
PHYSICAL REVIE%' C VOLUME 50, NUMBER 2 AUGUST 1994

Charged hadron distributions in central and peripheral Si+A collisions
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The AGS spectrometer experiment E-802 has measured transverse mass spectra for charged
hadrons over a wide rapidity interval in Si+Au, Si+Cu, and Si+Al reactions at 14.6A G Ve/c.

These results are compared for two difFerent trigger conditions: central collisions corresponding to
7% of the inelastic cross section selected on multiplicity of charged particles and peripheral collisions
corresponding to roughly 50'Fo of the inelastic cross section selected on high kinetic energy at zero
degrees. The invariant spectra are well described by exponentials in transverse mass allowing the
extraction of rapidity distributions and inverse slope parameters for each specie emitted in the
difFerent reactions.

PACS number(s): 13.85.Ni, 25.75.+r

I. INTRODUCTION

The ultrarelativistic heavy ion programs initiated
about 8 years ago both at Brookhaven (BNL) and CERN
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reveal properties of nuclear matter under extreme condi-
tions. The concept of a quark-gluon plasma predicted
for heavy ion collisions [1] has been a driving force for
the experimental studies of nuclei at high energy den-
sity and high baryon density. A primary goal has been
to quantify the amount of energy that is deposited in
the target nucleus. Another important issue has been to
determine whether or not nucleus-nucleus collisions can
be described as a superposition of independent nucleon-
nucleon collisions. To these ends a systematic measure-
ment of Si-induced reactions on Al, Cu, and Au targets
has been performed by the E-802 collaboration at the
BNL Tandem-AGS accelerator complex with a beam mo-
mentum of 14.6A GeV/c. The rapidity distributions of
the different charged hadrons emitted in the collisions
as well as their momentum spectra provide the main in-
formation. Comparison of central and peripheral colli-
sions for diferent target masses sheds light on the space-
time evolution of particle production and rescattering in
hadronic matter.

The organization of the paper is as follows. Section II
describes the experimental details and the data analysis.
Section III presents the data for the three targets for both
peripheral collisions and central collisions. In Sec. IV the
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data are compared to previous data published by E-802
and to data published by other AGS experiments. En-
ergy and momentum conservation are evaluated in Sec.
V. Discussions and a summary are contained in Sec. VI.

II. EXPERIMENTAL DETAILS AND DATA
ANALYSIS

TMA
Watt

Target

ck

The experimental setup is briefiy described below while
a full description of the E-802 experimental setup can
be found in Ref. [2]. Descriptions of the previous data
analysis of E-802 have been presented in Refs. [3—5].

A. Experimental details

The data were obtained in December 1988 and June
1989 using the E-802 spectrometer, the intensity of the
2sSi beam was typically 1x10s particles/spill in 1988 and
4x104 particles/spill in 1989 (with each spill 600 ms
long and 4 s apart) and the hearn size on the target
was typically 4 mm horizontally and 2 mm verti-
cally. The thickness of the Al and Cu targets were 3'%%uo

of an interaction length (817 mg/cm and 1440 mg/cmz,
respectively) and the thickness of the Au target was 3'%%uo

of an interaction length (2939 mg/cm2) for the December
1988 run and l%%uo (944 mg/cm2) for the June 1989 run.
Target-out runs were performed to determine background
contributions. In general, target-out contributions to the
spectra are very small and mainly afFect the cross-section
normalization.

The experimental arrangement consists of a rotatable
25 msr magnetic spectrometer (5' & 8 & 58') with parti-
cle identi6cation along with global event characterization
detectors for the charged-particle multiplicity (TMA),
a zero degree calorimeter which measures the kinetic
energy of the projectile spectators (ZCAL), and a seg-
mented lead-glass calorimeter (PbGl) for neutral trans-
verse energy. The charged-particle multiplicity detector
(TMA) surrounds the target with almost full azimuthal
coverage. It consists of two sections: one section (barrel)
covers polar angles from 31 to 149 while another section
(wall) covers polar angles from 6' to 40'. The TMA has
an opening on the side for the spectrometer and counts
protons with scattered momentum, p & 300 MeV/c, and
charged pions with momentum, p & 50 MeV/c. ZCAL
[6] has an area of 60x60 cm2 and is located downstream
of the target with its face subtending an angle of +1.5'
at the target. Drift chambers are used for particle track-
ing, and a time-of-fiight (TOF) wall supplemented by
an optically segmented gas Cerenkov detector (GASC)
provides the particle identi6cation. The drift chambers
are placed before (Tl, T2) and after (T3, T4) the dipole
magnet; the one-track resolution of the drift chambers is

150 pm while two-track resolution is 2 mm. TOF
consists of 160 plastic scintillators (1.6 cmx1.6 cmx78
cm each) placed 6.5 meters from the target with a tim-
ing resolution of a 80 ps. The gas Cerenkov detec-
tor consists of a single volume of 4 atm Freon-12 with
40 segmented cells (23 cmx28 cm each) placed behind

Beam
Counter

0 1 2 3
I I I I

Meters

FIG. 1. E-802 spectrometer at 8,~„=5'. The mag-
netic-6eld volume is represented as the cross-hatched area.
SWIC is part of the beam diagnostic detectors. See text for
further description of the detector elements.

the time-of-flight wall; the confirmation of particles af-
ter TOF and GASC is done with a wall (BACK) of two
layers of plastic streamer tubes (24x64 elements) placed
just behind GASC. A set of 21 plastic scintillator counter
(FO) is placed in front of Tl for trigger purposes. A lay-
out of the E-802 spectrometer at 8,~„=5' is presented
in Fig. 1.

A set of plastic scintillator counters placed upstream of
the target de6nes the "good" beam while rejecting pileup
and beam halo. The correct geometry of the beam is first
defined by four scintillator counters (up, down, east, and
west) placed 3 meters upstream of the target (UDEW).
Good beam is selected by requiring the correct charge
(Z = 14 + 1.6) and by rejecting pile-up, &om scintillators
(BTOT, BTOF) placed closer to the target. These de-
tectors also provide the timing for the trigger logic and
time-of-flight measurements (o 40 ps). Finally, a scin-
tillator with a 1-cm-diameter hole situated 1 meter before
the target rejects beam halo (BVETO). A plastic scintil-
lator "bull's eye" counter (BE) downstream of the target
(10.5 meters) in front of the zero degree calorimeter is
used to reject events with beam remnants near Z=14.

B. Spectrometer acceptance

The acceptance for the E-802 spectrometer imposed by
geometry and particle identification limits is shown ver-
sus rapidity and transverse momentum (y, pq) for pions,
kaons, protons, and deuterons in Figs. 2(a) and 2(b).
These acceptances result from five different spectrome-
ter angle settings, 8,~ = 5, 14, 24 34, and 44,
where 8,~, is the smallest angle covered by the spec-
trometer and difFerent magnetic field settings. For each
angle setting, the spectrometer covers a polar angle range
of (8,~„&8 & 8,~„+14'). The rapidity gap between a
target and projectile nucleon is 3.44 for a beam momen-
tum of 14.6A GeV/c and the rapidity acceptance of the
spectrometer is roughly centered near midrapidity for pi-
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FIG. 2. (a) E-802 acceptance in rapidity and transverse

momentum for pious and kaons. The bin size (By=0.05,
Apq ——50 MeV) corresponds to the bin size used in the analysis.
(b) E-802 acceptance in rapidity and transverse momentum
for protons and deuterons.

ons, while for heavier particles, the rapidity acceptance
is shifted to lower values. The spectrometer covers ap-
proximately a rapidity range of 0.4& y &2.2 for protons,
0.4& y &1.6 for deuterons, 0.6& y & 2.8 for pions, and
0.6& y & 2.0 for kaons. The particle identification of
the spectrometer extends up to a momentum, p, of 5.2
GeV/c for pions, p 3.6 GeV/c for kaons, p = 10 GeV/c
for protons, and p 6 GeV/c for deuterons. For parti-
cle identification, symmetric cuts +3o. have been applied
in the (p, 1/P) plane, where p is the momentum of the
particle and P its velocity. The gas Cerenkov counter
has been used to reject electrons from pions in the mo-
mentum range 0.6& p &1.4 GeV/c and kaons from pions
in the momentum range 2.2 GeV/c & p &5.2 GeV/c.

The gas Cerenkov counter also provided the rejection
of pions from protons in the momentum range of 2 ~ 2

GeV/c & p & 10 GeV/c and rejection of kaons from
protons in the momentum range of 5.2 GeV/c & p &10
GeV/c. Due to the timing resolution of the time-of-flight
counter, kaon contamination in identified protons reaches

5%%uo for the momentum interval 3.6 GeV/c & p & 5.2
GeV/c. For momenta p )6.0 GeV/c the fraction of
deuterons misidentified as protons does not exceed 6%
of the total protons. These effects are included in the
systematic error estimate for the proton data. To dis-
tinguish deuterons from alphas (a very small contami-
nation), charge cuts on the energy loss recorded in the
time-of-Bight counter have been done.

C. Hardware triggers

The normalizations required for data analysis were
achieved with data using a minimum bias trigger, INT.
This trigger is satisfied when the charge detected in the
downstream scintillator counter (BE) is less than the
silicon beam charge by at least 1.3 units. The mea-
sured interaction cross sections are 0(NT ——3.75+0.19
barns for Si+Au, o.jNT ——2.17+0.11 barns for Si+Cu and
o.pgT ——1.45+0.09 barns for Si+Al. The quoted errors are
systematic and result &om the correction for target-out
contributions. These values are in excellent agreement
with the measurements from the PbG1 detector [7]. Two
other first level triggers, SPEC and TMA, were imple-
mented in hardware for data acquisition. SPEC is satis-
fied when hits are recorded both in front of the spectrom-
eter magnet (in FO) and in the time-of-flight (TOF) wall.
Central collisions are identified with TMA by requiring
that the total charged multiplicity recorded in the Tar-
get Multiplicity Array corresponds to roughly the upper
7%%uo of the total distribution. DifFerent scale-down fac-
tors were used to modify the trigger mixing as a function
of the spectrometer angle. All triggers required a valid
beam trigger (BEAM). The difFerent triggers can be rep-
resented logically as

BEAM= PREnUDEtVnBTOTnBTOFnBVETO,

INT = BEAM nBE,
SPEC = BEAM nTOF nFO,

TMA = BEAM ATMA,

where PRE is a 300-ns pile-up rejection criterion.

D. Software cuts

For "central" collisions, TMA and SPEC hardware
triggers were used to analyze the data for the Au tar-
get. Due to significant background (empty target) in the
TMA distributions for the light targets, only the SPEC
trigger was used for the Al and Cu targets. Such back-
ground events have negligible inBuence on the Au target
results due to their low multiplicity. In addition, central
collisions were selected by using software cuts on the total
charged particle multiplicities as recorded by the target
multiplicity array, allowing only events with multiplicities
above a sharp threshold. These thresholds were chosen
such that the trigger cross sections were 7% of the inter-
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action cross sections given above. Figure 3 illustrates the
cut M,h & 175 on the charge multiplicity for central col-
lisions in the Si+Au reaction with a 3% target. This cut
decreases to M,b & 154 using the 1% interaction length
Au target due to reduced gamma conversion and smaller
production of delta electrons in the thinner target. The
spectrum shown in the figure is generated with the INT
trigger with no correction for target-out events. How-
ever, because of the lower cut for Si+Cu (M,b & 97) and
Si+Al (M,b & 62), significant corrections were made due
to the target-out contributions. For a given target, the
value of the multiplicity threshold was constant to within
3% over the entire running period.

To analyze "peripheral" collision events, SPEC hard-
ware trigger was used for the three targets. In addition,
a software cut on the kinetic energy spectra of the pro-
jectile spectators measured by ZCAL, TzgAg & 250 GeV
(Tb, .=383 GeV), was used to define peripheral colli-
sions as 50'%%uo of the interaction cross section. This cut
corresponds to 45% of the interaction cross section for
the Si+Au reaction, 50% for Si+Cu, and 58'%%uo for Si+Al.
Figure 4 shows a distribution of TzcAL for minimum bias
events in Si+Cu, including the target-out contributions.
The limit of 250 GeV was used for H,p„&14 . Be-
cause the spectrometer partially obscures the zero de-
gree calorimeter at 0,~„=5' (see Ref. [2]), the cut was
modified to TzgAL & 215 GeV at this spectrometer set-
ting to obtain approximately the same cross sections and
multiplicity distributions. For central events, the zero
degree calorimeter was also used as a trigger for Si+Al
(7%%uo cut, Tzg~L & 80 GeV) to compare with the results
obtained with the target multiplicity array since the zero
degree calorimeter has practically no target-out contri-
bution. The two data sets for central Si+Al are in good
agreement within systematic errors.

For each software cut using TMA triggers, the trigger
cross section ot„gwas defined as
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FIG. 4. Kinetic energy spectra of the projectile specta-
tors in the Si+Cu reaction. The threshold corresponding to
roughly 50% on the interaction cross section is shown. Tar-
get-out contributions have not been subtracted.

( + ~background )trig trig *C (mb),Nbackground
~

beam beam

where C is a constant depending on the target thickness.
Nt„g is the number of events for a given software cut

the corresponding ~~~b~~ for targ
out events. Nb, is the number of incident particles
and Nb, g is the number of incident particles in
the background study. For SPEC triggers, the trigger
cross section ot„gwas obtained with (1) using INT trig-
ger events. For central collisions, as already mentioned,
the trigger cross section was ot«g ——0.07 o iNT for the three
targets. For peripheral collisions, ot„g——0.58 O.yNT for
Si+Al (Jtrjg:0 50 &&NT for Si+Cu, and ot»g ——0.45 ORANT

for Si+Au.
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FIG. 3. Charged multiplicity for minimum bias collisions in
the Si+Au reaction. The threshold corresponding to 7% of the
interaction cross section is shown. Target-out contributions
have not been subtracted.

The yield of pions and kaons was corrected to account
for decay in flight. The kaon correction is given by the
factor exp(d/Ppc7 ) where 7. is the mean life, Pc the veloc-
ity, and d the path length &om the target to the time-of-
light counter. However, the correction for pions cannot
be done using this simple approach, since a large &action
of the decay muons have a suf6ciently small deflection
that their track will be still reconstructed and identified
as a pion. The pion decay correction is estimated &om
Monte Carlo simulations taking into account the various
cuts included in the tracking program [8]. This correc-
tion is 1% at high momentum (2 GeV/c) and 20'%%uo

at low momentum (0.5 GeV/c).
I ow momentum charged particles sufFer significant

multiple scattering when traversing the target, the beam
pipe, and the spectrometer. It is expected that the mag-
nitude of this efFect increases, for a given momentum,
with the mass of the emitted particle. Monte Carlo simu-
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lations based on GEANT [9] routines have been performed
to estimate particle loss for the E-802 spectrometer [10].
The results of the Monte Carlo were approximated by an-
alytical functions as a function of momentum and were
included in the acceptance calculations. The particle loss
is significant for protons and deuterons and applied for
momenta p & 1 GeV/c. For instance, the correction
is 10% at 0.7 GeV/c and 0.2 GeV/c momentum for
protons and pions, respectively. Because of the multiple
scattering corrections, the target cuts used to determine
whether or not the emitted particles originate from the
target were estimated based on Monte Carlo simulations.
The cuts were +3 (cm) in x and y directions with the
(x, y) plane is defined as a plane perpendicular to the
beam direction (z axis) with its origin at the target cen-
ter (z=0).

As a result of the rotation of the E-802 spectrometer
the four tracking chambers appear to move relative to
one another within elastic limits. Such positioning vari-
ations result in a change of the apparent target position.
These shifts are taken into account in the present anal-
ysis. They also affect the determination of the absolute
momentum of emitted particles and result in a change in
the momentum determination of up to 3% with respect
to previous E-802 data analyses.

The effect of dead slats in the time-of-Bight wall was
studied with Monte Carlo simulations [8]. The number of
nonworking slats did not exceed 2—3% of the total num-
ber of slats and corrections for this have been included
in the total acceptance calculations.

The overall reconstruction efficiency for the analysis is
estimated to be 83%. This number includes a tracking ef-
ficiency of 85% [11]and a particle identification efficiency
of 98%. The latter inefficiency is due to cuts applied on
the time-of-flight wall in the x (k4 cm) and y (+6 cm) di-
rections. These cuts are needed to check the consistency
between the tracking information and the time-of-flight
hits and to reject background particles.

d'N/dpgd
Proton

35 —-- Q
30—

1 C

Vn

P, (G

Rapidity

FIG. 5. Proton multiplicity per unit of rapidity and trans-
verse momentum for central collisions in the Si+Au reaction.

corresponds to the highest rapidity value. For protons
and pions the nth spectrum has been multiplied by 10
starting with n=0 at lowest rapidity. Because of poorer
statistics for the deuterons and kaons, their nth spectra
has been multiplied by 10 ". Note that wider rapidity
bins were used for all K and some K+ spectra.

Within the spectrometer acceptance and the statistical
fluctuations, the invariant spectra for all particles seem to
be described by an exponential function, as can be seen
in Figs. 7—12. Consequently, an exponential function

F. Invariant spectra
28

Multiplicities per unit of rapidity and transverse mo-
mentum, d N/dpqdy, are shown in Figs. 5 and 6 for pro-
tons and pions emitted in Si+Au central collisions. As
can be seen the measurement extends to pq 2 GeV/c for
protons and up to pq 1.5 GeV/c for pions. For kaons
(not shown) the maximum p& value is 1.2 GeV/c. The
differential invariant multiplicity distribution is defined
as

2C

12

E(d N/dp ) = (1/a„;s)(l/2vrm()(d o/dm~dy),

where mq is the transverse mass

m, = (p,
' + m')'~'

Figures 7—12 show the resulting invariant spectra in
units of GeV (c=l) versus rn& —m for each particle
specie for the three targets and the two trigger condi-
tions and each rapidity interval. The lowest spectrum

P.zpich ty

FIG. 6. sr+ multiplicity per unit of rapidity and transverse
momentum for central collisions in the Si+Au reaction.
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Ae ( ' )/ where T is called the inverse slope param-
eter has been Gt to each invariant spectrum. These Gts,
represented by solid lines in Figs. 7—12, were performed
by the maximum likelihood procedure for Poisson statis-
tics [12]. The overall distribution of y2 per degree of
&eedom is around 0.5—2. Higher values are obtained for
vr spectra in Bi+Au central collisions at y 2.5 where
some deviation from the exponential form at low (mi —m)
is observed. The errors in A and T are obtained from the
diagonal terms (o &~, o&~) of the error matrix given by the
fitting routines [12] which include the effect of correla-
tions between the parameter A and the parameter T.
These two parameters are not uncorrelated. Indeed, the
overall distribution of the correlation coeKcient de6ned
by o&T/(o~aT ) is negative and in the range of 0.8—0.9.

The final multiplicity density, dN/dy, is obtained by
integration, &om mq —m=0 to mq —m = oo, of the
exponential function and can be written as

dN = 2+AT(T + m) .
dg

(4)

G. Systematic errors on dN jdy and T

The uncertainties shown and quoted in this paper are
statistical errors only except where specifically noted. Er-

For negative pions, this extrapolation does not include
the steeper component observed by the E-810 collabora-
tion at high rapidities (see Sec. IV). The error (standard
deviation) for dN/dy is evaluated from the deviation of
the right term of the formula in Eq. (4) using the vari-
ances and covariance for A and T.

Values of dN/dy and T are listed in Tables I—VI as a
function of the rapidity interval for the three targets and
the two trigger conditions. Errors quoted in the table are
statistical errors only.
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For protons, the rapidity inter-
val is y=0.50 (top spectrum) to
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ity interval is y=0.70 (top spec-
trum) to y=2.7 (bottom spec-
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by 10. Only statistical errors
are shown. Systematic errors
are discussed in Sec. IIG. (b)
Same as (a). For deuterons,
the rapidity interval is y=0.50
(top spectrum) to y=l. l (bot-
tom spectrum) with By=0.20.
For K+, the rapidity interval
is y=0.90 (top spectrum) to
y=2. 1 (bottom spectrum) with
Ay=0. 40. For K, the rapid-
ity interval is y=1.3 (top spec-
trum) to y=1.9 (bottom spec-
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successive spectrum is divided
by 100. Only statistical errors
are shown. Systematic errors
are discussed in Sec. II G.
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rors smaller than the size of the symbol points are not
shown. The systematic error for the d1V/dy results is
estimated to be +(10—15)%. This comes from errors in
tracking efficiency (+8%), consistency check between dif-
ferent spectrometer settings (+4%), acceptance calcula-
tions (+5'%%up), and particle identification (+2%%up). These
errors are assumed to be incoherent. Tracking eKciency
was obtained by comparing the results of visual scan-
ning of several hundred events using the E-802 event dis-

play with the output of the tracking program [11].These
events were taken with the spectrometer at 14'. Errors
in tracking efBciency result &om scanning multiplicity
bias and from extrapolation of the tracking efFiciency ob-
tained at 14' to other spectrometer settings. The overlap
region of acceptance between two spectrometer settings
(0,~„=14' and a,p„=5', for instance) provides an in-
ternal consistency check for the quality of the data. The

number of counts in the overlap regions (AH, Api) has
been compared for m+ and m and was found to agree
within +10%. Estimates of the errors in the acceptance
calculations were obtained by changing the size of the
effective area of the detectors and the apparent target
position in the x and y directions. The errors for particle
identi6cation are estimated Rom variations made in the
software cuts.

The systematic error on the inverse slope parameter
T is +10%. This is due largely to variations from
the rapidity binning and normalization between difFerent
spectrometer settings. For the protons, the systematic
error for T reaches 15%%up because of the K+ and deuteron
contaminations. It should be emphasized that the value
of the inverse slope parameter T may in addition depend
on the range (mq —m) used in the fitting procedure. This
efI'ect is not included in the systematic error estimates.
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FIG. 8. (a) Invariant spec-
tra for Si+Au central collisions.
For protons, the rapidity inter-
val is y=0.50 (top spectrum) to
y=2. 1 (bottom spectrum) with
Ay=0. 20. For pions, the rapid-
ity interval is y=0.70 (top spec-
trum) to y=2.7 (bottom spec-
trum) with Ay=0. 20. Each
successive spectrum is divided

by 10. Only statistical errors
are shown. Systematic errors
are discussed in Sec. II G. (b)
Same as (a). For deuterons,
the rapidity interval is y=0.50
(top spectrum) to y=1.5 (bot-
tom spectrum) with Ay=0. 20.
For K+, the rapidity interval
is y=0.70 (top spectrum) to
y=2. 1 (bot tom spectrum) with

Ay = 0.20. For K, the ra-
pidity interval is y = 0.90 (top
spectrum) to y = 2.1 (bottom
spectrum) with b y=0.40. Each
successive spectrum is divided

by 100. Only statistical errors
are shown. Systematic errors
are discussed in Sec. II G.
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TABLE I. Multiplicity density dN/dy as function of the rapidity interval. The data are listed for Si+Au central and

peripheral collisions. Errors quoted are statistical errors. The systematic error is estimated to be +(10—15)%%uo (see Sec. II G).

PERIPHERAL
Rapidity

0.50
0.70
0.90
1.10
1.30
1.50
1.70
1.90
2.10
2.30
2.50
2.70

COLLISIONS
Proton

2.71+0.08
1.96+0.06
1.39+0.05
1.23+0.04

0.982+0.035
0.855+0.035
0.749+0.038
0.763+0.050
0.906+0.061

Deuteron
0.306+0.021
0.118+0.013
0.090+0.020
0.072+0.030

0.984+0.090
1.03+0.09
1.19+0.07

0.950+0.058
1.04j0.06
1.32+0.04
1.34+0.04
1.39+0.06
1.17+0.05
1.07+0.05

0.894+0.092

0.984+0.085
1.30+0.07

0.922+0.086
1.06+0.06
1.10+0.08
1.35+0.05
1.45+0.05
1.43+0.07
1.38+0.07
1.24+0.05

0.899+0.048

0.108+0.016

0.094+0.017

0.112+0.013

0.109+0.021

0.023+0.005

0.033+0.007

CENTRAL
Rapidity

0.50
0.70
0.90
1.10
1.30
1.50
1.70
1.90
2.10
2.30
2.50
2.70

COLLISIONS
Proton

37.0+0.7
31.8+0.5
27.8+0.5
23.5+0.4
18.8+0.3
14.9+0.2
11.6+0.2

9.40+0.11
8.60+0.12

Deuteron
5.22+0.16
3.17+0.13
2.39+0.12
1.60+0.10
1.02+0.06

0.738+0.038

11.4+0.7
14.7+0.7
16.4+0.5
17.2+0.4
16.9+0.6
15.6+0.4
12.5+0.2
10.3+0.2

8.36+0.13
6.71+0.12
4.74+0.10

14.3+0.9
16.1+0.8
16.9+0.5
20.2+0.5
17.5+0.5
15.4+0.4
12.1+0.2
12.0+0.2

9.96+0.11
7.58+0.10
5.72+0.09

2.44+0.22
2.53+0.33
3.17+0.39
3.23+0.19
3.24+0.18
2.73+0.11
2.02+0.08
1.90+0.08

0.587+0.102

0.775+0.094

0.497+0.037

0.383+0.025

TABLE II. Inverse slope parameter T (MeV) as function of the rapidity interval. The data are listed for Si+Au central and
peripheral collisions. Errors quoted are statistical errors. The systematic error is estimated to be +(10—15)%%u0 (see Sec. II G).

PERIPHERAL
Rapidity

0.50
0.70
0.90
1.10
1.30
1.50
1.70
1.90
2.10
2.30
2.50
2.70

COLLISIONS
Proton
106+3
132+3
147+5
136+6
167+7
186+9
190+8

205+16
221+23

Deuteron
89+6

118+17
95+32
144+78

134+9
152+7
141+5
168+11
170+8
151+5
135+5
145+7
148+9
130+7
133+13

140+9
145+7
167+9
169+7
178+7
151+5
149+5
143+7
140+7
111+6
134+10

168+27

129+29

221+46

163+61

239+91

209+51

CENTRAL
Rapidity

0.50
0.70
0.90
1.10
1.30
1.50
L.70
1.90
2.10
2.30
2.50
2.70

COLLISIONS
Proton
144+3
181+3
197+3
216+4
241+4
249+5
244+5
238+3
210+3

Deuteron
163+6

238+10
278+17
330+27
317+30
315+24

165+6
156+5
153+4
160+4
163+5
160+3
166+2
159+2
157+2
144 + 3
143+3

161+5
157+4
152+4
155+4
169+5
172+4
159+3
140+2
133+2
131+2
118+2

227+28
202+21
229+17
204+12
213+16
242+13
190+10
157+13

204+56

178+31

177+17

159+19
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For K spectra which have low counting statistics, the
systematic error can reach 20% due to variations Irom
the rapidity binning.

III. PARTICLE DISTRIBUTIONS

A. Peripheral collisions

Multiplicity densities, dN/dy, obtained in peripheral
collisions for the diferent particle species are shown in
Fig. 13 for the Au, Cu, and Al targets. The results
are approximately independent of the target which is a
strong indication that the number of projectile collisions
involved in peripheral collisions is small and suggests that
the dynamics of the collision for large impact parameters

is dominated by the primary nucleon-nucleon collisions.
The distribution for protons in symmetric with respect
to the nucleon-nucleon center-of-mass rapidity y~ pg ——1.72
and reaches a minimum at yN~ which is similar to the
single nucleon-nucleon results [13] and the p+Be results
[5]. Pion distributions also presented in Fig. 13, peak at
the same rapidity, y~N., the kaons exhibit similar behav-
ior within the error bars.

Figure 14 shows the inverse slope parameter T in rapid-
ity for protons and pions for the three targets. Similarly
to the behavior observed for the multiplicity density, the
shape of the inverse slope distribution, and the absolute
values do not depend on the target. The pion slope pa-
rameters are nearly constant over two units of rapidity.
The proton slope parameters are equal to the pion val-
ues at low rapidity, y &1.2, but becomes larger than the
pion values toward midrapidity. At y = y~N the inverse
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FIG. 9. (a) Invariant spectra
for Si+Cu peripheral collisions.
For protons, the rapidity inter-
val is y=0.40 (top spectrum) to
y=2.2 (bottom spectrum) with
Ay=0. 20. For pions, the rapid-
ity interval is y=0.60 (top spec-
trum) to y=2.8 (bottom spec-
trum) with b,y=0.20. Each
successive spectrum is divided

by 10. Only statistical errors
are shown. Systematic errors
are discussed in Sec. IIG. (b)
Same ss (s). For deuterons,
the rapidity interval is y=0.40
(top spectrum) to y=1.0 (bot-
tom spectrum) with b,y=0.20.
For K+, the rapidity interval
is y=0.80 (top spectrum) to
y=2.0 (bottom spectrum) with
Ay=0. 40. For K, the rapid-
ity interval is y=1.0 (top spec-
trum) to y=1.8 (bottom spec-
trum) with Ay=0. 40. Each
successive spectrum is divided

by 100. Only statistical errors
are shown. Systematic errors
are discussed in Sec. IE G.
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slopes are T 150 MeV and T„200MeV. For compar-
ison in p+ p collisions at 12 GeV/c [13] and p+Be at 14.6
GeV/c [5], the inverse slope parameters at midrapidity
are 140 MeV for all detected particles (pions, kaons,
protons). There are significant uncertainties for the kaon
results and the statistics are too poor to extract mean-
ingful systematics for the inverse slopes.

For the quasisymmetric system Si+Al it is possible to
extend the rapidity range by reQecting the measured data
about the center-of-mass rapidity y, = yN~ ——1.72.
This is shown in Fig. 15 for the proton and the posi-
tive pion distributions where the reBected points are solid
symbols. It should be noted that for pions and protons,
the measured and the refiected points agree within sys-
tematic uncertainties demonstrating consistency of the

data obtained at forward angles with those &om back-
ward angles. The integrated yield for protons has been
estimated by fitting the proton dN/dy distribution with a
polynomial between 0( y (3.4 shown in Fig. 15 (dashed
line). The integrated number of protons is 5 in Si+Al
peripheral collisions. Because of isospin symmetry, this
number leads to an average of 10 nucleon participants
involved in the peripheral collision, out of 55 possible.
On the other hand, based on the kinetic energy spec-
tra of the projectile spectators 8.2+1 participants have
been found for the Si+Al peripheral trigger [4]. The two
methods give slightly diHerent numbers of participants
which might come &om the extrapolation and assump-
tions made in both of them. Note that this discrepancy
could also result &om the contribution of rescattering of

14.6A GeV/c Si+Cu CENTRAL
I I I I

I

I I I I

I

I I I I

I

I I

+(a) p
I I I I

I

I I I I

I

I I I I

I

I I

+
I I I I

I

I I I I

I

I I I I

I

I I

I

8

R

8
0?

10

0.0 0.5 1.0 1.5 0.0
m, —m (GeV)

0.5 1.0 1.5 0.0
mt —m (GeV)

0.5 1.0 1.5
mt —m (GeV)

14.6A GeV/c Si+Cu CENTRAL
I I I I

I

I I I I

I

I 1 I I

I

I I I I

I

I I I I

I

I I I I I I I I

I

I I I I

I

I I I I

I

I I I I

I

I I I I

I

I I i I I I I I

I

I I I I

I

I I I I

I

I I I I

I

I I I I

10 IW

10-6

0-12jA I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

FIG. 10. (a) Invariant spec-
tra for Si+Cu central collisions.
For protons, the rapidity inter-
val is y=0.40 (top spectrum) to
y=2.0 (bottom spectrum) with
b,y=0.20. For pions, the rapid-
ity interval is y=0.60 (top spec-
trum) to y=2.8 (bottom spec-
trum) with b,y=0.20. Each
successive spectrum is divided

by 10. Only statistical errors
are shown. Systematic errors
are discussed in Sec. IIG. (b)
Same as (a). For deuterons,
the rapidity interval is y=0.50
(top spectrum) to y=1.4 (bot-
tom spectrum) with By=0.20.
For K+, the rapidity interval
is y=0.60 (top spectrum) to
y=1.8 (bottom spectrum) with
Ay=0. 20. For K, the rapid-
ity interval is y=1.0 (top spec-
trum) to y=1.8 (bottom spec-
trum) with b,y=0.40. Each
successive spectrum is divided

by 100. Only statistical errors
are shown. Systematic errors
are discussed in Sec. II G.
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projectile protons in the target spectators.
More insight into the peripheral data is obtained by

comparing the distributions &om the three targets in the
same plot. This reveals some differences in the distribu-
tion between light and heavy targets. The proton and
average pion multiplicity densities are shown in Fig. 16.
For the proton data, the distributions for the Au and
Cu targets start to rise above the Al data for the low-
est rapidities (y (0.5) probably due to the contributions
&om the larger number of target spectators. On the other
hand, a relative m depletion, which is somewhat puzzling,
appears to be observed for the Au target around midra-
pidity. At rapidity y 1.4, the ratio (x)/p is lower by

30% for the Au target with respect to the lighter tar-
gets.

B. Central collisions

The multiplicity density, dN/dy, corresponding to cen-
tral collisions is shown in Fig. 17 for the three targets. In
contrast to the peripheral collision results, the distribu-
tions show a strong target dependence. The differences
are particularly dramatic for the proton distributions. In
Si+Al a "targetlike" peak is observed at y 1.0, whereas
the Si+Cu distribution seems to peak near y 0.5 and
the Si+Au distribution continues to increase toward the
target rapidity. Besides these shifts, dN//dy increases sig-
ni6cantly with the mass of the targets below midrapid-
ity, indicating that the number of proton participants
in Si+A central collisions increases with the mass of the
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FIG. 11. (a) Invariant spec-
tra for Si+Al peripheral col-
lisions. For protons, the
rapidity interval is y=0.40
(top spectrum) to y=2.2 (bot-
tom spectrum) with b,y=0.20.
For pions, the rapidity inter-
val is y=0.60 (top spectrum)
to y=2.8 (bottom spectrum)
with Ay=0. 20. Each succes-
sive spectrum is divided by
10. Only statistical errors are
shown. Systematic errors are
discussed in Sec. II G. (b)
Same as (a). For deuterons,
the rapidity interval is y=0.40

(top spectrum) to y=1.0 (bot-
tom spectrum) with b,y=0.20.
For K+, the rapidity interval
is y=0.80 (top spectrum) to
y=2.0 (bottom spectrum) with
by=0.40. For K, the rapid-
ity interval is y=1.0 (top spec-
trum) to y=1.8 (bottom spec-
trum) with By=0.40. Each
successive spectrum is divided
by 100. Only statistical errors
are shown. Systematic errors
are discussed in Sec. II G.
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target. For example, the expected total number of partic-
ipants (protons and neutrons) are 44 in Si+Al, 67 in
Si+Cu, and 100 in Si+Au. For the light systems, these
numbers are calculated by assuming a geometrical over-

een the pro
the target (tube geometry). The number NP' "' is
given by

+projectile(1 (TZCAL) /383)

where (TzcAL) is the average kinetic energy measured in
ZCAL for the 7 jo cuts. For Si+Au where (T2,cAL) 9
GeV ((Tb, )/nucleon=13. 7 GeV), the expected number
of participants was calculated by assuming a full overlap
between the projectile and the target with an average
impact parameter of b=2 fm. Similar numbers were ob-
tained by using Monte Carlo simulations for the reactions

[14]. On the other hand, the integrated yield of partici-
pant nucleons can be obtained by 6tting and integrating

the dN/dy distributions in the range of 0.2& y &3.2.
This range is consistent with the expectation based on
projectile and target Fermi momenta. The multiplic-
ity distributions were 6tted to an exponential for Si+Au
and to the sum of two Gaussians for Si+Al; the num-
ber of participants is 115+10 (if neutrons 1.2 protons)
for Si+Au central collisions and is 40+4 (if neutrons

protons) for Si+Al central collisions, in agreement with
the previous geometric estimates.

Proton distributions are directly compared in Fig. 18
for the three targets. For a given projectile, the baryon
distribution reflects the amount of "nuclear stopping"
achieved in the heavy ion collision. The data show that
at midrapidity (y=1.72), the multiplicity distribution in-
creases by at least a factor of 2 from the Al target to the
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FIG. 12. (a) Invariant spec-
tra for Si+Al central collisions.
For protons, the rapidity inter-
val is y=0.40 (top spectrum) to
y=2.0 (bottom spectrum) with
by=0. 20. For pions, the rapid-
ity interval is y=0.60 (top spec-
trum) to y=2.8 (bottom spec-
trum) with b,y=0.20. Each
successive spectrum is divided
by 10. Only statistical errors
are shorn. Systematic errors
are discussed in Sec. II G. (b)
Same as (a). For deuterons,
the rapidity interval is y=0.50
(top spectrum) to y=1.2 (bot-
tom spectrum) with b,y=0.20.
For K+, the rapidity interval
is y=0.60 (top spectrum) to
y=2.2 (bottom spectrum) with
Ay=0e40. For K, the rapid-
ity interval is y=1.0 (top spec-
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successive spectrum is divided
by 100. Only statistical errors
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Au target. The extrapolation to higher rapidity values of
the proton distribution kom the Au target by an expo-
nential (dashed line) is in agreement with data from other
AGS experiments (see Sec. IV). As discussed above, the
dX/dy distribution in Si+Al central collisions exhibits a
"projectilelike" peak which is not seen in the extrapola-
tion in Si+Au. Therefore, the number of protons at high

rapidities (y )2.5) is higher for Si+Al central collisions
than Si+Au central collisions, signaling a lower amount
of "nuclear stopping" in Si+Al than in Si+Au. The data
for the Cu target seem to lie between the Au and Al data.

For the produced particles, the dN/dy shapes (Fig. 17)
are broad and nearly symmetric about their maximum.
The kaon distribution shapes are similar to those for pi-

TABLE III. Multiplicity density dN/dy as function of the rapidity interval. The data are listed for Si+Cu central and
peripheral collisions. Errors quoted are statistical errors. The systematic error is estimated to be +(10—

15)'%%u&& (see Sec. II G).

PERIPHERAL
Rapidity

0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
2.00
2.20
2.40
2.60
2.80

COLLISIONS
Proton

3.19+0.08
2.20+0.05
1.83+0.04
1.41+0.04
1.20+0.04

0.954+0.039
0.960+0.036
0.888+0.035
0.959+0.046
1.17+0.06

Deuteron
0.275+0.017
0.142+0.088
0.083+0.010
0.079+0.013

0.808+0.082
1.09+0.07
l.19+0.07
1.49+0.08
1.56+0.06
1.46+0.08
1.58+0.06
1.61+0,06
1.52+0.06
1.27+0.05
1.21+0.05

0.968+0.055

0.872+0.110
1.28+0.08
1.30+0.05
1.33+0.07
1.43+0.06
1.63+0.08
1.58+0.05
1.?6+0.07
1.60+0.06
1.48+0.05
1.16+0.05

0.895+0.063

0.084+0.011

0.093+0.012

0.146+0.015

0.135+0.016

K

0.034+0.011

0.050+0.011

0.048+0.009

CENTRAL
Rapidity

0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
2.00
2.20
2.40
2.60
2.80

COLLISIONS
Proton

13.8+0.4
15.1+0.3
13.2+0.4
12.6+0.4
10.?+0.3

9.64+0.30
8.95+0.26
8.36+0.33
8.12+0.35

Deuteron
1.36+0.09
1.17+0.08
1.00+0.07

0.906+0.081
0.697+0.370
0.823+0.139

6.30+0.48
8.07+0.33
10.8+0.4
11.8+0.5
11.8+0.5
10.4+0.4
11.0+0.3
10.6+0.4

9.98+0.34
8.16+0.33
7.17+0.30
5.26+0.36

6.34+0.51
8.78+0.43
9.70+0.42
12.9+0.4
12.2+0.4
11.2+0.4
11.1+0.3
10.6+0.4
10.3+0.4

7.50+0.40
7.10+0.34
5.47+0.51

1.00+0.12
1.33+0.17
1.86+0.18
1.93+0.1?
1.82+0.16
1.90+0.18
1.60+0.27

0.544+0.076

0.486+0.066

0.616+0.092



50 CHARGED HADRON DISTRIBUTIONS IN CENTRAL AND. . . 1037

3.0 I I I I I I I

I

I

300

250:
200:
150:
100:
50:

300

250:
200 =
150:
100:
50—

300

250:
200:
150:
100:
50:

0 I

I I I I

I I I I

I I I I

I I I I

tg Q @
Q

I I I I

Au

I I I I
I I I I

Cu

I I I I

I I I I

Al

I I I I

Rapidity
FIG. 14. Proton and pion inverse slope parameters, T, ver-

sus rapidity for peripheral collisions and for Au, Cu, and Al
targets. Only statistical errors are shown. Systematic errors
are discussed in Sec. II G.
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TABLE IV. Inverse slope parameter T (MeV) as function of the rapidity interval. The data are listed for Si+Cu central snd
peripheral collisions. Errors quoted are statistical errors. The systematic error is estimated to be +(10—15)% (see Sec. II G).

PERIPHERAL
Rapidity

0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
2.00
2.20
2.40
2.60
2.80

COLLISIONS
Proton
77+2
124+2
136+3
150+4
161+4
188+7
189+7
188+7
202+11
193+12

Deuteron
91+5
99+10
157+28
165+38

129+8
148+4
164+5
149+4
151+4
162+6
154+5
147+5
146+6
161+7
138+6
120+8

127+7
137+4
151+4
157+4
162+5
163+6
161+4
155+4
140+5
133+5
150+7
152+12

151+16

172+20

153+18

145+17

275+181

257+90

167+37

CENTRAL
Rapidity

0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
2.00
2.20
2.40
2.60
2.80

COLLISIONS
Proton
104+3
154+3
195+3
215+4
226+5
229+6
231+7
243+8
215+12

Deuteron
128+7
177+11
224+22
233+29
387+220
3531121

146+7
161+4
154+4
168+5
168+5
155+7
154+5
162+5
148+6
156+7
139+6
134+10

141+7
159+4
165+4
158+4
172+4
158+6
164+4
172+6
150+6
147+6
136+7
121+9

164+25
176+12
178+16
180+18
201+25
211+33
216+50

167+35

232+38

153+21
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ons. The peak position of the distribution, for both pions
and kaons, shifts toward lower rapidity for heavier tar-
gets. An increase of the meson yield is also observed from
the light target to the heavier target. The sr+ and vr

multiplicity distributions were fitted to a three-parameter
Gaussian versus rapidity including the systematic errors.
The width (o) is found to be similar within 10'%%uo for the
three targets. The parameters presented in Table VII re-
sult from Gaussian fits using a=0.85 for all targets. The
fit values of the y2 per degree of freedom for the three
targets are in the range of 0.2—0.4. The integrated yield
ratio vr /vr is 1.09+0.13 in central Si+Au collisions ap-
parently greater than unity due to the excess of neutrons
for the Au target. The peak of the x+ and vr distri-
butions goes &om y „1.83 for Si+Al to y 1.65
for Si+Cu and y „1.37 for Si+Au. The ratio of the
average integrated yield

0.5— (7r) = (~++~ )/2 (6)

0.0
2

rapidity
FIG. 16. Proton and average charged pion multiplicity dis-

tributions, dN/dy, for Si+Au, Si+Cu, and Si+Al peripheral
collisions. The rapidity of the nucleon-nucleon center of mass
is shown. Only statistical errors are shown. Systematic errors
are discussed in Sec. II G.

between the light targets and the Au target are
(7r) p,~/(x) p,„-0.55 and (vr)g„/(vr)A„0.75 which indi-
cates that the pion multiplicity in these reactions scale

roughly as the thickness of the target nucleus A~,„.
It should be pointed out that the ratio (m)A~/(vr)A„ in-
creases by less than 10'%%uo when the trigger cut for Si+Al
is increased from the upper 7% of the interaction cross

Multiplicity density dN/dy as function of the rapidity interval. The data are listed for Si+Al central and

peripheral collisions. Errors quoted are statistical errors. The systematic error is estimated to be +(10—&&)% (see Sec. 11 G)

PERIPHERAL
Rapidity

0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
2.00
2.20
2.40
2.60
2.80

COLLISIONS
Proton

2.40+0.06
1.80+0.04
1.49+0.04
1.28+0.03
1.11+0.03

0.934+0.028
0.880+0.026
0.832+0.030
0.965+0.035
1.06+0.05

Deuteron
0.193+0.011
0.109+0.006
0.054+0.006
0.055+0.014

0.916+0.070
1.03+0.06
1.25+0.06
1.39+0.06
1.39+0.06
1.48+0.06
1.57+0.04
1.54+0.05
1.37+0.05
1.25+0.04
1.06+0.04
) .02+0.07

0.986+0.076
1.12+0.06
1.30+0.05
1.30+0.07
1.38+0.05
1.53+0.08
1.64+0.04
1.57+0.05
1.39+0.05
1.27+0.04
1.10+0.04

0.918+0.056

0.083+0.009

0.102+0.010

0.137+0.011

0.114+0.011

K

0.031+0.010

0.042+0.010

0.050+0.013

CENTRAL
Rapidity

0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
2.00
2.20
2.40
2.60
2.80

COLLISIONS
Proton

5.33+0.23
6.13+0.19
7.26+0.19
7.44+0.23
6.94+0.24
6.81+0.21
6.12+0.20
5.29+0.22
6.24+0.27

Deuteron
0.367+0.053
0.373+0.035
0.389+0.070
0.469+0.061
0.402+0.057

3.79+0.46
4.93+0.30
6.74+0.22
7.48+0.33
8.19+0.31
8.34+0.39
9.15+0.24
8.23+0.25
8.00+0.35
6.74+0.27
6.46+0.24
5.21+0.73

2.48+0.19
5.39+0.31
5.89+0.23
8.04+0.25
8.90+0.31
9.30+0.49
10.3+0.3

8.58+0.44
7.87+0.31
6.84+0.28
6.41+0.23
4.82+0.29

0.604+0.078

0.918+0.087

0.984+0.091

1.15+0.12

0.889+0.126

0.213+0.038

0.398+0.062

0.395+0.071
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FIG. 17. Proton and meson multiplicity
distributions, dN/dy, for central collisions for
the Au, Cu, and Al targets. Only statistical
errors are shown. Systematic errors are dis-
cussed in Sec. II G.
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section to the upper 2%%uo.

The results for the inverse slope parameter T are pre-
sented versus rapidity in Fig. 19. For protons, the inverse
slope exhibits some target and rapidity dependence. The
distribution reaches a maximum T 250 MeV near
midrapidity, identically for the three systems but the

maxima seem to be shifted backward as the target mass
increases. For pions, the inverse slopes exhibit no target
dependence and little rapidity dependence. The maxi-
mum value is Tm~ 150 MeV. The K+ inverse slopes
are somewhat higher than the pion inverse slopes and
lower than the proton inverse slopes and are shown for

TABLE VI. Inverse slope parameter T (MeV) as function of the rapidity interval. The data are listed for Si+Al central and
peripheral collisions. Errors quoted are statistical errors. The systematic error is estimated to be k(10—15)'%%uo (see Sec. II G).

PERIPHERAL
Rapidity

0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
2.00
2.20
2.40
2.60
2.80

COLLISIONS
Proton
87+2
127+2
142+3
146+3
182+4
178+6
184+6
211+8
210+10
178+9

Deuteron
92+5
102+9
129+20

274+102

125+5
146+3
149+4
151+5
155+4
160+5
149+4
164+4
161+5
148+5
143+6
125+7

125+4
146+3
147+4
160+5
162+5
163+6
151+4
154+4
152+5
140+5
142+6
133+8

K+

172+14

166+12

191+18

147+12

189+79

247+97

247+91

CENTRAL
Rapidity

0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
2.00
2.20
2.40
2.60
2.80

COLLISIONS
Proton
106+3
149+3
155+3
178+4
209+5
235+7
242+8
267+9
246+15

Deuteron
105+18
140+20
227+59
190+29
204+40

132+7
147+5
146+5
163+4
166+4
175+7
163+4
157+5
156+6
154+6
137+8
140+10

150+10
148+4
162+5
150+4
155+4
171+6
158+4
177+6
153+6
142+6
124+5
123+8

K+

112+13

168+11

183+15

165+16

108+19

216+61

173+31

257+60
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TABLE VII. Integrated yield and maximum
(X „=dN/dy at y = y „)of pion multiplicity distribu-
tions. The parameters result from Gaussian fits for Si+A
central collisions. See text.

CENTRAL COLLISIONS-m+
Target N

Au 16.5+1.5
Cu 12.3+1.2
Al 9.2+1.0

/max
1.38+0.11
1.66+0.12
1.82+0.13

Yield
33+3
25+3
19+2

CENTRAL COLLISIONS-x
Target N

Au 18.0+1.3
Cu 12.5+1.2
Al 9.4+1.0

JJmax

1.37+0.11
1.64+0.11
1.85+0.12

Yield
36+3
26+3
19+2

the three targets in Fig. 20 where the lines represent the
Gaussian fits for proton (top) and pion (bottom) data
found in Si+Au (Fig. 19). The results suggest that the
K+ inverse slopes increase with the target mass. The
statistical uncertainties for K inverse slopes have been
reduced by fitting the spectra over a wider rapidity range
0.5& y &2.2. In Fig. 21, the K inverse slopes are com-
pared with the K+ inverse slopes for the same rapidity
range where the error bars represent the linear sum of
statistical errors and the estimated systematic errors due
mainly to the large binning in rapidity. Whereas the
statistics are too poor to draw any conclusion for Si+Al
and Si+Cu, the K inverse slopes seem lower than those
for K+ in Si+Au.
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FIG. 19. Proton and pion inverse slope parameters, T, ver-

sus rapidity for central collisions and for the Au, Cu, and Al
targets. Only statistical errors are shown. Systematic errors
are discussed in Sec. II G.

C. Baryon distributions

As can be seen from Figs. 13 and 17, the proton dis-
tributions show, both in shape and magnitude, a strong

centrality dependence. The evolution of the distribu-
tion from peripheral collisions to central collisions reflects
the amount of "nuclear stopping" achieved in the central
heavy ion collisions. This is shown in Fig. 22 where the
proton d%/dy distributions for the quasisymmetric sys-
tem Si+Al, are plotted. For central collisions, the average
rapidity loss (hy = yb«~ —y~«k) for projectile protons is

+Au
I I

» ( reflected )
I I I
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I I I I

I

I
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&Au ICu :- Al
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80—
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300—
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3

FIG. 18. Proton multiplicity distributions, d1V/dy, are
compared for the three targets for central collisions. The
dashed line represents an exponential fit to the Si+Au proton
distribution (see text for more details). Only statistical errors
are shown. Systematic errors are discussed in Sec. II G.
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Rapidity

FIG. 20. K+ inverse slope parameters, T, versus rapidity
for central collisions. The lines represent the fits for protons
(top) and for 71's (bottom) from Si+Au data. Only statistical
errors are shown. Systematic errors are discussed in Sec. II G.
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FIG. 21. K+ and K inverse slope parameters for cen-
tral collisions for the three targets over the rapidity range
0.50( y (2.20. Errors bars are the sum of the statistical
errors and systematic errors due to the rapidity binning.
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of the order of by 1.0; a by=1.72 (half of the beam ra-
pidity) corresponds by definition for symmetric systems,
to "full nuclear stopping. " In order to examine the in-
Buence of the centrality cut on the shape of the proton
distribution, the trigger condition for Si+Al central col-
lision was modified from the upper 7% cut to an upper
2% cut. As can been seen in Fig. 22, the 2% proton dis-
tribution is above the 7% proton distribution but they
exhibit similar shapes. This suggests that the lower cen-
trality cut for Si+Al does not increase signi6cantly the
nuclear stopping but increases the total number of par-
ticipants. As already mentioned, the amount of "nuclear
stopping" is higher for the heavier targets and it therefore
follows that by for proton participants is &1.0 for Si+Au
(and Si+Cu) central collisions. It has been shown that

the centrality of the collision signi6cantly modi6es the
maximum value of the inverse slope parameter achieved
around midrapidity, T 200 MeV for peripheral col-
lisions and T 250 MeV for central collisions.

Emission of deuterons in heavy ion collisions at lower
energies [15] has been described successfully by the co-
alescence model [16). Therefore, the results for the
deuteron production were compared with the proton
data. In Fig. 23, the d/p multiplicity ratios are shown,
versus rapidity, for both peripheral and central collisions.
As clearly seen from the figure, the ratio d/p2 is almost
independent of the rapidity which is consistent with the
coalescence picture. While the ratio is independent of the
target in peripheral collisions, the ratio is lower for the
heavier targets in central collisions. Further, the ratio is
higher in peripheral collisions than in central collisions.
The centrality dependence and the target dependence of
the ratio d/p suggest that deuteron production is sen-
sitive to the size of the participant region in agreement
with the coalescence mechanism. According to this mech-
anism, the diHerential invariant multiplicity for deuterons
can be expressed as

Ed(d Ng/dp&) = a e E„(dN~/dp„) *E„(dN„/dp„),
(7)

where a is in GeV2. It is then assumed that the neu-
tron spectra are identical to those of protons. From the
above equation and by using a thermal model, one can
estimate the size of the interaction region. First, the fac-
tor a is determined &om the deuteron invariant spectra
divided by the squared proton invariant spectra at mo-
menta 2pp t The coalescence radius po is given by

po —(ms...a/2~N. ..) '/',
where Z«t and N«& are, respectively, the proton and
neutron numbers and m is the mass of the nucleon. The
thermal model [17] relates the volume of the participant
region V to the coalescence radius po as

o
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FIG. 22. Proton multiplicity distributions dN/dy for Si+Al
peripheral and central (7'Fa) collisions. Solid symbols are data
re8ected about the center-of-mass rapidity. Errors bars are
not shown for solid symbols. Proton dN/dy for the 2% central
cut are also shown (octagons). Only statistical errors are
shown. Systematic errors are discussed in Sec. II G.
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FIG. 23. Ratio d/p versus rapidity for Si+A central and
peripheral collisions.
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TABLE VIII. Equivalent radii (size of interaction region)
for Si+A collisions. The values were calculated from deuteron
and proton data. See text.

Target
Al
Cu
Au

Radii (fm) of the participant volume
Peripheral Central

4.6+0.4 5.7+0.3
4.5+0.4 6.7+0.3
4.1+0.4 7.9+0.2

(9)

where Eo is the binding energy of the deuteron. From the
two last equations and assuming Eo (& kTO, the radius
B of the equivalent sphere can be written as

R = (Ntot9m. h /mZt~ta) 7 (10)

The radii of the equivalent spheres are reported in Ta-
ble VIII for peripheral collisions and central collisions
and show within statistical error bars no rapidity depen-
dence. The values reported in Table VIII were calcu-
lated for the entire rapidity coverage shown in Fig. 23.
As expected, the radius increases &om peripheral to cen-
tral collisions where the maximum is obtained for the Au
target. It is found that these radii are larger than the
radius of the projectile for central collisions. However a
uniform thermal model, assuming uniform spherical sym-
metry in particular may be inadequate for the description
of these collisions. These coalescence results can be com-
pared with two-particle correlation data which provide
additional information about the dynamics of the colli-
sions. The E-802/859 experiment [18] has two-particle
correlation data for K+, 7r+, vr, and protons [19]. The
results are significantly different. For Si+Au central col-
lisions, the source radii defined as the Lorentz corrected
rms radii are (3.22+0.37) fm for K+, (3.93+0.28) fm for
7r+, and (4.50+0.14) fm for protons in comparison with
(6.12+0.15) fm obtained &om the coalescence analysis
[rms=(3/5) ~ *R for a sphere]. Inverse slope parameter
ratios Td/Tz shown in Fig. 24 are 1 for both peripheral

and central collisions. Deviations occur only for the Au
target where the ratio seems to become larger.

D. Meson production

The pion and kaon rapidity distribution shapes do not
depend significantly on centrality, whereas the yield of
these particles increases as the impact parameter de-
creases reflecting the number of participants involved in
the collision. The total number of pions xt t produced
in the reaction can be calculated as a function of the
expected number of participants (see Sec. IIIB). By as-
suming that vr = (a++a )/2 and from the values given
in Table VII, 7rt t (1.2 6 0.2) + N&,t;„~„tfor periph-
eral collision, similar to vrt t (1.1 + 0.2) * N~, t;„~„t
obtained in central collisions.

The observed strangeness enhancement in heavy ion
collisions [3,4] has been proposed as a signal for the
quark-gluon plasma, although cascade models [20,21]
have reproduced this enhancement by introducing rescat-
tering of produced particles in hadronic matter. In
Fig. 25, the K+/m+ multiplicity ratios versus rapidity
are compared for peripheral and central collisions for the
three targets. For peripheral collisions, the ratios are
the same within errors for the three targets ( 8'%%up) and
are independent of rapidity. The value of 8'%%up is also
consistent with the value of 4—8% measured in p+ p re-
actions at similar energies 22] and those measured in
J7+Be at the same energy [5 . For central collisions, the
ratio increases &om the lightest target to the heaviest
target. The ratios are also independent of the rapidity
within 0.5& y &2.3. The ratio reaches a mean value
over that rapidity range of K+/or+ = (18.5 + 0.7)'%%up

for Si+Au, K+/7r+ = (16.3 + 0.6)'%%up for Si+Cu, and
K+/7r+ = (13.0 6 0.8)'%%up for Si+Al. In general, from
peripheral collisions to central collisions the K+/sr+ mul-

tiplicity ratio increases by a factor of 2—3. A more de-
tailed description of this centrality dependence has been
published in Ref. [4]. Note that for p+Au reactions [5],
the K+/sr+ multiplicity ratio is 12%%up over a similar ra-
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FIG. 24. Inverse slope parameter ratios for protons and
deuterons versus rapidity for Si+A central and peripheral col-
lisions.

FIG. 25. Multiplicity density ratio, K+/vr+, versus rapid-
ity for Si+A central and peripheral collisions.
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FIG. 27. Comparison of Si+Au central collision proton
data from this paper and E-802 proton data from Ref. [25].
The line shows the eHect of applying the old hardware trigger
to the new data. See text.

pidity interval. The measured ratio for Si+Al in central
collisions is identical within error bars with the recent
multiplicity ratio K+/negatives measured in central S+S
reactions at CERN [23] demonstrating the weak depen-
dence of the K+/m+ multiplicity ratio with the energy in
the center of mass (+s=5.4 GeV at AGS and ~s=19.4
GeV at CERN).

The K /vr multiplicity ratio for the various targets is
shown in Fig. 26 for central and peripheral triggers. The
peripheral collision data are in rough agreement with p+p
data [24] which include large uncertainties and with the
p+Be data [5] where K /m 0.025. It is seen in Fig.
26 that despite uncertainties, the K /vr multiplicity
ratios for central collisions are systematically higher than
the ratios obtained in peripheral collisions. As is the
case for K+ production, the K yield seems to increase
with centrality. The K+/K multiplicity ratio shows,
within error bars, little impact parameter dependence.
The value of this ratio for central collisions measured in
the rapidity interval, 1.0& y &2.0, is K /K 4.0+0.7
for all three targets.

IV. CONSISTENCY WITH EARLIER E-802 DATA
AND OTHER AGS EXPERIMENTS

Data &om central Si+Au interactions have been pub-
lished previously by the E-802 Collaboration [3,25]. The
present m+, ~, and K multiplicities are systematically
higher than the previous results by 5—15 '%%uo, depending on
rapidity. For rapidities y &1.0 the present K+ results are
below the older data and the increase in K+ multiplic-
ity toward y=0.5, reported in Ref. [25], is not observed
here (see, e.g. , Fig. 17). The present proton results, the
open squares in Fig. 27, are systematically higher than
the earlier data (solid squares), the difference is -5% for

y 0.7 increasing to -40% near y=2.0.
For the pions and kaons, the difFerences between old

and new data are within the systematic errors, and can
be traced to the changes in software cuts and particle
identification acceptances discussed in Sec. II. For pro-
tons, part of this difference originates in the change in
analysis procedure, but here in addition the trigger con-
ditions play a major role. The previous data were trig-
gered with a hardware cut in multiplicity that leads to
a trigger cross section of roughly 7'%%uo of the interaction
cross section; the present data have a sharp cut in mul-

tiplicity at 7%%uo set in software. The proton distribution
obtained &om the new data with a hardware multiplic-
ity trigger set close to the old prescription and analyzed
with the new procedures is shown in Fig. 27 as the fully
drawn curve. Only for the y=1.7 and y=1.9 points does a
significant difFerence remain, caused mainly by the large
extension of proton particle identification towards higher
momenta used in the new analysis.

Experiment E-810 has published Si+Au results [26,27]
for negative particles and for the difference between pos-
itive and negative particles. The E-810 trigger condition
was a charged multiplicity above 60 for pseudorapidities
g &1.55. The top half of Fig. 28 shows a positive mi-
nus negative comparison of the E-810 results and E-802
results for a software trigger than simulates the E-810
trigger, which is less central than the 7'%%uo trigger used
here. The agreement is good. The lower panel of Fig. 28
shows a comparison between the negatives &om the two
experiments, again under the E-810 trigger conditions.
Here the E-802 data have been multiplied by 1.25 before
comparing the data. The E-810 spectra for negatives
(mostly vr ) show two experimental components at these
rapidities, a very steep one at low mq and a second, Bat-
ter component at mq &100 MeV. The factor 1.25 corre-
sponds closely to the contribution &om the steep low mz
component, not observable in the E-802 m& acceptance,
and therefore not included in the single exponential fits
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FIG. 30. Comparison of E-802 proton data and E-814 pro-
ton data for central collisions. E-802 data have multiplicity
cuts (2%%uo) for Si+Au and Si+Al while E-814 data have a total
transverse energy cut (2'%%uo) for Si+Pb (Ref. [29]) and a mul-

tiplicity cut (0.2%%uo) for Si+Al (Ref. [28]). The solid points
have been reBected about central rapidity for Si+Al.

used for the E-802 analysis.
Kaon production can be compared for central Si+Al

(E-802) and central Si+Si (E-810 pro„s 8% o;„l),as
shown in Fig. 29. The data were reBected about midra-
pidity and plotted again as the solid symbols, extend-

ing the data to higher rapidities for E-802 and to lower
rapidities for E-810. The collision systems have rough
isospin symmetry and hence kaon production satis6es

2K, K +K+ .
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E802 data
Si + Al

(K'+ K )/z

E810 data
Si + Si
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0.75—
R

0.50—

0.25—
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FIG. 29. Comparison of E-802 data and E-810 (Refs.
[26,27]) data for the kaon production in central collisions for
light systems. Data were reflected about midrapidity (solid
symbols).

The agreement between the two experiments is very
good.

Figure 30 offers a comparison between the present data
for protons, &om Si+Au and Si+Al and results from ex-
periment E-814 on Si+Pb and Si+Al (Refs. [28,29]). The
top part of the figure shows E-802 results with a software
cut at the upper 2'%%uo of the TMA distribution, while the
E-814 trigger was the upper 2'%%uo of total transverse en-

ergy. Multiplicity and transverse energy are known to be
correlated quantities [30], so the triggers are comparable.
While the two experiments have no overlap in rapidity,
the two data sets seem to join quite smoothly, and with-
out any pronounced projectilelike proton peak.

For Si+Al (lower part of the figure) both experiments
have triggers set on charged particle multiplicity, but the
E-802 statistics do not allow a cut at 0.2'%%uo as used by
E-814. The E-802 results are quite stable toward small
variations in the multiplicity cut (from 7% to 2%); the
good overlap between the E-802 data (squares) and the
E-814 data (octagons) signals reasonable agreement be-
tween the two experiments.
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V. ENERGY AND MOMENTUM BALANCE IN
THE COLLISION

TABLE IX. Energy and momentum balance for Si+Au
central collisions. The data were extrapolated to the full
phase space. See text.

Energy and momentum conservation provide a global
consistency test for the data. To apply such a test the
data must be extrapolated to the full phase space and
supplemented via baryon and charge conservation for es-
timates of the neutral and unobserved particles. Such a
test therefore sufFers &om extrapolation errors.

The method chosen is illustrated below for Si+Au cen-
tral collisions. The total average energy (E)h h is given

by

Protons
Neutrons

Deuterons
Plons
Kaons

Strange baryons
TOTAL

(E) (GeV)
186
226
21
108
27
22

590

(p~) («V/c)
124
138
11
96
24
20

413

(E), , = ) f (dN/dy)(ssss)ecch(y)dy,
particles

(12)

and for the total average longitudinal momentum (pL, ),

(pc)„,= ) f(dN/dy)(ssss)sich(y)dy.
partic1es

(13)

n/p 1.50 —0.63y + 0.31y —0.046y (14)

The sum over all particles can be approximately reduced
to the sum over species of hadrons including protons,
neutrons, deuterons, pions, kaons, and strange baryons.

The following assumptions have been made to take into
account the particles not detected by the spectrometer.
The total number of kaons is given by the relation n~ ——

2.43*n~+ by taking the experimental K /K+ ratio and
by assuming that n~, +n~, ——n~- +n~+. The number
of strange baryons is assumed to be 2~n~+, although
part of the strange baryon decay products might already
be accounted for in the proton and meson distributions.
The total number of pions is n = 3 + n + assuming
x+ = m = x . The relativistic cascade code ARC which
reproduced the (p+ d) multiplicity distribution in Si+Au
[21],has been used to estimate the n/p ratio as a function
of rapidity. This ratio can be parametrized as

neat in the spectrum. By assuming an identical rapidity
dependence for all pions (s, m+, and vrP) the contri-
bution of the low mi component could reach 10% of
(E)p; „,and 10% of (pL, )z, „,based on the E-810 data
[26]. The results concerning the energy and momentum
balance are given in Table IX for each particle specie.
The total average energy reaches 590+20fit 635sy t GeV,
and for the total longitudinal momentum 413+19fit
41,„,GeV/c. The incident energy and momentum be-
ing 594 GeV and 409 GeV/c, respectively, conservation
of energy and momentum are achieved within errors in
the reaction ruling out any need for nuclear transparency
in central Si+Au collisions [31]. In fact, the agreement is
better than the systematic errors on (E)i~i and (pl, )h~h

The authors of Ref. [31] have overstated the deviations
from the data necessary to imply transparency and have
misunderstood the meaning of systematic errors. The
results concerning only the measured quantities, without
extrapolation in transverse mass mq and rapidity y, are
given in Table X. As can be seen only about 4 of the
available energy and momentum is within the E-802 ac-
ceptance and the conclusion regarding transparency de-
pends on the choice of extrapolation. The extrapolation
used here is consistent with the E-814 [29] and E-810 [27]
data.

(md) = (m + 2mT + 2T )/(m + T) . (15)

The meson multiplicity distributions are 6tted as222
ape (" "'} /2 with (ap=16.7, yp=1.40 0'=0.82) for
m'+ and (ap ——3.19, yp ——1.50, (r=0 74) for K+. .The
parameter T is fitted to the function 104[1/cosh(y —1.00)
+1/ cosh(y —2.20)] for vr+ (Fig. 19) and 210/
cosh(y —1.50) for K+. Note that this extrapolation ex-
cludes contribution &oxn any low additional mz campo-

Finally, the conservation of the charge and baryon num-
ber gives an estimation of the number of target spectator
nucleons (y=0). All the distributions are integrated from
y=0 to y=3.5. Therefore extrapolations are required for
the lowest and highest rapidity ranges. The proton and
deuteron multiplicity distributions are 6tted as aoe
with (ap=65.3, bp=0. 95) for protons as can be seen in Fig.
18 and (ap=l4. 9, bp=1.96) for deuterons. The inverse
slope parameters T (Fig. 18) are fitted as Tp/cosll(y —yp)
with (Tp ——246 MeV, yp

——1.60) for protons and (Tp ——320
MeV, yp ——1.60) for deuterons. They define (mi) as

UI. SUMMARY AND REMARKS

Baryon and meson distributions were studied in cen-
tral and peripheral ultrarelativistic heavy ion collisions.
The centrality of the collision was selected with a target
multiplicity array and a zero degree calorimeter. Results
are presented for a Si beam at 14.6A GeV/c correspond-
ing to a nucleon-nucleon center-of-mass energy of i/ s=5.4

Protons
Deuterons

m+

z+
K

TOTAL

(E) (GeV)
7?
8

28
7
1

147

(p, ) (GeV/c)

6

6
1

124

TABLE X. Measured energy and momentum for Si+Au
central collisions.
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GeV and targets of Al, Cu, and Au. The E-802 spec-
trometer provided particle identification and momentum
determination for protons, deuterons, charged kaons, and
charged pions.

Strong target mass dependence was found for the mul-

tiplicity density in central collision results. This is not
the case for the peripheral collisions suggesting that the
dynamics of large impact parameter collisions is domi-
nated by a superposition of primary nucleon-nucleon col-
lisions. The proton distribution in central collisions is
very sensitive to the mass of the target and this depen-
dence indicates that the total number of participants in
the collision and the amount of "nuclear stopping" of
the reaction increases with the target mass. The proton
distributions show that the average rapidity loss for a
projectile nucleon is by 1.0 for Si+Al central collision
and larger for heavier targets. Indeed a correlation exists
between the proton rapidity distribution and the pion
production: the higher amount of "nuclear stopping" for
the heavier target is associated with an increase in pion
multiplicity. The pion distributions shift toward lower
rapidity values for the heavier targets and the average

multiplicity scales as A. ..t. This is in contrast to the
minimum bias p + A results [5] where the average pion
multiplicities do not increase significantly with the target
mass.

Strong dependence on centrality was found for the d/p2
multiplicity ratio, in particular for the Au target, proba-
bly due to different sizes of the participant region. In
comparison to the coalescence measurement, the two-
particle correlation measurements show smaller radii for
the size of the participant region. This could be due to
the fact that the coalescence results are very model de-
pendent and/or to different dynamics for the production
and absorption of each particle specie.

An enhancement of the K+/m+ multiplicity ratio by a
factor of 2—3 is observed from peripheral collisions to
central collisions, being larger for the heavier mass tar-
get. The results for K indicate similar enhancement
with centrality for the K /a multiplicity ratios. The
K+/x+ and K /vr ratios are independent, within er-

rors, of the rapidity values for 0.5& y &2.0.
The inverse slope distributions exhibit roughly a Gaus-

sian shape versus rapidity for the three targets. For
protons, the inverse slope parameter distribution has a
maximum value for central collisions at T „250MeV,
identically for the three targets, suggesting that T is
independent of the target mass. The distributions reach
a maximum T „200MeV for peripheral collisions.
Several mechanisms such as elastic and inelastic proton
scattering, rescattering of produced particles and collec-
tive effects are possible explanations for the increase of
proton inverse slopes in central collisions. Quite different
from protons, the maximum inverse slope parameter for
pions shows no centrality dependence with T „150
MeV for the three targets. This might be due to the
fact that the decay of baryon resonances produced with
large cross sections do not significantly modify the high
energy tail of the pion transverse mass distribution [32].
The K+ inverse slopes in central collisions are generally
lower than those of protons but higher than those of pi-
ons. In Si+Au central collisions, the K+ inverse slope
parameters seem to be larger than the K inverse slopes
which could be due to different rescattering cross sec-
tions.

Energy and momentum balance in the reactions is veri-
fied based on reasonable extrapolations of the E-802 data.
The data presented in this paper are in excellent agree-
ment with data published by the E-810 and E-814 col-
laboration when the different sets of data are compared
with similar centrality triggers.
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