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Abstract: The behavior of relativistic hadron multiplicity for *He-nucleus interactions is investigated. The experi-
ment is carried out at 2.1 A and 3.7 A GeV (Dubna energy) to search for the incident energy effect on the interactions
inside different emulsion target nuclei. Data are presented in terms of the number of emitted relativistic hadrons in
both forward and backward angular zones. The dependence on the target size is presented. For this purpose the
statistical events are discriminated into groups according to the interactions with H, CNO, Em, and AgBr target
nuclei. The separation of events, into the mentioned groups, is executed based on Glauber’s multiple scattering
theory approach. Features suggestive of a decay mechanism seem to be a characteristic of the backward emission of
relativistic hadrons. The results strongly support the assumption that the relativistic hadrons may already be emitted
during the de-excitation of the excited target nucleus, in a behavior like that of compound-nucleus disintegration.
Regarding the limiting fragmentation hypothesis beyond 1 A GeV, the target size is the main parameter affecting the
backward production of the relativistic hadron. The incident energy is a principal factor responsible for the forward
relativistic hadron production, implying that this system of particle production is a creation system. However, the
target size is an effective parameter as well as the projectile size considering the geometrical concept regarded in the

nuclear fireball model. The data are analyzed in the framework of the FRITIOF model.
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1 Introduction

In low-energy nuclear collisions, the particle produc-
tion mechanism can be accounted for fairly well by one
single source. De-excitation can be understood in terms
of particle emission from a liquid drop of nuclear matter.
At high energy, multiple sources are needed. The de-
excitation is here understood in terms of particle emis-
sion from an expanding gas of nuclear matter in thermo-
dynamical equilibrium. At excitation energies compara-
ble with the total binding energy, ~5 A to 8 A MeV, the
very existence of a long-lived compound nucleus becomes
unlikely. In this situation an explosion-like process leads
to the total disintegration of the nucleus and the mul-
tiple emission of nuclear fragments of different masses
[1 and references therein]. One can come to the mul-
tifragmentation concept from quite a different starting
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point, by considering a liquid-gas phase transition in ex-
cited nuclear matter. The name “multifragmentation” is
introduced firstly in Ref. [2]. Ma’s law, the so-called nu-
clear Zipf’s law, can give the possible phase change signal
using the fragment rank distribution [3]. Dabrowska et
al. study the multifragmentation of Pb at 158 A GeV
in comparison with that of Au at 0.64 A and 10.6 A
GeV [4]. The results suggest that multifragmentation is
nearly energy independent at Ey,,>10 A GeV. They ap-
ply the nuclear Zipf’s law to multifragmentation events,
where it roughly agrees with the data. This evidences
the existence of the critical temperature associated with
a liquid-gas phase transition. Ma et al. [5] investigate
the critical behavior in light nuclear systems, where the
excitation energy ranges from 1 A up to 9 A MeV. At
an excitation energy ~5.6 A MeV and a temperature
~8.3 MeV, the presence of maximal fluctuations in the
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de-excitation processes is observed. At this point the
fragment distributions are associated with criticalities
which are very close to those of the liquid-gas phase tran-
sition universality. The fragment topological structure
shows that the rank-sorted fragments obey the nuclear
Zipt’s law at the largest fluctuation point, providing an-
other indication of the liquid-gas phase transition. In
high energy collisions, the produced particles are not con-
fined to nuclear fragments but they include essentially
created particles, the so-called hadrons.

On the other hand, the high-energy hadron—hadron,
hadron—nucleus, or nucleus—nucleus interactions are a
precise source in which all categories of secondary emit-
ted particles are available. It is very important to learn
as much as possible about all the phenomena which
occur in these interactions, to observe the anticipated
signatures in the background of “normal phenomena”.
Some of these phenomena are hadron production, pro-
jectile fragmentation, target fragmentation, multiplicity
and emission characteristics, reaction cross sectional be-
havior, and stopping power of the target materials in the
detector with respect to each passing particle. Hence, the
choice of projectiles, targets, energies, and critical pa-
rameters in measurements motivates the correct model-
ing and simulation of the experiments. The synchropha-
sotron accelerator at Dubna enables equipping beams of
A>1,in a few A GeV range of energies. This region is a
special energy range, in which the nuclear limiting frag-
mentation applies initially [6-12]. Nuclear emulsion is a
very useful tool in experimental physics for investigating
atomic and nuclear processes. It can be used as a de-
tector of 4-mtspace geometry. It contains target materials
over a wide range of mass numbers, 'H, 2C, “N, 160,
82Br, 108 Ag. Tt has the possibility of measuring energies
and angles with a high degree of resolution. It can be
used in studying the characteristics of new elementary
particles and can detect the decay of unstable neutral
particles, its sensitivity to slow charged particles arising
from the disintegration of the target nucleus. Owing to
the high stopping power of emulsion, a large fraction of
short-lived particles is brought to rest in it before decay
and hence their ranges and lifetimes can be measured
accurately.

In this work the interactions of x-particles with emul-
sion nuclei are studied at Dubna energies (2.1 A and
3.7 A GeV), focusing on the investigation of relativistic
hadron (shower particle) production, according to emis-
sion angular zone and target size effect.

2 Experimental details

The NIKFI-BR2 nuclear emulsion stacks used in this
experiment were irradiated by o—particle beams at the
JINR Synchrophasotron in Dubna, Russia. The beam

energies are 2.1 A and 3.7 A GeV. Each emulsion pelli-
cle size is 20 cmx 10 cm x 0.06 cm. Table 1 shows the
chemical composition of this emulsion type.

Table 1. Chemical composition of NIKFI-BR2 emulsion.
element 'H 12¢ 4N 160 80py 108Ag
atoms/cm®x10%2  3.150 1.410 0.395 0.956 1.028 1.028

The methods used, equipment, and experimental re-
strictions are similar to the experiments detailed in Refs.
(13, 14].

The produced particles are identified in photographic
nuclear emulsion according to the commonly accepted
ionization behavior [15, 16], as:

1) Shower particles with g<1.4¢g, where g is the track
grain density and g, corresponds to the grain density of
the minimum ionizing track. These particles are rela-
tivistic hadrons, which consist mainly of pions and less
than 10% mesons and baryons. Their multiplicity is de-
noted as n,. The notations nf and n? correspond to
the shower particles emitted in the forward hemisphere,
FHS, within 6,,, <90° and in the backward hemisphere,
BHS, within 6,,, <90° within 6,,, <90°, respectively.

2) Grey particles with a range >3 mm and 1.4¢g, <
g <4.5¢g,; they are mainly recoil protons knocked out
from the target nucleus during the collision. Their ki-
netic energy ranges from 26 to 400 MeV.

3) Black particles with a range <3 mm and g>4.5¢g,;
they are evaporated target protons with kinetic energy
<26 MeV.

4) The grey and black particles together are the group
of target fragments, the so called heavily ionizing parti-
cles. These fragments are emitted in 4-7t space. Their
multiplicity is denoted as Nj,.

5) Projectile fragments with Z >1; they are frag-
mented nuclei with nearly the same momentum as the
incident nucleus. They are emitted in a very narrow for-
ward cone along the direction of incidence.

3 Results and discussion

3.1 Interaction cross-section

Listed in Table 2 are the total scanned lengths, L,
of the primary beam tracks; the number of resulting in-
elastic interactions, N; and the corresponding average
values of the experimental mean free path, \. The mean
free path of a-particles in the NIKFI-BR2 emulsion type
is predicted using a Glauber’s approach simulation code
[17] as 18.79 cm. It is concluded from Table 2 that the
mean free path of a-particles in nuclear emulsion is not
sensitive to the energy where the measured and predicted
values are nearly in agreement with each other.

Since the nuclear emulsion is a homogeneous mixture
of different nuclei, the inelastic interactions can be clas-
sified into groups according to the target nucleus. In
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this experiment the event discrimination is executed us-
ing the widely explained methods [14] and [18-22] and
the theoretical predictions of Glauber’s approach [17].
The present inelastic interactions cross sections are cor-
related with the target mass number in Fig. 1. From
Fig. 1, the cross sectional values are nearly the same at
the two-energies used. Glauber’s approach can predict
them well. The data are approximated by the power law
relation of Eq. (1), which is presented by the smooth
curves in Fig. 1. The fit parameters, o and (3, are listed
in Table 3. The fit parameters are a~120 and 5=0.56—
2/3. Therefore, Eq. (1) can be rewritten as Eq. (2).

o=aAf, (1)
0.56
0=120A%"° mb. (2)
Table 2. Beam interaction data.
Epab/A GeV L/m N events A/cm
2.1 416.5 2066 20.16+0.44
3.7 217.6 1092 19.93+0.60
m —214GeV
1500  © 3.74 GeV

~- (Glauber’s approach

1000
=}
£
3
500
0 -
1 1 1
0 50 100
Ay
Fig. 1. Cross section of the present x-particle in-

elastic interactions in nuclear emulsion as a func-
tion of the target size, together with the predic-
tions of Glauber’s approach (histogram).

Table 3. Fit parameters of Eq. (1).
fit parameter « B
Ep,=2.1 A GeV 119.74+16.43 0.56+0.03
E,,=3.7 A GeV 121.46£17.10 0.56+0.03
Glauber’s approach prediction  128.54+17.88 0.5640.03

3.2 Multiplicity distributions

In what follows, the inelastic interaction samples of
2.1 A and 3.7 A GeV «a-particle in nuclear emulsion are
separated into statistical groups according to the target
sizes. Applying the predicted percentages of Glauber’s
theory encoded in Ref. [17], we categorize the data ac-
cording to the interactions with H, CNO, Em, and AgBr

targets separately. The effective mass number of each
target group of nuclei is 1, 14, 70, and 94, respectively.
A modified FRITTOF code is used to simulate the present
data. It is based on the Lund version 1.6 [22, 23]. The
modification was carried out by V. V. Uzhinskii, LIT,
JINR, Dubna, Russia, in 1995. The predictions of the
model are presented in the enclosed figures by histograms
and are placed between round brackets throughout the
tables.

In Fig. 2 the backward emitted shower particle mul-
tiplicity distributions associated with the present inter-
actions are shown.

P(n?)=pte ™. 3)

For all targets, the characteristic feature of the distri-
bution is the exponential decay shape. The multiplicity
range (decay tail) increases with the target size. For -
particles, as light projectiles, the energy seems to have a
qualitatively considerable effect. This effect is reflected
on the longer distributions’ tails at 3.7 A GeV than at
2.1 A GeV. The characteristic exponential behavior can
be approximated by Eq. (3). The fit parameters, P? and
AP are listed in Table 4. The data are reproduced well
by the model. The exponential fit of the experimental
data and their theoretical predications are presented by
the solid and dashed curves, respectively. In Table 4,
the fit parameters are affected weakly by energy. The
small energy effect consists of a longer decay tail of the
distributions at 200 A GeV than at 3.7 A GeV. This
effect is attributed to more excitation in the target nu-
cleus at the higher energy. Consequently, the produced
compound nucleus will de-excite and decay by emitting
this excess number of backward hadrons. Such a mecha-
nism for compound target nuclei was discussed in experi-
ments [24, 25]. Therefore, regarding the nuclear limiting
fragmentation beyond 1 A GeV, the projectile energy
cannot be considered an effective parameter in the back-
ward production and consequently does not mean that
this system of particle production is a creation system.
The values associated with the model in Table 4 often
agree with the measured ones.

The backward emitted shower particle multiplicity at
the two incident energies can be determined as a function
of the effective target mass, Ar, as in Fig. 3.

Therefore, the fit parameters of Table 4 are corre-
lated with Ar. The linear fitting is approximated by Eq.
(4) and Eq. (5) and presented by the straight lines. The
solid and dashed lines belong to the correlation associ-
ated with the measured data and their theoretical predic-
tions, respectively. The fit parameters of Eq. (4) and Eq.
(5) are shown in Table 5. The slope and intercept param-
eters decrease linearly with the target mass. Therefore,
the backward emission of the relativistic hadron strongly
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Fig. 2. Multiplicity distributions of the backward shower particles emitted in 2.1 A and 3.7 A GeV “He interactions
with H, CNO, Em, and AgBr nuclei, together with the predictions of the modified FRITIOF model and the
exponential decay fitting.
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Fig. 3. Fit parameters of Eq. (3) as a function of the target size.
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Fig. 4. Multiplicity distributions of the forward emitted shower particle in 2.1 A and 3.7 A GeV *He interactions with
H, CNO, Em, and AgBr nuclei, together with the predictions of the modified FRITIOF model and the Gaussian

fitting.

Table 4. Fit parameters of Eq. (3). The num-
bers in brackets are the predictions of the modi-
fied FRITIOF model.

EpL /A GeV target Ab PP
2.1840.11 88.6443.73
CNO (2.36£0.02) (90.430.15)
1.712£0.04 81.65+1.95
2.1 Em (1.870.05) (85.420.69)
1.37+£0.08 76.1041.75
AgBr (1.60£0.09) (81.29+1.61)
1.84:£0.12 84.0044.96
CNO (1.9740.06) (86.48£0.71)
1.350.05 74.04£2.52
3.7 Em (1.4340.03) (76.17+0.51)
1.16£0.05 68.4442.98
AgBr (1.0540.11) (67.9043.28)

depends on the target size.

Ab — a,)\+b)\AT7 (4)

S

Pb = ap—|—prT. (5)

s

In Fig. 4 the forward emitted shower particle mul-
tiplicity distributions of the present interactions are
shown.

Unlike the observed behavior of the backward emit-
ted shower particles, the characteristic feature here is the
peaking curve shapes. In Fig. 4 the multiplicity range
as well as the broadening of the distributions increases
with target size as well as energy. The geometrical model
considering the overlap size between target and projec-
tile seems to be effective in drawing the characteristic
features of the distributions. Accordingly the effect of
the target size is reflected in the impact parameter value
and consequently in the energy participation, which is
the main effective parameter in particle creation. The

Table 5. Fit parameters of Eq. (4) and Eq. (5).
The numbers in brackets are the predictions of
the modified FRITIOF model.

Elap/A GeV 2.1 3.7
2.3840.15 1.95+0.02
ax (2.49+0) (2.13£0.09)
—0.01£0 —0.0140
ba (—0.0£0) (—0.00)
92.0740.07 87.2741.42
ap (91.78£0.25) (89.18+1.02)
—0.1640.04 —0.2040.02
bp (—0.1040.01) (—0.1940.02)
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modified FRITIOF model overestimates the data asso-
ciated with the H target nuclei as well as for those as-
sociated with all targets at 2.1 A GeV. The model can
reproduce the distributions at 3.7 A GeV for all targets
beyond hydrogen. Both the experimental and theoreti-
cal distributions are fitted well by the Gaussian shapes
presented by the smooth solid and dashed curves, respec-
tively. Thus, it is reasonable to say that the mechanism
in this system of particle production in the FHS is com-
pletely different from that in the BHS.

3.3 Production probability of pions in BHS

The percentage probability of the backward emitted
shower particle production, P(n?> 0)%, is defined as the
number of events having (n”> 0) normalized to the total
sample of events. In Fig. 5 this probability is evaluated
as a function of the target mass number for the present
interactions.

From Fig. 5, one observes the strong dependence of
backward relativistic hadron production on the target
size. This strong dependence is evaluated linearly by
Eq. (6) and presented in Fig. 5 by the straight lines.
Independent of the projectile size (Ap,o; = 1 to 32) or
energy (E.,=2.1 A to 200 A GeV), backward relativistic
hadrons are produced with probability values of ~20%
to 30% for interactions with Em target [26]. The theo-
retical predictions of the FRITIOF model agree with the
data, especially at 3.7 A GeV. The fit parameters p and
v are listed in Table 6.

P(n?>0)%=p+vAr. (6)

— ‘He(2.1 4 GeV)
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S e -
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g

— 301 “He(3.74 GeV)
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< —— data fit line

ob— FRITIOF fit line
0 50 100
Ay
Fig. 5. Probability of the backward emitted shower

particle multiplicity, in the interactions of 2.1 A
and 3.7 A GeV “He with emulsion nuclei, as a
function of the target mass number, together with
the predictions of the modified FRITIOF model
and the fitting lines.

Table 6. Fit parameters of Eq. (6). The num-
bers in brackets are the predictions of the modi-
fied FRITIOF model.

Bl /A GeV m v

2.1 8.2241.42 (7.26+£0.69)  0.16£0.02 (0.12+0.01)
3.7 11.7242.22 (6.99+2.16)  0.2240.03 (0.2740.04)
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Fig. 6.

Dependence correlations of the forward and backward emitted shower particle average multiplicities on the

target size in the present interactions, together with the theoretical prediction.
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Table 7. Fit parameters of Eq. (7) and Eq. (8). The numbers in brackets are the predictions of the modified
FRITIOF model.
Eap/A GeV ab bb af bt
2.1 0.092+0.016 (0.075+0.016) 0.002+0 (0.002+0) 1.7740.13 (1.3940.07) 0.1740.02 (0.12+0.01)
3.7 0.11740.020 (0.081+0.029) 0.003+0 (0.003+0) 1.8340.23 (1.2040.09) 0.2140.03 (0.20+£0.02)

3.4 Average multiplicity

The average multiplicities of the forward and back-
ward shower particles, emitted in the present interac-
tions, are correlated with the target size in Fig. 6. The
correlation reveals a linear dependence for the backward
emitted shower particles, presented by the straight lines.
Eq. (7) approximates the values of fit parameters, a’
and b°, which are listed in Table 7. The model repro-
duces the linear correlation especially at 3.7 A GeV. The
slope parameter ~0 and the intercept parameter ~ 0.1,

irrespective of the energy.
(ng)=a+bl Ar. (7)

In experiment [26], using a wide range of projectile
size (Apro;j=1 to 32) interacting in nuclear emulsion at
Dubna energy, the values of (n’) are found to increase
with projectile size for Ap,,;<6. At Ap,.; =6, they began
to saturate and had a constant value of (n”)~0.4. In this
experiment the results imply that the energy is not an
effective parameter in backward shower emission. There-
fore, one can conclude that, while the average shower
particle multiplicity, emitted in the BHS, depends on the
target size, it depends neither on the projectile size nor
energy. This confirms our expectation that the backward
relativistic hadrons do not come from the fireball nu-
clear matter or hadronic matter. They are target source
particles, regarding the nuclear limiting fragmentation
regime. In Fig. 6, the forward emitted shower particle
average multiplicity shows higher values than the back-
ward ones. It increases with the energy as well as target
size. The increase with the target size here does not mean
that this particle is a target source, but the target size
enhances the total system size which affects the partici-
pant matter size. Although the dependence on the target
size is strong, it has a tendency to saturate at A >14.
This behavior may be reflected on the dependence which
is approximated well by the power law relation of Eq.
(8). This approximation is presented in Fig. 6 by the
smooth curves. The fit parameters, af and b, are listed
in Table 7. From Fig. 6, one can also observe that the
model underestimates the data. Abdelsalam et al. [26]
determine the dependence of (nf) on the projectile mass
number at Dubna energy. They find that dependence to
be: (nf)=1.89 A% i.e. (nfyocr2/3.

(nf)=al A% (8)

Comparing this dependence with Eq. (8), it can be

observed that the majority contribution of the partici-
pant matter is accounted for by the projectile throughout
the production of the forward emitted shower particles.
Thus, while the production source of the backward emit-
ted shower particles is the target fragmentation system,
the forward emitted particles originate mainly from a
creation system provided by the participant energy.

4 Conclusions

From the analysis of 2.1 A and 3.7 A GeV «-particle
interactions, using photographic nuclear emulsion detec-
tor, we conclude the following:

1) The inelastic interaction cross section of «-
particles in nuclear emulsion is approximated as a func-
tion of the target mass number. In the present energy
region, the cross section is independent of the energy.
It can be determined in the light of Glauber’s multiple
scattering theory.

2) The dominant mechanism characterizing the back-
ward shower particle production is the decay behavior.
There is no energy effect on the backward production.
The multiplicity distribution of this hadron is expressed
in terms of the target size. While the production prob-
ability of these hadrons is independent of the projec-
tile size or energy, it increases linearly with the target
size. While the average backward shower particle multi-
plicity tends to a limited value ~0.4, irrespective of the
projectile size or energy, it increases linearly with the
target size. Hence, the main effective parameter is the
target size, regarding the nuclear limiting fragmentation
beyond 1 A GeV. Thus, such hadrons are expected to
decay through the de-excitation of the excited target nu-
cleus, similar to the compound nucleus mechanism.

3) In the FHS the shower particle multiplicity distri-
butions are peaking shaped, and can be described well by
Gaussian shapes. The production of the forward emitted
relativistic hadrons is attributed to a mechanism which
is completely different to that in the BHS. Although the
target nucleus is not the source of the forward relativis-
tic hadrons, the target size is an effective parameter in
this production as well as the projectile size. The ge-
ometrical concept underlying the nuclear fireball model
may interpret the effect of the projectile and target sizes
in particle production at high energy. The effect of the
target size on forward shower particle production is re-
flected in their multiplicity characteristics at each target.
Regarding the incident energy role as a principal param-
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eter affecting forward relativistic hadron production, this
system of production is regarded as a particle creation
system, in which the particles are sourced from hadronic
matter or fireball nuclear matter.

4) The modified FRITIOF model can predict the
system of the relativistic hadron production in the BHS
well. In the FHS the hadronization system can be de-
scribed satisfactorily. This suggests that the Reggeon
picture can be considered as a plausible development
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