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Abstract:

The multiplicity distribution of projectile protons and multiplicity correlations between black

particles, grey particles, shower particles, compound particles, heavily ionized track particles, projectile helium

fragments and projectile spectator protons in **Kr-emulsion collisions at 1.7 A GeV are investigated. It is

found that the projectile spectator proton multiplicity distribution becomes broader with increasing target

mass. The average multiplicity of shower particles and compound particles strongly depends on the number of

projectile spectator protons, but the average multiplicity of black particles, grey particles and heavily ionized

track particles weakly depends on the number of projectile spectator protons. The average multiplicity of

projectile helium fragments increases linearly with increasing numbers of projectile spectator protons. Finally,

the multiplicity distribution of projectile spectator protons obeys a KNO type of scaling law.
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1 Introduction

The multiplicity distributions and multiplicity
correlations of various secondary particles (grey par-
ticles, black particles, shower particles, and heavily
ionized track particless) produced in hadron-nucleus
and nucleus-nucleus interactions using different kinds
of projectile with a wide range of energy have been
studied in the last few years. It is believed that these
studies may provide the topological properties and
help us to understand the dynamical mechanism of
the collisions. According to the colliding geometrical
model (or spectators and participants model), nucle-
ons in the overlapped region are called participants,
and others are the spectators. In the overlapped re-
gion, violent nucleon-nucleon collisions would be ex-
pected, so that the local density and temperature
would sharply increase. After the collision, the sys-
tem would expand and be cooled down, and the rel-
ativistic mesons and recoiled protons would be pro-
duced. In the spectator regions, the target specta-
tor would be evaporated and form target fragments,
while the projectile spectator would be fragmented or
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multifragmented into projectile fragments. The pro-
jectile spectator proton is a kind of projectile frag-
ment. In order to understand the dynamical mech-
anism thoroughly, it is necessary to investigate the
property of projectile spectator proton production
in relativistic nucleus-nucleus collisions. Up to now,
only a little work has been carried out on the produc-
tion of projectile spectator protons [1-9].

In this paper, we present a detailed study of pro-
jectile spectator proton multiplicity distribution and
multiplicity correlations between projectile spectator
protons and other secondary particles produced in
84Kr-emulsion interactions at 1.7 A GeV.

2 Experimental details

Stacks of Ilford G-5 nuclear emulsion plates were
horizontally exposed to a #Kr beam at 1.7 A GeV
at Bevalac Berkeley. XSJ-1 and XSJ-2 microscopes
with a 100x oil immersion objective and 16 x ocular
lenses were used to scan the plates. The tracks were
picked up at a distance of 5 mm from the edge of the
plates and were carefully followed until they either

* Supported by National Natural Science Foundation of China (10475054), Natural Foundation of Shanxi Province, China
(2008011005) and Shanxi Provincial Foundation for Returned Scholars of China

1) E-mail: zhangdh@dns.sxnu.edu.cn

©2011 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



No. 5 BAI Cai-Yan et al: Projectile spectator proton production in 84Kr-emulsion interactions at 1.7 A GeV 437

interacted with emulsion nuclei or escaped from the
plates. Interactions that are within 30 um from the
top or bottom surface of the emulsion plates are not
considered in the final analysis. All of the primary
tracks are followed back to ensure that the events
chosen do not include interactions from the secondary
tracks of other interactions. When they are observed
to do so, the corresponding events are removed from
the sample.

According to the emulsion terminology [10], the
particles emitted in the interactions are classified as
follows:

(a) Black particles. These are target fragments
with ionization greater or equal to 9I,, I, being
the minimum ionization of a single charged particle.
Their range is less than 3 mm, their velocity less than
0.3c and their energy less than 26 MeV. The multi-
plicity is denoted by Ny,.

(b) Grey particles. These are mainly fast target
recoil protons with kinetic energy 26 < £ < 375 MeV,
a few kaons with kinetic energy 20 < E < 198 MeV
and pions with kinetic energy 12 < £ < 56 MeV. They
have ionization 1.414 < I <91,. Their range in emul-
sions is greater than 3 mm and they have velocities
0.3¢ <v < 0.7c. The multiplicity is denoted by N,.

The grey and black particles together are called
heavily ionized track particles.
denoted by Ny,.

(¢) Shower particles.

The multiplicity is

These are produced as
single-charged relativistic particles having a velocity
greater or equal to 0.7c. Most of them belong to pi-
ons contaminated by small proportions of fast protons
and K mesons. The multiplicity is denoted by N,.

The grey and shower particles together are called
compound particle. The multiplicity is denoted by
N..

(d) Projectile fragments (PFs). These are highly
collimated tracks within a narrow cone of opening
angle 6 < 5°. PFs are further classified according to
their charges into:

(1) Singly charged PFs, or projectile spectator
protons (deuton and tritium are included), which
have ionization I < 1.4, and may contain some pro-
duced pions. The multiplicity is denoted by V,.

(2) Doubly charged PFs, denoted by N,. They
have ionization I =4I, and show no change in their
ionization when the tracks are followed up to a dis-
tance of approximately 2 cm from the vertex of inter-
action.

(3) Multicharged PFs, denoted by N (i.e.Z > 3).
They have ionization I > 91, and show no change in
their ionization when the tracks are followed up to

a distance of approximately 2 cm from the vertex of
interaction.

3 Experimental results

There are 558 unbiased inelastic 3*Kr-emulsion in-
teraction events that are used in the present investiga-
tion. According to the number of heavily ionized track
particles Ny, the events are classified into three cat-
egories: ¥ Kr-H, #Kr-CNO, and ¥ Kr-AgBr events.
Out of 558 events, we get 93 3Kr-H (N, < 1), 233
8Kr-CNO (1 < Ny, < 8), and 232 ®*Kr-AgBr events
(N, > 8), respectively. Table 1 presents the aver-
age multiplicity of projectile spectator protons (N, )
in 8 Kr-emulsion collisions at 1.7 A GeV. For com-
parison, the other experimental data from nucleus-
emulsion interactions at a few A GeV are also listed
in the table. It should be stressed that the emulsion
plates in our experiment are not fully developed, so
there are some missing projectile spectator protons.
From the results of the table, we can conclude that
(N,) increases with the increase in projectile mass at
the same beam energy. The projectile spectator pro-
ton is produced from projectile fragmentation or mul-
tifragmentation, so the average multiplicity of projec-
tile spectator protons increases with the increase in
projectile mass at the same beam energy.

Table 1.
spectator protons in relativistic heavy ion in-

The mean multiplicity of projectile

duced nuclear emulsion interactions.

beam energy/(A GeV) (Np) Ref.
“He 3.7 0.61+0.02 [7]
12¢ 3.7 1.2040.04 [7]
12¢ 3.7 0.62+0.03 [5]
2¢ 3.7 0.93+0.02 [1]
160 3.7 1.4540.03 [7]
160 3.7 1.1540.08 [6]
22Ne 3.3 1.5540.02 [7]
22Ne 3.3 1.3640.02 [3]
288 3.7 2.54+0.05 [7]
288 3.7 1.8240.05 [5]
84Kr 1.7 2.794+0.10 present work

132Xe 1.0 4.64+0.2 [4]

Table 2 presents the mean projectile spectator
proton multiplicity of nucleus induced reactions on
different emulsion targets at a few A GeV beam en-
ergy. It can be seen that (N,) increases with the
increase in target mass. Fig. 1 shows the projectile
spectator proton multiplicity distribution of 34Kr in-
duced interactions on the different emulsion targets at
1.7 A GeV. It can be seen that the IV, distribution
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is almost the same in shape for different emulsion tar-
gets, but becomes broader with the increase in target
mass. Fig. 2 presents the dependence of (N,) on the
target mass Ap in 3 Kr-emulsion collisions at 1.7 A

isfactorily by a relation of the form

(N,) = (2.379+0.193) A% 047£0-022,

(1)

with x?/DOF = 0.4353, where DOF means the de-
GeV. The experimental data can be fitted quite sat- | gree of freedom.

Table 2. The mean multiplicity of projectile spectator protons in the relativistic heavy ion induced interactions
on the different emulsion targets.
beam energy/(A GeV) (No) Ref.
H CNO AgBr
12c 3.7 0.7740.07 1.1240.04 0.86+0.02 1]
22Ne 3.3 1.1740.02 1.4740.04 1.3740.03 [3]
56Fe 1.0 2.5340.29 3.1940.28 4.94+0.44 [9]
56Fe 1.7 2.35+0.17 3.00£0.13 3.0340.09 [2]
84Kr 1.7 2.4440.21 2.67+0.15 3.06+0.16 present work
132Xe 1.0 1.9+0.3 4.7+0.3 6.7£0.3 [4]
03u Koba-Nielson-Olesen (KNO) scaling is a well es-
_____ ;‘;ill - tablished empirical law for multiparticle production
025 - . N, =8 in pp collisions [11], and it can be compared with the
experimental data on the multiplicity distribution of
0.20 relativistic particles, to see whether it favors the uni-
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Fig. 1. Projectile spectator proton multiplicity

distributions for different groups of Ny, in the
84Kr-nucleus interactions at 1.7 A GeV.
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Fig. 2. Dependence of (Np) on the target mass

in the ®*Kr-nucleus interactions at 1.7 A GeV.

versal law. In Fig. 3, we first plot (N,)(0,/0inel) ver-
sus N,/(N,) for #Kr-H, CNO, AgBr, and emulsion
(Em) interactions at 1.7 A GeV, where o, denotes the
partial cross section for producing n charged projec-
tile spectator protons, oi,. denotes the total inelas-
tic cross section, and z = N,/(N,), respectively. It
should be noted that the contribution of the events
with N, =0 is not included. From this figure, it can
be seen that the experimental data lie on a universal
curve, which can be fitted by a KNO scaling function
with the form

U(z)=Aze P2, (2)
E
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Fig. 3. Plot of (Np)(on/0ine1) as a function

of N,/(Ny) for the 8 Kr-H, CNO, AgBr and
emulsion interactions at 1.7 A GeV.
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The best fitting parameters A and B are listed in Ta-
ble 3, which are almost the same within statistical
errors for the ®Kr induced interactions on the differ-
ent emulsion targets at 1.7 A GeV.

Table 3. Values of the best fitting parameters
A and B of Formula (2) in the ®*Kr induced
interactions on the different emulsion targets

at 1.7 A GeV.
type of event A B x2/DOF
84Kr-H 3.28340.959  2.100+0.245 0.783
84Kr-CNO 3.000£0.507  1.950+0.131 0.392
84Kr-AgBr 3.468+£0.661  2.087+0.160 1.140
84Kr-Em 3.363+£0.358  2.025+0.083 0.501

Multiplicity correlations of type (N;(IV;)), where
Ni, Ny=N,, Ng, Ny, Ny, and i+ j, have been studied
in hadron-nucleus and nucleus-nucleus collisions over
a wide range of energy using different projectiles. But
no investigation has been done into the correlations
between Ny, Ng, N5, N, and N,,. Therefore it is nec-
essary to make an investigation into the multiplicity
correlations between the projectile spectator proton
and other secondary particles produced in these col-
lisions.

Figure 4 presents the multiplicity correlations be-
tween (Ny,), (Ng), (Ns), (Nn), (Ne), (N&) and N, in
84Kr-emulsion collisions at 1.7 A GeV. From the fig-
ure, it can be seen that there is a strong correlation
between (N,), (N.) and N,, and a weak correlation
between (Ny,), (Ng), (Nu), (N«) and N,. The exper-
imental data can be fitted by a linear relation of the
form

(Ni) = a; + b\, (3)
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Fig. 4. Variations of (NVy), (Ng), (Ns), (Nun),
(N.) and (Ny) with N, in the 8*Kr-emulsion
interactions at 1.7 A GeV.

where N; = Ny, Ny, N, Ny, N;, Ny, and fitting
parameters are listed in Table 4.
Table 4. Values of the inclination coefficient
(b1) and intercept (a;) of the multiplicity cor-
relations in the #Kr-emulsion interactions at

1.7 A GeV.
(Vi) aj bi x*/DOF
(Ny) 4.752+0.309 0.135+0.086 1.164
(Ng) 4.594+0.423 0.031£0.097 2.303
(Ns) 5.378+£0.587 1.568+0.171 1.165
(Ny) 9.246£0.665  0.2420.172 1.618
(N¢) 10.57240.907 1.4124+0.219 1.341
(N«) 1.769+0.119 0.205+0.032 0.825

The multiplicity correlations between projectile
spectator protons and grey, black, shower, compound,
heavily ionized track particles and projectile helium
fragments can be explained by the participant-and-
spectator model of nucleus-nucleus interactions. The
projectile spectator proton is produced from projec-
tile fragmentation or multifragmentation, which is
a quantitative probe of degree of projectile specta-
tor excitation or colliding centrality. In the periph-
eral or semi-central nucleus-nucleus collisions, with
the increase in number of projectile spectator pro-
tons, the impact centrality is increased, so the pro-
duction probability of shower particles, grey particles
and compound particles is increased. And also with
the increase in projectile spectator protons the ex-
citation of the target spectator is increased, so the
production probability of black particles and heavily
ionized track particles is increased. In the projectile
spectator, with the increase in the number of projec-
tile spectator protons, the excitation of the projectile
spectator is increased, so the production probability
of projectile helium fragments is increased.

Figure 5(a) and (b) show the correlations between
(N,) and Ny, Ng, N, N,, N, N, in the 3Kr-
emulsion interactions at 1.7 A GeV. From Fig. 5, it
can be seen that there is a weak dependence of (N,)
on Ny, N, N, and (N,) increases first and then
becomes saturated with increasing N. and N;. The
average multiplicity of the projectile spectator pro-
tons first increases and then decreases with increasing
numbers of projectile helium fragments. The experi-
mental data can be fitted by a linear relation of the
form

(N,) = (2.631£0.123)+(0.007£0.014)Ny,, (4)

(N,) = (2.673£0.127)+ (0.002-£0.008) Ny, (6)

) =( )
(N,) = (2.617+0.113)
) =( )
) = (1.178+0.127)

+( )
+(0.004£0.012)N,, (5)
+( )
+( )

(N, 0.256+0.029)N,, (7)
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(N,) = (1.152£0.149) +(0.197+0.026)N,, (8)

(N,) = (1.73940.145) + (0.503+0.066) N,. (9)
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Fig. 5. Variations of (Np) with Ny, Ng, Ns,
Np, N¢, Ny in the 84K r_emulsion interactions
at 1.7 A GeV.

These correlations can also be explained by
the participant-and-spectator model of nucleus-
nucleus interactions. In the peripheral or semi-central

nucleus-nucleus collisions, with the increase in black
particles and heavily ionized track particles, the exci-
tation of the target spectator is increased, which in-
fluences the excitation of the projectile spectator. Be-
cause the excitation of the target spectator is not di-
rectly related to the projectile spectator, the aver-
age multiplicity of the projectile spectator protons is
weakly increased. With the increase in the number
of shower particles and compound particles, the im-
pact centrality is increased, which directly influences
the excitation of projectile spectator and the result of
the production probability of the projectile spectator
protons, which increases with the increase in the num-
ber of shower particles and compound particles first
and then becomes saturated because of the limited
projectile spectator size. Finally, with the increase in
projectile helium fragments, the production probabil-
ity of the projectile spectator proton is increased first
and then decreased because of the limited projectile
spectator size.

4 Conclusions

From the present study of projectile spectator
proton production in ¥ Kr-emulsion interactions at
1.7 A GeV, it may be concluded that the mean mul-
tiplicity of projectile spectator protons increases not
only with the increase in the projectile mass at the
same beam energy but also with the increase in target
mass for the same projectile. The projectile specta-
tor proton multiplicity distribution obeys a KNO
type of scaling hypothesis. The multiplicity correla-
tions between the projectile spectator protons and
grey, black, shower, compound, heavily ionized track
particles and projectile helium fragments can be ex-
plained by the participant-and-spectator model of
nucleus-nucleus collisions.

We wish to thank Professor I. Otterlund from
Lund University, Sweden, for supplying the emulsion
plates.
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