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Multiplicities of forward-backward particles in
160-emulsion interactions at 4.5 AGeV/c"

LI Hui-Ling(Z2#¥) ZHANG Dong-Hai(#k %)Y LI Jun-Sheng(Z=2 )

(Institute of Modern Physics, Shanxi Normal University, Linfen 041004, China)

Abstract An exclusive study of the characteristics of interactions accompanied by backward emission (0ap >
90°) of shower and grey particles in collisions of a 4.5 AGeV/c '®0 beam with emulsion nuclei is carried
out. The experimental multiplicity distributions of different particles emitted in the forward (61ap < 90°) and
backward hemispheres due to the interactions with the two emulsion components (CNO, AgBr) are presented
and analyzed. The correlations between the different emitted particles are also investigated. The results
indicate that there are signatures for a collective mechanism, which plays a role in the production of particles
in the backward hemisphere. Hence, the backward multiplicity distribution of the emitted shower and grey
particles at 4.5 AGeV /c incident momentum can be represented by a decay exponential law formula independent
of the projectile size. The exponent of the power was found to increase with decreasing target size. The
experimental data favor the idea that the backward particles were emitted due to the decay of the system in

Vol. 33, No. 7, Jul., 2009

the latter stages of the reactions.
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1 Introduction

Over the last few years, the production of
backward particles in hadron-nucleus and nucleus-
nucleus interactions at relativistic energies has re-
ceived considerable experimental and theoretical
attention!" ¥, A principal reason for studying the
production of energetic pions from nuclei in the back-
ward direction is that, in free nucleon-nucleon col-
lisions such production is kinematically restricted.
Therefore, the observation of such hadrons beyond
the kinematic limit may then be evidence for ex-
otic production mechanisms such as production from
clusters™ %,
Laboratory using incident protons, the authors ob-

In early experiments® at the Dubna

served pions in the backward direction with energies
up to four times larger than expected from nucleon-
nucleon collisions. They argued that the simple Fermi
motion of the nucleons in the nucleus could not ac-
count for such backward production and stated that
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the dominant mechanism for producing such hadrons
was the interaction between the incident nucleon and
multi-nucleon clusters in the target, referring to this
mechanism as cumulative production. Fredriksson!'”
supported the model in which the nucleon interacts
collectively with all matter within 1 fm in its rest
frame at the time of collision. The LBL data* ® sup-
ported a model called the “effective target model” .

In this paper, we analyze the data on shower and
grey particles produced in the backward (90° < 0 <
180°, where 6 is the emission angle in the labora-
tory system) hemisphere and forward (0° < 6 < 90°)
hemisphere from the interaction of *°0O projectile with
emulsion nuclei at 4.5 AGeV /c. This research focused
on the general characteristics of multiplicity distri-
butions of backward shower and grey particles and
compared them systematically with the correspond-
ing ones obtained for other projectiles at nearly the
same incident momentum per nucleon!'® ?*/.  Fur-
thermore, the multiplicity correlations between dif-
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ferent particles were also investigated.

2 Experimental details

NIKFI BR-2 stacks of nuclear emulsions, 10 cm x
10 cm X 2 cm in volume, were exposed horizontally to
the 4.5 AGeV/c **0O beam at the Synchrophasotron
of the JINR, Dubna. The flux intensity was 10°
particles/cm?. Emulsion plates, 600 um thick were
scanned by the along-the-track method using XSJ-
1 and XSJ-2 microscopes under 100x oil objectives
and 16x eyepieces. Details about scanning, mea-
surements and track classification have been given
(2629 A total of 2960 interactions of oxy-
gen with the nuclei of the emulsion were observed
by following a primary track length of 35768.9 cm,
which led to a mean free path A= (12.08+0.22) cm.
Among these interactions, 152 events were found to
be produced by electromagnetic interactions and 149
events were due to elastic interactions. Of these 2960

elsewhere

interactions, 2044 inelastic interactions were chosen,
without any bias, for the final analysis. Interactions
which were within 30 um from the top or bottom sur-
face of the emulsion were not taken into consideration
for the final analysis.

Tracks resulting from each event were classified
according to the following traditional emulsion ter-
minology.

(1) Shower tracks are single charged relativistic
particles with relative ionization I/I, < 1.4 where I
is the plateau ionization for single charged minimum
ionizing particles. They are mainly due to produced
charged pions having relative velocity = v/c > 0.7.
Their multiplicity is denoted by n, (not including the
stripped projectile protons).

(2) Grey tracks are those tracks which have a
range R >3 mm in emulsion and relative ionization
I/I,>1.4. They are mostly due to protons with ki-
netic energy ranging from 26 to 400 MeV. The mul-
tiplicity of these grey tracks is denoted by IV,.

(3) Black tracks are those having short range in
emulsion R <3 mm (corresponding to the proton ki-
netic energy < 26 MeV). Their multiplicity is denoted
by N,. Grey and black tracks together are usually
considered as heavily ionizing particles. Their multi-
plicity is denoted by N, = N+ N,,.

(4) Any charged particle emitted with an angle
0 < 3°, with respect to the incident direction and
characterized by no change in its ionization for at
least 2 cm from the interaction point, is considered as
a noninteracting (stripped) projectile fragment (PF).
The total charge of the stripped fragments in the for-

ward cone per event is denoted by Q.

In each event, the total charge of the PFs @ =
YN, Z; was calculated, where IN; is the number of the
PFs with charge Z,(1,2,---,Z,) and the summation
is carried out over all such fragments in an event.
The number of interacting projectile nucleons in each
event Ny, = A, — (A,/Z,)Q was determined, where
A, and Z, are the mass and charge numbers of the
projectile nucleus.

The number N, emitted in an interaction is an
important parameter and greatly helps in separating
events due to target types, i.e., all events due to
H interactions have N, = 0,1. Interactions having
Ny, > 8 almost definitely belong to AgBr collisions,
while events with 2 < IV, < 7 are due to interactions
with CNO and peripheral AgBr. It was found that
events due to H, CNO and AgBr were estimated to
be 345(16.9%), 776(38.0%) and 923(45.5%), respec-
tively.

3 Experimental results

As already mentioned, hadrons produced in
nucleus-nucleus interactions at high energy may orig-
inate from two mechanisms. They may participate
only in the primary reaction and leave the overlap
region of projectile and target without further in-
teraction. In emulsion experiments such hadrons are
seen as shower tracks. Or they may be involved in
the rescattering process by knocking out further nu-
cleons while penetrating through the spectator parts
of the nuclei. The intranuclear cascade is responsi-
ble for knocking out cascade protons and neutrons of
the spectator fragments. Most of the cascade protons
have energies typical for the so-called grey tracks.

The average multiplicities of shower and grey
particles emitted in the forward ((nl) and (N]))
and the backward ((nf) and (N?)) hemispheres for
4.5 AGeV/c 50 interactions are listed in Table 1.
For comparison the data from other nuclear inter-
actions with emulsion at nearly the same incident
energies (Dubna energies) are also presented. The
data in this table show a significant increase in the
values of (n2) as the number of incident projectile
increases up to “Li. The values of (nf) within ex-
perimental error are nearly equal in the interactions
induced by 7Li, 12C, 160, 22Ne, 2Si and 32S nuclei.
On the other hand, the values of the average mul-
tiplicity of shower particles produced in the forward
hemisphere (n¥) are strongly dependent on projectile
size (i.e. dependent on the average number of in-
teracting projectile nucleons, Ni,;). As the projectile
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size increases, a greater number of projectile nucleons
interact with the target nucleons. The dependence
of (nf

¥) on the projectile mass number can be de-
scribed by the power law relation (nf') = aSFAl;SF where
a¥ =1.726 £0.007 and bF = 0.573+0.002 (as shown
in Fig. 1(a)). These results are consistent with the
results in Refs. [19, 20, 22]. The A2/® dependence in
the forward hemisphere is expected in limiting frag-
mentation models™®, where the projectile is seen as
a contracted disc by the target nucleus. Fig. 1(b)
shows the dependence of (nf') and Ny,.. The values of

(nF) increase with the number of interacting nucleons.

This dependence can be described by a linear relation |

Table 1.

(nf) =0.59+1.24 N,,,, which supports the idea of con-
sidering the nucleus-nucleus collisions as a superposi-
tion of nucleon-nucleus collisions. It is observed that
the values of the shower particles emitted in the back-
ward hemisphere are nearly constant, within experi-
mental error, for projectiles of mass number larger
This means that the cre-
ation of shower particles in the backward hemisphere

than or equal to seven.

is nearly independent of the projectile mass number
at nearly the same incident energy. The values of
both (N}) and (N7) seem to be unaffected by the
mass number of the incident projectile.

The average multiplicities of shower and grey particles in the forward and backward hemispheres,
and the average number of interacting nucleons (Nint).

reaction (nF) (nB) (Ng) (NgB) (Nint) Ref.
p+Em 1.5040.01 0.11440.02 1.0 [17]
4He+Em 4.0440.01 0.2340.01 2.42 [17]
SLi+Em 5.3040.15 0.41+0.01 2.08+0.08 0.98+0.05 3.56 (23]
"Li+Em 4.96+0.03 0.40+0.01 3.68+0.20 0.9440.04 3.9240.12 [24]
12C4+Em 7.1140.02 0.4240.01 4.5240.20 1.3840.07 5.2840.18 [17]
1604+Em 10.0340.30 0.4640.02 3.58+0.15 0.97+0.04 6.35+0.27 [30]
9.84+0.19 0.38+0.02 4.4740.13 1.2240.04 7.6540.12 present work
22Ne+Em 9.85+0.04 0.4540.01 4.8040.20 1.4240.08 8.06+0.13 17
9.7140.23 0.40+0.02 [21]
288i+Em 11.364-0.09 0.4440.02 4.9840.18 1.4240.07 9.49+0.27 17
11.4340.35 0.35+0.02 [21]
325+Em 14.584-0.48 0.4640.03 3.1740.14 0.82+0.05 14.68 [22]
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Fig. 1.

The analysis of the experimental multiplicity dis-
tributions for the different emitted secondaries is one
of the main sources of information on the mechanism
of particle production. Therefore, a display of the
multiplicity distributions for the shower and grey par-
ticles flying into forward and backward hemisphere in
O+Em interactions is performed. Fig. 2(a) shows
the multiplicity distribution of the shower particles

The variation of (n%)

0 2 4 6 8 10 12 14 16 18
N,

int

with Ap (a) and Nint (b).

produced in the backward hemisphere, p(n?) for the
interactions of **O with different emulsion target (i.e.
CNO, Em, and AgBr) at 4.5 AGeV/c. It is very in-
teresting to observe that all experimental data can be
well reproduced by the exponential form:

_ABpB
p(n?)=pe ", (1)

which is consistent with the results of Abdelsalam(?
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for projectiles (*2C, #*Ne, 2Si and *?S) with emulsion
nuclei at the Dubna energy. This relation represents
the fundamental equation of decay of an excited sys-
tem, which emits pions in the backward hemisphere.
The parameters A? and p;, as obtained from the best
fit of the experimental data, are listed in Table 2.
For comparison the corresponding results from the
interactions of 12C, #2Ne, 28Si and *2S with emulsion
nuclei are also presented in the table. From this ta-
ble it is interesting to observe the near constancy of
the values of the decay constant AP for the interac-
tions of all used projectiles with emulsion nuclei at 4.5
AGeV/c. Since the same target is used, these results

also support the effective target model®” where the
incident nucleons are assumed to interact and excite
in collective fashion with the row of nucleons along
their paths. During de-excitation, pions are emit-
ted in a manner similar to that in thermal models.
This conclusion is also consistent with the model of
Fredriksson"®, in which the incident nucleons intera-
ct collectively with all matter within 1 fm (in the
rest frame) at the line of collision. It is obvious from
Fig. 2(a) and Table 2 that the value of the decay con-
stant, AP, decreases as target size increases for the
same projectile.

107
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Fig. 2. The normalized multiplicity distribution of shower (a) and grey (b) particles emitted in the backward
hemisphere of the interactions of '®0 with different emulsion targets together with linear fitting (straight
lines).
Table 2. The fitting parameters of the backward shower and grey particle distributions fitted in a decay
exponential law form.
projectile target AB Ds )\gB Dg Ref.
2¢ Em 1.094+0.04 63.22£7.75 0.75+0.06 45.924+11.56 [22]
160 CNO 2.23+£0.09 89.19+£3.05 1.5240.05 77.53£2.72 this work
160 Em 1.404+0.04 74.01£2.01 0.60+0.02 44.76+1.33 this work
160 AgBr 0.94+£0.04 60.91+£2.44 0.38+£0.01 27.04£1.12 this work
22Ne Em 1.06+0.04 58.52+£6.98 0.66£0.04 40.914+7.58 [22]
28Gi Em 1.024+0.08 54.93+13.14 0.67£0.04 42.114+8.88 [22]
329 CNO 2.38+£0.10 86.86+11.22 1.814+0.04 83.07£6.64 [22]
329 Em 1.054+0.05 62.67£7.06 0.76 +0.02 50.88+5.23 [22]
329 AgBr 0.89+0.05 61.68£6.97 0.67+0.03 52.77+£7.68 [22]

Figure 2(b) shows the multiplicity distributions
of the backward grey particles produced in the inter-
actions of 'O with different emulsion targets. The
experimental data can be fitted by an equation simi-
lar to that describing the backward shower particles,
ie.

_\BnB
P(N) =pge™ e e . (2)
The fitting parameters )\gB and p, are also listed in
Table 2. For comparison the corresponding results
from the interaction of 12C, ?2Ne, 28Si and 32S with

emulsion are also presented in Table 2. It is clearly
seen that the values of )\gB are constant within exper-
imental errors for interactions of different projectiles
with the same target (Em). On the other hand, the
values of )\g decrease with increasing target mass for
the same projectile.

The above results for shower and grey particles
emitted in the backward hemisphere confirm the lim-
iting fragmentation hypothesis at the incident mo-
mentum used. Therefore, the shower particles flying
above the kinematic limit in the backward hemisphere
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may be thought to be due to the decay of an excit-
ing system at a fixed temperature in the first step.
Then the backward grey particles will be emitted in
the second step.
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Fig. 3. The normalized multiplicity distribu-
tion of shower particles emitted in the forward
hemisphere of the interactions of **O with dif-

ferent emulsion targets (CNO, Em and AgBr).
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Fig. 4. The normalized multiplicity distribu-
tion of grey particles emitted in the forward
hemisphere of the interactions of **O with dif-
ferent emulsion targets(CNO, Em and AgBr).

Figures 3 and 4 present the experimental multi-
plicity distributions of shower and grey particles in
the forward hemisphere for the interactions of 'O

40
35
30 +
25 b
20 F

(2)

—o—

(nf)

(n®)

Fig. 5.
interactions.

with different emulsion targets at 4.5 AGeV/¢, re-
spectively. The distributions are broader than those
in the backward hemisphere (see Fig. 2(a) and (b)).
This is due to the fact that in the forward hemisphere,
there are contributions from both projectile and tar-
get participants while in the backward hemisphere the
target size is the only affecting parameter. From these
figures it also can be seen that the probability of pro-
ducing such particles increases with increasing target
size: the heavier the target, the broader the multipli-
city distributions. This result is confirmed in Table 1
by the average numbers of shower and grey particles
in both the backward and forward hemispheres.

The correlations between the multiplicities of the
different types of particles emitted in the backward
and forward hemisphere are one of the most sen-
sitive sources of information on the mechanism of
particle production in both the forward and back-
ward hemispheres. Fig. 5 presents the relations be-
tween (nf(n®)) and nf (a), (n2(nf)) and nf (b)
for *O+Em interactions at 4.5 AGeV /c respectively.
The fitting of the experimental data of the figure gives
the values of slopes by and bg, from the following two
relations:

(ny) =ar+ben;, (3)

(ng) =ap+bpn; . (4)

The values of by and bg are listed in Table 3. For
comparison the corresponding results for “Li+Em,
2ZNe+Em and ?Si+Em interactions at 3, 4.1 and
4.5 AGeV /c respectively are also presented in the ta-
ble. From the analysis of Fig. 5 and Table 3, it may
be noticed that a strong correlation between (nf) and

B (nB) and nf can be seen. Also, from the table,
one may notice that br increases with increasing pro-
jectile mass, which means that (n¥) increases with
projectile mass number, while (nf) remains nearly

s

constant, within experimental error.

4.0
35 ®) l
3.0
2.5
2.0
1.5
1.0
0.5
0

n

0 5 10

15 20 25 30 35 40

ng

The value of (nf) as a function of n? (a) and (nZ) as a function of nf (b) for 4.5 AGeV/c **O+Em
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Table 3. The values of slopes for *0+Em in- also increases with the increase of the projectile size
teractions at 4.5 AGeV /c and the correspond- at the same incident energy.
ing results from Ref. [24].

projectile  target bp bp Ref. 30 (a)

Li Em  3.184£0.15 0.032+0.001 [24] 25 | D) ‘. ¢

160 Em 5014023 0.036+£0.002 this work —: 2 " (V) Y

22Ne Em  6.4340.18 0.02940.002 [24] -

285 Em 8144041 0.01740.002 [24] =15

Figure 6 shows the multiplicity correlations for :;* 10
various particles (shower, grey and black) in the for- N 5
ward and backward hemispheres as a function of Ny
in the interactions of '*O+Em at 4.5 AGeV/c. These 18
correlations can be approximately fitted by a posi-
tive linear dependence with fitting parameters listed PO
in Table 4. For comparison the results from 2®Si and z .
325+ Em interactions are also presented in the table. ;Z;
From Fig. 6 and Table 4 we can conclude that the av- Y4
erage multiplicity of shower particles emitted in the “"g
forward hemisphere strongly depends upon the num- 2
ber of heavily ionized particles Ny, but the average
multiplicity of backward shower particles weakly de- 0 5 10 15 20 25 30 35 40
pends upon the number of Ny, and this dependence My
increases with increasing projectile size at the same Fig. 6. The dependence of the average shower,

incident energy. The mean multiplicity of grey parti-
cles emitted in the backward hemisphere weakly de-
pends upon the number of IV, and this dependence

grey and black particle multiplicities emitted
in the forward (a) and backward (b) hemi-
sphere for the 0+Em interaction on Ny.

Table 4. The fitting parameters for the correlation of the average multiplicities of shower, grey and black parti-
cles emitted in the backward and forward hemispheres from different projectile induced emulsion interactions

at 4.5 AGeV/c with Ny.

1604+ Em 28Gi4 Em 2] 3254 Em!??)

correlation slope intercept slope intercept slope intercept
(nEF)-Ny, 0.50£0.01 3.59+0.17 0.726+0.012 2.3834+0.254 0.76+£0.03 5.64+0.62
<NgF>—Nh 0.355+0.005 —0.44+0.03 0.290+0.009 —0.0184+0.154 0.28£0.02 —0.25+0.44
<NE)—N1, 0.296+0.004 0.134+0.03 0.384+0.02 —0.484+0.38
(nB)-Ny, 0.027+£0.002 0.008+0.013 0.034+0.001 —0.010+0.014 0.052+0.004 —0.15+£0.07
(Ng)—Nh 0.107+£0.003 —0.08240.017 0.076£0.002 —0.1234+0.052 0.084+0.01 —0.17£0.08
(Nf)—Nh 0.227+0.003 —0.0334+0.019 0.234+0.01 0.35+0.17

Figure 7 shows the multiplicity correlations for Table 5. The fitting parameters for the corre-

various particles emitted in the backward and for-
ward hemispheres as a function of the number of in-
teracting projectile nucleons Ny, in the interactions
of *O+Em at 4.5 AGeV/c. These correlations also
can be fitted by a positive linear dependence with
fitting parameters presented in Table 5.
concluded that the dependence of the average multi-
plicity of different particles emitted in the backward
and forward hemispheres on N, is the same as the
correlation of the mean multiplicity of various back-
ward and forward particles with NVy,.

It can be

lation of the average multiplicities of shower,
grey and black particles emitted in the back-
ward and forward hemispheres from **O+Em
interactions at 4.5 AGeV/c with Niut.

correlation slope intercept

(nE)-Ning 1.1340.02 0.8940.10

<N§>-Nint 0.432+0.015 0.703+0.071
(Nf)—Nint 0.288+0.012 1.352+£0.083
(nB)-Nine 0.043+0.003 0.027+0.015
(NgB>—N,m 0.127+0.006 0.195+0.033
(Nf)—Nim 0.227+0.010 0.913+0.067
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Fig. 7. The dependence of the average shower,
grey and black particle multiplicities emitted
in the forward (a) and backward (b) hemi-
sphere for the 160+FEm interaction on Nint.

Conclusions

In studying the 4.5 AGeV/c '*O+Em interaction,

the following conclusions can be drawn.

1) The average multiplicity of shower particles
emitted in the backward hemisphere remains nearly
constant, with experimental error, for projectile mass
number in larger than or equal to seven, but the
average multiplicity of forward shower particles in-
creases with increasing projectile size (or number of
interacting projectile nucleons).

2) The correlation parameters for the shower par-
ticles emitted in the forward hemisphere increase with
projectile mass number, whereas for the backward
emission they decrease slightly as the projectile mass
increases.

3) The average values of shower particles emitted
in the forward and backward hemispheres increase
linearly with the target fragments N, or the number
of interacting projectile nucleons.

4) The multiplicity distributions of the backward
shower and grey particles are fitted by an exponential
form with decay constant independent of the projec-
tile size. However, a decrease in the values of decay
constant is noted as the target size increases.

We are grateful to Professor I. Otterlund of the
Lund Unidversity in Sweden for supplying the emul-
sion plates.
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