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Abstract. We have investigated the interactions of 10.6 GeV/n Au in nuclear emulsion. Two methods of
separating interactions into those with hydrogen, light (C,N,O)and heavy (Ag,Br) target nuclei were used,
giving almost identical results, which strengthened our confidence in the correctness of these methods. We
also measured the angular distributions of singly and multiply charged relativistic particles emitted from
the interaction vertices and the charges of the multiply charged projectile fragments. The fragmentation of
the projectile Au nuclei and of the target nuclei were analyzed. The multiparticle production was studied
as a function of the mass of the target nucleus. The multiplicity and the pseudorapidity distributions of
relativistic singly charged particles were compared with the predictions of the RQMD Model.

1 Introduction

For many years the nuclear emulsion technique has been
used to investigate hadron-nucleus and nucleus-nucleus in-
teractions. Nuclear emulsion detectors have some unique
advantages, e.g. 4π detection, submicron resolution, ex-
cellent detections of both relativistic and very low energy
particles, and last but not least, simplicity and relatively
low costs in comparison with other techniques. One of the
main disadvantages is the composite nature of the target
which basically consists of three groups of nuclei: hydro-
gen, light (carbon, nitrogen, oxygen) and heavy (bromine,
silver). Due to the large difference in mass of the projectile
(gold) and any of the emulsion target nuclei it became pos-
sible in this experiment to separate from a minimum bias
sample of Au interactions subsamples of interactions with
the three main groups of target nuclei. This separation
of Au-Em interactions allowed us to make simultaneous
analysis of fragmentation processes of both the projectile
and the target nuclei as well as studying the production
processes as a function of the target mass, taking full ad-
vantage of the nuclear emulsion technique.

The interactions analyzed in this study include those
used in a previous analysis [1] together with the enhanced
sample of interactions with hydrogen target selected from
the additional scanning for Au-Em interactions. This new
analysis is now able to separate the interactions into three
classes of target nuclei, whereas before interactions with
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light and hydrogen targets were not separated. In addi-
tion, in the earlier study of the gold nuclei there was no
consideration of the singly charged particle multiplicities
and pseudorapidity distributions, which can be compared
with model predictions.

2 Experimental

Stacks composed of BR-2 nuclear emulsion pellicles with
dimensions of 5×10 cm2 and 0.6 mm thick were exposed to
the 10.6 GeV/n gold beams at Brookhaven National Lab-
oratory [1–3]. The stacks were oriented so that the beams
were parallel to the pellicles. Interactions were found by
microscope scanning along the primary tracks in order to
obtain a sample with minimum detection bias. The exper-
imentally found interaction mean free path 4.67±0.10 cm
[3] is in reasonable agreement with the value 4.43 cm cal-
culated using the predicted charge changing cross sections
[4] and the composition of the emulsion [5]. This value dif-
fers from that of 4.25±0.1 cm calculated previously [3], due
to the use of more recent evaluations of the relevant cross
sections. Consequently, we can assume that there was a
high efficiency of detecting the interactions, although we
cannot exclude a possible minor inefficiency during the
scanning, which would represent a bias against the least
disruptive interactions. Our minimum bias sample con-
sists of 1089 Au interactions in emulsion enhanced by 249
additionally analyzed Au-H interactions selected from the
second scanning for Au-Em interactions. In each event an-
alyzed, we measured the emission angles of all fast singly
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Fig. 1. The number Nπ of charged particles produced vs. the
number Nb of target fragments for 1089 Au-Em interactions.
For explanation of the straight line see the text

charged particles, helium and heavier (Z > 2) projectile
fragments. Their numbers are denoted by Ns, Nα and Nf

respectively. The charges, Zf , of multiply charged pro-
jectile fragments were also measured [1,2] with an un-
certainty not exceeding 5%. We determined the number
Ng (gray tracks) of relatively slow single charged particles
from the target nuclei being mostly recoil protons as well
as the number Nb (black tracks) of very slow singly and
multiply charged target fragments. The number of black
and gray tracks are often combined into a single group of
slow (β < 0.7) heavily ionizing (I > 1.4Io) particles whose
number is denoted by Nh, where Io is the minimum ioniza-
tion produced by relativistic singly charged particles. The
separation between black and gray tracks corresponds to
the ionization of a 30 MeV proton. The number of pro-
duced charged particles Nπ = Ns − (Zp − Zb), where Zp

is the charge of the projectile and Zb the total charge
bounded in multiply charged projectile fragments.

3 Separation of Au interactions with the
different target nuclei in nuclear emulsion

A two step method was used to select from the mini-
mum bias sample of interactions those with heavy, light
and hydrogen targets. In the first step we identified the
Au-(Ag,Br) interactions and in the next the Au-H inter-
actions, leaving the sample of Au-(C,N,O) interactions.
Two slightly different methods were used to select the Au-
(Ag,Br) interactions. The first, which has been described
previously [1] and used on a smaller sample, was based on
a study of a scatter plot of Nπ vs. Nb for the total sample
of interactions. The same procedure was applied here and
the corresponding plot is presented in Fig. 1.

The visible gap between the two distributions was
parametrized by the same straight line as in [1], Nπ =
130 − 26Nb. This line is drawn in Fig. 1. We can assume
that it divides the minimum bias sample of Au-Em inter-
actions into those with (H,C,N,O) nuclei for which Nπ <
130−26Nb and with (Ag,Br) nuclei for which Nπ ≥ 130−
26Nb. It is natural to assume that for Au interactions with
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Fig. 2. The distribution of charged particles Nπ produced in
Au-Em interactions with heavily ionizing tracks Nh < 8 (solid
histogram) and Nh ≥ 8 (dashed histogram)
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Fig. 3. The number Nπ of produced charged particles vs. the
total charge Zb bounded in multiply charged projectile frag-
ments in Au-Em interactions with Nh < 8

just one type of nucleus there would not be a gap on an
Nπ vs. Nb scatter plot, such as that seen in Fig. 1. The ob-
served gap, which can hardly be a statistical fluctuation,
must be due to Au interactions with separate groups of
target nuclei of very different mass. We have made no ef-
fort to change the parametrization of the straight line plot-
ted in Fig. 1 in order to obtain better agreement with the
larger sample studied here, because in the analysis which
follows we will use a slightly different selection method
which appears to be less arbitrary, but gives quite consis-
tent results.

In this second selection method we begin with a sep-
aration of interactions based on the number Nh of tar-
get fragments plus recoil protons emitted from the struck
target nucleus. We assume that all events with Nh ≥ 8
are due to Au-(Ag,Br) interactions. Among events with
Nh < 8 are all interactions with (H,C,N,O) targets to-
gether with some admixture of Au-(Ag,Br) interactions.
Figure 2 shows the Nπ distributions of events for two dif-
ferent intervals of Nh particles. The distribution of events
with Nh < 8 has a break at around Nπ = 100, which is
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Fig. 4. The same as Fig. 3 but for Au-Em interactions with
Nh ≥ 8
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Fig. 5. Scatter plot of Nπ vs. Nb for Au-(Ag,Br) and Au-
(H,C,N,O) interactions

not present in the multiplicity distribution of events with
Nh ≥ 8. A smooth Nπ distribution of events with Nh ≥ 8
confirms that this sample is uniform, while the break in the
Nπ distribution for Nh < 8 is a reflection of the composite
target within this sample. High multiplicity (Nπ ≥ 100)
events are due to Au-(Ag,Br) interactions whatever their
Nh. That events with Nh < 8 and Nπ ≥ 100 are sepa-
rated from the rest of the Nh < 8 events is confirmed by
the discontinuity in the relation between Nπ and the total
charge bounded Zb shown in Fig. 3, whereas Fig. 4 shows
that events characterized by Nh ≥ 8 do not exhibit such
a discontinuity. Figure 5 and Fig. 6 show the correlations
between Nπ vs. Nb and Nb vs. Zb for the samples of Au-
(Ag,Br) and Au-(H,C,N,O) interactions separated by this
second method. From these plots we can see that there is a
minimal overlap between the two groups and clearly that
there are sparsely populated regions between the samples
of interactions with different targets, confirming the effi-
ciency and consistency of the two separation methods.

In order to extract the Au-H interactions we followed
the procedure described in [6]. This we have done on the
enhanced statistics obtained from the additional scanning
for interactions of Au in emulsion. From the events found
we selected and measured interactions with hydrogen tar-
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Fig. 6. Scatter plot of Nb vs. the total charge Zb bounded
in multiply charged projectile fragments in Au-(Ag,Br) and
Au-(H,C,N,O) interactions
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Fig. 7. The distribution of charged particles Nπ produced in
Au-Em interactions with Nb = 0 and Ng ≤ 1

gets using the following criteria. We assumed that in Au-
H interactions there should be no fragments of the target
and at most just one recoil proton may be visible (Nb=0,
Ng ≤ 1). Figure 7 shows the multiplicity distribution of
produced charged particles Nπ for those interactions that
fulfill the above criteria. A two component structure is
seen, which can be attributed to interactions with hydro-
gen and (C,N,O) targets. We introduced an additional cri-
terion on the multiplicity Nπ ≤ 23 for Au-H interactions,
and assume that events with higher multiplicities are Au-
(C,N,O) interactions.

Applying these criteria to our Au-Em interactions we
obtained the samples of Au interactions with hydrogen
and a fraction of interactions with (C,N,O) targets. In
Table 1 the number of interactions with different targets
are presented and denoted as “selection 1” and “selection
2”. “Selection 1” refers to the method based on the Nb

vs. Nπ scatter plot and “selection 2” on the Nh and Nπ

parameters. The number of Au-H interactions does not
depend on the separation methods used for Au-(Ag,Br)
interactions.

It is true that both separation methods of Au-(Ag,Br)
interactions may introduce small biases. For instance it is
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Table 1. Parameters describing Au interactions with different targets. For explanation see the text

Au-Em Au-Ag,Br Au-C,N,O Au-H
selection selection

1 2 1 2

N 1089 469 451 415 433 454a 205b

%exp. 100 43±2 41±2 38±2 40±2 19 ±2
%calc. 100 45 36 19

〈Nπ〉 50.3±2.0 92.0± 3.7 95.1± 3.7 25.1± 1.1 24.5± 1.0 5.7± 0.2
〈Na〉 4.34± 0.09 4.5± 0.1 4.54± 0.14 4.5± 0.2 4.45± 0.16 3.56± 0.13
〈Nf 〉 1.91± 0.04 1.74± 0.06 1.74± 0.07 2.10± 0.07 2.09± 0.06 1.91± 0.06

〈Nα+f 〉 6.3± 0.1 6.2± 0.2 6.3± 0.2 6.6± 0.2 6.5± 0.2 5.5± 0.2
〈Zf 〉 21.3± 0.5 16.4± 0.7 15.8± 0.7 21.3± 0.8 21.7± 0.8 31.5± 0.9
〈Zb〉 49.4± 0.7 37.6± 1.1 36.6± 1.1 53.8± 1.0 54.2± 1.0 67.1± 0.5
〈Nb〉 3.92± 0.14 7.9± 0.2 7.98± 0.20 1.37± 0.06 1.53± 0.07 0
〈Ng〉 4.35± 0.15 8.8± 0.2 9.08± 0.22 1.44± 0.06 1.43± 0.06 0.11± 0.01
〈Nh〉 8.27± 0.26 16.7± 0.3 17.1± 0.3 2.82± 0.09 2.97± 0.09 0.11± 0.01

a The enhanced sample of interactions from the additional scanning
b The sample selected from 1089 inclusive Au-Em interactions

not possible to distinguish very peripheral Au interactions
with (Ag,Br) targets characterized by Nh < 8 and small
Nπ from Au interactions with (H,C,N,O). That these bi-
ases are small is shown by a comparison of the experimen-
tally obtained percentages of interactions with hydrogen,
light and heavy nuclei of emulsion and those calculated
from the predicted nucleus-nucleus charge changing cross
sections [4] and the composition of emulsion [5] (see Ta-
ble 1). Taking into account the uncertainties in evaluations
of the charge changing cross sections, which can be as high
as 10%, there is a satisfactory agreement between the ex-
perimental and the calculated fractions for each type of
target nuclei.

4 Fragmentation
of the projectile gold nucleus

In Fig. 8 we present the charge Zf distributions of mul-
tiply charged projectile fragments with Z > 2 emitted
from Au-Em, Au-H, Au-(C,N,O) and Au-(Ag,Br) interac-
tions. Their mean values 〈Zf 〉 are given in Table 1. The
lighter the target nucleus, the more frequent are heavier
projectile fragments. As a consequence, one observes an
increase of 〈Zf 〉 with decreasing mass of the target nu-
cleus (see Table 1). However, even for the hydrogen tar-
get the light projectile fragments are the most frequent.
Fragments with charges around half of the primary charge
are the rarest ones irrespective of the mass of the target
nucleus. This is partially a consequence of the fact that
fission in this sample of Au-Em interactions is very rare
[7].

The distribution of the number of multiply charged
fragments Nα+f for light (C,N,O) and heavy (Ag,Br) tar-
get nuclei are similar but differ appreciably from that
produced by a hydrogen target (see Fig. 9). All interac-
tions produce some alpha or heavier fragments, while only
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Fig. 8. Charge distributions of multiply charged projectile
fragments (Zf > 2) in Au interactions with emulsion, (Ag,Br),
(C,N,O) and hydrogen target (scales are the same for all dis-
tributions)

those interactions with heavy targets can have no multiply
charged projectile fragments. Figure 10 and Fig. 11 show
the distribution of Nα and Nf . For a hydrogen target the
most frequent events are those with one alpha fragment
and one heavier fragment. The mean number of helium
fragments emitted in interactions with hydrogen is smaller
than in collisions with heavier targets (see Table 1). For
a hydrogen target there are no events with Nf = 0, while
50% of events have only one fragment with Z > 2. For
heavier targets, the fraction of events with Nf = 0 in-
creases while the fraction of events with Nf = 1 decreases
with increasing target mass. The probability of interac-
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Fig. 10. Frequency distributions of the number of helium frag-
ments Na in Au interactions with (Ag,Br), (C,N,O) and hy-
drogen targets

Table 2. The probability of Au interactions with different
number Nf of fragments with Z > 2 as a function of the mass
of the target

Target number of fragments
0 1 >1

H 0 0.49±0.03 0.51±0.03
C,N,O 0.02±0.01 0.43±0.03 0.54±0.04
Ag,Br 0.19±0.02 0.34±0.03 0.47±0.03

tions heaving different numbers of fragments Nf depends
on the mass of the target. For Nf = 0 the probability
increases with the target mass; it decreases for Nf = 1;
and for Nf > 1 i.e. for multifragmentation [3] it becomes
independent of the mass of the target (see Table 2).

The probability distributions of the total charge Zb re-
maining in multiply charged projectile fragments in inter-
actions with different targets are shown in Fig. 12. These
distributions depend strongly on the mass of the target.
For hydrogen targets the Zb distribution is peaked close
to the charge Zp of the primary, and essentially does not
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Fig. 11. Frequency distributions of the number of projectile
fragments Nf with the charge Z > 2 in Au interactions with
(Ag,Br), (C,N,O) and hydrogen targets
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Fig. 12. The distribution of the total charge Zb bounded in
multiply charged projectile fragments in Au interactions with
(Ag,Br), (C,N,O) and hydrogen targets

extend below Zp/2 while for (Ag,Br) targets the distribu-
tion is almost flat over the entire Zb range. This behavior
results in the decrease in 〈Zb〉 with increasing mass of the
target (see Table 1).

The differences in the fragmentation of the projec-
tile nucleus on various targets are apparent. An alterna-
tive method of presenting them can be seen on the plots,
Fig. 13, that show the relation between (QF − Z1) and
Z1, where QF stands for the total charge emitted in the
very forward direction and Z1 is the charge of the heaviest
fragment of the Au projectile. The QF value includes the
charges of all multiply charged projectile fragments plus a
number of singly charged relativistic particles with pseu-
dorapidities η = −ln tan(θ/2) > 3.6. This η value was
obtained from the relation: 6.5− ln(200/10.6) = 3.6 where
η = 6.5(θ = 3mrad) represents the half opening cone, for
oxygen and sulfur interactions at 200 GeV/n, in which al-
most all spectator protons were contained and the number
of produced particles was small. This angle was verified [8]
using the VENUS Model [9] calculations. The second term
in the above relation is the factor by which the Au energy
10.6 GeV/n has to be boosted to be matched with the
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data at 200 GeV/n. Figure 13 shows the (QF −Z1) vs. Z1
for the three classes of targets. In general, the observed
events follow the straight line Z1 + (QF −Z1) = Zp where
Zp is the charge of the projectile nucleus. This means that
in the majority of interactions (at least with light targets)
the QF value does not differ very much from the charge
of the primary. This is what is seen for the hydrogen tar-
get, suggesting that the number of intranuclear nucleon-
nucleon inelastic collisions is small. It appears that events
scatter along this line. This is either due to the inclusion
of produced particles emitted at small angles into QF or
to the exclusion from QF of protons scattered at large
angles. An additional deviation from this line can also be
due to the uncertainties in the charge determination of
the projectile fragments. Among the events characterized
by small value of Z1 and representing interactions with
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Fig. 14. The distributions of the number Nh of target frag-
ments plus recoil protons emitted from the struck target nu-
cleus in Au interactions with (Ag,Br) and (C,N,O) targets

targets heavier than hydrogen there is a class of events
with QF < Zp. This indicate that as the mass of the tar-
get increases, the projectile protons are scattered out of
the cone, i.e. the number of intranuclear nucleon-nucleon
inelastic collisions increases as the mass of the target in-
creases.

5 Fragmentation of the target nuclei

Fragmentation of the target nucleus is manifested by the
emission of slow heavily ionizing particles. Figure 14 shows
the distribution of the number Nh of target fragments
plus recoil protons in Au interactions with (Ag,Br) and
(C,N,O) nuclei. The Nh distribution in interactions of Au
in emulsion is shown in Fig. 15. The visible three com-
ponent structure of the Nh distribution reflects Au in-
teractions with the three groups of target nuclei present
in nuclear emulsion. Similar structure in the Nh distri-
bution is also seen in sulfur and oxygen interactions at
200 GeV/n [8,10,11] and even in proton-emulsion interac-
tions at 200 GeV (see Fig. 15). The mean number of Nh

in interactions of Au, S, O and proton with nuclear emul-
sion is equal to 8.3±0.3, 8.1±0.3, 8.5±0.3 and 7.6±0.2
respectively. We can calculate the expected 〈Nh〉 in Au-
Em interactions by using the charge changing cross sec-
tions [4], composition of emulsion [5] and the experimen-
tally found average Nh numbers for the Au interactions
with the three different targets in emulsion. We obtain
〈Nh(Au, Em)〉 =

∑
P (At) 〈Nh(At)〉 = 8.7, where P (At)

is the frequency of Au interactions with a target of mass
At for which the mean number of heavily ionizing parti-
cles is 〈Nh(At)〉. Within the uncertainties, which can be as
high as 10% the number 〈Nh〉 = 8.7 is in agreement with
8.3 ± 0.3. This provides further support for the validity
of the selection method used to separate Au interactions
with the various emulsion targets.

The fact that the 〈Nh〉 values in interactions of S and
O with emulsion are the same as the 〈Nh〉 value for Au-Em
interactions does not necessarily mean that for a given tar-
get the 〈Nh〉 is the same irrespective of the mass and/or



M.L. Cherry et al.: Fragmentation and particle production 647

0 10 20 30 40
0

0.1

0.2
Au-Em

1/
N

 d
N

/d
N

h

0 10 20 30 400

0.1

0.2
S-Em

0 10 20 30 40
0

0.1

0.2
O-Em

0 10 20 30 40
0

0.1

0.2
p-Em

Nh

Fig. 15. The distributions of the number Nh of target frag-
ments plus recoil protons in interactions of Au, S, O and p in
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energy of the projectile. The relative contributions with
hydrogen, light and heavy emulsion targets to the total
number of inclusive interactions in emulsion depends on
the mass of the projectile nucleus. Assuming the same
numbers of 〈Nh〉 for O and S interactions with hydro-
gen, (C,N,O) and (Ag,Br) targets as for the Au projec-
tile, and calculating contributions from different targets
to the total number of interactions in emulsion, we get
predicted values for 〈Nh〉 of 10.3 and 10.8 for S and O
interactions in emulsion, instead of the observed values
8.1 ± 0.3 and 8.5 ± 0.3. Apparently, for a given target,
〈Nh〉 must be a function of the mass of the projectile. For
an (Ag,Br) target and Au projectiles 〈Nh〉 = 17.1 ± 0.3
(see Table 1). For S and O projectiles this number must
be smaller in order to achieve 〈Nh〉 ' 8 in emulsion, in-
stead of the calculated value of about 10. This difference
is more drastic for proton interactions in emulsion. Un-
der the assumption that for proton projectiles 〈Nh〉 for
H, (C,N,O) and (Ag,Br) targets are the same as those for
an Au projectile, the calculated 〈Nh〉 for proton-emulsion
interactions equals about 13 in comparison with the ex-
perimental 〈Nh〉 = 7.6 ± 0.2. Since these energies are well
above the threshold for limiting fragmentation [12] it may
be concluded that the Nh distributions do depend on the
mass of the projectile.

The dependencies of the mean numbers of recoil pro-
tons (gray tracks) 〈Ng〉 on the number of target fragments
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Fig. 16. The dependencies of the mean number 〈Ng〉 of recoil
protons on the number Nb of target fragments and 〈Nb〉 on Ng

in interactions of Au, S, O and p in emulsion

(black tracks) Nb and the 〈Nb〉 on Ng in Au-Em interac-
tions are shown in Fig. 16. We observe an increase of 〈Ng〉
with increasing Nb and an increase of 〈Nb〉 with increas-
ing Ng, then an apparent leveling for the values of Nb

and Ng greater than about 8. Similar correlations exist
in sulfur, oxygen and proton interactions in emulsion at
200 GeV/n (see Fig. 16). For primary protons an increase
of 〈Ng〉 with increasing Nb continues up to the highest val-
ues of Nb. For heavier projectiles (Au) the 〈Ng〉 increases
faster and the mean number 〈Nb〉 saturates at a smaller
value of Nb than it does for the interactions of light and
more energetic projectiles.

In Fig. 17 we present the dependencies of 〈Ng〉 on Nb

and vice versa for interactions of Au with (C,N,O) and
(Ag,Br) targets. It is seen that for Au-(Ag,Br) interactions
there is essentially no dependence of 〈Ng〉 on Nb and 〈Nb〉
on Ng along the entire range of Nb and Ng variables and
only a weak correlation for Au-(C,N,O) interactions for
the small and large values of Nb or Ng. For interactions
with (C,N,O) the decrease of the mean numbers of 〈Ng〉
and 〈Nb〉 at large values of Ng or Nb is a consequence
of the constraint Nh < 8. From the above considerations
it follows that the observed correlation between the Nb

and Ng variables in Au-Em interactions (see Fig. 16) must
be due to the composite target. The lack of dependencies
between the Nb and Ng variables observed in particular in
Au interactions with the heavy targets can be interpreted
as an indication that the excitation of the target nucleus
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Fig. 17. The dependencies of the mean number 〈Ng〉 of recoil
protons on the number Nb of target fragments and 〈Nb〉 on Ng

in interactions of Au with (Ag,Br) and (C,N,O) targets

which is manifested by the emission of heavily ionizing
particles is limited [13]. Assuming that the parameterNg

is a measure of the number of intranuclear collisions [14],
it is astonishing that this limit is already attained at a
small values of Ng, i.e. at quite large values of the impact
parameter.

6 Particle production

6.1 Multiplicity distribution

The multiplicity distributions of particles Nπ produced in
Au interactions with (C,N,O), (Ag,Br) and emulsion are
shown in Fig. 18. As was mentioned in Sect. 3, some biases
against low multiplicity events could occur during scan-
ning. In addition, some low multiplicity Au-(Ag,Br) in-
teractions could be misclassified as Au-(C,N,O). Also, the
uncertainty in charge determination of very heavy multi-
ply charged projectile fragments of about 5% introduces
some uncertainties in determination of Nπ in small multi-
plicity events. Such events are the most abundant of the
Au-H interactions. For these reasons Fig. 18 does not show
the multiplicity distributions of Au interactions with hy-
drogen. Note that even for the heaviest target (Ag,Br) the
low multiplicity events are most frequent. Also in Fig. 18
we plot the multiplicity distributions of produced charged
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Fig. 18. Multiplicity distributions of produced charged parti-
cles in interactions of Au with emulsion, (Ag,Br) and (C,N,O)
targets in comparison with the RQMD calculations

particles predicted by the Relativistic Quantum Molec-
ular Dynamics (RQMD) Model (version 2.2) [15]. This
is the Monte Carlo model which can be used for com-
parison with interactions of such relatively low energy.
A sample of 10,000 events was generated. The number
of simulated Au interactions with the particular targets
was calculated using the charge changing cross sections
[4] and the composition of emulsion [5]. Figure 18 uses
a semilogarithmic plot in order to emphasize the com-
parison at large multiplicities. In Table 3 the mean num-
bers of produced charged particles in Au interactions for
hydrogen, (C,N,O), (Ag,Br) and emulsion are compared
with the RQMD Model predictions. There is a good agree-
ment between the Au-(C,N,O) data and the RQMD Model
predictions and some discrepancies in Au-(Ag,Br) interac-
tions. They exist in the total sample of Au-Em interactions
and therefore cannot be due to an incorrect separation of
events. Scanning inefficiencies in these high multiplicity
events are not expected to occur. Thus, the disagreement
indicates a problem with the RQMD Model. Aside from
the discrepancy of Au-(Ag,Br) we can conclude that the
RQMD Model reproduces the experimental shapes of the
multiplicity distributions with fair accuracy.
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Table 3. The mean number Nπ of produced charged particles
of Au interactions with different targets

Au-Em Au-Ag,Br Au-C,N,O Au-H

Experiment 50.3±2.0 95.1±3.7 24.5±1.0 5.7±0.2
RQMD 45.5±0.6 78.8±1.2 25.7±0.4 4.4±0.1

6.2 Pseudorapidity distribution
of singly charged particles

Figure 19 presents the pseudorapidity distributions for the
singly charged relativistic particles emitted from interac-
tions of Au with hydrogen, (C,N,O), (Ag,Br) and emul-
sion. These distributions are asymmetric with respect to
η = (1/2)ln(2E/M) = 1.6, the rapidity corresponding
to 90 degrees in p-p CM system. The smaller the mass
of the target nucleus, the more asymmetric is the pseu-
dorapidity distribution. The observed forward asymmetry
follows from three sources: the asymmetry of the collid-
ing nuclei (the projectile nucleus is always more massive
than the heaviest target nucleus), the presence of released
projectile protons which are emitted forward and the dif-
ference between the measured pseudorapidity and the ra-
pidity. In Fig. 19 we also plotted the pseudorapidity dis-
tributions of singly charged relativistic particles predicted
by the RQMD Model. A comparison is restricted to η < 4.
Above this η value there are also multiply charged projec-
tile fragments, whereas in RQMD simulations the multi-
ply charged projectile fragments are always resolved into
protons. A comparison for η > 4 is therefore meaning-
less. In general, the experimental distributions for the η
values greater than about 2 are higher than those pre-
dicted by the RQMD Model and the peak positions are
shifted towards higher values of η than those predicted
by the RQMD Model. However, it is worthwhile to no-
tice that there is an excellent agreement between the pre-
dictions of the RQMD Model (also restricted to the η
values less than 4) and the central collisions of Au pro-
jectiles with heavy (Ag,Br) targets. This comparison is
shown in Fig. 20, where the central collisions with (Ag,Br)
were selected by the number of produced charged particles
Nπ ≥ 100.

7 Conclusion and discussion

We have shown that the minimum bias sample of
10.6 GeV/n Au interactions in emulsion can be separated
into samples of events with hydrogen, light (C,N,O) and
heavy (Ag,Br) target nuclei. This separation is accom-
plished using two slightly different methods. One is based
on the correlation between the number, Nπ, of charged
particles produced and the number Nb of fragments from
target nuclei; the other on the number Nh of target frag-
ments plus recoil protons and the cut imposed on Nπ.
In both methods the same procedure of extracting Au-H
interactions is used. It appears that both separation meth-
ods give approximately the same results (see Table 1).
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The fragmentation of the projectile gold nucleus de-
pends on the target. This is manifested in different dis-
tributions of the charged Zf of fragments and of the dis-
tributions of the total charge, Zb, confined in multiply
charged projectile fragments. The lighter the target nu-
cleus, the more frequent are heavier projectile fragments
and the larger the mean values of the total charge confined
in multiply charged projectile fragments.

The probability of interactions without any projectile
fragments with charges Z > 2 is zero for a hydrogen tar-
get, but increases with the increasing mass of the target.
An opposite tendency is observed for events with only one
fragment, while for events with more than one fragment
the dependence on the mass of the target is very weak.

Since in our experiment the projectile nucleus is always
much bigger than even the most massive target nucleus,
the majority of interactions which occur in emulsion are
peripheral from the point of view of the projectile frag-
mentation. This applies to nearly all interactions with hy-
drogen and the majority of interactions with light nuclei
(see Fig. 13). Only for Au interactions with heavy (Ag,Br)
nuclei the number of intranuclear collisions is large, lead-
ing to events with small charge Z1 of the heaviest fragment
of the projectile and also a small total charge, QF , emitted
forward.

The three component structure of the distribution of
heavily ionizing particles, Nh, emitted from the emulsion
target nuclei is observed not only in the present sample
of Au interactions, but also in interactions of lighter ions
like sulfur and oxygen and even in proton interactions in
emulsion. This effect has found a convincing interpretation
when the separation of the three subsamples of Au interac-
tions with hydrogen, light (C,N,O) and heavy (Ag,Br) nu-
clei of emulsion was done. We show that the mean number
of heavily ionizing particles emitted from a given struck
target nucleus increases with increasing mass of the pro-
jectile.

Another feature which follows from the analysis of tar-
get fragmentation is the observed lack of correlation be-
tween the number, Nb, of target fragments and the num-
ber, Ng, of recoil target protons, at least for gold inter-
actions with (Ag,Br) nuclei. For lighter targets there may
be a weak positive correlation between these quantities at
their small values.

For Au-(Ag,Br) interactions, we do not see any de-
pendence between the number of recoil protons and the
mean number of fragments emitted from the target nu-
cleus. Assuming that the number of fragments emitted
from the struck target nucleus can be interpreted as a
measure of the temperature of the residual nucleus, the
data presented support our earlier statement [13] about
the existence of a critical temperature of the excited tar-
get nucleus.

An attempt to describe the experimental data by the
RQMD simulations is only partially satisfactory. The Au -
H data are too uncertain to be compared with the predic-
tions. This follows from the fact that the Au - H inter-
actions are the most biased sample due to the possible
scanning losses because of the low multiplicity of pro-

duced particles. As far as Au interactions with heavier
targets are concerned there is a possibility that some low
multiplicity Au-(Ag,Br) interactions accompanied by low
excitation of the target nucleus would be misclassified as
Au-(C,N,O) interactions. This might at least partially ex-
plain the insufficiency of Au-(Ag,Br) interactions and the
overabundance of Au-(C,N,O) interactions in comparison
with the calculated values. Another limitation which fol-
lows from the RQMD Model is the upper bound at η = 4.
Above this pseudorapidity there are singly charged par-
ticles and multiply charged projectile fragments while in
RQMD simulations only produced particles and protons.
Therefore, the comparison of the experimental data with
RQMD has to be restricted to pseudorapidities not greater
than 4. The RQMD simulations differ from the experi-
mental data on multiplicity distributions of Au-(Ag,Br)
interactions. Nevertheless, the shapes of the multiplicity
distributions of Au interactions with the light and heavy
targets of emulsion are roughly reproduced by the RQMD
Model. The same is true for the shapes of the pseudora-
pidity distributions (in the restricted pseudorapidity in-
terval) and the position of the peaks of pseudorapidity
distributions. The peak positions move to higher values of
pseudorapidity with decreasing target mass. This is true
for both the experimental and simulated data from the
RQMD Model. The difference in the pseudorapidity peak
positions between the RQMD simulations and the exper-
iment does not exceed half a unit of pseudorapidity. The
pseudorapidity distribution of the central collisions of Au-
(Ag,Br) agrees well with the predictions of the RQMD
Model.
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