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From 1540 inelastic interactions of 3.7A GeV °0 projectile with emulsion nuclei, we select samples of 87 and
61 events carefully due to interactions of neutron (n) and singly charged particles (Z = 1), respectively. New
results concerning the topology of such events are investigated. The average multiplicities of secondary relativistic
particles that appear as shower tracks for n and Z = 1 stay more or less constant when compared with analogous
data on p-Em at similar energy. The multiplicity distributions and the average values of the various secondary
charged particles are studied and compared with the corresponding predictions by the cascade evaporation model.
The results assume that the n or Z = 1 from '®O collide peripherally with an emulsion target and are considered

as an expansion to the N-N collisions.
PACS: 25.70.Mn, 25.10.+s, 25.40.Ep, 29.25.Ni

The nuclear emulsion technique allows studies of
emitted charged particles and their distributions in
space with larger acceptance and higher accuracy
than most of the current counter detectors. It en-
sures the detection of multi-particle in relativistic-
fragmentation processes, which are characterized by
limited statistics. The data presented in this study is
based on the experiments with 0 beam interactions
with emulsion at 3.7A GeV at Dubna sychrophas-
tron. In previous Work,[l 12 an extensive set of ex-
perimental data on various projectile-target combina-
tions were investigated. To understand the behavior
of hadrons and their properties in nuclear matter, we
will investigate the new results on the topologies of rel-
ativistic 10 nucleus fragmentation in peripheral in-
teractions. The measurements in this work are based
on charge measurements of projectile fragments PFs
emitted from 60 fragmentation in peripheral inter-
actions. We will focus on a special type of events
with the first seven total stripped charges of all pro-
jectile fragments in the fragmentation cone of the inci-
dent beam, i.e., total stripped charges of > Zpr = 7.
Those events are associated with peripheral interac-
tions in which the total charge of relativistic frag-
ments equals 7. Such events are characterized by
one single charged particle Z = 1 participated. The
second-type events have eight total spectator charges
> Zpr = 8. These events which have one participated
neutron from 0 will collide. The multiplicities of
different secondary charged particles produced from
both types of events have been compiled and stud-
ied. The analysis has been made analogically with
the analysis of proton-emulsion interaction p-Em, at
the same energy.l'”l In addition, the results are com-
pared with the prediction of the cascade evaporation
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model (CEM).[']

In this work, stacks of type NIKFI-BR-2 emulsion
in dimensions 20 x 10cm? and in thickness 600 pm
were exposed to a 3.7A GeV 60 nuclei at the sy-
chrophastron of JINR, Dubna. The emulsion plates
are scanned using along the track method where the
inelastic interactions were carried out. In this inves-
tigation, we select two samples of special type of in-
teractions. The first sample includes 87 events hav-
ing total stripped charge of 8 for all possible projec-
tile fragments > Zpr = 8, i.e., all eight charges of
the incident 190 ion were contained within the frag-
mentation cone. The angular interval of the fragmen-
tation cone is determined by considering the values
of Fermi momentum 0.25GeV/c and beam momen-
tum of 4.5 GeV/c per nucleon used in this experiment
where (sinf.) = Prermi/Poeam = 0.25/4.5 = 0.055
then 6. = 3°. These events are mainly due to interac-
tions of a neutron participated from projectile nucleus.
In this study, the interactions with > Zpr = 8 due to
electromagnetic dissociation are excluded while the se-
lected events are due to inelastic interactions that have
at least one particle of type grey and or black tracks
emitted as secondary target fragments in angles out of
the cone of projectile fragments. The second sample of
interactions includes 61 events having a total stripped
charge of magnitude seven for all possible projectile
fragments Y Zpp = 7, i.e., seven charges of the inci-
dent 00 ion are contained within the fragmentation
cone. In these events one singly charged particle of
Z =-1 from the projectile nucleus will participate in
the collisions.

In each event of the selected samples, the charges
Z > 2 of individual PFs were determined by the com-
bination of several methods, which include grain, gap
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and d-ray densities.['”) On the other hand, at each
interaction point, the PFs with Z = 1 are well sepa-
rated. To distinguish the proton tracks from m-meson,
the concept of a fragmentation cone was used. Any
shower track lying within this cone that has no notice-
able change in ionization when followed up to a dis-
tance ~1 cm from the point of interaction was consid-
ered proton while other single charged particles were
taken as m-meson.

For each detected event we counted under high
magnification up to 1500, the multiplicities of rel-
ativistic shower particles Ng correspond to single
charged relativistic secondary particles with very high
velocity v > 0.7c. These produced particles are mostly
pions. Grey tracks producing particle Ny with ve-
locity 0.3¢ < v < 0.7c are characterized by a range
R > 3mm. These tracks are mainly due to pro-
tons with kinetic energy 26 < K.E. < 400MeV.
Black tracks producing particles Ny, represent a mul-
tiplicity of particles having velocity v < 0.3¢, range
R < 3mm and corresponding to K.E. < 26 MeV. We

use the term of heavily ionizing charged particles de-
noted by Ny, for all particles with K.E. < 400 MeV
where N, = Ng + Ny,.

Totally 1540 inelastic interactions are recorded for
3.7A GeV %0 with emulsion nuclei though scanned
length 195.56 m. The respective mean free path is
12.7 + 0.35cm and the corresponding reaction cross
section is 988.3 £ 27mb. We select samples of 87
and 61 events carefully due to interactions of neutron
(n) and singly charged particles Z = 1, respectively.
These kinds of interactions are rare events with ratios
5.65 + 0.62% and 3.96 + 0.51% of the total number
of interactions, respectively. This is due to the small
value of reaction cross section compared with that for
160-Em interactions. The natures of these events are
similar to nucleon-emulsion collisions such as p-Em,
which have reaction cross-section 350.3 & 27 mb and
mean free path 35.83 & 1 cm.['0'7 Experimentally, it
is a large scanning distance and hard to pick one of
this kind of event, which explains the limited statistics
of this kind of interaction.

Table 1. Topology of 3.7A GeV 160 events having Z Zpp = 8 and Z Zpp = 7 in emulsion nuclei.

Channels with

> Zpr =38

Number of events (%)
due to neutron int.

Channels with

ZZPF:7

Number of events (%)
due to Z =1 int.

sOT0 57N 32 (37 + 1.23%)
8010 —cC+H 19 (22 + 1.18%)
8010 —5B+2He 10 (12 4 1.20%)

gO16 — 39He+H
8016 —4Be+oHe+H

8016 —3Li+2oHe

s016 — 2,He+3H

15 (17 + 1.15%)
5 (5.5 + 1.10%)
1 (1+1.00%)
5 (5.5 + 1.10%)

All 87

5016 —g0 30 (49 & 1.82%)
306 —/N+H 5(8 & 1.60%)
8010 6CHoHe 7 (12 £ 1.09%)
8016 — 3.He+2H 6 (10 £ 1.67%)
8016 5B+oHe+H 4 (6.5 4 1.62%)
5016 — 45He 2 (3.24+ 1.60%)
sO16 —sB+3H 1 (1.6 £ 1.60%)
8016 —C+2H 2 (3.24+ 1.60%)
8016 —4Be+22He 4 (6.5 + 1.62%)
All 61
m Z=1from YO at 3.7A-GeV
o Neutron from %O at 3.7 A-GeV
A p-Em at 3.7A-GeV
1 —— CEM model
>
E: 0.1
0.01L
1 1 1 1 1 1
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Fig.1l. Normalized multiplicity distribution of shower
particles Ny produced in the participation of Z =1 (solid
square) and neutron (open square) from 3.7A GeV 60
with emulsion nuclei. The open triangle is the correspond-
ing distribution from p-Em. The solid line represents the
CEM predictions.

New results concerning the topology of such events
are listed in Table 1; it represents the distribution
of all channels of events emanating from O frag-
mentation for two present samples Y Zpp = 8 and

> Zpr = 7 corresponding to interactions of n, and
Z = 1 participate from 'O beam at 3.7A GeV. Tt

is observed that when n collided, 49 &+ 1.82% of its
collisions include a projectile spectator with oxygen
isotopes g0, 20 + 1.69% are associated with 2PFs,
one of them has single charge 8 4+ 1.60% or double
charge 12+1.65%, and 314 1.70% are associated with
more than three PFs. On the other hand, channels of
Z =1 due to hydrogen isotopes participated in the in-
teractions with a single PF of 7N are high probability
37 +1.23% more than any other possible fragments of
> Zpr = 7. They have one projectile spectator with
Z =7, while 34 +1.21% are associated with two PFs,
one of them has Z = 1 (22 £ 1.18%) or Z = 2 by
12 + 1.15%, and 29 +1.19% are associated with more
than three PFs. Concerning helium nucleus or a-PFs
production in Y Zpr = 8 and >, Zpr = 7 events, one
can find 38 +1.23% and 41 + 1.24% of events hav-
ing at least one a-PF, respectively. This may reflect
the presence of a-clusters inside the oxygen nuclei and
it is the preferred mode of projectile fragmentations.
It is important to study the effect of these criteria
on the systems responsible for production of different
secondary charged particles, and to search for differ-
ences on the corresponding results obtained for proton
interactions with the same target and energy.
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Figure 1 illustrates the experimental normalized
multiplicity distribution of shower particles Ny for the
two selected types according to the participation of
Z =1 and n from 0 with emulsion nuclei at 3.7 A

GeV. The data are compared with p-Em interactions
and with predictions of CEM. All distributions follow
the same trend and the CEM model is quite satisfying
distribution for the three studied beams.

Table 2. Average values of shower N, grey Ng and black Ny, produced from n or Z = 1 participated in 160 interaction with

emulsion in comparison with p-A collision and CEM predictions.

Present work p-Em[7] CEMUI
Neutron n Z=1 (All events) Ny, <7 (All events) N, <7
(Ns) 1.47+0.18 1.86 +0.21 1.63 +0.02 1.68 +0.03 1.75 1.8
(Ng) 0.54 £ 0.06 0.75 £ 0.08 2.81 £0.06 1.21 +0.03 2.71 1.14
(Np) 1.35+0.17 1.83 +0.21 3.77 £0.08 1.39 +0.04 3.29 1.0

The average multiplicity of different secondary
charged particles appears in emulsion as shower, grey
and black tracks due to interactions of oxygen at 3.7 A
GeV with the above stated restrictions of projectile
fragments are given in Table 2, and one can conclude:
(1) The average (INg) for the studied interactions and
its prediction stay more or less constant compared
with the values of p-Em, which proves that the process
of pion production from the selected samples of inter-
actions is similar to that observed for hadron-nucleus
interactions. The invariance of (Ng) in the cases of
Ny, < 6 and all the samples indicate that there is in-
dependence of the target mass number and the inter-
actions for both the samples are with a light compo-
nent of emulsion nuclei (CNO). (2) The small increase
in (Ng) for Z = 1 from %0 could be due to the in-
teracting part of Z = 1, which may occur through a
few hydrogen isotopes since Z = 1 is contamination
of hydrogen isotopes.

m Z=1from 'O at 3.7 A-GeV
1 0 Neutron from '°O at 3.7 A-GeV
F 8 A p-Em at 3.7 A-GeV
[ —— CEM model
s L
©  0.1F
Z
—
Q‘ L i]
0.01f
0.001E_. 1 1 1 1 1 1 1
0 2 4 6 8 10 12
N,

Fig. 2. Normalized multiplicity distribution of grey par-
ticles Ng produced in the participation of Z = 1 (solid
square) and neutron (open square) from 3.7A GeV 60
with emulsion nuclei. The open triangle is the correspond-
ing distribution from p-Em. The solid line represents the
CEM predictions.

Figure 2 represents the experimental normalized
multiplicity distribution of grey particles N, for the
two selected types according to the participation of
Z =1 (solid square) and n (open square) from 60O
with emulsion nuclei at 3.7 A GeV. The data are sys-
tematic compared with the corresponding distribu-
tions for proton (open triangle) and predictions of

CEM (solid line). All experimental and predicted dis-
tributions are normalized to the same number of inter-
actions. One can conclude: (1) All distributions fol-
low the same trend but the NNV, distribution for p-Em
shows different trends along the tail up to Ny = 12.
The disagreement of these results with what is ob-
tained for p-Em may be explained from the average
number (Ng) given in Table 2, which is 0.54 £ 0.06
and 0.75 £ 0.08 for n and Z = 1, while 2.81 £ 0.06
for p-Em. This reflects that the numbers of collisions
through proton interaction are about 5 and 4 times
higher than those for n and Z = 1, respectively. In
p-Em, the proton interacts with different groups of
emulsion nuclei (H, CNO, AgBr) making the num-
ber of collisions increase and producing more recoil
protons (Ng). The small values of (Ng) for n and
Z = 1 may be due to interactions of n and Z = 1
only with free H or CNO. It could be confirmed by
investigating the comparison of these values with the
magnitude (Nep)pp = 2.57 £0.18 at 3.7 GeV.['*] They
nearly match the values of (Ns) + (Ng), which are
nearly equal to 2.0 + 0.24 and 2.5 £+ 0.29 for n and
Z =1, respectively. (2) The CEM model is not quite
successful for describing the general trend of grey par-
ticles of n and Z = 1, while it gives a good description
for that of p-Em and predicts its average value. This is
because the calculations of the CEM model were per-
formed by Monte Carlo simulation of random stars,
which has considered all the compositions of nuclear
emulsion.

The total interactions with emulsion-nuclei are
classified into two groups, first with the light ‘com-
ponent (HCNO) and have N, < 7 where Ny is the
multiplicity of heavily ionizing charged particles and
Nyn = Ng + Ny,. The other interactions are with the
heavy emulsion component (AgBr) of N, > 7. Figure
3(a) shows the normalized multiplicity distribution for
black tracks Ny, produced from interactions of the se-
lected events with all components of emulsion nuclei.
One can conclude that the Ny, distributions take the
same trend for both n and Z = 1 up to N, = 8,
while there s remarkable disagreement of p-Em that
appears differently with a long tail up to 16. In ad-
dition, the average number (Vi) given in Table 2 is
1.35+0.17 and 1.83£0.21 for n and Z=1, respectively,
while 3.77 4+ 0.08 for p-Em. It could be explained as
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mentioned for grey particles by considering that the
interaction of n and Z = 1 is mostly peripheral col-
lisions, therefore it leads to reduced fragmentation of
the target nuclei in comparison with inclusive p-Em
interactions. The total sample of interactions occurs
with the two emulsion components. It is characterized
by the transfer of a small amount of energy, hence a
small number of target fragments. The corresponding
collisions for p-Em include central interactions with
heavy emulsion components with probability above
50% of all the samples of interactions. It causes a
large amount of energy transfer, thus the target nu-
clei become more excited and expanded producing a
large number of target fragments that appear as black
particles.

10
(a) m Z=1from %0 at 3.7A-GeV
0 Neutron from %0 at 3.7 A-GeV
e A p-Em 3.7A.GeV
~ : — CEM model
Z  0.1p
e
0.01F A
For all N,
0.001Lt 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16
10
(b) m Z=1from 'O at 3.7 A-GeV
0 Neutron from %0 at 3.7 A-GeV]
1 =] A p-Em at 3.7 A-GeV
- u —— CEM model
Z  01f a
§ I
0.01F N, <7
0.001 1 1 1 1 1 1 1
0 1 2 3 4 5 6
Nb

Fig. 3. (a) Normalized multiplicity distribution of black
particles Ny, produced in the participation of Z = 1
(solid square) and neutron (open square) from 3.7 A GeV
160 with all emulsion nuclei. The open triangle is p-Em
data. The solid line represents the CEM predictions. (b)
The same comparisons for interactions with light emulsion
components CNO of Ny, < 7, where Ny, = Ng + Ny,

Figure 3(b) shows the same normalized distribu-
tions of black particles from events with N, < 7,
which correspond to the interactions with light emul-
sion components. The prediction of the CEM model
may be close to the experimental data of the present
work. The mean values (Ny,) for the three collisions
are approximately the same due to the fixed nature of
the light target and the same process or mechanism of
target fragmentations.

In summary, we have studied the inelastic interac-
tions of neutron n and singly charged particle Z = 1
participated from 160 at 3.7 A GeV. The results ob-
tained from this study give the following conclusions.
(1) The average multiplicity of shower particles (Ng)
for the two studied interactions stays more or less con-

stant and the corresponding one obtained from p-A
at similar energy is in agreement with the result pre-
dicted by the CEM. The model describes all the Ng
distributions. (2) The average value (NNg) produced
from n and Z =1 is very small compared with those
obtained from p-Em at the same energy, also CEM
cannot quite successfully describe the general trend of
N, distributions. (3) The Ny, distributions and mean
values for n and Z = 1 interactions for all emulsion
components are different from those of p-Em interac-
tions and out of the prediction by CEM because the se-
lected events contain mostly peripheral collisions and
therefore lead to reduced fragmentation of the tar-
get nuclei in comparison with inclusive p-Em inter-
actions. (4) The average value (V) produced from
n and Z = 1 is in agreement with that for p-Em for
events with N, < 7. The CEM prediction (for N, < 7)
is close to the experimental data and describes well the
Ny distributions.

We would like to thank the nuclear physics group
of the high-energy laboratory at JINR, Dubna, Rus-
sia, for providing us with the irradiated plates.
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