
Chinese Physics C Vol. 37, No. 8 (2013) 084001

Multiplicity characteristics in relativistic 24Mg-nucleus collisions
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Abstract: This work is concerned with the analyses of the shower and gray particle production in 4.5 A GeV/c 24Mg

collision with emulsion nuclei. The highest particle production occurs in the region of the low impact parameters.

While the multiplicity of the shower particles emitted in the forward direction depends on the projectile mass number

and energy, the multiplicity of the backward ones shows a limiting behaviour. The source of the emission of the

forward shower particles is completely different from that of the backward ones. The target fragments are produced

in a thermalized system of emission.
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1 Introduction

The majority of experiments on high energy nucleon-
nucleus and nucleus-nucleus collisions were performed to
study the characteristics of multiparticle production in
the forward hemisphere (FHS). The particle emission in
the backward hemisphere (BHS) attracted much atten-
tion from both the theoretical and experimental points
of view at the Lawrence Berkeley National Laboratory
(LBNL), and JINR [1–3].

In free nucleon-nucleon collision, the backward pro-
ton emission is strictly forbidden. The study of the char-
acteristics of the energetic protons emitted in the back-
ward direction through the heavy ion collisions supplies
effective information on nuclear effects. In the incident
energy range (E<1 GeV per nucleon), Frankel has inter-
preted the data in terms of the quasi-two-body-scaling
model [4], in which the primary mechanism for back-
ward proton productions is a scattering between the in-
cident nucleons and the target nucleons. They are the
target nucleons, which are boosted onto the mass-shell
and appear in the backward direction. Frankel was able
to reproduce the low energy data by a simple struc-
ture function and suggested that this function was a
measure of the internal momentum distribution of nu-
cleons inside the target. The obtained data show that
the characteristic spectrum of the emitted protons with
momentum above 400 MeV/c is independent of the pro-
jectile type and incident energy. All experimental data
[5, 6] about the backward proton characteristics above

2 GeV/nucleon gives evidence for the limiting fragmen-
tation hypothesis, which implies that both the projec-
tile and the target may be fragmented irrespective of
each other. Fujita and Hüfner [7] suggested a model
for the backward proton emission mechanism, which in-
cludes both initial correlations between nucleons in the
target and final correlations between two nucleons. The
final state interacts with the rest of the target nucle-
ons. Fujita [8] has extended this model to include mul-
tiple correlations. The improved model described well
the data for the backward proton production at incident
energy less than 1 GeV. A theoretical work by Ref. [5]
and Ref. [9] indicate that, the backward proton spectra
induced by high-energy probes are mainly composed of
spectator nucleons from the breakup of correlated pairs
in the nucleus. As such, these backward nucleons poten-
tially reflect direct information about the nuclear wave
function. Schroeder et al. [1] presented an experiment
held at LBNL in order to obtain more information on the
mechanisms responsible for high energy backward parti-
cle production by bombarding 2.1 GeV proton with vari-
ous targets. At first, they found a large fraction of events
(∼50%) associated with the negative track, which could
be identified as a pion. Typically, that pion appeared at
θlab <90◦. Thus, the backward particle emission (typi-
cally the backward track is a proton) at 2.1 GeV is often
accompanied by the production of a pion. They sug-
gested that the simple quasi-elastic process, NN→NN,
as suggested by Frankel [4], was not the dominant mech-
anism, at that energy for, producing backward protons.

Received 11 May 2012

1) E-mail: he cairo@yahoo.com
©2013 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of

Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd

084001-1



Chinese Physics C Vol. 37, No. 8 (2013) 084001

Further information on possible reaction mechanisms
could be obtained from a rapidity plot of the positively-
charged particles (mostly protons) of those events. There
were two suggested possibilities: either, production of a
pion followed by its absorption on two target nucleons
resulting in two, back-to-back, nucleons, or production
of the ∆++(1232) and its subsequent absorption on a tar-
get nucleon via, ∆+N→N+N, resulting in the emission
of two protons which would tend to have a near 180◦

correlation.
On the other hand, the observation of pions beyond

the kinematic limit, θlab >90◦, had been at Dubna and
LBNL [1, 2] on a systematic study of the energy depen-
dence of charged pions produced at 180◦ in the collisions
of 0.8 to 4.89 GeV protons with nuclei. Using 5.14 and
7.52 GeV protons, Baldin et al. [10] observed a charged
pion at 180◦ with energies up to four times larger than
expected for free nucleon-nucleon collisions. They stated
that the dominant mechanism for producing such pions
is on interaction between the incident proton and mult-
inucleon clusters in the target nucleus, referring to this
mechanism as “cumulative production”. Another exper-
iment was presented by Perdisat et al. [11] using 0.6 GeV
protons, in which pions were observed at 155◦. The con-
clusion [11] was that the dominant mechanism is a single
scattering, where the incident proton interacts with a
target nucleon producing the observed pion via the re-
action NN→NNπ. In experiment (10), an exponential
energy spectrum for the pions, with a slope parameter
T0≈60 MeV, independent of the bombarding energy was
found. Another experiment with 28.5 GeV protons [12]
studying the backward pion production from a tantalum
plate located in the bubble chamber at Brookhaven Na-
tional Laboratory, BNL, yielded a slope of the energy
spectrum consistent with the result of Ref. [10]. Using
a combination of data for various backward pion pro-
duction angles, Baldin reported [10] a similar trend and
suggested that it is related to the onset of limiting target
fragmentation above 3 GeV.

In this way, the dependence of the backward emission
of different particles on the projectile is weaker than that
in the forward emission and also the backward emission
tends to depend on the target size. At the same time,
the characteristics of particles emitted in BHS are com-
pletely different from those emitted in a FHS. Therefore,
the BHS is intimately connected with the target fragmen-
tation region, i.e. with that part of the phase space where
all single particle characteristics are most safe from being
dependent on the projectile in accordance with the lim-
iting fragmentation hypothesis when applied to nuclei.

The aim of this paper is to investigate the multiplic-
ity characteristics of the forward and backward shower,
gray, and black particles emitted in 24Mg-emulsion in-
teractions at 4.5 A GeV/c. A systematic comparison

is made with studies of different projectiles interact-
ing with emulsion nuclei at the same momentum per
nucleon.

2 Experimental technique

In this experiment, a stack of nuclear-emulsion-type
NIKFI-BR-2 of size 10 cm×20 cm×0.06 cm is used.

This stack was exposed to a 4.5 A GeV/c 24Mg beam
at the Dubna Synchrophasotron. The pellicles were dou-
bly scanned along the beam tracks starting from the
beam entrance, quickly in the forward direction and com-
ing back slowly to the starting point.

Through a total scanned length of 103.06 meters of
beam tracks, 1094 inelastic interactions were observed,
such that the experimental mean free path and inelas-
tic interaction cross section are, λexp=9.42±0.25 cm and
1330.29±35.80 mb, respectively. These values are found
to be in good agreement with the empirical ones deduced
using the Bradt-Peters formula following “Glauber’s
multiple scattering theory” [13].

The tracks of the emitted secondary charged particles
in each event were classified according to the traditional
emulsion criteria [14] as follows. (a) The shower tracks
are singly charged relativistic particles with relative ion-
ization I/I061.4, where I is the track ionization and I0 is
the plateau ionization for singly charged minimum ioniz-
ing particles. They are mainly pions and their multiplic-
ity is denoted by ns. (b) The gray tracks have a range of
L>3 mm in emulsion and relative ionization I/I0 >1.4.
These tracks are mostly due to the recoil target protons
with kinetic energy in the range 26–400 MeV. Their mul-
tiplicity is denoted by Ng. (c) The black tracks are those
having a range of L <3 mm. They correspond to the
evaporated target protons with kinetic energy 626 MeV.
Their multiplicity is denoted by Nb. In each event, the
black and gray tracks together are called heavily ionizing
tracks. Their multiplicity is denoted by (Nh =Ng+Nb),
and (d) The projectile fragments (PFs) are those emitted
with an angle θlab 63◦, with respect to the direction of
incidence. They are characterized by no change in their
ionization for at least 2 cm from the interaction point.
The total charge of the stripped fragments in the forward
cone per event is denoted by Q. The single charged frag-
ments emitted in the forward fragmentation cone were
subjected to rigorous multiple scattering measurements
for the momentum determination in order to distinguish
them from the produced pions.

3 Results and discussion

3.1 Multiplicity characteristics of secondary

particles

This work is devoted to the study of the characteris-
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tics of all types of secondary charged particles produced
in 4.5 A GeV/c 24Mg-Em inelastic interactions. The
present average multiplicity values, 〈ns〉, 〈Ng〉, 〈Nb〉,
and 〈Nh〉 are calculated and compared with the corre-
sponding ones for different projectiles [15–21] at nearly
the same incident momentum per nucleon. Table 1 il-
lustrates such comparison which indicates that 〈ns〉 in-
creases, as expected, with increasing the projectile mass
number (AProj). However, the average values of the heav-
ily ionizing particles, 〈Nh〉, appear to be nearly constant
for all the compared incident projectiles with AProj >6.
This could be attributed to the fact that the light pro-
jectiles have no sufficient energy to excite the heavy Ag
nuclei of the emulsion. The observed constancy of 〈Nh〉,
at AProj>6 reflects the validity of the limiting fragmen-
tation hypothesis at high energy [3, 22, 23].

Table 1. The average multiplicity values of shower,
gray, black, and heavily ionizing particles emit-
ted from the interactions with emulsion nuclei of
different projectiles at nearly the same incident
momentum per nucleon (4.5 A GeV/c).

projectile 〈ns〉 〈Ng〉 〈Nb〉 〈Nh〉 Ref.
p 1.63±0.02 2.81±0.09 3.75±0.08 6.53±0.13 [18]
d 2.77±0.02 3.90±0.10 4.60±0.20 8.50±0.30 [18]

4He 3.37±0.09 3.14±0.12 4.68±0.15 7.82±0.30 [17]
6Li 5.09±0.29 4.23±0.21 4.91±0.30 9.14±0.37 [15]
12C 8.50±0.50 4.60±0.40 4.50±0.30 9.10±0.40 [19]
22Ne 9.98±0.35 5.63±0.24 4.45±0.20 10.08±0.36 [20]

present24Mg 10.39±0.27 4.02±0.13 7.00±0.19 11.02±0.30
work

28Si 12.90±0.40 6.90±0.20 4.70±0.10 11.60±0.13 [21]
32S 13.06±0.45 3.43±0.15 6.72±0.25 10.15±0.40 [16]

Now, it is necessary to investigate the effect of the
projectile mass number AProj on the average multiplicity
values of shower and gray particles emitted in both the
forward and backward hemispheres, FHS and BHS. For
this purpose, the present 〈nf

s〉, 〈N
f
g〉, 〈n

b
s 〉, and 〈Nb

g 〉 val-
ues are listed in Table 2 together with the corresponding
results obtained for different projectiles [3, 22–27], hav-
ing nearly the same incident momentum per nucleon.
From this table, one can notice that the average mul-
tiplicity of the forward shower particle multiplicity 〈nf

s〉
increases with the increasing of the projectile’s size. On
the other hand, for projectiles with AProj>6, the values
of 〈nb

s 〉 are nearly constant (∼0.4), which means that the
mass number of the incident projectile (in this range) has
no effect on the backward shower particle production.

These results strongly support the assumption that
while the creation of the forward hadrons is due to the
energy transferred from the projectile’s participant nu-
cleons, the backward ones originate from a completely
different source.

As for the gray particles, the values of both 〈N f
g〉 and

〈Nb
g 〉 seem to be unaffected by the size of the incident

projectile.

3.2 Dependence on the impact parameter

The dependence of the average values of shower, gray,
and black particles on interaction centrality degrees is
also studied in this work. This degree could be suffi-
ciently indicated by the value of Nh [28–31] such that as
the interaction becomes more central, the value of Nh in-
creases. Consequently, the present interactions are clas-
sified into five main groups with Nh ranging from 0–1,
2–7, 8–15, 16–27 or > 28.

Table 3 shows the present average multiplicity val-
ues (〈ns〉, 〈Ng〉, and 〈Nb〉) at different centrality degrees.
According to this table, the average values of shower,
gray, and black particles increase with increasing the Nh

value. When the colliding system moves towards more
central regions, the maximum possible number of nucle-
ons presented in the overlapping region between the tar-
get and projectile will participate in the interaction. In
the overlap region, the colliding objects lose their identity
after the collision and form a compound system, which
is the source of the secondary charged particles. The
relatively large energy and momentum transfers in this
region manifest themselves in producing particles, which
are isotropically distributed over in the 4π space with
large transverse momenta and/or in creating more par-
ticles and pions.

Therefore, the highest multiplicities of target frag-
ments and created particles will be obtained at the region
of violent (head on) collision, where the overlap region
has its maximum size. Such a state can be observed in
Table 3 at Nh >28, where the complete destruction of
AgBr nuclei is expected to occur.

3.3 Forward-backward ratios

Next, we check the effect of both the interaction cen-
trality degree and the projectile mass number, AProj,
on the forward-backward ratios for shower and gray

Table 2. The values of the average multiplicities of the shower and gray particles emitted in the FHS and BHS for
different interactions.

projectile incident momentum/(A GeV/c) 〈nf
s〉 〈N f

g〉 〈nb
s 〉 〈Nb

g 〉 Ref.
p 4.5 1.51±0.01 2.06±0.06 0.11±0.02 0.74±0.04 [3, 22, 23]

6Li 4.5 5.30±0.15 2.08±0.08 0.41±0.01 0.98±0.05 [27]
12C 4.5 7.11±0.02 4.52±0.20 0.45±0.01 1.38±0.07 [24]

22Ne 4.1 9.85±0.04 4.80±0.20 0.45±0.01 1.42±0.08 [25]
24Mg 4.5 10.00±0.27 3.17±0.11 0.40±0.03 0.86±0.05 present work
28Si 4.5 11.36±0.09 4.98±0.18 0.44±0.01 1.42±0.07 [26]
32S 4.5 14.58±0.48 3.17±0.14 0.46±0.01 0.82±0.05 [28]
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Table 3. The average values of shower, gray, and,
black particles at different centrality degrees (Nh-
ranges in 4.5 A GeV/c 24Mg-Em interaction.

Nh-ranges 〈ns〉 〈Ng〉 〈Nb〉
0–1 4.17±0.33 0.22±0.04 0.31±0.041
2–7 6.00±0.27 1.38±0.07 2.70±0.07
8–15 9.20±0.43 4.00±0.16 7.21±0.20
16–27 16.58±0.48 7.20±0.20 13.47±0.21
>28 26.58±1.16 13.85±0.46 13.85±0.46

particles [(F/B)s and (F/B)g], respectively. Table 4 il-
lustrates that for the first Nh range as well as for the total
sample the (F/B)s increases rapidly with AProj. At the
region of more central collisions, it is concluded by many
authors [24, 28, 32–35] that the backward shower particle

production is a consequence of a decay of the most high
excited target system after the emission of the forward
particles and hence, such production depends mainly on
the target size. The results shown in Table 4 agree with
the previous conclusion where the (F/B)s ratios decrease
with the increase of Nh, i.e. as the interactions become
more central, these ratios have their minimum values at
Nh >28. This indicates that the multiplicities of nb

s at-
tain their greatest values at the most central events. The
values of (F/B)g are found to be nearly around 3.5 irre-
spective of either the size of the projectile or the impact
parameter. This limiting value reflects the isotropy in
the behavior of the gray particle emission system in both
the forward and backward hemispheres.

Table 4. The forward-backward ratios for different projectiles interacting with emulsion nuclei at different centrality
degrees (Nh-values).

projectile Nh(1–7 ) Nh(8–17) Nh(18–27) Nh> 28 total sample Ref.
(F/B)s 44.20 27 22.50 18.50 16.9312C
(F/B)g 4.08 3.41 3.20 3.30 3.51

[24]

(F/B)s 48.04 27.54 21.21 16.58 21.8922Ne
(F/B)g 4.80 3.30 3.10 2.90 3.30

[25]

(F/B)s 36.65±5.08 24.58±3.42 21.65±2.69 20.16±2.25 24.95±1.8124Mg
(F/B)g 7.34±1.00 4.00±0.34 3.44±0.25 2.83±0.28 3.70±0.24

present work

(F/B)s 62.40 44.04 23.64 17.88 25.8228Si
(F/B)g 4.40 3.50 2.90 3.10 3.52

[25]

(F/B)s 95.50 32.53 20.20 21.47 31.7632S
(F/B)g 6.70 3.51 3.06 4.13 3.91

[26]

Table 5 displays the (F/B)b ratios of the black
particle multiplicity observed in the interaction of
4.5 A GeV/c p, 3He, 4He, 6Li, 12C, and 24Mg with emul-
sion nuclei [36–38]. This table shows that the isotropy
factor (F/B)b has a nearly constant value for all inter-
actions. Therefore, it can be concluded that the system
emitting black particles is independent of the projectile
mass.

Table 5. The isotropy factor (F/B)b of the system
emitting black particles in 4.5 A GeV/c different
projectile interactions with emulsion nuclei.

projectile (F/B)b Ref.

p 1.33±0.03 [37]
3He 1.45±0.05 [38]
4He 1.33±0.07 [38]
6Li 1.29±0.06 [36]
12C 1.27±0.10 [37]

24Mg 1.48±0.05 present work

3.4 Target and projectile effects on the back-

ward particle production

In order to study the target and projectile effects on
the backward particle production, the present percent-
age probabilities of the events characterized by the back-

ward emission of shower (nb
s ), gray (Nb

g ) and compound
(Nb

c = nb
s +Nb

g ) particle multiplicities were determined.
Table 6 illustrates a comparison between the present re-
sults and the corresponding ones for 32S [28] projectile
at the same momentum per nucleon. The probabilities
of events with nb

s >0, Nb
g >0, and Nb

c >0 are found
to increase with increasing the centrality degree. On the
other hand, the probabilities (at different ranges of Nh)
seem to be independent of the projectile mass number
confirming the previous observation. The percentage of
the present events accompanied by the emission, in the
BHS, of both shower and gray particles together (i.e.
nb

s >0 and Nb
g >0) was calculated and found to be in

agreement with the corresponding values determined for
the interactions with emulsion nuclei of 4.5 A GeV/c 6Li
[27] and 32S [28]. This indicates that the projectile size
has no effect on this percentage. These calculations con-
firm that the target is the source of the backward particle
production (shower and gray) and hence such production
is independent of the projectile size. Consequently, it can
be concluded from the above experimental data that the
backward gray particle may be produced by a different
mechanism than that of the forward ones. Such conclu-
sion reveals the existence of the limiting fragmentation
hypothesis according to which both the projectile and
target may be fragmented irrespective of each other.
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Table 6. The probability (in percent) of the interactions accompanied by the emission of shower, gray, and compound
particle in the BHS at different impact parameters.

interaction group projectile nb
s >0 Nb

g >0 Nb
c >0 Ref.

24Mg 11.90±1.43 13.10±1.50 22.00±1.93 present work
Nh<8 32S 8.10 14.88 22.47 [28]

24Mg 41.25±2.83 71.78±3.74 76.65±3.86 present work
Nh>8 32S 57.00 76.80 84.30 [28]

24Mg 71.80±9.59 96.15±11.10 97.43±11.18 present work
Nh>28 32S 73.50 92.64 100 [28]

3.5 Dependence on target size

Now, we investigate the dependence of the average
multiplicity of shower particles, 〈ns〉, on the target size.
For this purpose, it is necessary to consider the compo-
sition of the emulsion used. In addition to free hydrogen
H, this emulsion contains two groups of nuclei; the light
group (CNO) and the heavy one (AgBr). In order to
separate the experimental events due to the interactions
of the present 24Mg projectile with either hydrogen or a
light group or a heavy one, Florian et al’s [39] method is
used. This method suggests the following.

1) All events due to hydrogen interactions are char-
acterized by Nh=0, 1.

2) The events with Nh >7 are interactions with the
heavy group (AgBr).

3) The events with 26 Nh 6 7 are due to the inter-
actions with the light (CNO) group as well as to the
peripheral interactions with the heavy (AgBr) one.

4) The events having 26 Nh 67 and belonging to
the (AgBr) group can be separated by drawing the inte-
gral Nh distribution for all events with all values of Nh

and then extrapolating this distribution for events with
Nh>7 in the region of 26Nh67. The extrapolated region
would exactly contain a number of events equal to the
difference between the total number of events due to the
interactions with the heavy (AgBr) group and the num-
ber of events having Nh >7. Consequently, it becomes
easy to determine for each value of Nh, the number of
events due to the (CNO) group. The numbers of events,
and hence the corresponding percentage, due to H, CNO,
and AgBr are obtained from the best fitting of the inte-
gral Nh distribution to be (143 events or 13.07%), (356
events or 32.54%) and (595 events or 54.39%), respec-
tively. These values are found to be in good agreement
with the corresponding empirical ones calculated accord-
ing to Ref. [28] [(142, 13%), (354, 32.37%) and (598,
54.65%), respectively].

The present average multiplicities of the shower and
heavily ionizing particles emitted in the interaction with
hydrogen, light and heavy emulsion nuclei and the cor-
responding values for 12C [40] and 28Si [22] at the same
incident momentum per nucleon are shown in Table 7.
One can notice that for a specific target, while the av-
erage multiplicity of the heavily ionizing particles, 〈Nh〉,
(which are target fragments) is not affected by the mass

number of the incident projectile (AProj), the average
multiplicity of the shower particles, 〈ns〉, (which are cre-
ated pions) increases with the increase of AProj. Al-
though the shower particle multiplicity depends mainly
in its creation behavior on the projectile mass and en-
ergy, however this table, again, confirms that 〈ns〉 de-
pends also on the size of the target nuclei. This may
be interpreted according to the work of Dabrowska et
al [41] who observed a decrease in the number of target
fragments having increasing centrality for interactions of
projectiles having masses comparable or greater than the
mass of the target nucleus. As the collision becomes
more central, a significant number of participating pro-
tons from the target nucleus get enough momentum to
become relativistic due to intranuclear interactions.

Table 8 displays the percentage probabilities of the
events characterized by the backward emission of shower,
gray, and compound particles multiplicities in the in-
teractions of 4.5 A GeV/c 24Mg with different emulsion
components (CNO and AgBr) as well as with the emul-
sion as a whole. For comparison, the 4.5 A GeV/c 32S
corresponding results are also shown in this table.

Table 7. The average values of shower and heav-
ily ionizing particles for different groups of events
detected in the interactions with emulsion nuclei
of 4.5 A GeV/c 24Mg in comparison with the cor-
responding results for 12C and 28Si.

projectile target 〈ns〉 〈Nh〉 Ref.
H 0.66±0.05 0.4±0.07

12C CNO 4.80±0.14 2.83±0.12 [40]
AgBr 10.80±0.19 16.10±0.34

H 3.83±0.31 0.57±0.04
24Mg CNO 5.15±0.20 4.00±0.08 present work

AgBr 14.92±0.38 17.75±0.34
H 4.77±0.39 0.41±0.03

28Si CNO 7.06±0.38 3.77±0.22 [22]
AgBr 21.29±0.88 17.39±0.72

Table 8 clarifies that for both 4.5 A GeV/c 24Mg and
32S, the increase of target size has a great effect on the
probability of having events accompanied by the emission
in the BHS of shower, gray and compound particles. It
can also be seen that nearly 30% of the total number of
events due to the interaction with emulsion as a whole
are characterized by the backward emission of shower
particles. This percentage value is consistent with the
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Table 8. The probability (in percentage) of the interactions accompanied by the emission of shower, gray and
compound particles in the BHS due to different emulsion nuclei.

interaction group projectile nb
s >0 Nb

g >0 Nb
c >0 Ref.

24Mg 12.64±1.90 12.40±1.86 22.00±2.50 present work
CNO 32S 11.55 18.68 28.75 [28]

24Mg 26.32±1.55 40.70±1.93 47.44±2.08 present work
Em 32S 30.20 42.80 50.38 [28]

24Mg 39.00±1.58 67.23±3.36 73.00±3.50 present work
AgBr 32S 44.34 60.64 78.60 [28]

Table 9. The average multiplicities of the shower and gray particles emitted in the FHS and BHS due to the
interactions of different projectiles with the CNO and AgBr groups of emulsion nuclei.

interaction group projectile 〈nf
s〉 〈nb

s 〉 〈N f
g〉 〈Nb

g 〉 Ref.
3He 2.63±0.07 0.13±0.02 0.91±0.02 0.18±0.01 [38]
4He 2.97±0.09 0.17±0.02 0.77±0.04 0.18±0.01 [42]

CNO 24Mg 5.01±0.24 0.15±0.02 1.10±0.06 0.14±0.02 present work
32S 8.91±0.41 0.09±0.02 1.11±0.06 0.16±0.02 [28]
3He 5.31±0.12 0.53±0.03 2.63±0.08 0.85±0.03 [38]
4He 6.70±0.18 0.71±0.05 3.36±0.13 0.93±0.04 [42]

AgBr 24Mg 14.54±0.37 0.63±0.05 5.14±0.15 1.49±0.08 present work
32S 18.15±0.91 0.69±0.02 4.47±0.22 1.23±0.06 [28]

corresponding ones observed in Ref. [10] for 6Li, 12C,
and 22Ne at 4.1–4.5 A GeV/c (28.1, 30.2, and 28.04, re-
spectively). This indicates that the probability of in-
teractions having backward relativistic hadrons is nearly
independent of the projectile mass number.

The values of the average multiplicity of forward and
backward emission of shower and gray particles (〈nf

s〉,
〈nb

s 〉, 〈n
f
g〉, and 〈nb

g〉, respectively) in the interaction of
4.5 A GeV/c 24Mg (present work), 3He, 4He [38, 41] and
32S [28] with different groups of emulsion nuclei (CNO
and AgBr) are listed in Table 9. From this table, one
can see that the average number of shower and gray par-
ticles in each of the forward and backward hemispheres
increases with increasing the target size. This table con-
firms the conclusion obtained from Table 2 that while the
value of 〈nf

s〉 depends on the projectile mass number, the
value 〈nb

s 〉 is nearly not affected by AProj. Therefore, it
is possible to assume that while the relativistic hadrons
flying in the FHS are created as a result of energy trans-
ferred from the projectile’s participant nucleons, those
emitted in the BHS originate from a completely different
source.

3.6 Multiplicity distribution of forward and

backward particles

The experimental multiplicity distributions of shower
and gray particles in both the FHS and BHS [P (nf

s),
P (N f

g), P (nb
s ), and P (Nb

g ), respectively] for the present
interaction with CNO, AgBr and emulsion as a whole
(Em) are shown in Figs. 1–4. From these figures, one
can notice that the distributions of shower and gray par-
ticles detected in the FHS [Figs. 1 and 3] extend to much
higher multiplicity values than the corresponding distri-
butions in the BHS [Figs. 2 and 4]. This is due to the

Fig. 1. The normalized multiplicity distributions
of shower particles emitted in the FHS due to the
interactions of 24Mg with CNO, AgBr, and emul-
sion at 4.5 A GeV/c.

Fig. 2. The normalized multiplicity distributions
of shower particles emitted in the BHS due to the
interactions of 24Mg with CNO, AgBr, and emul-
sion at 4.5 A GeV/c, together with the exponen-
tial decay lines.
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fact that in the FHS the particles are produced with no
kinematical restrictions.

The present multiplicity distributions of the back-
ward shower and gray particles can be fitted by the fol-
lowing exponential forms:

P (nb
s )=Pse

−λb
s nb

s and P (Nb
g )=Pge

−λb
gNb

g .

Fig. 3. The normalized multiplicity distributions
of gray particles emitted in the FHS due to the
interactions of 24Mg with CNO, AgBr, and emul-
sion at 4.5 A GeV/c.

Fig. 4. The normalized multiplicity distributions of
gray particles emitted in the BHS due to the inter-
actions of 24Mg with CNO, AgBr, and emulsion
at 4.5 A GeV/c, together with the exponential
decay lines.

This relation represents the fundamental equation of
the decay of an excited system. The decay constants
λb

s and λb
g , as obtained from the best fit of the present

experimental data, are listed in Table 10 with the corre-
sponding ones for different projectiles [28, 38]. From this
table, one can see that for the interaction with emulsion
as a whole (Em) the shower particle decay constant λb

s

seems to be independent of the projectile mass number.
This result supports the effective target model [43] where
the incident nucleus is assumed to interact with the row
of nucleons along its paths and hence excite them, in a

collective fashion. During the de-excitation, the emis-
sion of pions occurs in a manner similar to that in the
thermal models. Such conclusion is also consistent with
the model drawn by Fredriksson [44] according to which
the incident nuclei interact collectively with all matter
within 1 fm (in the rest frame) at the line of collision.
On the other hand, the value of the decay constant λb

s

decreases with increasing the target size. The relation-
ship between the gray decay constant λb

g and both the
projectile mass number and target size are observed to
be similar to those for the shower decay constant λb

s . The
above results for the shower and gray particles emitted in
the BHS confirm the limiting fragmentation hypothesis
at the incident momentum used. Therefore, the shower
particles, which are flying above the kinematic limit (in
the BHS), may be thought to be due to the decay of an
exciting system (cluster) at a fixed temperature in the
first step. Then the backward gray particles are expected
to be emitted in the second step.

3.7 Comment

In the light of the above results of the backward emit-
ted shower and gray particles, we would like to outline
the following.

Our group, (Mohamed El-Nadi High Energy Lab,
Faculty of Science, Cairo University, Egypt), carried out
a series of experiments [24–28, 32, 33, 35–38, 45–47]
investigating backward relativistic hadron production.
The results show that those hadrons are not created par-
ticles. Their production system is a decay system char-
acterized by a decay constant λ∼1.3 for emulsion target
nuclei. The temperature of this system is T ∼27 MeV.
Such hadrons depend mainly on the target size at the
region of limiting fragmentation.

The pion production in relativistic pA and AA col-
lisions was investigated recently by Abdelsalam et al.
[46]. In that experiment, a wide range of projectiles,
with mass numbers (AProj=1 to 32), was used at Dubna
energy. The pion production was examined underlying
their zonal emission influence at the FHS and the BHS.
The study reveals that the forward emitted pions are
expected to result from a system of particle creation
through a fireball nuclear matter or hadronic matter de-
cay. Otherwise, the backward emitted pions result from
an exact decay system of excited target nucleus in a later
stage after the production of forward ones.

In Experiment [47], 32S collisions with emulsion nu-
clei, at two widely separated beam energies of 3.7A and
200 A GeV are studied to examine the behavior towards
hadronization process. In Experiment [48], the same in-
teractions are utilized to examine the target size depen-
dence in the production of the forward and backward
emitted relativistic hadrons in the framework of the Lund
Monte-Carlo program code-events generating FRITIOF
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Table 10. The fitting parameters of the backward shower and gray particle distributions, which are fitted by an
exponential decay form.

projectile target λb
s Ps λb

g Pg Ref.
12C Em 1.09±0.04 63.22±7.75 0.75±0.06 45.92±11.56 [32]
22Ne Em 1.06±0.04 58.52±6.98 0.66±0.04 40.91±7.58 [32]

24Mg

Em 1.17±0.04 74.55±2.28 0.86±0.04 55.89±2.13

present workCNO 2.05±0.03 86.89±4.92 2.10±0.03 87.72±4.92

AgBr 0.99±0.05 62.26±3.01 0.52±0.08 40.00±2.03
28Si Em 1.02±0.08 54.93±13.14 0.67±0.04 42.11±8.88 [32]

32S

Em 1.05±0.05 62.67±7.06 0.76±0.02 50.88±5.23

[28]CNO 2.38±0.10 86.86±11.22 1.81±0.04 83.07±6.64

AgBr 0.89±0.05 61.68±6.97 0.67±0.03 52.77±7.68

model [49–51]. The results suggest that the forward
emitted shower particles originate from a source, which is
different from that responsible for the backward shower
particle production.

The present study confirms the above-observed re-
sults. Since the production of the relativistic hadrons is
suggested to be from two different sources according to
the emission direction of these hadrons, the present emis-
sion systems may be described in the light of the multi
source ideal gas model ([52, 53] and references therein).
Fu-Hu Liu [52], Fu-Hu Liu and Jun-Sheng Li [53] in-
troduced their model assumption that many sources of
emitted particles are formed in the collisions of e+e−, pp,
pp, e+p, pA, and AA. The authors of Ref. [52, 53] could
give a formula, which describes uniformly the multiplic-
ity distributions of final state particles produced in the
mentioned collisions at high energy. The model also can
be used to describe the particle emission angles. In the
algorithm description of this model [52–54], the multi-
plicity (nij) distribution contributed by the ith source in
the jth group is an exponential function of the form,

Pij(nij)=
1

〈nij〉
exp

(

−
nij

〈nij〉

)

.

This formula can be compared with the produced ex-
ponential decay laws describing the data of Fig. 2 and
Fig. 4 for the backward emitted shower and gray parti-
cles, respectively. Hence, to draw a complete picture of
our systems of particle emission sources, it may be prefer-
able to consider a subsequent study in the framework of
the multi source thermal model.

4 Conclusion

On the basis of the present study of 24Mg-Em inter-
action at 4.5 A GeV/c, the following can be obtained:

1) The average multiplicity values of the forward
shower particles, 〈nf

s〉 (which are mostly created pions)
increase with the increase of projectile’s size (i.e. with
the increase of the number of the projectile’s interact-
ing nucleons). On the other hand, the values of 〈nb

s 〉

are nearly independent of the projectile size (〈nb
s 〉≈ 0.4,

starting from 6Li).
2) The values of both 〈N f

g〉 and 〈Nb
g 〉 seem to be un-

affected by the size of the incident projectile.
3) The average multiplicity value of shower particles

increases with the increase of the target size.
4) The ratio (F/B)s increases rapidly with the mass

number of the projectile. At the regions of more central
collisions (i.e. those with the highest Nh values), the
multiplicities of nb

s will attain their greatest values, thus
they contribute more to (F/B)s. Accordingly, the value
of (F/B)s is found to decrease gradually by a factor of
at least ∼1.2 as the centrality increases. This decrement
factor shows constancy with the projectile mass number
at Nh> 28 (complete destruction of Ag and Br nuclei).

5) The values of (F/B)g are found to be nearly
around 3.5 irrespective of the change of the projectile
or the impact parameter. This limiting value reflects
the isotropy in the behavior of the system emitting gray
particles in both FHS and BHS.

6) The (F/B)b ratios of the black particle multiplicity
have a constant value for different projectiles. Therefore,
this ratio is considered as an isotropically factor for the
system exciting evaporated particles.

7) The probabilities of events with nb
s >0, Nb

g > 0
and Nb

c >0 are found to increase with increasing the cen-
trality degree. On the other hand, the probabilities (at
different ranges of Nh) seem to be independent of the
projectile mass number.

8) The percentage of the present events accompanied
by the emission, in the BHS, of both shower and gray
particles together (i.e. nb

s >0 and Nb
g >0) was calcu-

lated and found to agree with the corresponding values
determined for 4.5 A GeV/c 6Li [25] and 32S [14]. This
indicates that the projectile size has no effect on this
percentage, i.e., the target is the source of the backward
particle production of shower with gray particles.

9) The backward emitting gray particles may be pro-
duced by a different mechanism from that of the forward
ones.

10) As the target size increases, the average number
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of shower particles in each of the forward and backward
hemispheres increases.

11) The multiplicity distributions of shower and gray
particles detected in the FHS (see Figs. 1 and 3) extend
to higher values than the corresponding distributions in
the BHS (see Figs. 2 and 4). This is due to the fact
that the particles produced in the FHS result from the
contributions of both projectile and target participates
while in the BHS, the target size is the only affecting
parameter.

12) The results presented in this work strongly sup-
port the assumption that while the creation of the for-

ward hadrons is due to the energy transferred from the
projectile’s participant nucleons, the backward ones orig-
inate from a completely different source.

This work was carried out at the Mohamed El-Nadi
High Energy Physics Laboratory, Physics Department,
Faculty of Science, Cairo University, Egypt.

The authors would like to thank all the staff of (Vek-
seler and Baldin) High Energy Laboratory at JINR,
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sion plates.
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