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Forward and transverse energy spectra and the correlation between these two global variables
have been measured for the interaction of 14.6A Gev/ cSi ions with Al and Au. The energy
in produced particles near midrapidity is observed to be negatively correlated with forward energy.
There is minimal target mass dependence of this correlation for peripheral and semicentral inter-
actions (forward energies ) 80 GeV). However, the fact that transverse energies for more central
collisions in Au become increasingly larger than those in Al ( 5070 greater in the limit of zero for-
ward energy) provides evidence for multiple interactions of projectile nucleons in the 1arger target.
The experimental results are discussed in terms of calculations based on a model for nucleus-nucleus
interactions.

r. Ixra.ODUCrrOX

Interest in the interaction of relativistic heavy ions
with nuclei has been enhanced by the possibility that a
quark-gluon plasma. (QGP) might be formed at the high
densities and temperatures created in such reactions. Ex-
periment 802 (E802) at the Brookhaven Tandem Alter-
nating Gradient Synchrotron (AGS) Complex is one of
a series of experiments at Brookhaven National Labora-
tory (BNL) and CERN which are examining high-energy
nucleus-nucleus collisions for possible evidence of QGP
formation or other new processes [1]. A general descrip-
tion of the E802 experimental setup and results on par-
ticle production at midrapidities obtained with its large

magnetic spectrometer are given elsewhere [2,3].
The present work examines the Aow of energy from

the beam (forward energy) into the "midrapidity" re-
gion (transverse energy) based on measurements with
the E802 Zero Degree Calorimeter, ZCAL, and the Lead
Glass Array, PbG1. The interpretation of such measure-
ments rests on two assumptions: (1) that forward en-
ergy is a measure of the number of projectile spectator
nucleons which can be related to the impact parameter,
and (2) that the eKciency for conversion of energy orig-
inally carried by the projectile participants into energy
in the form of produced particles can be inferred from
transverse energy production. Calculations based on the
Fritiof model [4] provide a framework for the interpreta-
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tion of the experimental results.
VVe are particularly interested in events where a large

fraction of the projectile energy is radiated into midra-
pidity, away from the projectile and target fragmentation
regions. The target mass dependence of transverse en-
ergy production for such central events at this bombard-
ing energy has been interpreted as indicating "projectile
stopping" in nuclei heavier than Cu [5—7]. This term is
an operational definition of the observation that maxi-
mum transverse energy increases much less rapidly than
does target thickness in a sequence such as Cu, Ag, and
Au. The implication is that when a projectile traverses
the diameter of a heavy nucleus, the potential for particle
production is exhausted in early collisions. Experimen-
tal rapidity distributions [3] indicate that this stopping
is not consistent with an amalgamation of projectile and
swept-out target nucleons to form a slowly-moving equi-
librated fireball.

II. EXPERIMENTAL

A. Hearn and interaction trigger

inal few percent of the minimum-bias (INT) events. Be-
cause under normal running conditions only a small sam-
ple of the INT events are recorded, this PB2 trigger is
useful for increasing statistics on the high-energy tails of
the sp ectr a.

Although a lead glass signal is commonly considered
to be a measure of "neutral energy" from the decay of

and g mesons, charged hadrons will also contribute
due to their Cerenkov radiation. Relativistic charged pi-
ons directly incident on the PbGl array were observed
to give an equivalent energy of 0.45 GeV per particle
[9]. Calculations described in the Appendix indicate that
charged and neutral particles make a.pproxima, tely equa. l

contributions to the energy observed in the present con-
figuration [10]. This confirms a previous estimate for this
detector [5]. No attempt, was made to separate the com-
ponents since the response of the PbGl array to Cerenkov
light is linear to ( 1% whatever the source. The abso-
lute energy scale for the array was set by calibration in an
electron beam. Early results for 0 interactions from a
prototype PbG1 array that provided 2z. azimuthal cover-
age and for Si interactions in the present configuration
have been published [5,6].

The 14.6A GeV/c 2sSi beam had a diameter of 4 mm
(averaged over the beam spill) and a purity of ) 99% at
the E802 target position. Si ions were selected by re-
quiring Z = 14 signals from two scintillators before the
target. Beam halo was suppressed by an upstream "hole"
scintillation veto counter. The beam intensity was typi-
cally (3—5) x 10 particles during a spill of 600 msec. A
minimum-bias trigger (INT) was built, by requiring that,
a particle that had the beam charge before the target
did not appear in the Z = 14 peak in a scintillation
"bullseye" counter loca, ted 1.1 m in front of the forward
calorimeter, ZCAL, which was 11.7 m downstream of the
target. For typical settings of the bullseye discriminator,
87% of events with Z = 13 fragments and 17% of those
with Z = 12 fragments are also rejected.

B. Lead glass

The Lead Glass Array of E802 is composed of 245
14.5x14.5-cm square-faced SI"5 blocks. They are stacked
with their front faces 3.0 m downstream of the target in
a configuration providing approximately half azimuthal
coverage over laboratory polar angles from 8.5 to 32'
(1 25 ( i1i~b ( 2.60 in pseudorapidity). The laboratory
rapidity of the nucleon-nucleon center of mass, y. . . is
1.72 at this energy. Two signals available froua the PbGl
array on an event-by-event basis are total energy E, ,
equal to Q E;, and transverse energy ETPbG', equal to
PE; sin&;, where E; and 0; are the energies and cen-
ter angles of the individual blocks, respectively. Sums
include only those blocks showing a signal & 0.05 GeV.
The transverse energy signal is emphasized in the present
work as a measure of the conversion of projectile energy
into produced particles [8]. A central collision trigger
(PB2) was derived from a high-threshold discriminator
on the ET ' analog signal that was set to accept a nom-

C. The zero degree calorimeter, ZCAL

ZCAL is an I'e/scintillator calorimeter generally pat-
terned after the ZDC calorimeter of iiVA80 [11]at CERN.
Major diA'erences are the use of iron as the stopping
medium in place of uranium and a novel segmentation.
ZCAL has a cross-sectional area of 60x 60 cm2. Its funda-
mental stacking unit consists of a, 1-cm iron plate followed
by a 0.3-cm scintillator. It is longitudinally segmented
into two sections: the first, Hy, contains 32 stacking units
(20.4 radiation lengths or 2.0 interaction lengths A); the
second, Hq, has 106 stacking units or 6.7A. Light is col-
lected from each section of ZCAL by eight wavelength
shifter bars (two per side) and brought to photomulti-
plier tubes at the rear of the calorimeter by light guides.
The calorimeter was calibrated using primary 0 and

Si beams as well as projectile fragments [12]. After
pedestal subtraction, gains of the 16 phototubes were
adjusted and the signals added, weighting those from H~

and those from H2 in the ratio 57:43. This weighting
gives an optimized resolution (o/E) of 3.6% for 381-GeV
2 Si ions. There is good proportionality between light
output and projectile mass for iH to Si at 14.6A GeV/c
with a root-mean-square deviation of 0.8 GeV over this
range. The 30-cm half of ZCAL's face subtends a polar
angle of 25.6 mrad at the target, which corresponds to
g = 4.4 or a perpendicular momentum transfer of 375
MeV/c per nucleon to a particle of beam rapidity. Addi-
tional details on ZCAL are available elsewhere [12].

III. EXPERIMENTAL RESULTS
AND DISCUSSION

A. Forvrard and transverse energy spectra

Minimum-bias histograms (INT trigger) of forward
and transverse energies obtained with ZCAL and the



FOR%'ARD AND TRANSVERSE ENERGIES IN RELATIVISTIC. . . 1613

PbG1 array for 817-mg/crn Al and 944-mg/cmz Au tar-
gets (3% and 1% of an interaction length for Si, respec-
tively) are shown in Fig. 1. These results have been cor-
rected for target-out contributions which were measured
to be the equivalent of an 0.5% target. The corrections
had a large effect on ZCAL spectra in the vicinity of the
beam energy; however, their effect below 340 GeV is
minimal. Target-out corrections to the PbGl spectra are
significant only below 1 GeV. For the discriminator
setting used in the present work, the corrected INT cross
sections are 1.3 + 0.1 b for Al and 3.6 + 0.2 b for Au. Er-
rors include both statistical uncertainties and estimates
of systematic effects due to the relatively large target-out
corrections. The experimental configuration for the mea-
surements depicted as histograms was such that particles
emitted at angles & 7 mrad passed through beam pipe,
flanges, etc. Trajectories between 7 and 14 mrad experi-
enced on the average 1.3 nucleon interaction lengths. The
filled points in Fig. 1 were obtained with a larger diam-
eter beam pipe that had a 14-mrad unobscured opening
and an average of only 0.8 interaction lengths out to the
full acceptance of ZCAL. Changes, if any, in going to the
more open configuration are small, demonstrating that
ZCAL spectra are not sensitive to collimation effects.

Regions of the spectra defined by the "central" PB2
trigger are shaded in Fig. 1. These include 1.4% of the
events for Al and 2.1% for Au. The PB2 data. establish
that the highest transverse energy events are associated
with low-energy deposition in ZCAL for both targets.
The most significant difference between the results for
Al and Au, aside from the 50% increase in transverse
energy with target size, is the behavior of the ZCAL spec-
tra at low energies. While the intensity drops by a factor
of 30 below 80 GeV for Al, it rises to a peak at or
near zero energy for Au. The shaded distribution for the
PB2 trigger indicates that the most probable result of a
central Si + Au collision is that no projectile spectators
remain within the calorimeter acceptance when trans-
verse energy is a maximum. The projectile is effectively
stopped. The mean ZCAL energy associated with the
PB2 events for Au is 11.8 GeV. This value sets an upper
limit on t, he energy in produced particles and interacting
projectile nucleons from a central Si + Au interaction
which reach ZCAL. The spectrum from ZCAL for Al se-
lected by the PB2 trigger gives clear evidence that the
smaller nucleus is not able to completely stop a Si pro-
jectile. Some nucleons in the nuclear edge region do not
interact even in the most central events. The peak in

the PB2 triggered distribution for Al corresponds to 4
projectile nucleons remaining within ZCAL's acceptance.
At least some part of ZCAL's behavior at low energies is

a consequence of nuclear geometry. Total overlap for Si
+ Al can only occur at zero impact parameter for which
the cross section is zero. In contrast, there is a range
of impact parameters for complete overlap in Si + Au
interactions, hence, a significant cross section for events
with low EzcAg. Realistic nuclear geometries are incor-
porated in the models discussed in Section III C and the
Appendix. Additional details of ZCAL's response may
also be found there.
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FIG. 1. Transverse and forward energy spectra from the
interaction of 14.6A GeV/c Si with aluminum and gold.
Experimental data from the lead glass array PbGl and. the
downstream calorimeter ZCAL of E802 are shown as his-
tograms. Spectral regions selected by the central PB2 trigger
are shaded. Corrections for target out have been applied. Tar-
get thicknesses were 3% and 1% of a Si interaction length for
Al and Au, respectively. Filled points on the ZCAL spectra at
low energies were obtained with a less restrictive beam pipe
configuration. They are included to show that the spectra are
not sensitive to collimation eR'ects, see text.

B. Correlation between forward
and trM1svel se energy

ZCAL energy should vary, to a first approximation,
linearly with the number of projectile spectators or par-
ticipants, np, or nzp, respectively: EzcAL 13.6np, or
EzcAL 13.6(28 —n&p). Transverse energy is expected
to increase with n&p and should t, herefore be negatively
correlated with forward energy. This has been demon-
strated by results for 60+Au interactions at higher ener-
gies [13,14] that confirm the intuitive notion that central
collisions exhibit small forward energies and large trans-
verse energies and vice versa. The present data shown
in Fig. 1 provide evidence for the negative correlation at
14.6A GeV/c.

The PbG1-ZCAL correlation is examined in more detail
in Fig. 2. The upper portion of this figure shows 20-GeV-
wide slices through the correlation surfaces for the two
targets, centered at EzgAL values of 10, 110, 230, and
350 GeV. The distribut, ion of transverse energy associ-
ated with a particular EzcAL is approximately Gaussian
(or the tail of a Gaussian in the case of high Ezc~L).
For very peripheral reactions (Ez~AL ) 300 GeV) the
most probable transverse energy is zero. As the ZCAL
energy decreases, the peak position moves out, from zero.
Distributions for EzcAL = 110 GeV in Fig. 2 are cleanly
separated from the origin, and the probability for low

transverse energy becomes vanishingly small in central
and semicentral events. At, EggAL values ~here the dis-
tributions are separated from t,he origin, the most prob-
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able Pbol energy is essentially equal to the mean.
A striking feature of the correlation surface is that

there is a, negligible dependence on target mass for in-
teractions involving less than about half of the projec-
tile nucleons. This is apparent in the lower part of Fig.
2 which shows the dependence of the mean ETPbG' on
EggAz, . The target mass dependence remains weak even
down to EzcAL 80 GeV. Such behavior is consis-
tent with transverse energy production in peripheral in-
teractions by a series of independent projectile-nucleon,
target-nucleon single collisions. Each such collision will

produce the same distribution of Eg ' which implies
a linear and target independent relationship, consistent
with the data in the peripheral region.
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FIG. 2. Some aspects of the negative correlation between
transverse energy (EP ') and forward energy (E7QAQ) in the
interactions of 14.6A GeV/c Si with Al and Au. The two

upper panels show slices through the correlation surfaces re-
vealing the nearly Gaussian shapes of the Ez ' spectra for
Axed EzcAL. The lower panel shows the dependence of the
mean E~ ' on EzcAL. A characteristic feature of these data
is the target independence for peripheral events, i.e. , those
with EzcAL

A pronounced target dependence and a nonlinearity
develop when EzoA" drops below 80 GeV, into the
region of central collisions. This suggests a contribution
from multiple collisions in the additional target matter
provided by the larger nucleus. As was discussed in con-
nection with Fig. 1, the probability for complete energy
removal from the beam becomes small in the case of an
Al target, but rises to a peale for Au. The present data
indicate that the mean transverse energy associated with
such complete energy removal events is 50% larger for
Au than for Al. For the lowest energy slice in Fig. 2

(EgcA" = 0 —20 GeV), the highest transverse energies
for the Al target fall below the mean of the distribution
for Au. These results suggest that beam participants
that are thrown out of ZCAL's acceptance in their ini-
tial interactions, their collision partners, and/or particles
produced in the initial collisions have the potential for
generating additional transverse energy in the larger tar-
get. Any eKect due to a change in the acceptance of the
PbG1 as a consequence of a change in the pseudorapidity
distribution of produced particles is 10%, as discussed
in the Appendix.

C. Comparison with model calculations

Model calculations can provide a useful framework for
the discussion of experimental data. The model adopted
for the present work is based on the Lund Monte Carlo
event generator FRITIOF [4] coupled to a program that
imposed the INT selection on the events and simulated
the response characteristics of ZCAL (including its reso-
lution) and the PbG1 array in a simplified way. FRITIOF
treats a nucleus-nucleus interaction as a series of nucleon-
nucleon collisions in the appropriate nuclear geometry.
Although a given projectile or target nucleon can be in-
volved in multiple binary encounters, hadronization of
the strings takes place only after all interactions are com-
pleted, hence no cascading is considered. In addition to
Al and Au, the targets studied experimentally, calcula-
tions were also performed for Cu and Ag to examine fur-
ther the development of trends with target mass. Details
of these calculations are given in the Appendix. Agree-
ment at the 10% level between the predicted INT cross
sections, 1.2 b for Al and 3.2 b for Au and those mea-
sured, 1.3 + 0.1 and 3.6 + 0.2, respectively, is reasonable
considering the uncertainties in the target-out correction
in the experiment and the definition of the INT trigger
in the calculation.

Calculated forward energy (ZCAL) and t, ransverse en-

ergy (PbG1) spectra for the four targets are shown as
smooth curves in Fig. 3. The experimental results for
Al and Au are superimposed as filled points. The model
qualitatively predicts an evolution of the ZCAL spectra
with increasing target size similar to that observed. The
minimum at E2,cAp 0 for Al in the calculations fills
in for heavier elements, becoming a peak for Au. How-

ever, there is a significant quantitative diA'erence. Model
cross sections are systematically shifted from low ZCAL
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energy to high ZCAL energy (from central to more pe-
ripheral interactions) when compared to the experimen-
tal data. This is particularly apparent in the case of Si +
Al where the actual falloA occurs at lower energies and is
less rapid than that predicted. The calculated cross sec-
tion at EzcAL = 20 GeV is about an order of magnitude
lower than observed.

Because ZCAL energy is determined primarily by the
number of projectile spectator nucleons reaching the
calorimeter (see the Appendix), the diITerence in spec-
tral shape reflects an intrinsic underprediction of cen-
tral events by FRITIOF and/or a problem in the treat-
ment spectator nucleons by the subsequent calculation.
Fritiof simply counts the spectator nucleons. It gives
no information on their angular distribution or state of
aggregation. Angular distributions [15,16] of projectile
fragments with Z & 2, i.e. , & He, "He, are such that
they will all impact near the center of the calorimeter
and contribute 13.6 GeV/nucleon to the ZCAL energy
in agreement with the assumption of the present calcula-
tion. Cases with one or two spectators were assumed to
have a broader angular distribution [15] and be subject
to losses in the edge region of ZCAL. There is evidence
that many events involve multiple fragnients and/or nu-
cleons (multifragmentation). To the extent that nucleons
or light particles from multifragmentation events miss
ZCAL or impinge in the edge region where leakage oc-
curs, the prediction would be moved to lower energies
in better agreement with the experiment. For example,
only 36% of the charge-changing cross section in Si +
Al interactions is observed [17] to lead to fragments with
Z ) 7, while FRITIOF predicts that, 80% of that cross
section is associated with events having & 7 spectator
protons.

An interesting test, of the model is a comparison of
the ZCAL spectrum calculated for central Si+Au interac-
tions, i.e. , those involving all 28 projectile nucleons, with
the experimental spectrum obtained in coincidence with
ET ' ) l2 GeV. This PbG1 energy cut defines a better
experimental central trigger that retains approximately
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one-third of the PB2 events from Au but essentially none
of those from Al. For such central Si + Au events, there
are no projectile spectators, and the ZCAL energy is de-
termined by produced particles and participant nucleons.
Both spectra in Fig. 4 have similar shapes with peaks
slightly above zero energy. The experimental mean en-
ergy is 10.0 GeV, that calculated, 9.2 GeV. Because the
calculation is sensitive to assumptions about, leal'age in
the edge regions of ZCAL, t, his agreement serves to val-
idate the model, at least in t, he case of central Si + Au
interactions where there are no spectators. Had leakage
not been included, the calculated spectrum would have
been shifted upwards by —40%.

As can be seen in Fig. 3, the model predicts shapes
of the transverse energy (PbG1) spectra very well. There
is a good match to the experimental data for Au over
the whole range of energies. The predicted magnitude of
ET ' for Al is 10% less than that observed. Although
the absolute energy scale of the data in the figure may
be uncertain by the order of a few percent, the relative
scale for the two targets should be reliable to 1%.

PbG1-ZCAL correlations predicted by the FRITIOF
madel are compared with the experimental results in Fig.
5. Although the calculation reproduces the general trend
of the data for the upper half of the ZCAL energy range,
it predicts mean transverse energies the order of 50% too
large. The discrepancy decreases with decreasing EzcAL
to 10% for the most central collisions. In view of
the comparisons in Fig. 3, we believe that a major part
of these discrepancies may be related to the problems
in treating projectile spectators when calculat, ing ZCAL
spectra. For a given class of events, say those with 14
spectator nucleons, the calculated mean ET ' (which
may be correct for those events) is plotted at too high a
ZCAL energy, hence it appears high when compared to
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FIG. 3. Comparison of experimental ZCAL and PbGl
spectra (filled points) with the results of model calculations
(smooth curves). Calculations are for 14.6A GeV/c Si in-
teractions with Al, Cu, Ag, and Au in ascending order, They
are displaced upwards by successive factors of 2 for display
purposes. Experimental data. are shown as points.

FIG. 4. Comparison of experimental and calculated
ZCAL spectra for central Si + Au interactions at 14.6A
GeV/c. Filled points define the spectrum observed in coinci-
dence with PbGl transverse energies & 12 GeV. The smooth
curve is the spectrum calculated. for events in which all pro-
jectile nucleons intera. ct.
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experiment in Fig. 2. If this is indeed the case, the model
might do better in predicting relative energies.

The experimental target effect as defined by the ratio
ET ' (Au)/ETPbG'(Al) is shown in Fig. 6(a) as a func-
tion of EzcAL. Mean transverse energy is essentially in-
dependent of target for peripheral reactions. The influ-
ence of the larger target appears only in the lower half of
the ZEAL range where the ratio rises significantly above
unity. Note that uncertainties in the absolute ET ' scale
cancel in such a ratio plot.

Target effects inferred from two simpler models are
shown in Fig. 6(b). The standard wounded nucleon
model (WNM) [18] calculates the number of interacting
target and project, ile nucleons from realistic nuclea, r den-
sity distributions and an average nucleon-nucleon cross
section. Transverse energy is taken to be proportional to
the total number of wounded nucleons (projectile + tar-
get) and all interacting project, ile nucleons are assumed
to be thrown out of ZCAL's acceptance. The filled points
in Fig. 6(b) indicate that the AtVNM overpredicts the ex-
perimental target dependence,

In contrast to the VifNM, the wounded projectile nu-
cleon model (WPNM) considers that transverse energy
is dependent only on the number of wounded projectile
nucleons. This assumption is suggested by the success-
ful analysis of transverse energy spectra from nucleus-
nucleus collisions in terms of n-fold convolut. ions of ex-
perimental p+ A spectra. [5,19,20], e.g. , the sO + Au
spectrum as a 16-fold convolution of the spectrum from
central p+Au interactions. In the O'PNM, a. given num-
ber of wounded projectile nucleons mal~e the same con-
tribution to transverse energy independent of the target.
The open points in Fig. 6(b) indicate the expected ab-
sence of a target effect, in clear disagreement with ex-
perimental results from the ZEAL-Pb G 1 correlation for

FIG. 6. Target dependence of mean transverse energy for
14.6A GeV/c Si interactions with Au aud Al. (a) The exper-
imental ratio ET '(Au)/Er '(Al) as a function of EzcAi,
(b) Ratios predicted by two simple models based on count-
ing wounded nucleons, see text. (c) The ratio predicted by a
calculation based on the FRITIOF model.

EzcAL ( 80 GeV.
The FRITIOF model [Fig. 6(c)] predicts a. target effect

intermediate between those of the WNM and V'PNM.
FRITIOF generally reproduces the experimental target de-
pendence but it is systematically high over the entire
ZCAL range by 10%, a shift consistent with the differ-
ence between experimental and calculated transverse en-
ergy spectra seen in Fig. 3. Since the number distribution
of wounded nucleons is similar in FRITIOF and the WNM,
the weaker target effect predicted by FRITIOF appears to
be related to the treatment of multiple collisions. Initial
projectile-nucleon —target-nucleon collisions are at the full
beam energy in both models, but subsequent interactions
in the FRITIOF model are at appropriately reduced en-
ergies, hence the pion multiplicity and the contribution
to transverse energy is reduced. In contrast, all wounded
nucleons are weighted equally in the WNM and an over-
prediction of the target dependence of transverse energy
is expected for central events in larger nuclei where there
are many multiple collisions.

IV. SUMMARY AND CONCLUSIONS

The present world has examined some global features
of heavy-ion interactions at 14.6A GeV/c with particular
emphasis on the conversion of beam energy into pions
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radiated into the midrapidity region. This conversion is
observed as a negative correlation between transverse and
forward energy for both Si + Al and Si + Au interactions.
The highest transverse energy events in the case of Au
are shown to be associated wit, h complete loss of forward
energy, which can be interpreted as projectile stopping.
The Al nucleus is not able to stop a Si projectile. Even
at zero impact parameter, there is some transparency in
the nuclear surface regions. Forward energy equivalent
to several nucleons on the average remains even in the
most central, highest transverse energy events, Interest-
ing features of the data are the observed lack of target de-
pendence for transverse-energy production in peripheral
interactions, indicative of independent single collisions,
and that transverse energies for more central collisions in
Au become increasingly larger than those in Al ( 50%
greater in the limit of zero forward energy), which is ev-
idence for multiple interactions of projectile nucleons in
the larger target.

A model for calculating forward and transverse en-
ergies based on the FRITIOF event, generator is shown
to reproduce general trends of the experiment, . Despite
quantitative problems in predicting ZCAL spectra. , the
model predicts, in agreement with the data. , a. shift of
only 50% of the upper edge of the transverse-energy
spectra. in going from Al to Au, despite a 140% increase
in number of nucleon-nucleon collisions (or the equivalent,
80% increase in number of participants) in central Si +
Au interactions compared to Si + Al. Subsequent colli-
sions after the first at 14.6 Gev/c are much less effective
for pion production. In this sense "projectile stopping" is
a natural consequence of the low energy/nucleon at the
AGS. A similar conclusion can be reached from the obser-
vation that the multiplicity of shower particles observed
in emulsion studies of p+ A collisions at this energy is
only slightly greater than that in p+ p interactions [21].
Evidence for a reduced contribution from subsequent col-
lisions is also seen in studies of p + A interactions with

the E802 spectrometer [22]. Yields integrated over the
range 0.6 & y & 2.6 were observed to be only 8 6 3%
larger for n+, and only 27 6 5% larger for vr from a Au
target compared to Be, despite a, threefold increase in the
linear dimensions of the targets.

It is clear from the present experiment that global
measurements can provide valuable information for event
classification and reaction dynamics in relativistic heavy-
ion collisions, including the estimation of impact param-
eters and the effect of multiple collisions. Such data also
serve as constraints on any model that may be proposed
to explain specific details of these reactions.
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APPENDIX: FRITIOF MODEL CALCULATIONS

The Lund Monte Carlo code FRITIOF [4] treats a
nucleus-nucleus interaction as a series of binary nucleon-
nucleon encounters in the appropriate nuclear geometry.
A given collision may excite either or both participants,
and an excited participant may be further excited in
subsequent collisions. For nucleus-nucleus interactions,
collisions may also occur between two excited nucleons.
Hadronization of the excited objects produced is treated
as electively occurring outside either nucleus, i.e., no
cascading of produced particles is considered. Output
includes energy, angle, and type of each participant or
produced particle resulting from an interaction. Events
generated by FRITIOF [23] for Si + Al, Cu, Ag, and Au
were input to a program that imposed cuts appropriate
for the minimum-bias INT trigger and simulated detec-
tion properties of ZCAL and the PbGl array. FRITIOF
predicts nuclear reaction cross sections of 1.6, 2.2, 2.8,
and 3.8 b for Si interactions with Al, Cu, Ag, and Au,
respectively.

The INT trigger used to identify interact, ions intro-
duces a bias on the experimental data. Projectile frag-
ments with Z = 14 are not distinguished from beam par-
ticles, and for typical settings of the discriminator on the
downstream bullseye scintillator, 87% of the Z = 13
fragments and 17% of the Z = 12 fragments are also
rejected. FMTIOF provides no information as to the state
of aggregation of the projectile spectator nucleons. How-

ever, experimental charge-changing cross sections [17]are
substantially lower than those from FRITIOF for the same
number of spectator protons. For example, FRITIOF gives
574 mb of cross section for events with 13 spectator pro-
tons from Si + Au interactions while the measured cross
section for Z = 13 fragments is only 180 mb. Based
on a parametrization of the measured charge-changing
cross sections, the INT cut was imposed only on t,hat
fraction of the FRITIOF events with 12 and 13 spectator
protons that would have true Z = 12 or 13 fragments
downstream. This cut has a significant eA'ect in reducing
peripheral events contributing to the high-energy end of
the ZCAL spectra and to the low energy end of the PbGl
spectra. That the INT cross sections calculated in this
way, 1.2 b for Al and 3.2 b for Au, are 10% lower than
those measured probably is a. consequence of uncertain-
ties in the definition of the INT trigger in the calculation
and in the experimental target-out correction.

ZCAL was treated as intercepting a cone of 25-mrad
half angle with no leakage of energy for particles imping-
ing at & 10 mrad. Calculations using a program [24] that
traced energy deposition in the beam pipe and ZCAI in-
dicate energy loss for particles incident at larger angles
which could be approximated as an exponential fa.lloff of
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response starting from 1.0 at an angle of 10 mrad and
declining to 0.4 at 25 mrad. All calculated ZCAL spec-
tra have been corrected for the experimental resolution
which is a quadrature combination of 2.3 GeV of noise
with an intrinsic 0.73+E(GeV).

There are three contributions to the ZCAL energy;
projectile spectator nucleons, participant nucleons (spec-
tator and target), and produced particles. FRITIOF pre-
dicts that the shapes of ZCAL spectra. primarily reflect
the number distribution of projectile spectators. In par-
ticular, the peak near zero energy for Au reflects a large
cross section, 366 mb, for the interaction of all 28 pro-
jectile nucleons. A very low cross section, 0.3 mb, is
responsible for the deep valley in the case of Al. Since
FRITIOF gives only the number of projectile spectators,
there is a problem in how to treat their angular distri-
bution at ZCAL. Experimental data [15,16] indicate that
all projectile fragments & He will fall within the 10 mrad
cone where leakage is not expected. However, scaling the
Z = 2 data of Adamovich ef at. [16] to nucleons suggests
that 10% of the nucleons will be at larger angles. Based
on these data it was assumed that nucleons from events
involving one and two projectile spectators are Gaussian
distributed in angle with a standard deviat. ion of 6 mrad.
Kith these assumptions, the overall eAect of leakage on
the contribution of projectile fragments to ZCAL energy
is small.

The second and third components of the ZCAL energy
define a "participant energy, " i.e. , participant nucleons
+ produced particles. Calculated participant energy is

plotted as a function of number of projectile spectator
nucleons for Al and Au targets in Fig. 7. An analysis of
the calculation shows that this participant energy is dom-
inated by projectile participants and that their angular
distribution peaks in the vicinity of the edge of ZCAL.
As a consequence, leakage or complete loss is significant.
Mean participant energies are 40%%up lower than those
that would be obtained in the absence of leakage. An
important feature of Fig. 7 is the attenuation of the par-
ticipant energy reaching ZCAL by additional interactions
in central collisions in the thicker Au nucleus. For events
in which all 28 projectile nucleons interact, the mean
number of nucleon-nucleon collisions is 66 for Si + Au
compared with 28 for Si + Al. The extra 1.4 collisions
per projectile nucleon in Au are eA'ective in scattering
participants out of ZCAL's acceptance.

Individual PbG1 blocks were idealized in this calcula-
tion as 15x15-cm squares centered at the actual block
face positions; however, the geometry defining plane was
taken to be 15 cm behind the faces. For each particle in
an event, block energy was incremented by the actual en-
ergy in the case of an incident gamma ray or by 0.45 GeV
if struck by a charged particle having P ) 0.8[25]. PbG1
total energy for the event was obtained by summing over
all blocks having ) 0.05 GeV to match the experimen-
tal software discriminators. Energies were reduced by
0.934 = (14.5/15) as an approximate correction for the
0.5-cm dead space between blocks. PbGl transverse en-
ergy was a similar sum but v eighted by sin 0 at the block
centers. The contribution of gammas, charged pions, pro-
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coverage.
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tons, and kaons to the transverse energy was found to
vary from 56.6, 36.9, 5.0, and 1.5 %, respectively, for
the Al target to 54.6, 37.2, 6.9, and 1.3 % in the case of
Au. The FRITIOF model confirms that the Pbol array
primarily measures energy in produced particles( 94%)
and that ) 50'%%up of the energy is "neutral. "

Other quantities of interest for the interpretation of
PbGl spectra can also be obtained from the model. Ap-
proximately Gaussian distributions of PbG1 transverse
energy as a function of pseudorapidity g are shown in
Fig. 8(a). Peak positions, indicated by arrows, shift back-
wards from g = 1.51 to 1.38, in going from the lighter
to the heavier target. Although this shift is not large,
it is in a region where the relative azimuthal coverage
of the array [the shaded curve in Fig. 8(a)] is falling oft'.

The acceptance of PbG1 array, i.e. , the ratio of the in-

tercepted transverse energy to that which would have
been recorded by a detector having the same detection
properties but with 4m coverage, is examined in detail in
Fig. 8(b) for two classes of events. Acceptance is target
independent for typical peripheral interactions (24 pro-
jectile spectators). For central events (no spectators),
there is a 12% decrease in going from Al to Au, a
consequence of the backwards shift of the pseudorapidity
distribution. The observed saturation of the upper edges
of PbG1 spectra. has been interpreted [5—7] as indicating
projectile stopping in central collisions with nuclei heav-
ier than Cu. The present calculation suggests that such
saturation is not primarily a.n artifact of changes in the
PbG1 acceptance in the E802 geometry. The acceptance
for central collisions decreases by only 6'%%uo in going
from Cu to Au.
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