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The topology of 160 fragmentation at 3.7 A GeV in reactions with emulsion nuclei is presented. The multiplicity

distributions of projectile fragments, charged secondaries and their dependences on the projectile residues are discussed.
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1. Introduction

In high energy nucleus—nucleus collisions the over-
lapping region of nuclear volumes is called the partic-
ipant region where multiple production of new par-
ticles occurs and the nuclear matter breaks up into
small pieces. The remaining parts of nuclei which do
not participate in the disintegration process are called
the spectator regions of the projectile and the tar-
get. In general, the constituents of spectator part of
the projectile as well as those of the spectator part
of the target can be well separated at energies like
ours. Projectile fragments (PFs) have rapidity close
to the beam rapidity and are concentrated in a nar-
row angular cone in the forward direction. However,
the angular distribution of target fragments (TFs) is
almost isotropic. The process where a part of the nu-
cleus is suddenly liberated is called fragmentation!!]
and if the second nucleus acts only as energy injector

one refers to it as limiting fragmentation.?!

Fragmentation of the nucleus is one of the funda-
mental questions in high energy nuclear physics.2—4
A better understanding of the fragmentation mecha-
nism is necessary for solving some problems in astro-
physics and radiation physics.>~8! The fragmentation
process plays an important role in determining the

composition of cosmic rays in proximity to the earth.

The first experimental information about frag-
mentation of nuclei was in fact obtained in exper-

iments with cosmic-ray particles.[® Acceleration of

heavy ions up to relativistic energies at Berkeley and
Dubna gave an opportunity for making more detailed
studies of this phenomenon.>%10=16] In the last 20
years, with the availability of mono-energetic beams
of relativistic heavy ions at the Brookhaven National
Laboratory (BNL) Alternating Gradient Synchroton
(AGS), and CERN Super Proton Synchrotron (SPS)
the fragmentation and multifragmentation of projec-
tile spectator have been studied extensively not only

17-22]

in experiment! but also in theory such as the

bond-percolation prescription.23:24]
In this paper we discuss the topology for 60 frag-
mentation at 3.7 A GeV and compare with the result

at 60 A GeV.[20]
2.Experimental details

NIKFI BR-2 stacks of nuclear emulsions, 10cm x
10cmx2cm in volume, were exposed horizontally
to the 3.7 A GeV 'O beam at Synchrophasotron

of the JINR, Dubna.
2

The flux intensity was 103
particles/cm?. Emulsion plates, 600um in thickness,
were scanned by the along-the-track method using
XSJ-1 and XSJ-2 microscopes under 100x oil ob-
jectives and 16x eyepieces. Details about scanning,
measurements and track classification have been given
elsewhere.[25=271 A total of 2960 interactions of oxy-
gen with the nuclei of the emulsion were observed by
following a primary track length of 35768.9cm, which
led to a mean free path A = (12.08+0.22)cm. Among

these interactions, 152 events were found to be pro-
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duced by electromagnetic interactions and 149 events
Of these 2960 in-
teractions, 2196 interactions(2044 for inelastic events,

were due to elastic interactions.

152 for electromagnetic dissociation(ED) of projec-
tile) were picked up, without any bias, for the final
analysis. Interactions which were within 30um from
the top or bottom surface of the emulsion were not
For

each detected interaction, the following features were

taken into consideration for the final analysis.

recorded: Ny, the number of minimum ionizing shower
tracks with kinetic energies £ > 400 MeV and a very
high speed 8 = v/c > 0.7(most N; tracks are for =-
mesons); N, the number of grey tracks (recoil protons
with 40 < E < 400 MeV, 0.3 < 8 < 0.7 and range
R > 3mm) and N, the number of black tracks due
to evaporated target fragments with £ < 40 A MeV,
B <03, R <3mm. Ng+ N is the sum of highly
ionized charged particles, denoted by Ny,.

The nuclear emulsion used here contains hydrogen
(10.58%), carbon (15.95%), nitrogen (4.72%), oxy-
gen (12.22%), sulfur (0.16%), bromine (26.03%), silver
(29.98%) and iodine (0.35%). The percentage given
for each element is the percentage of 16O induced re-
action. The number N}, emitted in an interaction is
an important parameter and greatly helps in separat-
ing events due to target types, i.e. all events due to H
interactions have N}, = 0,1. The interactions having
Ny > 8 almost definitely belong to AgBr collisions,
while events with 2 < N}, < 7 are due to interactions
with CNO and peripheral AgBr. It was found that the

events due to H, CNO and AgBr were estimated at
345(16.9%), 776(38.0%) and 923(45.5%), respectively.

At high incident energies nearly all PFs with
charges Z > 2 have small emission angles and can
be well separated from the produced particles and
TFs. All PFs with charges Z > 2 are emitted within
the fragmentation core defined by a critical angle
0.=45mrad at 3.7 A GeV. These values correspond
to a spectator proton with a transverse momentum of
200MeV /c.

In each event, the charges Z > 2 of individual
PFs were determined by the combination of several
methods that include grain, d-ray densities. More de-
tails of the charge determination of PFs are given in
Ref.[20]. PFs essentially travel with the same speed
as that of the parent beam nucleus, so the energy of
the produced PFs is high enough to distinguish them

easily from the target fragments.

3. Experimental results

In table 1 we present the topology for all nuclear
events of the minimum biased sample obtained from
this work in comparison with the corresponding ones
for 60 A GeV.[2% The topology seen in table 1 repre-
sents all minimum biased events in which each chan-
nel includes the participants and spectators of the 60
beam.The participant part is represented by some or
all H-fragments, so that the total charge in each chan-
nel should be 8.

Table 1. Topology of the 160 fragmentation at 3.7 A GeV and 60 A GeV (minimum bias).

channel 3.7 A GeV 60 A GeVI20]
Np=0,1 2< N, <7 N, > 8 Ny >0 Np =0,1 2< N, <7 N, > 8 Nn >0
0 0 16 4 20 0 34 6 40
N+p 26 55 24 105 19 18 0 37
C+He 22 11 2 35 15 7 1 23
C+2H 36 63 19 118 84 73 30 187
B+Li 1 0 0 1 0 0 0 0
B+He+H 13 16 2 31 2 0 4
B+3H 22 35 16 73 15 11 4 30
Be+Be 1 1 1 3 0 0
Be+2He 5 1 1 7 1 1 1 3
Be+He+2H 14 17 37 16 19 5 40
Be+4H 14 28 18 60 14 26 13 53
Li+Li+He 1 0 0 1 0 0 0 0
Li+Li+2H 1 1 0 0 0
Li+2He+H 4 4 0 8 1 8 0 9
Li+He+3H 12 18 15 45 19 9 5 33
Li+5H 7 15 17 39 10 21 13 44
4He 8 5 1 14 4 2 0 6
3He+2H 50 68 22 140 44 47 12 103
2He+4H 61 121 82 264 75 103 64 242
He+6H 28 142 186 356 64 140 118 322
8H 20 159 506 685 30 114 385 529
All 345 776 923 2044 413 635 657 1705
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Table 2 gives the event statistics for the samples
obtained from this work and the corresponding ones
at 60 A GeV.[2% For the comparison the results from

17 are also included.

28Gi_ and 32S-Em interactions!
This table also shows the number of events with total

projectile destruction (TD). TD events are defined as

those events where only PFs with charges Z < 2 re-
main. The ratio between the number of collisions hav-
ing 2 < N, <7 (CNO and peripheral AgBr) and num-
ber of collisions having N}, > 8(only AgBr) seems in-
dependent of the beam energy and projectile type(for
160 and nearly same projectile *®Si and 3?S).

Table 2. The statistics of events for 3.7 A GeV and 60 A GeV 160 interactions with emulsions for different N}, groups.

3.7 A GeV 60 A GeV 3.7 A GeV 14.6 A GeV 200 A GeV
160 16 (5[20] 28g;(17] 28g;[17] 32g[17]

Total number of collisions 2044 1705 1986 995 775
N, =0,1 345 413 443 265 283
2< N, <7 776 635 734 328 234
Ny > 8 923 657 809 362 258
N(2< Ny, <T7)/N(Ny >38) 0.84 £+ 0.06 0.97 £ 0.08 0.91 +0.07 0.91 4+ 0.08 0.91+0.12
TD events 1459(1041) 1202(851) 897 430 296
Ny =0,1 167(48) 217(94) 75 58 50
2< N, <7 495(301) 406(254) 265 135 80
Np > 8 797(692) 579(503) 557 237 166
N(2 < Ny, <T7)/N(Nn >38) 0.62 + 0.05 0.70 £ 0.06 0.48 £0.05 0.49 £ 0.07 0.48 +0.09

It has been shown in Ref.[28] that the cross-
section of TD events should follow a geometrical for-

[29]

mula like the one suggested by Bradt and Peter'*” for

relativistic (inelastic) nucleus—nucleus interactions:
orp = (1.58A49026)2( 41/ 1 AL/3 0 8549-38)2m?
(1)
where A; and A5 denote the mass numbers of the pro-
jectile and target, respectively. Table 3 gives a com-
parison between the experimental and calculated val-
ues. The cross-section of inelastic relativistic nucleus—
nucleus interactions was calculated according to geo-
metrical formula suggested by Westfall et al.3%! Events
with N, = 0,1 are predominantly “quasi-nucleon” in-
teractions, i.e. interactions with an H nucleus or with
only one bound nucleon in CNO or AgBr nuclei. The
Ny = 2 — 7 groups are dominated by CNO collisions
and peripheral AgBr collisions whereas the N, > 8
groups consist of AgBr interactions with a substan-
tial degree of disintegration. This table shows that
according to the criteria of selecting TD suggested by
Admovich et all'”) the calculated TD fraction of TD

events gives a underestimation of experimental val-
ues especially for the N, = 0,1 groups. The reason
may be that the criteria of selecting TD suggested by
Ref.[17] can not well apply to a lighter projectile nu-
cleus like oxygen nucleus. Using the new definition
discussed in our previous paper(2?] that the TD of an
oxygen nucleus is the event where only one He projec-
tile fragment or proton remains, the TD event statis-
tics in Table 2 is indicated in parentheses. The ratios
between the number of collisions having 2 < N, < 7
and the number of collisions having N, > 8 for TD
events are 0.43+0.04 and 0.50+0.05 for 3.7 A GeV and
60 A GeV 190-Em interactions, respectively. Within
experimental errors, this ratio is independent of the
beam energy and the projectile for TD events at such
high incident energies. According to our new TD cri-
teria, the fractions of TD events in minimum biased
nuclear collisions with various degrees of target break-
up are given in the parentheses in Table 3, which are
better than those based on the criteria suggested by
Admovich et al.'7]
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Table 3. Fractions of TD events in minimum bias collisions with different degrees of target breakup. The

calculations are based on Eq.(1).

Ny, range Experimental Results Calculated Results
3.7 A GeV 60 A GeV[20]
Ny, =0,1 49+ 6(21 +£2) 48 £ 6(14 £ 3) 13
N,=2-T7 64 £ 6(40 £ 3) 64 +5(39+4) 56
Ny, > 8 88 £ 7(77 £ 3) 86 + 6(75 £ 5) 78
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Fig.1. (a) Charge distributions (left) and (b) multiplicity distributions of PFs(right).

Figure 1 represents (a) the average charge distri-
butions of Z > 1 PFs in interactions of quasi-nucleon
type, and (b) the multiplicity distributions of Z > 2
fragments in interactions of type N, = 0,1 at 3.7 A
GeV and 60 A GeV.

It is interesting to perform the analysis of the
multiplicity dependence on the quantity @ per event
which measures the total charge of non-interacting
PF's for inelastic interactions, i.e. @ = ). n;Z;, where
n; is the number of PFs with charges Z; > 1 in
an event. The value of @ characterizes the volume
of the non-overlapping part of the projectile nucleus.

Thus, this quantity enables us to estimate the av-

erage number of interacting nucleons per event, i.e.
Nt = (Z, — Q)A,/Z, where Z, and A, are the
atomic and mass numbers of the projectile nucleus.
The effects of impact parameter (as indicated by
the value of Ny) on the total charge of the PF are dis-
played in Fig.2 for N, = 0,1, N, =2 -7, N, > 8 and
Ny > 0. It can be noticed that the major contribu-
tion for quasi-nucleon events is toward the high values
of @ (Fig.2(b)).

the net charge of the spectators @), which is connected

In Fig.2(c) the yield increases with

with the gentle low-temperature processes, while in
Fig.2(d) the yield decreases with @, which character-

izes the violent high-temperature processes.
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Fig.2. The distributions of events with a given value of Q: (a) for N, > 0, (b) for N, = 0,1, (c) for

2 < Np <7 and (d) for N, > 8.

Figure 3 shows the average multiplicities of
shower, grey, black and heavily ionized track particles
as a function of the total charge @ of non-interacting
PF for the 160 at 3.7 A GeV. It is interesting to no-
tice that the mean number of shower particles (Ng)
increases with the decrease of ), and its maximum
value at Q=0 (when oxygen constituents completely
participate in the collision and a large amount of en-
ergy is transferred to the target nucleus, (V) reaches

its maximum value). The variations of (Ng), (Ny) and

(Np)(target fragments) as a function of the spectator
projectile charge @ are shown in Figs.3(b), (c¢) and
(d), respectively. The average multiplicities of target
fragments decrease with the increase of total charge
Q of non-interacting PFs of 180. The multiplicities of
N, fragments increase rapidly with the increase of cen-
trality (i.e. with lower Q). This dependence is weaker
in the case of black particles, which consist only of

slow target fragments.
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Fig.3. The average multiplicity of (a) shower, (b) grey, (c) black and (d) heavily ionized track particles as
a function of Q for 160 at 3.7 A GeV.
6 on the number of protons participating in the reac-
tion, i.e. Wo, = Z, — Q linearly. Figure 4 shows the
°r t dependence of ((Ny)'/?) on We,. This figure shows
i that ((IV,)'/?) increases with the W, linearly. By us-
= 4 ing the least-x? fit, we obtain the result ((Ny)'/?) =
= 1.35 + 0.41Wy,.
= 3
| The mean multiplicity of target fragments as a
20 function of the number of PFs with charges Z > 2,
- is shown in Fig.5. It can be noticed that the av-
141 . T é . e erage multiplicity of target fragments decreases lin-

Fig.4. The quantity ((Nh)1/2> as a function of Wy,.

In high energy nucleus—nucleus collisions the av-
erage number of interacting nucleons per event, Ny,
is an important quantity which can help us describe
the yield of reaction quantitatively, but it cannot be

measured directly in experiments. Nj,; is dependent

early with the increase of number of PFs. This re-
sult is the same as the result at 60 A GeV where
(Ny,) = 7.52—1.46N;. By using the least-x? fit, we ob-
tain the result (N,) = 9.77 — 1.97N¢ with a minimum
X2 = 1.09. One can see that all values of N}, are higher
for interactions at 3.7 A GeV than those at the higher
energy, 60 A GeV. This may be due to the possible
emission of high-energy grey track particles in the ex-

posure of 60 A GeV such that an overlap may occur
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between the limits of the specific ionization charac-
terizing the grey and shower tracks. This tendency
observed in our experiments also exists in 28Si-Em
interactions at 3.7 A GeV and 14.6 A GeV.['9]

10
8
6 Iy
= ’
\2/ I
4;
2L
0oL | PR - | 1
0 1 2 3 4 5

Ny

Fig.5. The mean multiplicity of target fragments as

a function of the number of PFs.

4. Conclusions

We summarize the important conclusions in the

following:

1. The yield of multiply-charged fragments is in-
dependent of projectile energy but dependent on pro-
jectile mass.

2. The major contribution for quasi-nucleon
events is toward the high @ values but for the inter-
actions of type Ny, > 8 the major contribution is from
small values of Q.

3. The average multiplicity of target fragments
decreases with number of projectile fragments and
value of @) increasing.

4. By using the new definition of total projec-
tile destruction of 60 nucleus the cross section of TD
events follows a geometrical formula like the one sug-
gested by Bradt and Peters for relativistic nucleus—
nucleus collisions and the ratio between the number
of collisions having 2 < N, < 7 and the number of
collisions having Ny > 8 for TD events, and is in-
dependent of projectile type and energy at such high

incident energies.
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