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Limiting Fragmentation in Oxygen-Induced Emulsion Interactions at 14.6, 60, and 200 Gev/nucleon
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Pseudorapidity distributions of relativistic singly charged particles in oxygen-induced emulsion in-

teractions at 14.6, 60, and 200 GeV/nucleon are studied. Limiting fragmentation behavior is observed in

both the target and projectile fragmentation regions for a central as well as for a minimum-bias sample.
Comparisons with the FRITIOF model reveal that the picture of fragmenting strings successfully describes
the observed data.

PACS numbers: 25.70.Np

The efforts at CERN (60 and 200 GeV/nucleon) and
at BNL (14.6 GeV/nucleon) to accelerate heavy ions to
ultrarelativistic energies in order to obtain the necessary
requirements for the creation of a quark-gluon plasma
state have resulted in a lot of experimental data on vari-
ous projectile-target combinations. ' The emulsion
technique allows studies of produced charged particles
and their distributions in space with higher accuracy and
a larger acceptance than most of the current counter ex-
periments, although with rather limited statistics. A
great advantage with emulsions is that the same pro-
jectile-target system can be studied at the three available

energies with identical detectors and with identical
analysis criteria. In this Letter we will focus on pseu-
dorapidity (tl = —ln tane/2) distributions of charged
particles emerging from interactions between oxygen and
emulsion nuclei.

In the EMU01 experiments two complementary expo-
sure techniques were used, each having its own advan-
tages. The technique utilizing vertically exposed emul-
sion chambers has been described elsewhere. In this
Letter we report on results obtained using conventional
emulsion stacks exposed horizontally. These stacks con-
sist of 30 BR-2-type pellicles, each of size 20x10&0.06
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or 10& 10x0.06 cm . The sensitivity varies between 20
and 30 grains per 100 pm for minimum-ionizing parti-
cles. The density of the beam was about 5 x 10
nuclei/cm .

Interactions were found by along-the-track scanning,
which is the optimal method for obtaining a minimum-
bias sample. Each projectile was followed up to a dis-
tance of 6 to 7 cm from the point of incidence, and the
minimum-bias samples were obtained from completely
measured events found at a distance 2-5 cm from the
front edge. At larger distances from the front edge mea-
surements were prevented due to the background of
secondary particles emerging from upstream interac-
tions. Measurements of small-angle tracks (e( 10'
—15') were done relative to noninteracting beam tracks
selected in the vicinity, enabling an accuracy of about
he=0. 1 mrad for angles e~ 1 mrad. For each event
the multiplicity of shower particles, n„and of target-
associated particles, Nq, was determined. The shower
particles are singly charged particles with P & 0.7 and
the target-associated particles are mainly knockout pro-
tons and evaporation fragments from the target. Projec-
tile fragments with Z ~ 2 were charge determined by the
6-electron or gap density counting methods. The specta-
tor fragments with Z =1 were assumed to be among the
shower particles having e(e, =0.2/p „.b. All singly
charged particles within this cone were excluded from
the number n, . The value of 6, has been chosen so that
the probability of including produced particles among
the fragments is minimized. Events produced by elec-
tromagnetic dissociation and elastic scattering were re-
moved from the final samples by the requirement n, ~ 1.
In all such events, all of the 8 projectile charges were
found inside the cone.

Besides the three data samples, two samples consisting
of =10000 events from the Lund model FRITIOF (ver-
sion 1.7) were generated, one at 60M GeV and one at
200M GeV. The FRITIOF samples were subject to the
same restrictions as the real data. The fraction of events
from the different target nuclei in emulsion was simulat-
ed using known data on the chemical composition of the
emulsion. No FRITIOF sample was produced for 14.6A

TABLE I. Characteristics of the samples used.

EMU01 "0+Em
Min Bias

14—
12—
10-

p —200 A GeV16 --60
14 =

10—

0 0 4
rl

200 A GeV
1 6 FR ITIOF
14—
12—
10—

0 —8 —4 0
5) p

60 A GeV
16—
14—
l2-
10—

' FRITIOF

GeV, since the foundations of the model prohibits its
usage at too low energies. The fraction of events in the
FRITIOF samples rejected due to the requirement n, ~ 1

is less than 0.5%, and gives an estimate of the systematic
errors in the real data, introduced by this requirement.
Table I summarizes some of the features of the different
event samples.

In Figs. 1(a) and 1(b) the pseudorapidity distributions
for the minimum-bias samples at the three different en-
ergies are compared. In Fig. 1(a) the comparison is
made in the target rest frame and in 1(b) in the pro-
jectile rest frame. The projectile rest frame is obtained
by using the approximation tl=y =

2 ln[(E +pl )/(E—pt )] and the well known boost invariance of rapidity.
rl„ is given by rI~= —ln((pT)m~/2(mT)p;«) =yp+0. 08,
where (mT) is the average transverse mass of a pion with
average transverse momentum (pT) =0.34 GeV/c. m~ is
the proton mass and p;„, its incident momentum. g~
thus corresponds to the average pseudorapidity of a pion
emerging from the projectile system. For the three ener-
gies rI~ is 3.58, 4.95, and 6.14, respectively. In Fig. 1(a)
we clearly see evidence for limiting fragmentation in the
target fragmentation region, where the distributions
from the three energies fall on top of each other below
g= l. We also see that for the two higher energies the
distributions coincide up to @=2, showing that the ex-
tension of the region of limiting fragmentation is depen-
dent on the incident energy. A similar feature is seen in
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FIG. 1. Pseudorapidity distributions of charged particles in

oxygen-induced interactions with emulsion at 14.6, 60, and 200
GeV/nucleon for the miinirnum-bias samples. (a) In the target
rest frame. (b) In the projectile rest frame. (c) Comparison
between data and the FRITIOF model at 200A GeV. (d) Com-
parison between data and the FRITIOF model at 60A GeV.
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Fig. 1(b) where the three energies show limiting frag-
mentation also in the projectile region for g

—
g~ ~ —1.

Again an energy dependence of the size of the region is
seen. It is interesting to observe that at 14.6A GeV the
shape of the distribution is quite dominated by the
large-g tail, but still this tail is identical to the tails ob-
served at higher energies. It is important to note that the
exclusion of interactions due to electromagnetic dissocia-
tion and elastic scattering is essentially for obtaining
these results.

ln Figs. 1(c) and 1(d) the pseudorapidity distributions
from 2002 and 60M GeV are compared to the corre-
sponding distributions from the FRITIOF samples. It is
essential to point out that no normalization is involved in
this figure; i.e., the average multiplicities obtained by
FR ITIOF are in excellent agreement with the data as can
be seen in Table I. The comparison of the distributions
reveals a very nice agreement except for the region g~ g~, where the fragmentation of the spectator parts of
the projectiles become important. The fragmentation
products from these parts are, however, not included in
the distributions from the FRITIOF model.

In order to obtain a sample of central events, the Nq
information is normally used in emulsion experiments. It
has been observed in hadron-induced interactions that
the Np distribution is energy dependent over a large
range of energies. Furthermore, N~ was found to be
strongly correlated to the centrality of the event. The
same has been conjectured to be true also when heavy
ions are used as projectiles. When comparing data with
models like FRITIOF, Np cuts are, however, not a good
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criterion for centrality, since the target breakup is, up to
the present date, not included in these models. We
therefore introduce the forward charge Aow QzD, defined
as Qzo =Xzf,,s+n(ri~ IIzD), where Zf„,. s is the charge
of an observed projectile fragment with Z ~ 2, and
n(rI ) rlzo) is the number of shower particles with

g ~ @zan, given by pzD =pp+0. 36. Because of the limit-
ing fragmentation seen in Fig. 1, QzD is expected to be
an energy-independent quantity in the energy range
studied. The value of gzD is chosen as a compromise be-
tween not having too many produced pions inside the
cone and not having too many spectator protons outside.
Thus QzD is analogous to the forward energy Aow FzD,
used by some of the current counter experiments. ' The
corresponding angles ezra are 39, 10, and 3 mrad for
14.6, 60, and 200 GeV/nucleon, respectively.

In Fig. 2 we compare two diAerent central samples
from 200M GeV, both consisting of about 11% of the
minimum-bias sample, one with N~ ~ 23 and one with

Qzti ~ 2. We observe a similarity between the two sam-
ples and conclude that the two cUts are comparable as
criteria for centrality. It is interesting to observe that
the information obtained either from the projectile or
from the target fragmentation regions can be used to
deduce the particle density in the central region. We ob-
serve, however, a small indication that QzD might be
somewhat more efTicient, since the density of observed
particles is (10-20)% higher in the region 2 ( rI (4 us-

ing that quantity.
For the FRITIOF model, Qzo can be calculated as the

sum of the number of projectile spectator protons and
the number of particles observed in the cone 6~ ezD,
and in Fig. 3 we compare how the 2002-GeV events fall
in the QzD n, space-, for the data and for the FRITIOF
model, respectively. The two plots show great similari-
ties, with the bulk of the distributions with QzD around 7
and 8. The width of the n, distribution for a given QzD
value is well described by the model.
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FIG. 2. Pseudorapidity distributions of charged particles in

oxygen-induced interactions with emulsion at 200M GeV for
two dift'erent central samples.
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FIG. 3. The event distribution in QzD n, space for (a-) the
2008-GeV data and (b) the corresponding FRITIOF sample.
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FIG. 4. As for Fig. 1, but for central 0+Ag(Br) samples
with Qzo ~ 2

For the data samples we now introduce the cut Qzo
~ 2 combined with ÃA, ~ 10, the last cut being imple-
mented in order to get rid of the small fraction of central
interactions from the light component (CNO) in the
emulsions, leaving a clean sample of central events hav-

ing interacted with Ag or Br. The Np ~ 10 cut removes
between (5-10)% of the events remaining after the first
cut has been applied. The same restriction was imple-
mented on the FRITIOF events by requiring Qzo ~ 2.
The FRITIOF model does not include any target cascade
and is thus not able to reproduce the %I, production, and
therefore only interactions with bromine or a heavier tar-
get were considered. The percentage of the events from
the different samples fulfilling the centrality criterion is

given in Table I together with their statistical errors. As
can be seen in the table, the experimental event fractions
seem to be independent of energy within the statistical
errors. The apparent increase with increasing energy
might be interpreted as a sign of a decreasing trans-
parency with increasing energy, for the most central
events, but this eA'ect is hardly statistically significant.
In the model, however, a similar statistically significant
eA'ect is present. In the model this means that the pro-
duced strings, covering a larger and larger region of
phase space as the incident energy increases, encounter
an increasing difficulty to stretch out all the way into the
projectile fragmentation region, giving particles a slight
shift to larger angles. This is a small eAect and is evi-

dently not visible in the limiting fragmentation behavior.
Furthermore, the fractions are somewhat larger in the
data than in the model, indicating a larger stopping
power than predicted by the picture of independently
fragmenting strings. Note that the stopping power

defined as the energy missing in a forward cone does not
necessarily have the same energy dependence as a similar
quantity related to, for instance, the transverse-energy
production in the central region.

In Fig. we show the pseudorapidity distributions ob-
tained for the central samples in the same kind of repre-
sentation as in Fig. 1. We observe a similar limiting
fragmentation behavior as before for the minimum-bias
sample, although the shapes of the individual spectra
have changed. In the comparisons with F'RITIOF we see
that the model somewhat overestimates the average mul-
tiplicities in the region 2 ~ g ~ 4, and the peak value at
602 GeV seems to be shifted to a larger value of g. The
overall behavior is, however, in quite good agreement
with the data.

To conclude, we note that limiting fragmentation con-
cerning heavy-ion collisions is fulfilled in the energy
range 14.6-200 GeV/nucleon for both the target and the
projectile fragmentation regions, independent of the cen-
trality of the interactions. The forward charge Aow
seems to be a convenient measure of centrality, well suit-
ed for model comparisons.
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