0.13
(y_dei= 1 0.99£0.05  1.59+0.11
2 0.812£0.04  0.3610.04
3 0.02+0.01 00
4 0.03+0.01  0.01£0.01
S 0.0420.01  0.01£0.01
6 0.12+0.01  0.02£0.01
70152001 0.02+0.01

8 0.23+0.02  0.05x0.01
0.10£0.01  0.12£0.01
10 0.26£0.02  0.59£0.02

from the *Ne projectile in the case of collision with emulsion. The distribution has a
characteristic U-shaped form. In the region of small Z, the curve decreases, then it
rises for large values of Z. The number of target fragments N, can be used as a
measure of the ‘violence’ of a collision. To demonstrate the correlation between PF
and N,, figure 2 shows the charge distribution of pr for a subclass of events of N, =1
and N, =4. In the former case a nearly symmetric U-shaped distribution is obtained
which is connected with the ‘gentle’ low-temperature process. In the latter, the
distribution decreases from light to heavier fragments. The class of N,=1 events
cannot be totally attributed to the ‘gentle’ peripheral collisions. Fragments of small Z
in this class of events are mostly the products of ‘non-peripheral’ collisions between

Table 2. The catalogue of the selected events. Different channels of fragmentation are
ordered according to Z .

Fragmentation channel ~ Frequency  Fragmentation channel  Frequency

Ne 222 H+Be+B 2
H+F 82 SH+B 4
He+O 142 2B |
2H+O 49 2H+2He 4+ Be 9

4H + He + Be 5
H+He+N 102 3He + Be 4
3H+N 24 H+ He+ Li+ Be 1
2H+He+C 54 3H+2He + Li 7
2He+C 29 H+3He+ Li 4
4H+C 14 7TH+Li 1
H+Li+C 2 H+3Li 1
Be+C | SHe 10

2H +4He 30
3H+He+B 14 4H + 3He 14
H+2He+B 13 6H + 2He S

8H + He 3
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Figure 1. The charge yield distribution of pr from *Ne fragmentation in emulsion at
4.14 GeVie.

2Ne and emulsion. In these events a target nucleon dives into the *Ne projectile
nucleus breaking it into small fragments. The size of the largest fragment which can be
formed from the projectile spectator nucleus decreases with decreasing the impact

100

dNidZ

T

Figure 2. The charge yicld distributions of ri from N,= 1 (——) and N, =4 (- - ) events.



1132 A El-Naghy et al

Table 3. The charge distribution of pr as a function of the number of singly charged vi-. Ny

N
z 0 1 2 3 4 5 6 7 8
1 207 284 135 132 20 30 7 24
2262 141 192 28 47 10 3
3 10 1 1
4 5 3 9 5
5 2 15 14 4
6 30 2 54 14
7 102 24
8 142 49
9 82
10 222

parameter. At N, =1, fragments of large Z are the evaporation residues of peripheral
collisions. Thus, light fragments (Z=1 and 2) are the products of either ‘gentle’
evaporation or ‘violent’ multifragmentation.

The degree of ‘violence’ of a collision can be characterised by the number of singly
charged projectile fragments N,. These fragments are from different sources: direct
pick-up during the intranuclear cascade, evaporation and the smallest fragments of
the multifragmentation process. In any of these cases the production rate should
increase with the degree of ‘violence’ of the collision or with the excitation energy of

100::
L] { }
0
r t
!
g L
Y ¥ | }
: NS
= {
Ol v L1 Ll
1 5 10

Figure 3. The charge yicld distributions of »r from  Figure 4. The charge yicld distributions of pr from
events of the number of singly charged pr, N2 N, =0 cvents for Ny =0 (@) and N, =4 (O).
(—) and N;=3 (---).
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Table 4. The dependence of the charge distribution of v on Z,

s

z

Zi 1 203 43 6 7 8§ 9 10
2 180 225

3 3 20 15

4 3% 36 119

5 7740 2035

6 176 1122 1 100

7 174 102 126

8 98 142 191

9 82 82

10 222

the emitting source. Table 3 shows the charge distribution of pr as a function of N,.
Figure 3 shows that the charge distribution takes the U-shaped form in the case of
N,<2 while it decreases for N,>3. This behaviour is more pronounced in the case of
N, =0 events. Figure 4 displays the charge distribution for N, =0 and N,>4 events.
The transition from the U-shaped distribution to the monotonically decreasing one is
more obvious in this case.

Another measure of the "violence’ of a collision is Z,,,,. the charge of the largest pF
emitted in the interaction. Table 4 shows the dependence of the charge distribution of
PF on Z,.. At large values of Z,,, 1.e. ‘gentle’ collisions, the charge distribution of pr

1000f

dNidZ

[N —

Figure 5. The charge yicld distributions of pr from events of Z,,,=6 (---) and Z,, <6

(—). ‘
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Table 5. {(n,) and (N}) as a function of the number of pr.

(Nppy %A {n) Ny

1.51 5 0.64£0.08  1.94x0.18
3.35 7 1.82£0.15  2.69%0.31
5.47 15 2.44+0.38  3.19x0.61
7.62 18 281097 4.04£1.38

is a nearly symmetric U-shaped one. At low values of Z .. i.e. ‘violent collisions, the
charge distribution is a decreasing function. These features are seen better in figure 5,
where the charge distributions are presented for Z,,.,>6 and Z,,<6 events. The
analysis of figures 1-5 and tables 1-4 show that the inclusive charge yield distribution
of fragments is a superposition of different mechanisms. One can distinguish at least
two main classes of mechanism: gentle evaporation and violent multifragmentation.
The authors of [17] have interpreted the mass yield curve in the frame of a liquid-gas
transition. The present analysis shows that this claim is not conclusive; singly and
doubly charged fragments are obviously due to different mechanisms. The violence of
the interaction can be measured by the multiplicities of target fragment associated
with a projectile fragment, Table 5 presents (x,) and (N} as a function of the number
of pr. The first column represents the average number of pr, the second is the
excitation energy per nucleon (in MeV) of the prefragment nucleus calculated
according to the statistical model [4], and the third and fourth columns represent the
average multiplicities of the associated s and h particles, respectively. The correlation
between the multiplicities of pF and TF is clearly seen from table 5. The values of (1)
and (Ny) increase systematically with Ny

The class of events with N, =0, i.e. those without target fragmentation. have been
studied in detail previously for “C-emulsion collisions at 4.54 GeV/c [27] and at

26 ]

22

14

dNIAZ, o, (%o)

1

1

5 7 9

w

Z

max

Figure 6. Thc production {requency of N, =0 events as a function of Z,,..
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Table 6. The production frequency in percentage of events in emulsion as a function of
Z v, the charge of the heaviest pF in an interaction.

Zmax

Beam 1 2 3 =4

2.14 GeV *C 72 5910 8+3  26x12
4.54 GeV '*C 134 6249 15%4  10%3
4.1A GeV ®Ne  2%1 24z%2 4+1  70+4

2.1A4 GeV/c [28]. It is interesting to compare the present data with these results. The
production frequency of events in *Ne—Em collisions as a function of Z,,, is shown in
figure 6 and table 6. It should be noted that the maximum probability is for events
having Z,,..=2. In the case of 4.54 GeV/c *C-Em collisions [27], the fraction of such
events is (62£9)% of all N, =0 events. For 4.14 GeV/c *Ne-Em, the corresponding
ratio is only (24+2)%. This experimental fact can be interpreted as due to two main
reasons. (i) The “C nucleus is an even—even one of zero total spin, i.e. an a-cluster
nucleus. (ii) The main channel of fragmentation is a two-particle one. In the case of
~“Ne-Em collisions, Ne—He + O predominates, and both He and O are stable nuclei.
The corresponding channel in *C~Em collisions is ?*C—He + Be, but Be is an unstable
nucleus which decays directly into two He nuclei. In fact, the percentage of He for
“C-Em collisions is (62£9)%. If this percentage is divided by two, it will be nearly
equal to the corresponding value for ?Ne~-Em collisions. Table 6 shows that the
production frequency of events in emulsion as a function of Z,, is independent of
energy in the range of a few GeV/c per nucleon. It is remarkable that Z=2 and Z=8
are the first two magic numbers. This explains the peaks observed at these values in
figure 6. The results show that the nuclear structure of the prefragment nucleus plays
an important role in the fragmentation process. More ‘gentle’ fragmentations of *Ne
projectile nuclei are the events of N,=0 and n,=0, i.e. those without target
tragmentation and generation of shower particles. Table 7 presents a catalogue of the

Table 7. The catalogue of the observed pr in events of N, =0 and n,= 0 ordered according
t() ZHIH\'

Fragmentation channel  Frequency

Ne¢ 3
H+F 18
He+0O 56
2H+ 0O 8
H+He+N 10
3H+N 3
2H+He+C 3
2He+ C 6
4H+ C |
He+Li+B 1
H+2Hc¢+B 3
3He + Be 2
2H+2He + Be 1
2H +4He |
SHe 4
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observed pF in the 120 events of N, =0 and n,=0 ordered according to Z,. Out of
them, the number of single- and double-prong stars is 77 (64.2%). This shows a low
excitation energy of the prefragment nucleus, ¢*/4A=3-4 MeV [4].

6. Conclusions

In *Ne + Em collisions at 4.14 GeV/c, events having the pr total charge Z* equal to
the beam charge have been selected for studying the fragmentation of “Ne in
emulsion.

The inclusive charge distribution of fragments is a superposition of different
mechanisms. The heavy fragments (Z=8-10) as well as some of the light ones
(Z=1,2) originate mainly from ‘gentle’ peripheral collisions. They show a distribu-
tion characteristic for evaporation from the compound nucleus. This process is
characterisied by low excitation energy. These fragments are associated with a low
multiplicity of target tracks. The medium mass fragments as well as the measurable
part of Z=1 and 2 fragments are due to non-peripheral ‘violent’ collisions character-
ised by associated large multiplicities of the target. The charge distribution of these
fragments has a monotonical decreasing shape. Thus, the mechanisms claiming that
one hot source at a certain excitation energy explains the inclusive charge distribution
conflict with the present analysis.

The presented cascade-evaporation model does not reproduce the average multi-
plicitiers of projectile and target fragments in the selected class of extreme peripheral
collisions of “Ne + Em at 4.14 GeV/c.
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