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We report the measurements on partial production cross sections of the multiple helium frag-
ments emitted in the interactions of 28Si ions at 14.5 4 GeV in nuclear emulsion. Interaction mean
free paths of the helium fragments have been investigated on the basis of helium multiplicity and
size of the target nucleus as a function of the distance from their production points. Multiplicity
scaling in the produced helium fragments is also observed.

I. INTRODUCTION

From the last few years, emergence of heavy-ion ac-
celerator facilities at Brookhaven National Laboratory
(BNL) Alternating Gradient Synchrotron (AGS) and the
CERN Super Proton Synchrotron (SPS) has opened up
the possibilities of exploring new avenues in the fields of
particle and nuclear physics at ultrarelativistic energies.!
Most of the studies carried out have focused attention
primarily on the search for a quark-gluon plasma which
might be formed in central collisions. However, a num-
ber of other interesting aspects in physics can be studied
in the peripheral collisions involving the heavy ions. As
far as we know, no experiment is performed on the study
of partial production cross sections and on the interac-
tion mean free paths of the helium fragments at the AGS
energies in nuclear emulsion prior to the present investi-
gation. In this paper, we present the results on the par-
tial production cross sections and the mean free paths of
the helium fragments emerged in the interactions of Si
at 14.54 GeV in nuclear emulsion as a function of the
distance from their birth locations and also compare the
present results with our previous findings>~> on helium
particles produced at different energies. An attempt has
also been made to check the validity of the helium multi-
plicity scaling at the AGS energies. In general, the detec-
tion of helium fragments is quite definite due to their dis-
tinctive grain density and, moreover, the use of electron-
sensitive Fuji nuclear emulsion detectors allows an ex-
clusive type of analysis on an event-by-event basis.

II. EXPERIMENTAL DETAILS

The present experiment (No. 847) was performed in a
stack consisting of 24 Fuji nuclear research emulsion pel-
licles of dimensions 16X 10X0.06 cm?, exposed horizon-
tally to the 14.54 GeV 28Si ions at the BNL AGS. The
beam flux was 3X10° ions/cm? In order to obtain an
unbiased sample of events, an along-the-track scanning
technique was employed and the pellicles were scanned
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on digitized stage microscopes under 100X magnification
using oil immersion objectives. The primary tracks were
picked up at a distance of 4 mm from the entrance edge
of the pellicle and were carefully followed until they ei-
ther interacted or escaped from the pellicle. In case the
primary track interacted with the nuclei of emulsion, the
following visual features of the event were recorded: N,,
the number of black tracks; N,, the number of grey
tracks; N, =N, +N,, the number of heavy tracks from
the target nucleus; n,, the number of minimum ionizing
shower tracks which included the number of singly
charged projectile proton tracks; N, the number of pro-
jectile fragments (PF’s) of charge Z = 2. The charges of
the PF’s were determined by measuring the grain density,
gap density, and by 8-ray counting as discussed in Ref. 2.
Further details of the event classification can be found in
Ref. 6.

By following 113.25 m of the primary track length, a
total of 1003 events was observed, leading to a mean free
path of *Si nuclei in emulsion A,,,=11.29+0.36 cm,
which corresponds to the value of the total cross section,
Ot =1121134 mb. Among 1003 primary events, 88
events were due to the electromagnetic dissociation
(ED’s) of the 28Si projectile and the rest were due to the
inelastic interactions. Experimental value of the mean
free path for the latter class of events is
Ainag=12.38+0.41 cm and that of the cross section,
T inet = 1023134 mb. Out of 915 inelastic events, 187 were
central and the remaining 728 events were observed to be
peripheral. Since our analysis pertains to the helium pro-
jectile fragments, we divided the inclusive distribution of
the projectile fragments of charge Z =2 into two princi-
pal categories: (i) o,,, where n =1,...,6. This category
of peripheral events is always accompanied by »n helium
fragments along with other fragments of charge Z =1
and Z=3. (i) oy, This reaction channel consists of
events with no helium fragments; however, the fragments
of charge Z =1 and Z = 3 are possible. In total, 525 peri-
pheral events fulfilled the selection criterion of the former
category (i) of events in which 934 helium fragments were
observed. The general details of charge determination
and of following the helium fragments in subsequent pel-
licles are discussed elsewhere.’
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TABLE I. Partial production cross sections (in mb) for cen-
tral (o¢), peripheral (op), and multiple alpha emission (o ,,)
events. Figures given within the parentheses represent the per-
centile abundances.

Cross section 288i at 14.54 GeV 28 at 2004 GeV?

oc 209415 233+15
(20.4) (20.2)

op 81430 917430
(79.6) (79.8)

Ona 587+26 636+25
(57.4) (55.3)

Coa 227+16 281+17
(22.2) (24.5)

Ora 300+18 345+19
(29.3) (30.3)

Ora 171+ 14 171£17
(16.7) (14.9)
O3a 69+9 8149
(6.7) (7.0)
Cua 44+7 28+5
4.3) 2.4)
Ose 3+2 843
0.3) 0.7)
Coa 1+1 4+2
0.1) (0.3)

2Reference 5.

III. RESULTS
A. Partial production cross sections

In Table I, we present the results on the partial pro-
duction cross sections for central (o), peripheral (op),
and multiple helium (o,,) events. Also given in this
table are the results on the production cross sections for
the 3’S-induced emulsion reactions at 2004 GeV from
the CERN SPS. It is interesting to point out that percen-
tile abundances of all the reaction channels, except with
S5a and 6a events, at the AGS and CERN energies are
very close to each other. Consequently, the production
cross sections for these classes of events are also approxi-
mately the same within their experimental errors and
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thus exhibit an energy-independent behavior. Discrepan-
cy in the values of the partial cross sections for reaction
channels with 5a and 6a emission may be due to low
statistics for the 28Si data.

B. Interaction mean free paths

In our former investigations*> at Bevatron and CERN
energies, we studied the variation of the mean free paths
of the helium fragments emerged in emulsion-induced re-
actions as a function of the distances from their produc-
tion points and found that they did not depend upon the
helium multiplicity and the size of the target nuclei. In
this section, we study the interaction mean free paths of
projectile helium fragments emitted in *!Si emulsion
events at AGS energies (14.5 4 GeV) and, consequently, a
track length of 80.15 m for the helium fragments was fol-
lowed during which 344 secondary inelastic interactions
were recorded. In Table II, we present the salient
features of the primary peripheral events of 2!Si along
with the mean free paths of the secondary helium tracks
calculated for distances L =3 cm and L >3 cm on the
basis of different helium multiplicity. The mean free
paths are found to be independent of the distances con-
sidered. In Table III, we depict the overall characteris-
tics of the primary and secondary inelastic events on the
basis of different categories of the target nuclei in emul-
sion. One can observe from Table III that the overall
values of the mean free paths do not seem to depend on
the size of the target nucleus within their statistical er-
rors.

We plot the variation of the mean free path (1) as a
function of the distance (L) from the vertex of the pri-
mary interactions in Figs. 1(a)—-(d) for la, 2a, 3a, and 4a
multiplicities, respectively. This parameter (A) in
different path lengths (L) is calculated by dividing the to-
tal track length followed in a particular path length by
the number of inelastic helium interactions observed in
that path length. It is obvious from Figs. 1(a)—(d) that
the values of mean free paths do not depend upon the dis-
tance from their production point for different helium
multiplicity events. These results are in agreement with
our previous results at the CERN and Bevatron ener-
gies.*>

We now investigate the dependences of mean free

TABLE II. Characteristics of primary inelastic interactions of the **Si beam having different helium
multiplicities and the mean free paths of the helium fragments produced in the events.

Primary information

Secondary information
Total track

No. of No. of length A (cm)
He multiplicity events (ny) (N,) events followed (m) L =<3 cm L>3 cm

1 268 22.7t1.4 8.0%+0.5 92 24.12 27.94+5.38 25.50+3.16

2 153 20.3+1.6 7.2+0.6 115 26.74 19.09+2.88 25.83+3.07

3 61 17.1£2.2  7.9%+1.0 67 14.26 20.39+4.16 21.78+3.32

4 39 13.8+2.2 3.7+0.6 62 13.24 22.49+5.16 20.86%+3.18

4,5,6 43 13.4+2.0 3.8%+0.6 70 15.03 21.95+4.68 21.25+3.07

All He 525 20.6+0.9 7.4%+0.3 344 80.15 21.94+2.03 24.00+1.59
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TABLE III. Characteristics of primary inelastic events of the 2’Si beam with different target nuclei
of emulsion, having at least one helium fragment and the mean free paths of the helium fragments pro-

duced.
Primary information Secondary information
No. of No. of
No. of He tracks  Total track inelastic
Target events (ng) (N,) followed length (m) events A (cm)
Emulsion 525 20.6+0.9 7.4£0.3 934 80.15 344 23.30+1.2
H 109 12.2+1.2 0.4+0.03 211 17.64 77 22.91%+2.6
CNO 242 17.6x1.1 4.1+0.3 454 40.54 164 24.72+1.9
AgBr 174 30.1+2.3 16.5+1.3 269 21.96 103 21.32+2.1
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FIG. 1. Interaction mean free path A as function of the dis-
tance L from the points of production for (a) 1a, (b) 2a, (¢) 3a,
and (d) 4o multiplicity events. The solid lines in these figures
represent the overall mean free path of the helium fragments for
the whole data sample.

FIG. 2. Distribution of the mean free path A in different path
lengths L for (a) emulsion, (b) H, (c) CNO, and (d) AgBr targets
of nuclear emulsion. The solid lines in these figures represent
the overall mean free path of the helium fragments for the
whole data set.
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paths on the basis of different target sizes in the nuclear
emulsion. This is shown in Figs. 2(a)—(d), where we plot
A vs L for the emulsion (N,=0), H (N, =1), CNO
(2N, =7), and AgBr (N, =8) targets, respectively.
The mean free paths do not depend upon the size of the
target nucleus at the AGS energies. Average values of
the interaction mean free paths for the H, CNO, and
AgBr targets, within their statistical errors, are very close
to the overall value of the mean free path of the whole
data sample, A=23.30£1.26 cm (Table III). These
findings confirm our previous results on the mean free
paths of the projectile helium fragments at Bevatron and
CERN energies.“’5 However, our results on events with
N, =1, just like at CERN energies,* are, once again, in
contradiction to the results of Ghosh et al.” and El-Nadi
et al.® The recent results of Khan et al.® agree with the
observations of this experiment.

C. Multiplicity distributions of helium fragments

Finally, we discuss the multiplicity distribution of the
helium fragments produced in the 2%Si-induced reactions
at the AGS energies. In recent papers,'®!! we reported
the validity of the Koba-Nielsen-Olesen (KNO) scaling
for projectile helium fragments produced from heavy-ion
interactions at Bevatron and at CERN energies and here
we are going to extend the KNO scaling at the AGS en-
ergies. As predicted by Koba, Nielsen, and Olesen, '
multiplicity distributions P(n) in high-energy collisions
obey a scaling law

Y(z2)=An YP(n,)=ny)0 10/ Cinel » (1)

which should be an energy-independent function of the
scaled variable z=n,/{n,), where n, represents the
number of alpha particles produced in an event and {n,)
is the average helium multiplicity of the whole data sam-
ple. o, refers to the total inelastic cross section and o,
is the partial cross section for producing a state of multi-
plicity n,. Another consequence of the multiplicity scal-
ing implies the energy-independent moments

(n%)/(n,Yi=c, . @

In Refs. 10 and 11, it was shown that the multiplicity dis-
tributions of the produced helium fragments from the
events of different projectiles over a wide range of ener-
gies can be represented by a universal function of the fol-
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FIG. 3. The multiplicity distribution of {n,)0,,/0ine as a
function of the scaled variable n,/{n,) for the helium frag-
ments. The solid curve represents the theoretical fitting of the
data by a function given in Eq. (3).

lowing form:
Y(z)= Az exp(—Bz) , (3)

where A4 and B are constants whose values are given in
Ref. 10. In Fig. 3, we plot {n,)P(n,) as a function of
the scaled variable n,/{n,) for the helium fragments
emerged in 2%Si interactions. The data points for 28Si at
14.5 4 GeV and the *?S at 200 4 GeV data are represent-
ed by plus and cross symbols, respectively. In spite of the
fact that the 2!Si projectile has energy less than that of
the %S projectile by a factor of 14, all the data points (ex-
cept for the last point of the 28Si data due to its low statis-
tics) for both of the projectiles lie on a simple universal
curve represented by Eq. (3), suggesting a scaling behav-
ior of multiplicity distributions of the helium fragments.
In this experiment, the values of the constants are deter-
mined to be 4 =4.65+0.09 and B =2.10%0.04 with
x?/DF=0.003, where DF represents degrees of freedom.
Until now, we did not know the physical explanation of
the helium multiplicity scaling and can perhaps regard it
as an empirical observation.

Another way to test the validity of KNO scaling is to

TABLE IV. Average value of the helium multiplicty {#n, ), the C, moments, and the ratio {n,) /D.

Energy

Beam (4 GeV) (ny) C, C, C, Cs (ng)/D Ref.
2854 14.5 1.78+0.08 1.30£0.06 2.11+0.09 3.96+0.17 8.24+0.36 1.82+0.08 This work

328 200 1.73£0.07 1.33+0.05 2.27+0.09 4.66+0.18 10.98+0.43 1.75+0.07 5

150 200 1.60%0.15 1.22+0.11 1.74%0.16 2.76%+0.26 4.641+0.43 1.77£0.16 11

10 60 1.62+0.10 1.23+0.07 1.77+0.11 2.85+0.17 4.88+0.29 1.79+0.11 11
S6Fe 1.9 2.534+0.09 1.34%0.05 2.21+0.08 4.31+0.16 9.57+0.35 2.92+0.11 11
8Kr 1.5 2.91+0.08 1.39+0.04 2.40+0.07 4.87+0.14 11.14%0.32 3.44+0.10 11
“OAr 1.9 2.20+0.09 1.34+0.06 2.19+0.10 1.71£0.07 10
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study the multiplicity distributions using C, as given by
Eq. (2). For the KNO scaling to be valid, the C, mo-
ments should be energy independent and, therefore, in
Table IV we present the results on the average multiplici-
ties and the Cq moments for ¢ =2, 3, 4, 5 of helium frag-
ments produced in the interactions of 8Si, 328, 10, “°Ar,
3Fe, and %*Kr ions in emulsion at various incident ener-
gies. The C, and C; moments do not seem to depend
upon the energy within the experimental errors; on the
other hand, the higher moments show a slow increase in
their values as the mass number ( 4) of the projectile in-
creases. An interesting observation of this experiment is
the value of the ratio {(n,)/D for al the beams (Table
1V), which is approximately equal to that observed in
hadron-nucleus interactions. The variation of {n,) as a
function of A4 is shown in Fig. 4, which can be approxi-
mately fitted by the following function:

(ny)=ad®, @)

where @ =0.56 and b =0.37 with y2/DF=0.05. These
values are approximately equal to those given in Refs. 10
and 11. It is worth mentioning that the average value of
the helium multiplicity for the 28Si and *’S projectiles
(Table IV) has remained almost constant over a wide
range of energies for these two projectiles having almost
the same masses.

IV. CONCLUDING REMARKS

We conclude this study with the following remarks.
The partial production cross sections o and op for the
28Si and 32S projectiles at 14.54 and 2004 GeV are in-
dependent of energy for the projectiles having almost the
same masses. This observation can be interpreted in
terms of the geometry of collision at ultrarelativistic ener-
gies. This is also true for the partial cross sections of the
multiple alpha emission channels for 28Si and *’S beams.
The interaction mean free paths of the He fragments pro-
duced in collisions of 2Si projectiles at the AGS energies
are independent of the He multiplicity and the target size
(emulsion, H, CNO, or AgBr). These findings corro-
borate our previous results on helium fragments pro-
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FIG. 4. A plot of average multiplicity (n,) vs the mass
number A4 of the incident projectile. The dotted line represents
a theoretical fitting of the data given by the functional form as
employed in Eq. (4).

duced at different energies with various incident heavy-
ion projectiles.*> The multiplicity distributions of the
helium fragments produced in the 2*Si- and 3?S-induced
emulsion reactions in the range of incident energies from
14.5A4 to 200 A GeV exhibit a KNO scaling. The values
of C, and C; moments are found to be independent of the
masses and energies of the projectiles used in this work.
The average multiplicity {n,) for the different projec-
tiles at various incident energies can be parametrized in
terms of the projectile mass 4 [Eq. (4)].
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