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We report measurements of proton emission at target rapidities for minimum bias and central collisions of
14.6A GeV/c 28Si with Al, Cu, and Au nuclei as well as minimum bias and central collisions of
11.7A GeV/c 197Au with Au nuclei. Results for deuteron emission are also reported for the Si1Au reaction.
The spectra span the laboratory angular range of 50°<u<130° and kinetic energy range of 40 MeV<Ekin

<225 MeV. Inverse slopes of proton spectra and protondN/dh values in the kinetic energy range 50 MeV
<Ekin<110 MeV are reported. The inverse slopes are 40–80 MeV for the various systems, generally increas-
ing with increasing pseudorapidity. ThedN/dh values forA1A collisions within the restricted kinetic energy
interval are compared to those for protons fromp1Au in the literature. All pseudorapidity distributions have
very similar shapes. The experimental results have been compared to the predictions of the nucleon-nucleon
collision modelsARC andRQMD. The predictions made by these two models for the distribution of protons at
target rapidities are very similar to each other. However, there are significant differences between the model
predictions and the experimental results in the details of the spectral slopes and the proton yields for different
trigger conditions.@S0556-2813~97!05805-6#
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55 2605BARYON EMISSION AT TARGET RAPIDITIES IN . . .
I. INTRODUCTION

Relativistic heavy-ion beams from the Tandem-AG
complex at the Brookhaven National Laboratory have b
used by several groups to study nuclear matter at h
baryon density formed in heavy-ion collisions in th
10–15A GeV c range. Experiments with Si projectiles
14.6A GeV/c have been performed in the last few years, a
since 1992, a beam of Au at 11.7A GeV/c has also been
available@1#. In a comprehensive experimental program,
E802 Collaboration@2# has measured the distributions
protons and produced particles over a broad range of rap
~0.5–2.5 units! and transverse momentum (0.2–2.5 GeV/c)
for a variety of projectile-target combinations ranging fro
p1Be to Si1Au @3–5# at 14.6A GeV/c.

Particle emission at target rapidities was not measure
the original E802 experiments. However, it was realized t
such measurements are important for several reasons.
desirable to have a complete measurement of baryon d
butions in order to characterize the hot compressed sys
initially formed which, at the AGS energies, is expected
be baryon rich. In addition, the distribution of baryons em
ted from the hot participant region is expected to be modifi
by rescattering and absorption in the target spectator ma
The breakup of the hot spectator can also contribute
baryon emission at target rapidities. Since protons obse
at u.90° cannot be produced in simple free nucleo
nucleon collisions, measurements at back angles serv
constrain and quantify such rescattering by and emiss
from the hot spectators and provide a test of the curr
theoretical models of relativistic heavy-ion collisions. F
these reasons, an array of dual element scintillator telesc
~a phoswich@6# array! to measure target rapidity baryon
was added to the E802 apparatus for the second gener
experiment, E859.

In this paper, we present results for protons emitted
Si1Al,Cu,Au collisions at 14.6A GeV/c for pseudorapidi-
ties of uhu<0.76 and kinetic energies of 40 MeV<Ekin
<225 MeV ~280–690 MeV/c in momentum!. For the
Si1Au system, we also report deuteron results. These
beam data were obtained during dedicated running period
1991 and 1992. The silicon program was concluded in A
1992 and in this paper we report the final results of our st
using this projectile. At the conclusion of the silicon pr
gram, a Au beam at 11.7A GeV/c was commissioned an
briefly made available for experimental use. Although t
E859 phoswich array was not optimized for the particle m
tiplicities in Au1Au collisions, it was possible to make
first set of measurements for Au1Au by reconfiguring the
array. The results of those measurements are also rep
here. Since then, we have made extensive measuremen
baryon emission from Au1Au at target rapidities, as part o
experiment E866, using a larger phoswich array with s
mentation appropriate for the multiplicities in Au collision
Those results will be published in the future. The fi
Au1Au measurements reported here provide a direct
between the measurements of target rapidity protons m
using the E859 phoswich array and the more recent meas
ments using the new E866 array.

The present measurements, along with results forp1Au
from the literature, provide us with the systematics
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baryon emission at target rapidities as a function of target-
projectile combination and the centrality of the heavy-ion
collisions. We also make comparisons of our results with the
predictions of two current modelsARC andRQMD.

II. EXPERIMENTAL DETAILS

The present measurements were made as part of the stud
of relativistic heavy-ion collisions at the AGS at Brookhaven
National Laboratory by the E802 Collaboration in experi-
ments E859 and E866.

A. Phoswich array

The E802 experimental setup has been described in deta
by Abbott et al. @2#. As mentioned above, in experiment
E859, a phoswich array covering the angular range 50°–130
@pseudorapidity uhu<0.76, where h[2 ln(tanu/2)# was
added to the E802 setup for measuring charged particle emis
sion at target rapidities. The E859 setup, including the
phoswich array, is shown in Fig. 1.

Details on the phoswich array and its performance have
been published elsewhere@7#. The array consisted of 42
DE-E phoswich scintillator telescopes, each telescope read
out with a single photomultiplier tube. TheDE and time-of-
flight information was provided by 5 mm of BC412
~‘‘fast’’ !, a scintillating plastic with short rise and decay
times~t rise51.0 ns,tdecay53.3 ns!. TheE section was 26 cm
of BC444 ~‘‘slow’’ !, a scintillating plastic with a relatively
long rise time and a very long decay time~t rise519.5 ns,
tdecay5260 ns!. The array consisted of modules of two dif-
ferent solid angles, with the smaller modules~24 total! being
used at the more forward angles where the hit density was
highest. The large modules~18 total! have the shape of trun-
cated pyramids with the front face being 8.5338.53 cm2 and
the back being 12.19312.19 cm2. The smaller modules were
fabricated by quartering large modules along the longitudinal
axis, producing four identical small module from each large
module. These four small modules were then repackaged
each with its own photomultiplier tube, into the form of the
large modules so that a common mount could be used fo
both large and small modules. The detectors were mounte
approximately 65 cm from the target and the array subtended
a polar angular and azimuthal range of 50.2°–129.8° and
Df.24°, respectively, on the side of the beam opposite to
the E802 spectrometer.

FIG. 1. View from above the E859 apparatus.
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2606 55L. AHLE et al.
The use of two different analog-to-digital convert
~ADC! gates~60 and 220 ns in duration! on the single pho-
tomultiplier tube~PMT! signal permits the unfolding of the
two signal components from the fast and slow scintillato
The DE-E and time-of-flight information allow the separa
tion of ‘‘neutrals’’ ~gammas, neutrons, and charged partic
not passing through the fast plastic!, charged pions, protons
deuterons, and tritons over a broad range of kinetic ene
~up to 250 MeV for protons!. The response of both small an
large phoswich modules to protons and deuterons of kno
incident energies was measured at the Indiana Univer
Cyclotron Facility as described in Ref.@7#.

The lower-energy threshold for proton detection~25–45
MeV! is mainly determined by the energy loss in the targ
Unambiguous determination of the proton energy is poss
for energies up to 110–220 MeV, depending upon the la
ratory angle of the measurement.

B. Targets

The thicknesses of the Al and Cu targets were 817
1440 mg/cm2, respectively, which corresponded to 3% of
interaction length for the Si beam. The thickness of the
target was 944 mg/cm2 or 1% of an interaction length for th
Si beam and 1.5% for the Au beam. Target-out runs w
performed to determine background contributions for all s
tems. Target-out contributions have very little effect on t
particle spectra and primarily affect the cross section norm
ization.

C. Hardware triggers

1. Si beam runs

To select central events with Si projectiles, we used
standard E802 Target Multiplicity Array~TMA ! trigger @4#.
This trigger was made by putting a hardware cut on
charged particle multiplicity measured by the Target Mu
plicity Array @2# corresponding to the upper 7% of the me
sured multiplicity distribution. Minimum bias data were a
quired using an interaction trigger, INT, defined for the E8
apparatus in Ref.@4#. Since not every INT trigger produce
data in the phoswich array, we defined a new hardware t
ger, PHOS, which was simply INT and at least one hit~an
OR of all discriminators! in the phoswich array.

2. Au beam runs

For Au1Au collisions, we used hardware triggers th
were based on the kinetic energy measured in the Zero
gree Calorimeter~ZCAL! @2#. The central collision trigger
was made by requiring that the ZCAL energy be below
threshold which selected the most central 4% of all inter
tions. The minimum bias trigger selected all events below
threshold that was set just below the beam energy peak in
ZCAL spectrum.

The use of two different methods to select central eve
deserves a comment. Multiplicity and ZCAL energy are
versely related, in general. The most central events have
highest multiplicity, but have the fewest projectile spectato
thus giving the lowest ZCAL energy. The distribution
multiplicity versus ZCAL energy has significant width, ari
ing from fluctuations in the two quantities and from instr
.
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mental resolution. However, in the case of Si1Al collisions,
E802 has reported that a TMA trigger representing the up
7a software cut with ZCAL energy<80 GeV gives the
same results on particle production at midrapidity@4#. For
the most central Si1Au collisions, the ZCAL energy canno
give a good trigger, since the silicon nucleus is complet
occluded by the Au nucleus for a range of impact parame
and the ZCAL energy stays nearly constant. For Au1Au in
the present study, the TMA could not be used as a cen
trigger as it was not designed for the high multiplicities i
volved and a ZCAL cut was used, instead.

D. Corrections, efficiencies, and uncertainties

The data have been corrected for the geometrical ac
tance, energy loss, and multiple scattering in the target
particle identification efficiency~protons which scatter out o
the module before stopping may not be identified as p
tons!. These corrections were determined by means of Mo
Carlo simulations@7# using theGEANT code@8#. Corrections
were also made, as a function of angle and kinetic ene
for background arising from sources such as multiple h
target-out contributions, and pions or protons that pun
through the detector without stopping. At the more backw
angles, particle identification~PID! is possible for the full
dynamic range of the detector modules~over 200 MeV!. At
more forward angles, the hit density effectively limits unam
biguous PID for protons to approximately 110 MeV main
because inDE-E space multiple hits from minimum ionizing
particles obscure the proton band at kinetic energies hig
than 110 MeV.

In this paper, we report particle yields as yields per ev
trigger. As stated above, the minimum bias data from
beam runs were for PHOS events which were INT events
which there was at least one hit in the PHOS array. T
particle yields per PHOS event measured in these runs w
converted to the physically more meaningful yields per IN
trigger using the observed ratio of PHOS to INT events.

Only statistical uncertainties are shown in the various fi
ures in Sec. III which report the results of these measu
ments. Systematic errors in the normalization of the kine
energy spectra and the particle yields obtained in Sec. III
integrating the spectra over the measured energy interva
estimated to be615%, in general. A major fraction of this
uncertainty~<10% for most data points! is associated with
the phoswich acceptance correction~based on Monte Carlo
calculations! for particles of different energies and emissio
angles. The phoswich energy calibration contributes 3–4
For the measurements at laboratory angles close to 90°
uncertainty from acceptance correction is larger~because of
the amount of matter the particles have to traverse in
target and in the particular target mount used in these exp
ments! and an overall uncertainty of6(20–25)% must be
assigned to these points. The irregularity in the points ah
near 0 in the pseudurapidity density distributions for the
target in Fig. 9 is ascribed to this higher systematic unc
tainty in the acceptance correction.

III. RESULTS AND DISCUSSION

A. Kinetic energy spectra and pseudorapidity distributions

In Fig. 2, the measured proton momentum density dis
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FIG. 2. Momentum density
distribution d3N/dp3 plotted at
fixed angles as a function of th
kinetic energy of protons from
central Si1Au, Si1Cu, and
Si1Al collisions. Solid lines rep-
resent exponential fits made in th
kinetic energy range 50 MeV
<Ekin<110 MeV. Starting with
the second spectrum from the top
the ordinate in each succeedin
spectrum has been divided by
factor of 2 for clarity of presenta-
tion.
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th
butionsd3N/dp3 are plotted as a function of kinetic energ
for central Si1Al, Si1Cu, and Si1Au collisions. These data
include all the laboratory angles measured by the array.
mentioned above, the spectra at the forward angles are l
ited to kinetic energies less than 110 MeV, and at the ba
angles they extend up to 200 MeV. For the Si1Al reaction,
the spectra at the most backward angles had inadequate
tistics and and these angles are not included in Fig. 2. For
three targets, in general, the spectra become steeper
increasing laboratory angle. Figure 2 also shows exponen
fits to the spectra which are discussed below. As one mo
back in angle, the proton yield changes relatively little in th
angular range 50°,u,90°, but decreases rapidly in the
backward hemisphere.

In Fig. 3, we compare the proton spectra from the prese
work with that measured previously by the E802 spectrom
eter@4# for central collisions at 50°. The spectra measured
the two detectors overlap over a small range in energy. Ho

FIG. 3. Comparison of proton spectra at 50° measured by
phoswich array and the E802 spectrometer.
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ever, the systematic uncertainties in both the spectrom
and phoswich data are greatest in the overlap region: M
tiple scattering severely limits the proton measurement in
spectrometer below 150 MeV, while the multiple hit bac
ground limits the proton PID in the phoswich array abo
110 MeV at these angles. In view of this, the spectra m
sured by the two detectors are not inconsistent. The comp
son in Fig. 3 also shows that the spectra are not well
scribed by a single exponential shape over the entire en
range, but consist of at least two regions with differe
slopes. Proton spectra fromp1A collisions have previously
been shown to behave in a similar manner, with smaller
verse slopes at lower kinetic energies@9#.

In Fig. 4 proton spectra for minimum bias Si1Al and
Si1Au are shown. For Si1Al, the minimum bias statistics
are satisfactory up to the largest angle measured~130°!. The
general features of the minimum bias spectra are very sim
to those from central collisions shown in Fig. 2. As in th
case of central collisions, the spectra get steeper and
yield decreases steadily with angle in the backward he
sphere.

Figure 5 shows proton spectra for minimum bias and c
tral collisions for the reaction Au1Au. As discussed in Sec
II, the segmentation of the E859 phoswich array was in
equate for use at the forward angles for central Au1Au col-
lisions. Proton spectra at larger angles given in Fig. 5 w
measured by moving the subarray of 24 small phosw
modules to different angles. Again, the spectra beco
steeper with angle and the yield decreases with angle in
backward hemisphere.

As pointed out above, we characterize the spectra by
ting them to exponential distributions in kinetic energ
@d3N/dp35C exp(2Ekin /B)#. We restrict the fits to the en
ergy interval 50–110 MeV for the following reasons. Th
measured spectra at the forward angles do not extend be
110 MeV. The backward angle spectra extending up to 2
MeV are not well described by a single exponential and,
e
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2608 55L. AHLE et al.
addition, sometimes show a kink at around 110 MeV pro
ably due to background contamination not completely r
moved. As indicated by the solid lines in Figs. 2, 4, and
the spectra are well described by single exponentials in
energy range 50–110 MeV.

In Fig. 6, we show the inverse slopes obtained from t
exponential fits. The inverse slopes vary from 40 to 80 Me

FIG. 4. Same as Fig. 2, for minimum bias Si1Au and Si1Al.

FIG. 5. Same as Fig. 2, for central and minimum bia
Au1Au.
-
-
,
e

e
,

generally increasing with increasing pseudorapidity. Th
slopes represent appreciable mean kinetic energies for
tons being emitted at such large angles. The inverse slo
for Si1Au are about 20% greater for central collisions th
for minimum bias collisions. In contrast, for Si1Al and
Au1Au the inverse slopes for minimum bias collisions a
slightly higher. However, the most remarkable feature is
qualitative similarity of the results for these four differe
systems and extremes in event characterization~minimum
bias and central!.

The deuteron kinetic energy spectra for Si1Au are shown
in Fig. 7. As in the case of protons, the deuteron spectra
steeper and the yields decrease for increasing labora
angles. We have fitted the deuteron spectra to an expone
distribution over the energy range 70–130 MeV. The fits
shown in Fig. 7. The deuteron slope parameters are give
Fig. 8. The inverse slopes are nearly constant except for
two most forward angles. The values for central triggers
slightly larger than those for minimum bias. At back angle
the deuteron inverse slopes are slightly smaller than the
ton values.

In order to quantify the particle yields from these me
surements, we have integrated the proton spectra over
kinetic energy interval 50<Ekin<110 MeV and the deuteron
spectra over the interval 70<Ekin<130 MeV. The resulting
proton pseudorapidity densities are shown in Fig. 9 for
systems. The deuteron pseudorapidity densities for Si1Au
are shown in Fig. 10. ThesedN/dh values are obtained by
summing the measured spectra in the respective kinetic
ergy intervals directly and therefore do not depend on the
results. Because the spectra are not exponential over the
tire energy range, there is no reliable method to allow
trapolation of the spectra outside the measured interva
obtain total dN/dh. We therefore do not extrapolate th
yields outside the chosen energy intervals. To stress tha
integration is done over a limited energy range, we deno
the resulting values throughout by the symb
dN(Elim)/dh. We estimate that these values represent ab
20–30 % of the proton or deuteron yield at each angle wh
is a large enough measured fraction to test the succes

FIG. 6. Inverse slope parameters for proton spectra from ex
nential fits in the kinetic energy range 50–110 MeV.
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55 2609BARYON EMISSION AT TARGET RAPIDITIES IN . . .
reaction models in describing the emission of baryons at t
get rapidities. Thus they constitute a well-defined data set
which predictions of models can be compared after applyi
appropriate experimental filters~see Sec IV!.

B. Comparison of dN„E lim…/dh distributions
for different reactions

It is seen from Fig. 9 that the absolute yield of protons p
collision in the selected energy range increases as the c
trality is increased for Si1Au and Si1Al collisions. Figure
10 shows that for Si1Au the deuteron yield is also higher in
central than in minimum bias collisions. In contrast, for th
Au1Au system, the yield of protons per collision in the se
lected energy interval~Fig. 9! is very similar for both central
and minimum bias collisions. ThedN(Elim)/dh distributions
for the different systems and triggers have very simil
shapes as emphasized by the logarithmic scale in Fig. 9.

FIG. 7. Momentum density distributiond3N/dp3 plotted at
fixed angles as a function of the kinetic energy of deuterons fro
minimum bias and central Si1Au collisions. See caption for Fig. 2
regarding normalization of the spectra.

FIG. 8. Inverse slope parameters for Si1Au deuteron spectra
from exponential fits in the kinetic energy range 70–130 MeV.
r-
to
g

r
n-

-

r
ll

thedN(Elim)/dh distributions clearly peak aboveh50. For
the proton kinetic energy interval 50–110 MeV, our mo
forward point in the distributions in Fig. 9 corresponds to
mean rapidity of 0.2. The proton rapidity density distributio
dN/dy is known to decrease rapidly fory>0.5 @4#. The
location of the expected peak in the totaldN/dh distribution
cannot be determined from the present data alone since
hard component which would dominate at the forward ang
is not included.

It is interesting to compare our results for proton emiss
in nucleus-nucleus collisions with those for proton-nucle
collisions reported in the literature. Abbottet al. @5# have
reported results ofp1A studies at 14.5 GeV using the E80
spectrometer at angles forward of 50°. The proton kine
energy spectra from their work~invariant cross section ver
sus proton kinetic energy! did not extend below 200 MeV in
kinetic energy. Furthermore, it was observed that a sin
exponential did not fit these spectra satisfactorily over
full measured energy range~200–2500 MeV!. We fit the
region below 1 GeV in the proton spectra where a sin
exponential form is appropriate and used the fitted para
eters to calculatedN(Elim)/dh of protons in the~unmea-
sured! kinetic energy interval 50 MeV<Ekin<110 MeV for

FIG. 9. dN(Elim)/dh distributions of protons with kinetic en
ergy in the range 50 MeV<Ekin<110 MeV.

FIG. 10. dN(Elim)/dh distributions of deuterons with kinetic
energy in the range 70 MeV<Ekin<130 MeV from Si1Au colli-
sions.
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comparison with the phoswich data. The results are show
Fig. 11.

Particle production in proton nucleus collisions at hi
energies has been reviewed by Frederiksonet al. @10#. It has
been shown that proton spectra at back angles are chara
ized by slope parameters which depend only weakly on
get mass and beam momentum@9–11#. Bayukovet al. @11#
have reported proton spectra from the reactions of 400 G
protons on targets ranging from Li to Ta under minimu
bias conditions over an angular range very similar to
phoswich measurements. They showed that the proton s
tra ~expressed as invariant cross section per nucleon! at 160°
from p1C andp1Cu at 8 and 400 GeV were indistinguish
able in shape and magnitude. Fitting the proton spectra f
p1A at 400 GeV reported by Bayukovet al. @11# the same
way as the phoswich data from our Si1Au measurements
and using the smooth target dependence of the resu
dN(Elim)/dh values, we have obtaineddN(Elim)/dh for p
1Au by extrapolation.~The measurements of Bayukovet al.
included p1Ta and therefore the extrapolation top1Au
amounted to only a few percent.! These results, also show
in Fig. 11, match well with the extrapolation of the forwa
angle measurements by E802 experiment forp1Au at
14.6 GeV/c.

The dN(Elim)/dh distributions for minimum bias
Au1Au and Si1Au are also replotted in Fig. 11 for com
parison. It is noteworthy that all thedN(Elim)/dh distribu-
tions plotted in Fig. 11 have very similar shapes. If we sc
up thep1Au distribution by factors of 2.4 and 6.0, respe
tively, we can match the Si1Au minimum bias and centra
results reasonably well. These scale factors do not seem
related in any simple way to the relative numbers of part
pants and spectators in the different cases. For compar
the total number of participants~target spectators! is calcu-
lated on the basis of the Fritiof model to be 5~193!, 35~174!,
101~124!, and 102~146! for p1Au minimum bias, Si1Au
minimum bias, and Si1Au central and minimum bias
Au1Au collisions, respectively@12#.

Rescattering and absorption of participant protons in
target spectator matter and emission of protons by he
spectator matter are all factors which would depend on
relative size of target and projectile and on the collision c
trality. These factors would be expected to affect the sh
of the angular distribution of protons at target rapidities. T

FIG. 11. Comparison ofA1A andp1A dN(Elim)/dh values.
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similarity in the shape of the distributions suggests that
protons emitted at target rapidities from the different re
tions have a common source. Since we are focusing on r
tively low energy protons~and not including the harder com
ponent which is evident in Fig. 3!, the most important
mechanism may be the emission from or breakup of the
get spectators, with rescattering of participant protons pl
ing a lesser role.

Albrechtet al. @13# observed that the angular distribution
of slow protons (30<Ekin<400) from oxygen- and proton
induced reactions at 60A and 200A GeV are well represented
by dN/d cos(u)5C exp(k cosu). The slopes of the distribu
tions decreased with increasing target-projectile asymm
and also with increasing impact parameter. It has been s
gested that smaller slopes~flatter angular distributions! in the
case of the asymmetric systems may be the result of gre
rescattering. Figure 12 displays our proton angular distri
tions in this form. These data show an approximate trend
the type seen by Albrechtet al. in the angular distributions
Thus, the most asymmetric system Si1Au has the smalles
slope and the more symmetric systems, in general, h
larger slopes. However, it is difficult to relate dependences
this type quantitatively to contributions from rescattering
target spectator breakup.

C. Centrality dependence

The centrality dependence of target rapidity baryon em
sion can be studied in more detail using the information p
vided by the E802 Zero-Degree Calorimeter~ZCAL! which
allows impact parameter selection on the basis of the ene

FIG. 12. Angular distributions of protons from various system
measured in this work. Exponential fits are also shown~see text!.
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FIG. 13. Proton momentum density distribu
tions from Si1Au for three cuts in ZCAL energy.
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remaining in projectile fragments@2#. We have analyzed ou
Si1Au proton and deuteron data by dividing the events i
three ZCAL energy binsZlow50<EZCAL<60 GeV, Zmid
560 GeV<EZCAL<250 GeV, andZhigh5250 GeV<EZCAL
<420 GeV. On the basis of a simple calculation of overla
ping spheres, theseEZCAL cuts correspond to the impact p
rameter intervals 0.0–4.7, 4.7–7.9, and 7.9–10.6 fm, res
tively.

In Fig. 13, we show proton kinetic energy spectra
Si1Au at three angles for the three ZCAL cuts. The featu
of these spectra are very similar to those already displaye
Fig. 2. The spectra for each bin get steeper with angle.
spectra for the two lowest ZCAL bins are very similar
both slope and magnitude, presumably reflecting the r
tively small change in the numbers of participants~specta-
tors! between these two bins. In Fig. 14, we plot the inve
slope parameters anddN(Elim)/dh values as a function o
pseudorapidity. As expected, from the similarity of the d
tributions for central~TMA ! and minimum bias triggers pre
sented earlier, the proton pseudorapidity distributions for
three impact parameter intervals in Fig. 14 are very simila
shape. This is underscored by the nearly constant value
the ratios ofdN(Elim)/dh values plotted in Fig. 15.

Figure 16 displays the deuteron/proton ratios for the th
impact parameter intervals as a function of pseudorapid
The ratio shows little dependence onh or ZCAL cut. The
mean values are 0.29, 0.29, and 0.26 for the low, middle,
high ZCAL cuts, respectively.

IV. COMPARISON WITH MODELS

The transport-theoretical modelsRQMD @14# andARC @15#
have had considerable success in explaining a numbe
experimental measurements from relativistic heavy-ion c
lisions at midrapidities@11,12#. However, the models hav
remained largely untested at target rapidities. In this sect
we present comparisons of the experimental results at ta
o
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rapidities with those calculated using these two models. W
emphasize the Si1Au system here for which comparisons o
measured and calculated proton spectra and yield distri
tions are presented in detail. For Au1Au and p1Au, the
comparisons are limited to yield distributions.

A. Si1Au

RQMD version 1.07 andARC version 1.15 were used. In
each case, we have started with a minimum bias distribut
of events and applied suitable cuts to select events co
sponding to our hardware triggers and geometric accepta
To correspond to the minimum bias trigger, we started with
pool of events with impact parameter<11 fm and selected
events in which the projectile lost at least one proton in t
interaction~as counted by the number of beam momentu
protons in the angular interval defined by the bulls-e
counter in the apparatus@2#!. A subset of these were chose
as central events corresponding to the upper 7% of
charged particle multiplicity distribution, where the mult
plicity was given by the number of charged particles a

FIG. 14. Inverse slope parameters anddN(Elim)/dh distribu-
tions for protons from Si1Au for the three ZCAL cuts.
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cepted by a filter that imposed the geometry of the Tar
Multiplicity Array and also applied a minimum kinetic en
ergy requirement of 25 MeV for each particle. The mod
events were analyzed in the same manner as the experi
tal data.

In Fig. 17, we compare the experimental proton mom
tum density distributions for central Si1Au events at 50° and
130° with those given by the two models. The calcula
spectra from the two models are very similar to each oth
At 50°, both models give spectra whose slopes are clos
the experimental slopes, but the model cross sections are
high by a factor of 2. At 130°, the model spectra are mu
steeper than the experimental ones. However, the cross
tions appear to be closer to the data. The model spectra
fit to an exponential over the kinetic energy interval 50–1
MeV, and the inverse slope parameters from the fits are c
pared to the experimental values in Fig. 18. Except for c
tral collisions at the most forward angles, the inverse slo
of the model spectra are considerably smaller than the
perimental values. Thus for Si1Au, both the models, in gen
eral, predict spectra which are significantly softer than
data.

The calculateddN(Elim)/dh values for Si1Au are com-
pared to the measurements in Fig. 19. At the forward an

FIG. 15. Ratios of protondN(Elim)/dh values for for Si1Au
for the three cuts in ZCAL energy.
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measured by the phoswich array, bothRQMD andARC over-
estimate the yield of protons in the kinetic energy interval
50–110 MeV, but come closer to the experimental data
backward angles. In this context, it should be remembe
that bothRQMD andARC do not produce clusters. Therefor
the contributions from deuteron and heavier species sho
be added to the proton results before a comparison is m
However, since we integrate the spectra only over a limi
energy interval, we actually do not include the deuteron c
tribution in the data plotted in Fig. 18, but note that t
deuteron-to-proton ratio is close to 0.3 at all angles as can
seen from Fig. 16. If a deuteron contribution of this mag
tude is added to the measured proton yields, the discrepa
between the measurements and the model values woul
significantly reduced, bringing the two sets of values with
reasonable agreement in the backward hemisphere. In s
mary, the models give a fairly consistent representation
the proton yields from Si1Au in the energy range of ou

FIG. 16. Deuteron/proton ratios for Si1Au for the three cuts in
ZCAL energy.
n
FIG. 17. Comparison of experimental proto
spectra for central Si1Au events with those cal-
culated byRQMD andARC models.
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measurements, especially at back angles, but do a rather p
job on the spectral shapes.

B. Au1Au

In this case, a pool of model events with impact paramet
<14 fm was used as minimum bias events. To correspond
the ZCAL central trigger used experimentally, the most ce
tral 4% of events were selected by requiring that the calc
lated energy incident in the Zero Degree Calorimeter ape
ture was below a threshold value. Figure 20 shows
comparison of the experimental data with the results fro
the model simulations. The inverse slopes, shown in the le
hand panel, change more rapidly with angle than the expe
mental values except forRQMD minimum bias events. The
dN(Elim)/dh values are shown in the right-hand panel. I
both models, the minimum bias values are higher than t
central values, although inARC the central and minimum bias

FIG. 18. Comparison of experimental Si1Au proton slope pa-
rameters with bothRQMD andARC calculations.

FIG. 19. Comparison of experimental Si1Au proton
dN(Elim)/dh distributions with bothRQMD andARC calculations.
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results are very close to each other as in the experiment. Th
calculated values are close to the measurements for mini
mum bias events, but significantly lower in the case of cen-
tral events. The inclusion of deuterons in the experimenta
results will increase the disagreement in all cases. For centra
events the experimentaldN(Elim)/dh values are 2–3 times
larger than theARC values and 2–5 times larger than the
RQMD values. Thus bothARC andRQMD predict, in general,
harder momentum density distributions and lower yields~in
the kinetic energy range 50–100 MeV! than the experimental
values for protons from Au1Au at target rapidities. The di-
rection of the disagreement for Au1Au is in general oppo-
site to that in the case of Si1Au.

V. SUMMARY AND CONCLUSIONS

In summary, we report measurements of proton emission
at target rapidities for minimum bias and central collisions of
14.6A GeV/c 28Si with Al, Cu, and Au nuclei as well as
minimum bias and central collisions of 11.7A GeV/c 197Au
with Au nuclei. Deuteron results are also reported for
Si1Au. The results include the inverse slopes of proton
spectra and pseudorapidity density distributions in the kinetic
energy range 50 MeV<Ekin<110 MeV. The inverse slopes
generally increase with increasing pseudorapidity for the
various systems. ThedN(Elim)/dh values forA1A colli-
sions are compared to those for protons fromp1Au in the
literature. All pseudorapidity distributions have very similar
shapes. There are only small differences among the values o
the slopes of proton angular distributions from asymmetric
and symmetric systems when fitted as exponentials in cosu.
While the contributions from target breakup or rescattering
of participant protons by the target spectator may be ex-
pected to depend on the relative sizes of the target and pro
jectile and the centrality of the collision, these variables
seem to have only a small effect on the shape of the mea
sured proton distributions at target rapidities. The nucleon-
nucleon collision modelsARC andRQMD generally reproduce
this feature, but there are significant disparities in the details
of the spectral slopes and the proton yields.

FIG. 20. Comparison of experimental Au1Au proton slope pa-
rameters and protondN(Elim)/dh distributions with bothRQMD and
ARC calculations.
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