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ABSTRACT

This paper presents and contrasts features of the inelastic nuclear reactions of
200 GeV /nucleon %0 and 32§ ions with emulsion nuclei. Both the multiplicities of shower
particles and the extent of target fragmentation have been studied for varying degrees
of disruption of the projectile nuclei. The results may be interpreted within a simple ge-
ometrical model. In particular the rapidity distributions of those events which exhibit
complete projectile break-up without any overt sign of low energy target fragmentation
have been determined. The interaction of secondary projectile fragments of charge two
or more issuing from oxygen interactions were also studied and the mean free paths in
emulsion of the primary 0 and 32S ions and all such fragments have been compared to
those predicted by a simple Glauber model.
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1. INTRODUCTION

As part of a large effort to find evidence for the formation of the elusive quark-gluon
plasma states, emulsion, stacks were exposed to high energy ®0 and S ions upstream
of the HELIOS apparatus {1]. In this quest, interactions occurring within the emulsion,
which subsequently display high transverse energy or high multiplicity in the downstream
electronic detection system, have been selected for careful scrutiny in order to isolate
features which, might indicate quark-gluon plasma formation [2]. However, for such a
programme to be realizable, it is necessary to establish well the characteristics to be
expected of ‘normal’ heavy ion—emulsion nucleus collisions. With this in mind, a study of
sizeable and unbiased samples of the interactions of 200 GeV/nucleon *Q and %S ions
with emulsion nuclei has been carried out. Preliminary results on a subsample of *0
interactions have already been published [3].

2. EXPERIMENTAL PROCEDURE

Emulsion pellicles of 600 gm thickness were prepa.red at CERN from Fuji ET 7B
gel just prior to exposure. This procedure was carried out in an atmosphere of 70%
relative humidity and the resulting emulsions were found to have a density of (3.60 £
0.01) x 103 kg m™3, which is some 6% less than the so-called ‘standard’ one [4]. On the
assumption that the disparity in the density is solely due to an increase in the water
content of the present emulsion, the elemental abundances have been calculated for the
major constituents and these are compared to those of ‘standard’ emulsion in Table 1.

Having been poured, dried and peeled from their glass backing, the emulsions were
guillotined to produce pellicles of the desired dimensions, 160 mm x 50 mm x 600 gm.
These were then assembled into stacks and two, each of 62 pellicles, were exposed to the
200 GeV /nucleon 0 beam in the West Area at CERN in December 1986 and four, each
of 60 pellicles, were exposed to the 200 GeV /nucleon 3%S beam in November 1987. In all
the exposures the beam was parallel to the longer side and horizontal with respect to the
pellicle surfaces.

In order to reduce the bias against detectmg small ‘stars’, the search for interac-
tions was carried out using a line-scanning technique. In this, tracks of beam particles
were located 10 mm from the entrance edge of the emulsion stack and those within the
central 80% of the pellicle thickness were followed for a distance of 30 mm or until an
interaction point was reached. However, since some interactions, partlcularly those as-
cribed to the electromagnetic dissociation of the projectile nucleus, are not discernable
at the interaction vertex but only become apparent further downstream, tracks were fol-
lowed for an additional 10 to 20 mm solely to detect such interactions occurring within
the fiducial region. The interaction points were noted and the following features of each
interaction were recorded: the number N, of black tracks (if of protons, of kinetic energy
< 30 MeV) and the number N, of grey tracks (corresponding to protons in the energy
range 30 to ~ 300 MeV) in the forward and backward hemispheres, the presence of doubly
and multiply charged fragments of the projectile nucleus proceeding from the interaction
essentially undeviated from the original beam direction and the approximate numbers of
near-minimum ionizing (shower) particles. In order to avoid the inclusion of the many
instances of fast §-ray or low energy pair production in the sample, all events exhibiting
solely one or two wide angle (> 5 mrad to the beam particle) minimum ionizing particles
were rejected. As a consequence, nuclear interactions which present such topologies have
also been removed from the sample.



Events in which all that is observed is the low energy break-up of the projectile
nucleus have been ascribed to electromagnetic dissociation processes. Events which exhibit
no shower particles, one low energy ‘proton’, with the projectile ion emerging essentially
undeviated, have been noted. These are due in part to elastic collisions on free protons in
the emulsion and also to the electromagnetic dissociation of the target nuclei. However the
scanning efficiency for such events is too low for meaningful estimates of the corresponding
cross sections to be made and they have thus not been considered further.

In a sample of the oxygen events the tracks of forward-going projectile fragments
of charge greater than one—it being assumed that they retain the original 200 GeV/c
per nucleon beam momentum—were subjected to the following analysis. The charge of
the fragment was determined from grain density (helium) and é-ray density (heavier ions)
measurements, the charge resolution achieved from §-ray measurements being shown in
Fig. 1. The track was then followed for a distance of 60 mm or until an interaction point
was reached, the following being extended for a further 10 mm beyond the fiducial region
for the reasons already stated. The same features of secondary interactions were recorded
as for primary ones and once again forward-going projectile fragments had their charges
ascertained and were followed a further 60 mm or until they interacted. This procedure
was repeated until any remaining forward-going fragments had gone 60 mm or they had
left the pellicles. The establishment of the fragment charges in this way also enabled the
primary oxygen interactions to be examined in greater detail.

3. RESULTS _
3.1 Mean Free Paths

The results of the following of both the primary *0 and *2S ions as well as the
subsequent investigation of secondary (+ tertiary ...) projectile fragments from oxy-
gen interactions are sumimarized in Table 2. The analysis and discussion of events as-
cribed to electromagnetic dissociation are presented elsewhere [5]. The mean free path for
200 GeV/nucleon %0 ions determined here, 120 & 2 mm, is in accord with values found
by other workers at this energy, viz. 119 £+ 4 mm [6], 120 & 3 mm [7] and 115 4+ 6 mm
[8] although emulsions with slightly different compositions were used in the other exper-
iments, which should decrease their path lengths by about 3%. On the other hand the
mean free path for 25 ions, 92 & 2 mm is much shorter than the other reported value of
111 £ 3.5 mm [8]; the difference in emulsions should produce an effect in the opposite di-
rection. Any systematic errors due to scanning efficiency would tend to increase the mean
free path and it is reassuring that the variation in our result from *0 to 32§ is in accord
with the optical model calculation reported below. The mean free path for He isotopes, 228
+ 11 mm, is consistent with that found for He projectile fragments from 200 GeV/nucleon
32G jons [9] and 60 GeV /nucleon 0 ions [10] when account is taken of the different emul-
sion composition. It is however higher than the result for 12 GeV/nucleon a-particies of
181 + 7 mum [11] and it seems unlikely that this discrepancy can be explained wholly by
the presence of *He fragments in our sample, the energy variation of the cross sections
and the different emulsion conditions.

When determining the mean free paths of secondary fragments of various charges,
both the interactions and the track length occurring within 2 mm of the primary vertex
have been discarded. This cut has been made for two reasons. A track length of at least this
distance is necessary to obtain an adequate determination of the charge of the fragment



from é-ray counting. In addition, in the vicinity of the primary vertex it is often difficult to
resolve the separate tracks of the particles emitted close {< 1 mrad) to the beam direction.

Simplified Glauber calculations [12] have been made of the inelastic scattering cross
sections of various 200 GeV/nucleon projectile nuclei present in nuclear emulsion. The
effects of nuclear correlations and excitations have been neglected so that the amplitudes
correspond to the eikonal solution to the folding model approximation to the nuclear
optical potential. Standard values are assumed for the proton and neutron radii of nuclei
and the nucleon-nucleon total and total elastic cross section used are the measured values,
39.0 and 6.9 mb respectively. There are therefore no free parameters in the predictions
of the mean free paths in emulsion displayed in Table 3. In the proton case the mean
free path was estimated for ‘standard’ emulsion. The predicted mean free paths for both
18() and 32S are about 10% less than observed. This might indicate that there is a class
of inelastic interactions, such as those involving little excitation of the target and/or
projectile nuclei, which cannot be detected. Any loss of scanning efficiency would lead
to longer path lengths. Although different loss mechanisms are present for proton and
ion interactions if the results are normalized to the observed mean free path of 200 GeV
protons in emulsion, namely 355 + 8 mm [13], the predicted mean free paths for 16() and
32§ jons become 123 and 92 mm respectively, in excellent accord with our observations
shown in Table 2. The mean free paths predicted for the ion fragments, using the same
scaling, are also shown in Table 3 and they agree within the errors with those found in
this experiment. '

The calculations also lead to estimates of the relative proportions of interactions
upon hydrogen, the light (C, N, O) and heavy (Ag, Br) emulsion nuclei. The ratios
change markedly with the atomic mass of the projectile, the heavier the particle the more
important the interactions on the lighter targets. Some typical values are shown in Table 4.

Adamovich et al. [14] parametrized their **0 and 2§ results in terms of cross sections

0.719
Opa =01 A

O arns = 02 (AP + A3 — 139 (1)

with values 0, = 38.2 mb and ¢, = 109.2 mb. Our data are reproduced better with
oy = 38.7 mb and o, = 116 mb. Although the normalizations differ, the dependence of
Eq. (1) on A;,A; agrees with our Glauber calculation to about 1% so that ‘the use of
this parametrization would not change the relative heavy/light ratios in Table 4 in any
measurable way. '

3.2 Fragmentation Studies: General Features

The gross topological features observed for the interactions of *0 and %S ions are
displayed in Table 5. Here the forward fragments refer to those of charge 2 (°He, *He)
or greater (Z > 3) which make very small angles (less than about 0.1 mrad) with the
direction of the original beam particle. Very similar values for 200 GeV /nucleon *°0 ion
fragmentation to those presented in Table 5 were found by Adamovich et al. [15], namely,
no forward fragment 29.0 + 1.2%, Z > 2 (presumably including those accompanied by
helium emission) 36.0 + 1.3%, 1a 17.0 + 1.0%, 2 12.1 £ 0.8%, 3a 5.6 £ 0.7%, and 4a
0.3 + 0.2%.

In Table 5, Ny, is the number of observed target fragments, M, = M, + Vg, and
their mean numbers are given for each category of event. The overall forward-backward
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asymmetries, (F—B)/(F+B), observed for black prongs are consistent with the isotropic
evaporation from a spallation product moving slowly forwards. The corresponding values
for grey tracks, also shown in Table 5, are strongly positive since they arise predominantly
from knock-on processes.

A study has also been made of the angular distributions with respect to the primary
beam direction of grey tracks, those with ionization densities J; between 1.5 and 6.0 times
minimum, Jo. While these tracks are mainly due to knock-on protons (deuterons ...) there
is undoubtedly some contamination due to slow pions, especially among those events
with the smaller ionization values. Nevertheless the data, shown separately for 0 and
325 interactions in Figs. 2a and 2b respectively, are all seen to fit curves of the form
aexp(b cos §). The forward peaking is more pronounced in both figures for the lower
values of J;, as expected. It is also more pronounced for the *§ (b = 1.20 + 0.08) than
for the 0 sample (b = 1.00 4 0.04). Angular distributions of this form and with similar
asymmetries were found in proton-emulsion [16], *0-emulsion {17] and a-emulsion [11].
It should be noted that the angular distributions of grey tracks are almost independent
of energy and centrality of the interaction [17], but several models currently used fail to
reproduce the observed shape.

The Ny, distributions are shown in Fig. 3 for interactions of *Q and 22S ions and
forward-going He projectile fragments in our sample together with those from proton-
emulsion interactions at (200 to 400) GeV [13]. Table 6 compares the percentages of
each distribution in various intervals of Ny,. Used in conjunction with Table 4, three
significant trends can be noted from these data when going from proton to 32S projectiles.
Firstly there is a significant increase in interactions with Ny, = 0 (much less though than
the increase in ion-H interactions predicted from Table 4). Also for interactions with
Ny <1, only about 13% of them are due to interactions on H for a proton beam whereas
this fraction rises to 51% for **S projectiles. Secondly there is a consistent decrease of
the fraction with 5 < M, < 15. This feature gives rise to a shallow minimum in the
distribution for Ny, ~ 10 in the *2S sample and to a plateau in the *O sample; it is
completely absent in those for both the He and proton—emulsion interactions. Thirdly,
interactions with Ny > 8 represent about 47% of p—(Ag,Br) interactions whereas this
fraction rises to 63% for 3?S projectiles.

It is remarkable, therefore, that the average number of heavy prongs (Mn) is con-
stant, within rather small errors (except for He) when ranging from proton— to sulphur-
emulsion interactions. This is probably due to a delicate compensation. As the mass of
the projectile increases, the fraction of interactions on heavy nuclei (Ag,Br) decreases but
this class of collisions is likely to produce larger Ny, values than do those of protons. We
note that in Ref. [11], relating to 12 GeV/nucleon alpha particle interactions in emulsion,
a noticeably higher multiplicity was found, namely (N,) = 9.48 + 0.37, but with a similar
shape to the distribution. We cannot account for this discrepancy.

3.3 M, N, Correlations

Of course, strong correlations are to be expected, and are indeed observed, among
the degrees of disruption of the projectile ion, of the target, and of the average number
(N;) of shower particles. Figure 4 shows N, distributions for **0Q and 325 ion-emulsion
interactions selected according to the kind of surviving forward fragments. The central
and near-central interactions in which the projectile is completely disrupted, that is no
projectile fragments with Z > 2 remain (No PF), show the highest degree of target frag-
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mentation and also the highest number of shower particles. Increasingly more peripheral
interactions show heavier or more numerous fragments of the projectile proceeding almost
undisturbed along the beam direction; in these cases both (V) and (N } decrease. These
correlations are clearly shown in Table 5.

For the oxygen sample, where the charges of the forward-going projectile fragments
have been determined, it has been possible fo examine more closely the correlations of
{Np) and {N,) with the degree of disruption of the incident oxygen ion. These numbers are
given in Table 7 as a function of 3~ Z;, the sum of the charges of the projectile fragments
of charge two or more issuing from an interaction. Since only a subsample of events was
used in this work, the numbers in this table are not directly’ comparable with those given
in Table 5.

It is evident that, although the statistics for some of the subsamples are meagre, both
pion production and evaporation energy depend primarily upon 3 Z; and not upon the
detailed nature of the projectile fragmentation. More strikingly, the monotonic increases
of both {Ny,) and (N,) with decreasing ¥ Z; emphasize that these features are intimately
linked with the centrality of the primary interaction, that is with the effective numbers
of nucleon-nucleon collisions taking place. A similar correla.tlon of (N} w1th 2 Z; was
observed by Ada,rnovmh et al. [15]

3.4 Total Projectile Hagmentatlon Events
It is evident from Fig. 4 that the N, distributions for the No PF cla,ss of events
r %0 and %S interactions are similar, both being double-peaked with a pronounced
minimum for Vy, values around 8. Interactions, therefore, on light and heavy nuclei appear
well separated. The relative rate of this kind of interaction decreases in going from oxygen
interactions, 30.0% of all events, to 16.3% for sulphur. Also, quantitatively, it is seen that
26% and 37% of 180 interactions on light (C,N,0) and heavy (Ag,Br) nuclei respectively
result in total projectile fragmentation. The corresponding values for *S projectiles are
11% and 23%. The considerable reduction in the comparative rates for such events from
160 to 325 is not unexpected. From geometrical considerations it can be seen that the
probability for central and near-central interactions decreases with the increase in size of
the projectile. In addition it is considerably more difficult to disrupt the heavier sulphur
ion completely. In so far as one may give a pure geometrical interpretation to the total
cross sections, these ratios can be fairly reproduced if it is assumed that no projectile
fragment with Z > 2 can proceed undisturbed after the collision if the largest dimension
within the part of the projectile outside the overlap region with the target is smaller than
the diameter of an alpha particle. Thus a degree of overlap of projectile and target slightly
less than, or slightly more than, the diameter of the **0 and 323 prOJectlles respectively
is sufficient to result in their total fragmentation.

Central or near-central ion interactions with heavy nuclei will always involve a high
number of nucleons from both nuclei. Hence a high average number (V) is expected with a
small probability of low Ny, values. The same is usually not true for collisions with the light
constituents of the emulsion, so that in this case one expects to find a distribution of Ny, in
the whole allowed range, 0 < Ny, < 8. Indeed fits of double Gaussians to the twin-peaked
Ny, distributions give for %0 ions {Na)eno = 3.0 £ 0.2 (¢ = 2.1), {Vn)ags: = 19.0 + 0.3
(¢ = 6.4) and for 325 {NM)ono = 2.1 £ 0.3 (¢ = 2.3), (Vn)agn: = 19.4 £ 0.3 (¢ = 5.5) re-
spectively. Furthermore, the overall mean numbers of shower particles (V) are noticeably
different when separated into the predominantly light (M, < 8) and definitely heavy target
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(Nn > 8) samples, being 59 and 109 respectively for oxygen and 91 and 183 for sulphur
interactions. This would indicate that there are about twice as many nucleon—-nucleon
collisions in the heavy as in the light target samples, as one would expect.

A further interesting feature is that there exist events, some 4% of those which
show complete projectile fragmentation, which also exhibit no low energy target fragment
emission, i.e. Ny = 0. For approximately 70% of the events in the oxygen sample, the
number of shower particles is small, typically about 20, and each event is characterized
by having several particles proceeding essentially in the beam direction. These are most
probably non-interacting singly charged projectile fragments. This, together with the low
multiplicities observed, indicates that these events arise almost exclusively from oxygen
interactions with free protons in the emulsion, the struck proton being given sufficient
energy to record a track of minimum ionization. From the expected fraction of nuclear
interactions of oxygen occurring on protons (see Table 4), it is estimated that 7% of these
collisions result in complete fragmentation of the oxygen nucleus. Only one of the events in
the sulphur sample shows similar features, low multiplicity coupled with many spectator
protons from the projectile, resulting in an efficiency of the order of 0.5% for protons to
fragment the sulphur projectile completely. The overwhelming majority of the sulphur
interactions and the remaining oxygen ones all exhibit much higher multiplicities, i.e. in
the range 60-180, much higher than can be expected from an interaction with a single
proton. Their most likely interpretation is as central interactions on the light emulsion
nuclel C, N, O in which all of the target protons are struck sufficiently hard to receive
relativistic velocities.

These attributions of the events are substantiated by their rapidity distributions.
The emission angles, 8, of the secondary particles from these events were measured, as
were those from a few central ones known to have occurred on heavy emulsion nuclei by
reason of there being many low energy target fragments present.

Often in ultrarelativistic ion—nucleus experiments, the detector geometry and the
events of interest are such that only particles with transverse momentum pr = pf > m
are accepted. Consequently the geometrical variable pseudorapidity 7 = —In [tan(8/2)] is
a good approximation to the kinematical variable rapidity, y, despite the lack of knowledge
of the mass, m, and momentum, p, of the particle. For the events considered here, where
the particles at small angles to the beam direction are largely spectator fragments from
the incident ion projectile, these conditions are not however satisfied. For these the ratio
of p/m is expected to be that of the beam, so that a better approximation to rapidity is
given by ¥, where

yr-uﬁ:n—-%ln(l+m2/p292)+%1n(1+m2/p2), (2)

providing sin @ =~ # and m? « p?. The rapidity of an undeviated beam particle is 6.06. To
accommodate the effects of measurement errors (~ 1 mrad in space angle), particles with
emission angles < 4 mrad have been treated as spectator fragments for this purpose. (The
few produced pions within this narrow cone are expected to have a similarly high p/m
ratio and do not bias the rapidity plots significantly.) Outside this angular cone, adopting
an average value of 300 MeV/c for p8, y ~ § =~ n ~ 0.11. ‘

The approximate rapidity density distributions, 7, suinmed for different categories of
events, are shown in Figs. 5a to Je. It is at once apparent that there is a large accumulation
of particles with high § values—the projectile spectator particles—for the oxygen and
sulphur interactions on free protons..It is equally clear that there is no correspondingly
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large accumulation for the events -ascribed to oxygen—(C,N,0) and no evidence for such
spectators in oxygen-{Ag,Br) interactions, as expected. Its absence in the latter case also
serves to demonstrate that the peaks in the hydrogen samples are not an artefact of the
procedure used to obtain the approximate rapidity distributions . The peak at high 7,
due to the incomplete overlap of sulphur projectiles with the (C,N,0) nuclear targets, is
clearly evident in Fig. 5d. On subtracting the background due to pions at high 7, deduced
from the fraction of such particles in the central oxygen—(Ag,Br) events of Fig. 5e, it
is estimated that there are about 7, 4, 12, and 11 non-interacting protons for the O-H,
0-(C,N,0), S~-H, and S—(C,N,0O) samples respectively. '

Table 8 shows that the mean values of the rapidity distributions for each class of
interaction agree with those expected, taking an effective number of participant nucleons
as in Ref. [2] for interactions on heavy targets and all nucleons as participating in collisions
on light nuclei. From the expected number of sulphur interactions on (C,N,0), the fraction
of the events leading to complete projectile fragmentation (~ 2.4% ) is roughly that
expected on simple geometric grounds.

3.5 Single Alpha Emission

The distribution of N, for those interactions in which only one helium isotope pro-
jectile fragment remains shows for 325 ion collisions a similar double-peaked behaviour
to that observed for complete projectile disruption with (MJeno = 2.7 £ 0.4 (0 = 2.2),
{Nn)agpr = 18.9 £ 0.5 (0 = 4.9). There is a ratio 1.4 : 1 between interactions on heavy
(Ag,Br) and light (C, N, O) nuclei and this is approximately the same ratio as for all in-
teractions as predicted in Table 4. The Ny, distribution for this class of events for oxygen
interactions does not exhibit the double-peaked feature. However any reasonable contin-
uation of the distribution for Ny, > 8, arising solely from interactions on heavy nuclei, to
Nn < 8 indicates that the ratio of interactions on heavy and light nuclei is also similar to
that for the whole sample. The mean numbers of shower particles are again well correlated
with Ny, being 31 and 68 for oxygen and 68 and 121 for sulphur mteractlons for samiples
with M, < 8 and N, > 8 respectively. :

For more peripheral interactions, those in which two or more He isotopes ‘and/or
a heavier fragment continue und1sturbed it is more difficult to sepa,ra,te mtera,ctlons on
heavy and light nuclei as shown in F]g 4. ' ' '

4. CONCLUSIONS

The mean free paths for both primary **O and 328 ions as well as projectile fragments
of various charges produced by an initial oxygen beam have been measured. Whereas the
statistics are in many cases poor and the isotopic constitutions are not known, there is
reasonable agreement with expectation.

Both the oxygen and sulphur results show the same general features, the greater
the disruption of the projectile nucleus, the greater that of the target and the higher
the number of shower particles produced. The measurement of the charges of the pro-
jectile fragments from oxygen interactions has enabled these correlations to be clearly
demonstrated.

The low energy fragments (black tracks) are shown to arise predominantly from
isotropic evaporation from the target nuclei, whereas the grey tracks are strongly peaked
forwards, as is to be expected if anising from knock-on processes. The angular distributions
of grey tracks, obtained in the present and previous studies, seem to be almost independent
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of the energy or nature of the projectile, and even of the centrality of the collision; however,
several models of nuclear interactions currently used fail to reproduce the observed shape.

~ Although the mean numbers of heavy prongs, (/Vy), are similar for interactions in
emulsion produced by projectiles ranging from protons to %25 ions, the shapes of the
distributions are different. This apparent anomaly is explained in part by the more pe-
ripheral nature of ion interactions and also by the growing importance of the contribution
of light target nuclei in the emulsion, especially hydrogen, to the cross section with in-
creasing projectile mass. The distributions also show that with increasing projectile size
it becomes more easy to discern the contributions from: collisions with light and heavy
nuclei. Furthermore for a given ion projectile, the shapes of the Ny dlstrlbutlons of sub-
samples selected according to the type and/ or number of forward—gomg fragments are
very different.

, A study of the Nh d1str1but10n for those events in which the prlmary oxygen- and
sulphur ions are completely disrupted indicates that the contribution from light nuclear
targets is high. For the particular subset of these interactions in which there is no apparent
low energy target fragmentation (N, = 0), the multiplicities and the rapidity distributions
demonstrate that for the oxygen sample these events arise dominantly from interactions
on free protons, whereas for sulphur they are almost excluswely from C, N, O targets.
The probablhty for oxygen projectile nuclei to overlap completely light target nuclei and
the collision of a sulphur projectile with a proton to result in its complete fra.gmentatmn
must both be small, and this has been borne out by the observations. On the other hand
the rapidity distributions of the shower particles rule out this subsample as arising from
electromagnetic or diffractive dissociation processes. - | '
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Table 1: Composition of emulsions

Standard | Fuji .
Element | (10%° atoms/ cm3) | (10‘20 atoms/ cmS)_
H | 322 B 350
c | 138 o1
N | 32 29
0 g5 114
Br 101 93
Ag o101 93

Table 2: Results of following primary %0, 3*S, and secondary (+ tertiary, ...) projectile
fragments. Shown separately are the numbers we ascribe to electromagnetic dissociation
(EMD) and other inelastic nuclear processes.

Projectile | Number Total No. inelastic [ No. | Ane £ AAjna | AEMD T ArEMD
fragment | followed | path (m) | interactions | EMD (mm) (mm)
He 1909 91.0 399 13 228 4+ 11 7000 £ 1900
Li 133 6.4 38 2 167 + 27 3200 £ 2200
Be 139 6.1 40 6 153 £ 24 1000 + 400
B 193 8.4 65 4 129 + 16 2100 & 1000
C 408 17.9 125 13 143 £+ 13 1400 &+ 400
N 460 20.2 161 14 126 + 10 1400 + 400
0 13395 349.4 2924 365 120 + 2 960 £+ 50
S 8693 214.4 2319 515 92 £ 2 420 + 20
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Table 3: Glauber calculations of 0j,e of various 200 GeV /nucleon projectile nuclei
upon target emulsion nuclei

aing]. (mb)
Projectile ' Aing (mm) | Ajpet (mm)
nucleus Target nucleus Renormalized
H] C | N | O [Br] Ag |
|32 | 283 | 208 | 318 | 1004|1266 | 3100 355(@)
3He 87 | 505 | 542 | 604 1520 | 1847 203 226
‘e | 100 | 533 | 568 | 634 | 1562 1891 195 217
6Li 168 | 775 | 822 901 | 2006 | 2384 | 144 161
“Be | 220 | 874 | 922 | 1008 | 2159 | 2552 | 130 149
UB | 241|896 | 942 | 1030 | 2187 2554 127 142
120 253 | 919 965' 1055 2224 | 2624 124 138
MN | 278 | 965 | 1012 | 1104 | 2297 | 2706 | 119 132
%0 | 318 1055 1104 1201 2442' 2861 110 123
328 523 | 1448 | 1508 | 1623 | 3058 | 3517 83 92

(@) Computed for standard emulsion.



Table 4: Relative proportions of interactions
upon light and heavy emulsion nuclel
according to the Glauber model

Projectile Target nucleus
nucleus

H C,N,O Ag, Br

(%) (%) (%)
'H 3.3 23.6 73.1
‘He 6.9 30.5 62.6
Li 8.5 32.5 59.0
°Be 10.0 32.9 57.1
2C 11.0 32.9 56.1
180 12.3 334 . | 54.4
323 15.2 34.2 50.6




Table 5: Topological features observed for *0O and 32S ion interactions

Beam 180 328
Number of
nuclear events 2024 2319
Total (V) 7.56 + 0.15 742 4+ 0.17
Total (N;) 44.0 £ 1.5 56.0 £ 1.2
F/B asymmetry S _ - "
black tracks 0077 £ 0.009 ¢ 0.099 4 0.010

1 F/B asymmetry ' =
grey tracks 0.386 £ 0.009 0.403 4+ 0.011
Projectile
fragments No. % {Ny) (N | No. % (DMn) (V)
None 878 30.0 13.8 93.1 379 16.3 14.9 155.9 |
la 502 17.2 8.2 45.7 .240 104 12.1 1023
2a 325 .11.1 51 239157 6.8 9.1 72.5
3o 171 59 34 133108 47 73 478
dex 9 03 24 42 5 23 62 321
Hor . - - - - 22 1.0 6.6  34.0
6o - - - - 6 03 25 19.5
1Z2>3
no o 854 292 36 1361796 343 4.0 16.3
1Z2>3
+ a’s 185 6.3 29 1161530 229 49 249
2,3722>3 - - - - 27 1.2 53 300
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Table 6: Percentage distribution between various intervals of Ny
for H, He, %0, and 328 projectiles.
The proton data, taken from Ref. [12], refer to the energy range 200-400 GeV.

N

9-15

(Vh)

|

160

328

14.740.4

18.742.1

18.4+0.8

19.64+0.9

10.840.3

- T7.6+1.4

9.3£0.6

10.0+0.7

22.3+0.5

25.6+£2.5

24.940.9

24.5+1.0

18.040.4

18.7+2.1

14.51+0.7

13.940.8

16.8+0.4

15.3+1.9

13.1£0.7

11.6+0.7

17.440.4

14.0£1.9

19.8£0.8

20.3£1.0

7.6310.08

6.74+0.33

7.5640.15

7.4240.17
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Table 7: (V) and (V;) as a function of 3" Z; for incident 0 ions

S Z; No. of {Nn) | {Ne)
interactions
8 O 16| 1.7 4.9
Ca 26 2.0 5.4
Beaa 3] 1.3 7.3
oo 71 3.0 4.9
Total 52 2.0 5.3
7 N 247 | 3.0 9.2
Ba 271 2.7 9.1
Lica 10 1.4 9.2
Total 284 | 2.9 92
6 C 2521 3.6 | 13.1
Bea 39| 2.8 | 14.8
oo 139 3.5 {133
"Total 4301 3.5 | 13.3
5 B 88| 3.7 1159
Lia 42 | 3.7 | 14.8
- Total 130 | 3.7 | 155
4 Be 551 5.0 | 24.6
ao 261 | 4.8 7239
Total 316 | 4.8 | 24.0
3 Li 391 6.3 | 264
?2 a 409 | 8.0 | 45.7
0 - 7111 13.2 | 93.1
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Table 8: Expected and observed mean rapidity values

Target nucleus

Projectile : |
nucleus H |{C,N, O Ag Br
180 . | expected [ 4.4 |3.0-32| 25

obsérved | 4.4 1 3.3 2.8
25 | expected | 4.8 |3.4-35| 2.6
observed | 4.7 3.6 =




Figure captions

Figure 1: Charge distribution of secondary projectile fragments from a subsample of 160
interactions as determined by §-ray density measurement.

Figure 2: Angular distribution of ‘grey’ tracks having ionization densities between 1.5 and
6.0 times minimum, a) from '®0 interactions, b) from ®2S interactions. The fitted curves
are of the form a b «*?,

Figure 3: Distributions of the number N, of target fragments from interactions of 160 and
32§ ions and forward-going He projectile fragments in our sample, together with those
from proton—emulsion interactions at (200 to 400) GeV [13].

Figure 4: Distributions of M, for '®0 and *§ jon-emulsion interactions selected according
to the types of surviving forward fragments.

Figure 5: Approximate rapidity-density distributions (p = N_;'dN/dy) determined using
the method described in the text, a) *O-H; b) 0-C,N,0; c) *S-H; d) 3S-C,N,0;

e) %0-Ag,Br central interactions.
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