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Proton, deuteron, and triton emission at target rapidity in Au1Au collisions at 10.20A GeV:
Spectra and directed flow
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Systematic results are presented on proton, deuteron, and triton emission from the target spectator region in
collisions of 10.20A GeV gold projectiles with a gold target. A forward hodoscope utilizes detection of
projectile spectator fragments to determine the orientation of the reaction plane, event by event. The directed
flow ^px& is determined as a function of pseudorapidity. Projectile spectator energy is used to estimate impact
parameters. Results are compared to current theoretical modelsARC, ART, andRQMD. In all cases good agree-
ment with theory is obtained for calculations utilizing a pure cascade without nuclear potential contributions.
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I. INTRODUCTION

Over the past decade, the advent of relativistic heavy
beams up to 14 GeV/A at BNL AGS and up to 200 GeV/A at
CERN SPS have provided opportunities for the utilization
heavy ion collisions to begin studies of the properties
nuclear matter at new extremes of compression and en
density. Most recently the availability of very heavy beam
of Au at AGS and Pb at SPS have allowed access to s
metric systems with total masses of the order of 400 nu
ons @1#. Experiments at 1 GeV/A have shown experimenta
results sensitive to the nuclear equation of state@2,3#. The
opportunity to explore this sensitivity in the 10 GeV/A re-
gime is now available at the AGS. Central to all of the
studies and their comparison to theoretical models are
degree to which the energy available in the collision is eit
thermalized among the collective degrees of freedom in
multiparticle system or conversely given directly to emitt
nucleons or produced particles as a result of nucleon-nuc
collisions in the early stages of the intranuclear cascade.
570556-2813/98/57~3!/1416~12!/$15.00
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paper presents results on particle emission in the targe
pidity region for Au1Au collisions at 10.2A GeV. These
results taken along with results at midrapidity in experime
E866@4# and at projectile rapidity from experiment E877@5#
can begin to constrain the theoretical models and allow
ther insight into the basic reaction mechanisms.

At these high energies the simple spectator or particip
model gives a good conceptual basis for discussing the b
characteristics of heavy ion reactions@6#. At finite impact
parameters the nucleons in the participant region are
volved in the first collisions with the subsequent direct em
sion of nucleons and produced particles. Some of the sec
ary particles escape and some are rescattered to begin
cascading that may ultimately lead to a thermalized~or par-
tially thermalized! plasma of baryons and mesons. Und
extreme conditions this plasma may transition to a qua
gluon plasma. On a longer time scale the thermalized par
pant region may then expand and the plasma may deca
hadronize into the baryons and mesons that are ultima
detected in the experiment.
1416 © 1998 The American Physical Society
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In contrast to the complexity of interactions in the parti
pant region, the physics of the spectator region is relativ
simple. The spectator nucleons form a system that is exc
by two distinct mechanisms and then is expected to de
statistically. First the rapid shearing process in the ini
collision creates a nuclear system with many holes that w
subsequently thermalized produce an internal excitation
few MeV/A. At high energies this leads to a limiting frag
mentation that has been predicted and observed in m
cases@7#. The spectator region can be additionally excited
rescattering and absorption of particles from the particip
region. Therefore, a detailed study of the subsequent de
of the spectator region may give sensitive tests to model
the cascade and energy damping in the participant reg
For example, nucleon emission at angles behind the k
matic limits for nucleon-nucleon scattering is particula
sensitive to the internal Fermi momentum distribution of t
participants and to rescattering in the participant or specta

The spectra of low energy nucleons emitted from the p
ticipant and spectator regions depend complexly on their
citation and any collective radial or directed flow that may
present. In the participant region the initial compression
lead to a radial collective expansion@8#. In general, at high
bombarding energies it is expected that the spectator ex
tions will be modest and, additionally, there should be lit
compression of the spectator so that radial flow veloci
will be small compared to the directed flow, ‘‘bounce off
component. This directed flow component results from
initial compression of the participant region and the ultim
bounce off of the spectator source. Preliminary observati
of this bounce off component have been reported by b
experiments E877@9# and E866@10# for Au1Au collisions
at the AGS. Measurements of energy or momentum spe
for nucleons and complex fragments from the spectator
gion can, in principle, be used to sort out the effects of
drodynamic flow from thermal excitation. The probabili
for emission of complex particles such as deuterons, trito
and helium isotopes can also test coalescence models
ultimately, may provide another measure of the excitat
and degree of equilibration in the spectator.

Relativistic heavy ion collisions are so complex that it
generally impossible to gain significant physical insight in
the underlying processes from the measurement and inte
tation of a single observable. Instead there has been a c
coupling between experiment and modeling to attempt a
alistic portrayal of the complex kinematical conditions of t
reactions. Then utilizing realistic transport models it m
become possible to look for combinations of observables
will be sensitive to the underlying physical properties of t
reactions, including thermalization, hadronization, and
thermochemical properties of the possible quark-gluon
baryon or meson plasma states that may be encounter
various stages of the reaction process.

At present several theoretical models are being develo
which utilize the propagation of particles along classical t
jectories with interactions adjusted to reproduce experim
tal scattering and reaction cross sections where known.
mix of particles in the cascade include the original nucleo
as well as excited nucleon resonances and mesons creat
the decay of nucleon resonances and strings. These mo
may or may not include a nuclear mean field. At AGS a
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higher energies the density of nucleon resonances and
sons in the initial collision becomes high enough that
cross sections for many unmeasureable processes suc
nucleon and meson scattering, scattering involving nucl
resonances, and meson-meson scattering start to becom
portant. Current models use a variety of reasonable assu
tions for the forms of the unknown cross sections, the imp
tance of the nuclear mean field and the mix of meson
baryons included. Several of these models have shown
ability to correlate, with a high degree of precision, inclusi
observables and two particle correlations over a broad ra
of projectiles, ejectiles, and bombarding energy. Howev
the fact that models with quite different internal interacti
properties and philosophies quantitatively fit much of t
available data means that we need to move to the compar
of more exclusive correlations in order to provide meanin
ful tests of some of the more interesting underlying assum
tions and parameters in the models. Models that reprodu
broad spectrum of inclusive data and have been applie
the prediction of collective flow phenomena at AGS energ
include:ARC @11#, ART 1.0 @12#, andRQMD 1.07 @8,13#.

In this paper we present spectra of low energy proto
deuterons, and tritons emitted at pseudorapidit
21.0,h,0.6, and measurements of the directed flow^px&,
^py& in the sameh interval. Results are presented as a fun
tion of impact parameter as determined from the energy
posited in a zero degree calorimeter. The experimental
tails and data analysis techniques are discussed in Sec. I
inclusive spectra presented in Sec. III, the flow results p
sented in Sec. IV, and the data compared to model pre
tions in Sec. V. Section VI presents a summary and con
sions.

II. EXPERIMENTAL DETAILS

A. Experiment E866, general features

The results presented in this paper represent a subs
the data obtained in experiment E866 at the Brookhaven
tional Laboratory AGS facility. The data reported were o
tained in the first full running period for E866 in the fall o
1993 using a 10.2A GeV gold beam on a gold target. A
schematic layout of E866 is shown in Fig. 1. The experim
involves measurements in the midrapidity region using t
spectrometers, Henry Higgins~HH! and the Forward Spec
trometer ~FS!. Measurements in the target rapidity regio
were made with the highly segmented plastic scintilla
phoswich array~PHOS!. In addition the experiment provide
impact parameter and reaction plane information on
event-by-event basis utilizing a zero degree calorime
~ZCAL! which measured the number of spectator nucle
via their total energy and a small angle hodoscope~HODO!
which measured the center of gravity of spectator prot
relative to the beam center. Experiment E866 evolved fr
experiment E802 which studied Si reactions with HH a
ZCAL and experiment E859 where the first version of t
PHOS array was added. In experiment E866, the FS, HO
and an expanded PHOS array were added. A detailed
scription of the E802 setup and the E859 PHOS array can
found in separate instrumentation papers@14,15#.

The rapidity coverage of various detector systems in E8
is shown in Fig. 2 along with predictions of the mean prot
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FIG. 1. E866 experimental layout.
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transverse momentum in the reaction plane as a functio
the proton rapidity usingRQMD ~version 1.07! @13,16#. The
approximate rapidity ranges accessed by the various E
detector subsystems are indicated.

Due to the symmetry of the Au1Au reaction, data
complementary to the PHOS measurements could be
tained from the mean proton deflections in the HODO ar
but, in practice, the HODO acceptance and granularity is
sufficient to give a meaningful result. However, the E8
Collaboration does make a good measurement in this re
using their forward spectrometer. Their results have alre
been reported@5# and are compared to the PHOS data in
discussion in Sec. V.

B. The PHOS array

The layout of the PHOS array is shown in Fig. 3. It co
sists of 100DE-E phoswich@17# telescopes each read o
using a single photomultiplier tube. Forty modules from t
previous E859 array@15# were set up at angles between 9
and 140° at a distance of 65 cm from the target. A new
constructed array of 60 additional modules were positio
at forward angles between 40° and 90° at a distance of
cm. The forward 60 modules are shaped as truncated p
mids~solid angle of 1.9 msr! while the backward 40 module
are shaped such that each group of four forms a large t

FIG. 2. Schematic illustration of the acceptance in rapidity
various E866 subsystems for the measurement of mean trans
momentâ px&. The points represent predictions of the possible s
nal from anRQMD simulation for protons with no cuts on particl
energy.
of
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cated pyramid~each of the backward 40 modules subten
3.8 msr!. Both subarrays subtend approximately6 10° in
azimuth.

The fundamental operation and performance of e
phoswich module is identical. TheDE and time-of-flight in-
formation is provided by 5 mm of BC412, a fast scintillatin
plastic with short rise and decay times (t rise51.0 ns,
tdecay53.3 ns!. The E section is 26 cm of BC444, a slowe
scintillating plastic with a relatively long rise time and a ve
long decay time (t rise519.5 ns,tdecay5260 ns!. The signal
from the photomultiplier tube~PMT! is split and integrated
using two different ADC gates~60 and 220 ns in duration!.
This allows the signal components from the fast and sl
scintillators to be unfolded. TheDE-E and time-of-flight in-
formation are used to identify ‘‘neutral’’ particles, charge
pions, protons, deuterons, and tritons over a broad rang
kinetic energy~from 25 to 220 MeV for protons!. The ‘‘neu-
trals’’ include g ’s and neutrons which generally leave litt
or no energy in the thin fast plastic and charged partic
which scatter into the module, missing the fast plastic. T
response of the E859 phoswich modules to protons and
terons of known incident energies was measured at the I
ana University Cyclotron Facility as described in@15#. This
calibration forms the basis for the energy analysis of
p,d,t data shown below.

f
rse
-

FIG. 3. Schematic layout of the phoswich scintillator~PHOS!
subsystem in the E866 experiment.
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Due to the simplified target geometry and thin carb
fiber target housing and beam pipe, the lower energy thre
old for p,d,t detection in the PHOS array is mainly dete
mined by the energy lost in the relatively thick~944 mg/cm2)
target. Unambiguous determination of the proton energ
possible for energies up to a maximum of 220 MeV. Ho
ever, at the most forward angles, the high pion flux redu
the maximum proton energy for unambiguous identificat
~150 MeV! since multiple pion hits fall into the same regio
as the highest energy protons inDE-E space. This is a rela
tively small effect and there is little or no influence on t
deuteron and triton measurements. The energy accept
used to determine the meanp,d,t transverse momentâpx&
and ^py& are given in Table I.

C. The HODO array

HODO consists of two longitudinally coaxial scintillato
slat arrays located directly in front of ZCAL. The two arra
are identical. Each array consisted of 39 identical slats
plastic scintillator~BC408! with dimensions of 1.0 cm30.8
cm340.0 cm. At either end, a curved Lucite light guide pr
vided a mount for a 1/2-in. diameter phototube~a
Hamamatsu R647 with 1.0-cm photocathode! so that the
scintillator slats could be close packed. Indeed, care
taken to wrap the slats such that the total thickness of m
rial was less than 3.0-mil per edge while maintaining lig
integrity ~the total dead space between the slats was o
slightly greater than 1% of the array area!. Looking from the
target, the first array was oriented for measurement in
horizontal X plane ~vertical slats! and the following array
~approximately 10 cm further downstream! for measuremen
in the verticalY plane~horizontal slats!. The distance from
the target to the front of theX array was 10.5 m.

The signals from all 160 PMTs were processed into fa
bus analog-to-digital converters~ADCs! and high resolution
fastbus time-to-digital converters~TDCs!. The signal from
each PMT was split with a capacitive coupling to an AD
and a direct coupling to a fast discriminator which crea

TABLE I. Energy cuts used in flow analysis.

~a! Accepted kinetic energy ranges for identified particles
Particles Energy range~MeV!

Protons 40–200
Deuterons 40–180
Tritons 45–145

~b! EZCAL cuts based onRQMD events
Imp. par~fm! EZCAL range~GeV!

0–5 0–730
5–8 730–1280
8–10 1280–1580

~c! EZCAL cuts based on overlapping spheres
Imp. par~fm! EZCAL range~GeV!

0–5 0–830
5–8 830–1420
8–10 1420–1740
h-
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the TDC input. The six center slats in each array had h
current active bases to prevent gain changes due to the
particle flux and large pulse heights associated with be
particles. These slats also had a second lower gain ou
from an intermediate dynode stage to provide the dyna
range necessary to observe both beam~gold! particles and
protons. The geometric mean of the two pulse heights fr
either end of a slat was calculated and normalized to giv
constant output channel~250! for a single minimum ionizing
hit ~generally beam velocity protons!. Typically, peaks cor-
responding to 1, 2, and 3 proton~or MIP! hits and a shoulder
corresponding toZ52 ~essentially defined byZ2 times the
Z51 peak location! are clearly visible in the pulse heigh
spectra for individual slats. Timing cuts were generally a
plied to all slats after slewing corrections to eliminate p
ticles that did not have the beam velocity. The timing res
lution obtained using the R647 tubes with beam veloc
particles was typically 250 ps.

For an individual event the mean charge centroid in e
array was calculated. A number of weighting schemes w
investigated for optimizing the sensitivity to the reactio
plane. These included pulse height and the square root o
pulse height which are approximately proportional to cha
squared and charge, respectively. Using the Monte C
simulation discussed below it was found that these t
weighting schemes gave the best results and were app
mately equivalent. In the final data reduction a weighting
pulse height was used.

Using the mean positions, the reaction plane for ea
event is determined by simply connecting the mean (X,Y)
position of the spectator fragments on the HODO array w
the estimated position of an undeflected beam particle.
determination of the beam location is complicated by the f
that the position of the beam at the HODO array swe
during the beam spill. Indeed, the beam spot as well as
sweep length varied with the beam tune and conseque
changed frequently during the measurements reported h
The sweep length was typically at least 1 cm inX and some-
what less inY. This sweep adds a significant dispersion
the reaction plane determination. Fortunately, the beam
and sweep were very predictable for a given tune. Theref
a small sample of beam events was accepted into the tri
mix and used to determine the location of the beam spo
the HODO array as a function of time during the beam s
~typically about 600 ms!. A functional form was fit to this
dependence for each data run and used to estimate the
position at the HODO array for each reaction event. In ad
tion to the beam sweep there is a dispersion in the reac
plane determination due to the finite size of the beam pro
at the HODO array which cannot be removed on an eve
by-event basis. Using the beam event sample it was
possible to estimate the height or width of the beam on thX
or Y HODO arrays and determine that this shape did
change significantly as a function of the spill time. The d
persion in the reaction plane determination due to the fin
beam size is discussed in the next section.

D. Dispersion in reaction plane determination

A knowledge of the dispersion in the event-by-event
action plane determination is essential for any compariso
azimuthal asymmetries to theoretical models. For exam
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Fig. 4 shows the effects of a Gaussian dispersion func
with standard deviationdf50°, 20°, 40°, and 60° on the
mean transverse momentum^px& calculated using theRQMD

model.
There are several effects that can lead to a signific

dispersion in the reaction plane measurement. From prev
studies at the Bevalac@18# and SIS@19#, it is known that the
major component in the dispersion comes from the fluct
tions due to the measurement of only a subset of the spe
tor particles. At best, this subset includes only the char
fragments but even within this set some are emitted at
angle too small to be very useful and a few at an angle
large to be detected. In previous measurements this e
tended to set a lower limit ondf at about 30°@18,19#. In
addition, in the present experiment there is significant disp
sion due to the finite size of the beam spot. We believe
the dispersion due to the sweep of the beam spot acros
HODO array during an AGS spill has been effectively r
moved by the technique described in the previous sect
Other effects due to charge resolution, slat geometry
background hits in the HODO array have been studied
turn out to be significantly smaller than the inherent specta
fluctuation and beam spot size and when added in quadra
do not affect the final experimental dispersion.

A dispersion estimate that has been used previousl
Bevalac@18# and also studied by the KAOS group@19# in-
volves randomly subdividing every event into two subeven
each containing half the particles and then calculating a
action plane for each subevent. The distribution of ang
between the two subevents should have a width twice
expected for the full data sample. This technique does
include any instrumental effects such as the finite beam
size. Additionally, there are possible correlation effects d
to the use of independent slat arrays forX and Y as con-
trasted to the previous single array pad geometries. Ne
theless, we believe that this technique gives a useful lo
limit for the dispersion. Results using this technique for o
data are shown in Fig. 5 for all of the data and for three c
in ZCAL which correspond to approximate impact parame
ranges ofb50 –5, 5–8, and 8–10 fm~see Table I!. The
results suggest a dispersion withdf of approximately 37°
independent of impact parameter. However, detailed Mo
Carlo calculations described below give somewhat lar
values especially for large and small impact parameters.

FIG. 4. Effect of a Gaussian dispersion with standard devia
df on the observed transverse momentum^px& distribution. The
input distribution is taken fromRQMD for protons with no cuts on
particle energy.
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For a more detailed dispersion estimate, a full Mon
Carlo of the experiment was developed usingGEANT. This
simulation included the target region, the beam pipe,
HODO array, and the ZCAL. An event generator was dev
oped usingRQMD events withb50–10 fm and a simple coa
lescence model to produce fragments@16#. TheRQMD events
used version 1.07 with the inclusion of nuclear potentia
The calculations gave a Z distribution approximating a
power law with exponent22.6. This value compares well t
recently published emulsion data@20#.

The distributions from theRQMD model for the difference
between the estimated and the true reaction plane angle
shown in Fig. 6 and tabulated in Table II for a series
impact parameter ranges.

The results of these dispersion calculations are, in p
ciple, sensitive to thepT distributions in the event generato
used~RQMD!. In these calculations a set of events run w
the inclusion of nuclear potentials was used but as sho
later ~Sec. V! these events do not give the best description
the directed flow observed in the data. In order to estim
the uncertainties in the estimated dispersion, due to the e

n
FIG. 5. The distribution of angles between two randomly s

lected subevents. Results are shown for cuts in EZCAL. The s
dard deviations for Gaussian fits to these distributions are show
each case.

FIG. 6. Distributions in angle between the reconstructed re
tion plane and the true reaction plane for protons taken from
RQMD event generator and transported in aGEANT simulation as
described in the text. Results are presented for several region
impact parameter. Distributions are fitted to Gaussian distributi
over the region indicated by the solid lines. Fits yield the indica
standard deviations.
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generator, a separate calculation was run in which thepT
values for individual particles in each event were multipli
by 0.66. This corresponds to the maximal difference
served between all of the models with or without the inc
sion of nuclear potentials. These results are included in Ta
II.

The results in Fig. 6 do not include the effect of the fin
size beam profile at the HODO. In the experiment, the ty
cal beam profile was rectangular with a width and height
approximately 1.0 and 1.5 cm, respectively. Simulatio
were performed assuming two extreme beam profile ge
etries, Gaussian withs50.5 and 0.75 cm forx andy direc-
tions, and a uniformly illuminated rectangle with~x,y! di-
mensions of 1.0 and 1.5 cm. Results of these calculat
were added in quadrature to the intrinsic dispersions to g
the estimated total dispersions in Table II.

We conclude that forb55–10 fm, a dispersion function
with df535°240° is most appropriate for this experimen
For b,5 fm or b.10 fm, the dispersions and their unce
tainties become large and this technique becomes less
able for determining quantitative azimuthal dependences

E. Triggers and event sample

The data presented in this paper was taken as a part o
E866 run during the 1993 AGS cycle. The triggering sche
was similar to the earlier PHOS running in E859@21#. A
generic ‘‘central trigger’’ for E866 utilized ZCAL to isolate
the 4% of events with minimum ZCAL to give the mo
central events. The generic E866 ‘‘minimum bias’’ trigg
was generated by another cut on ZCAL at an energy
below the Au beam peak which allowed acceptance of
events in which the gold projectile loses at least one cha
The PHOS central and minimum bias triggers used in
analysis were then created by combining the generic E
triggers with an additional requirement that at least o
PHOS detector had an event. The ZCAL signal was a
recorded event by event so that in the final analysis m
restrictive windows could be placed on the number of p
ticipant nucleons.

TABLE II. Standard deviations for a Gaussian fit todf distri-
butions for dispersions with and without the effect of beam s
smearing~see text!. In this table the columnRQMD is for the event
generatorRQMD version 1.07 including nuclear potentials. The co
umn pT30.66 modifies the events by multiplying transverse m
menta of individual particles by 0.66. The column rect. beam a
the effect of a rectangular beam spot with dimensions 1.0 cm31.5
cm toRQMD. The column Gauss. beam adds the effect of a Gaus
beam spot with vertical or horizontal variances of 0.5 cm or 0
cm. The column Corr. factor gives, for each impact parameter
the correction factor topx corresponding to thedf values in col-
umn 4, derived usingRQMD events.

Impact df df df df
parameter RQMD pT30.66 ~rect. beam! ~Gauss. beam! Corr.
fm deg deg deg deg facto

0–5 67 58 69 70 2.32
5–8 37 37 39 39 1.27
8–10 34 37 35 37 1.21
all 41 41 42 43
-
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The data presented were taken in dedicated PHOS runs
involved a total sample of approximately 60 000 events.

III. INCLUSIVE SPECTRA

Over the limited measurement region of the PHOS ar
the kinetic energy spectra obtained are reasonably re
sented by single exponentials@d3N/dp35C exp(2Ekin /B)#.
The inverse slopes obtained from these fits are shown in
7. The results show that in the target spectator region (h,0)
the slopes are relatively independent ofh and vary from
about 45 MeV for protons to about 30 MeV for tritons. The
is also little difference between central and minimum b
triggers.

Figure 8 shows distributions indN/dh summed over the
energy region accepted by the PHOS array. Especially
h.0 it is known that the total spectra are not well describ
by a single exponential and since the PHOS measurem
are limited to the lower energy part of the spectrum it is n
possible to estimate the total rapidity or pseudorapidity d
tribution. A similardN/dh distribution was reported for the
earlier Si1 Au data@21# and for preliminary, low statistics
Au1Au data obtained in 1992 with the E859 setup. A co
parison of the current data with earlier Si1Au andp1Au for
protons and deuterons is shown in Fig. 9. In the spect
region (h,0) thedN/dh distributions are similar in shape
The magnitude of the low energy protondN/dh distribution
is somewhat less for Au1Au than Si1Au. The difference in
magnitude is even more pronounced for deuterons. T
trend may reflect the larger and cooler spectators produce
the Si1Au relative to Au1Au systems.

Figure 10 shows thed/p andt/p ratios as a function ofh
for the limited energy acceptance of the PHOS array. Fig
11 showsd/p and t/p ratios as a function of ZCAL energy
for the spectator region (h,0). The results indicate little
dependence onh but a relative decrease ind and t for the
most central collisions. These results are qualitatively c
sistent with a decrease in the relative production of comp
particles in the most central collisions. In a simple coal
cence picture this is consistent with a lower baryon densit
freeze-out for the most central reactions.

t

-
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5
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FIG. 7. Inverse slopes from the exponential fits to the exp
mental proton, deuteron, and triton spectra as a function of pse
rapidity.
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IV. DIRECTED FLOW

On an event-by-event basis, for each particle (p, d, or t)
identified in a PHOS event, a total momentum is determin
and projected on the reaction plane to yield a distribution
px andpy in that plane. Figure 12 showspx spectra ofp, d,
t for a range20.12,h,0.05. The results clearly show
shift to negativepx which increases as the mass of the ej
tile. This is a clear sign for a directed flow component.

Figure 13 shows a composite of results forpx andpy for
p, d, and t. On the top are contour plots ofpx vs py which

FIG. 8. Integrals of the kinetic energy spectra over the indica
energy ranges for protons, deuterons, and tritons as a functio
pseudorapidity. Results are presented for Au1Au collisions with
central and minimum bias triggers.

FIG. 9. Integrals of the kinetic energy spectra over the indica
energy ranges for protons and deuterons as a function of pseu
pidity. Results are presented for central triggers for Si1Au, Au
1Au, and min biasp1Au collisions.
d
f

-

show a shift to negativepx increasing with ejectile mass. Th
results also show symmetry inpy . In this plot a ‘‘squeeze-
out’’ component would show up as a bulge at6 py . Within
the statistical accuracy of this data, such a component is
observed in this rapidity region. However, in experime
E877, a slightly elliptical flow was observed in the reacti
plane@9#. Meanpx andpy values are shown as a function o
EZCAL and h in the lower panels. The results show me
py consistent with 0 everywhere which provides a test of
accuracy of the mean beam position determination. T
range 730 GeV,EZCAL,1580 GeV corresponds, approx
mately, to theb55–10 fm region where the reaction plan
determination is most reliable. Below EZCAL5730 GeV
and above EZCAL51580 GeV, the dispersion correction
begin to increase significantly and may account in part
the apparent decrease in the absolute value of the meanpx ,
(u^px&u). As a function ofh the results show a maximum i
u^px&u nearh50 as predicted in most calculations.

Figure 14 shows values of^px&/A versush for four bins

d
of

d
ra-

FIG. 10. Ratios of deuteron to proton and triton to proton em
sion rates as a function of pseudorapidity for central and minim
bias Au1Au collisions.

FIG. 11. Ratios of deuteron to proton and triton to proton em
sion rates for pseudorapidity less than zero as a function of en
in the zero degree calorimeter~ZCAL!.



A
th
f
el
e-

o

er

c
te
fo

ni-
atic

p-

on
the

m

ime
i-
ion
an
the
cat-
en-
e
ich
pro-

ow

s
hey
ail-
le
els
tter-
ea-

of
ing
odel

ay
of

en
lac
ell
ent
ul-

ac-

been
as

r
re

ween
as in
cts
ing

cit
to 2
an

g

ro
ge

on

57 1423PROTON, DEUTERON, AND TRITON EMISSION AT . . .
of EZCAL which correspond qualitatively tob50 –5, 5–8,
8–10, and 10–14 fm ranges in impact parameter. The ZC
correlation to impact parameter is obtained by estimating
total energy in spectators fromRQMD at impact parameters o
5, 8, and 10 fm to be 730, 1280, and 1580 GeV, respectiv
A purely geometric correlation to EZCAL would give som
what higher values for the cuts~830, 1420, and 1740 GeV!
but within the statistical uncertainties of the data would n
change any of the conclusions in the next section.

For the center two bins and for minimum bias data wh
the corrections are minimum, the^px&/A values for protons
have been corrected for dispersion (df) using values listed
in Table II ~column ‘‘df / rect. beam’’!. The correction fac-
tors for each impact parameter andh bin was obtained from
RQMD simulations by comparing thêpx&/A values with and
without f dispersion. The average correction factor for ea
impact parameter bin is given in Table II. The uncorrec
and corrected distributions for a minimum bias trigger

FIG. 12. Typical transverse momentum distributions for p
tons, deuterons, and tritons in the indicated pseudorapidity ran

FIG. 13. Mean transverse momentum^px& as a function of̂ py&,
ZCAL energy, and pseudorapidity for protons~left!, deuterons~cen-
ter!, and tritons~right!. Points with dashed error bars are for^py&.
The transverse momenta have not been corrected for dispersi
the reaction plane determination.
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protons are shown in Fig. 15 to indicate the general mag
tude of the dispersion correction. The estimated system
uncertainty in the values determined fordf is 63° which
would lead to an additional systematic uncertainty of a
proximately 65 MeV/c for the maximum u^px&u values
shown in Fig. 15 and in the following section. The dispersi
corrected distributions are compared to various models in
next section.

Qualitatively, the results show that the maximu
u^px /A&u values are independent of particle type.

V. MODEL COMPARISON

Most current results suggest that the AGS energy reg
~10–15A GeV! is close to optimum for studies of the max
mum baryon densities achievable in relativistic heavy
collisions. Studies of collective flow phenomena may be
important tool for determining the compression achieved,
importance of compression and heating on microscopic s
tering processes, and the magnitude of the damping of
ergy from initial kinetic modes to thermal and collectiv
modes. Currently there are three theoretical models wh
have been able to quantitatively characterize hadron and
duced particle inclusive distributions for AGS Au1Au ex-
periments and have gone on to make predictions on fl
quantities. These models~ARC @11#, ART 1.0 @12#, andRQMD

1.07 @13#! are all microscopic relativistic collision model
including baryons, produced mesons, and resonances. T
all use experimental interaction cross sections where av
able. They, however, differ significantly in how they hand
the particle transport during the collision process. All mod
also find that at these energies the dynamics of the resca
ing of resonances are important and here little or no m
sured cross section data is available. A current question
interest and debate is the relative importance of includ
nuclear mean field effects in an intranuclear cascade m
at these energies. It is expected that the collective flow m
be an important observable for evaluating the importance
mean field effects.

The ARC model @11# is a pure cascade which has be
successful in correlating a large volume of data from Beva
to AGS energies. This model is able to reproduce quite w
flow from the EOS data at Bevalac and the E877 experim
at AGS @22#. This agreement requires a restriction to rep
sive scattering at low collision energy (Ecol,300 MeV! and
phasing into diffractive scattering, equal repulsive and attr
tive scattering, at higher energies (Ecol.500 MeV!. Using
various coalescence techniques this model has also
used to predict distributions for complex particles such
deuterons@23#.

ART 1.0 @12# is based on theBUU transport model used fo
intermediate energy heavy ion collisions by including mo
baryon and meson resonances as well as interactions bet
them. The set of resonances included is not as extensive
some other models but the authors believe that ‘‘the effe
of heavier baryon resonances are partially included by us
meson1baryon cross sections calculated from the impli
formation of these heavier resonances with masses up
GeV.’’ This model has the option of including nuclear me
field effects in the baryon scattering.

RQMD 1.07 @13# is a semiclassical transport model usin

-
.
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1424 57L. AHLE et al.
FIG. 14. Mean transverse momentum^px& as a function of pseudorapidity for four ranges of ZCAL energy for protons, deuterons
tritons. The ranges used are ZCAL150–730 GeV, ZCAL25730–1280 GeV, ZCAL351280–1580 GeV, ZCAL4.1580 GeV. These results
have not been corrected for dispersion in the reaction plane determination.
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the relativistic quantum molecular dynamic approach. T
combines the classical propagation of particles with the
citation of hadrons into resonances and strings. Second
subsequently undergo interaction with each other and w
ingoing baryons. Since real particles are transported the
the option of calculating cluster formation at freeze-out. T
model includes the option of a density dependent quas
tential between baryons. This model has been successf
reproducing AGS inclusive data. In this section we will sho
some detailed comparisons of proton distributions toRQMD

~version 1.07! calculations done in Livermore during 1993
1994 @16#.

To compare the experimental results with the theoret
calculations it is essential to take into account both the
persion and the limited acceptance present in the experim
tal data. In Sec. II D the estimated effects due to the ang
dispersion in the determination of the reaction plane h
been discussed. The other major acceptance effect is du
the finite energy acceptance for the measurements. The
ergy acceptance ranges forp, d, and t in the experimental

FIG. 15. Mean transverse momentum̂px& for protons with
minimum bias trigger. Measured values and values corrected
dispersion in the reaction plane determination are presented.
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data used in thêpx& determinations are shown in Table I. I
the spectator region (h,0) the major acceptance effect
due to a low energy cutoff in the PHOS detectors. In t
region virtually all of the particles above these cutoffs a
included in the measured spectra. However, forh.0 the
spectra begin to include more high energy particles from
participant region and the exclusion of the high energy
from the measurements has a significant effect. Since
effects of these unmeasured tails depends on the shape o
spectra in unmeasured regions, it is not possible to cor
the data for the energy cutoffs in a model independent m
ner.

Figure 16~using RQMD 1.07 with potentials! shows that
the exclusion of high and low energy portions of the prot
spectra can have a very large effect on the^px& distribution.
Introducing a 40 MeV low energy cutoff increases the app
ent u^px&u value especially in the spectator region. As e
pected the high energy cutoff has only a small effect in
spectator region but decreases the values ofu^px&u in the
participant region,h.0. Because of this sensitivity it is im
portant to compare experiment and theory for both inclus
and ^px& distributions and to use the experimental ener
cuts in the theoretical predictions.

The RQMD calculations used in this paper contain eve
in the impact parameter rangeb50–10 fm @16#. These
RQMD calculations contain both events run in cascade m
~a total of 2000 events! and events which include nuclea
potentials~a total of 3700 events!. The experimental mini-
mum bias trigger is approximately equivalent to the ran
b50 –14 fm. Thus, to make a direct comparison it is nec
sary to define a new trigger condition (bRQMD) which effec-
tively limits the data to the rangeb50–10 fm. This condi-
tion was used for the data sort by requiring EZCAL,1580
GeV.

Figure 17 shows absolute comparisons of theRQMD ~ver-
sion 1.07 with potentials! predictions with measured proto

or
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57 1425PROTON, DEUTERON, AND TRITON EMISSION AT . . .
energy spectra at four angles. In this comparison thebRQMD

trigger condition discussed above is used for the data
and theRQMD calculation is forb50–10 fm. It is seen tha
overall the absolute agreement between data and predi
is reasonable with a significant overprediction only at
most forward angle (60°). TheRQMD spectra show a some
what smaller slope parameter resulting in an overpredic
of the data at the lowest energies. This overprediction at
energies may just reflect the limited accuracy of the m
surface and complex fragment production in this version
RQMD which was not designed to look in detail at coale

FIG. 16. Mean transverse momentum^px& for protons as a func-
tion of pseudorapidity from anRQMD event generator with variou
cuts in the proton energy acceptance.
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cence in the spectator region. It is more remarkable t
RQMD does such a good job of absolutely predicting the
gular and energy dependence of the data.

Figure 18 shows a comparison of the dispersion correc
data for thebRQMD trigger compared toRQMD ~version 1.07!
calculations with and without the inclusion of nuclear pote
tials. Within statistics the data and the pure cascade calc
tion agree. Our limitedRQMD event set restricts the statistic
accuracy of the model calculations and precludes more
clusive comparisons as a function of impact parame
~ZCAL!. The interpretation of our apparent agreement w
the cascade calculation is unclear at the moment. Sim
flow measurements from experiment E877 in the projec
spectator region have been compared toRQMD ~version 2.3!
@5# and in this case the results agree best with the calc
tions which include nuclear potentials. As discussed be
our data and the E877 data appear to be in agreement w
their relative acceptances are taken into account. The m
difference betweenRQMD versions 1.07 and 2.3 is a chang
in the scattering cross sections which results in decrea
flow from the cascade calculation for version 2.3. This d
crease in flow can be made up by including nuclear pot
tials. These comparisons suggest that the underlying un
tainties in the models are of the same magnitude as
inclusion or exclusion of nuclear potential effects.

Figure 19 shows a comparison of dispersion correc
data for impact parameter rangesb55–8 fm ~EZCAL
5730–1280 GeV!, b58–10 fm ~EZCAL51280–1580
GeV!, andb50 –14 fm ~min bias! to calculations using the
ART model. The dispersion corrections have been done u
values given in Table II. The results show that the data tr
the cascade calculation in all cases. The addition of a
equation of state modifies the minimum̂px& in an impact
parameter sensitive manner which does not appear to be
resented in the data set. However, the addition of appr
mately 5 MeV/c systematic uncertainties in the dispersi
is
FIG. 17. Absolute comparison of proton energy spectra from data andRQMD simulation. Points are experimental data and histogram
RQMD prediction. Calculations and data are for the impact parameter range 0,b,10 fm.
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1426 57L. AHLE et al.
corrections and the relatively small difference in the flow
a result of including nuclear potentials do not allow a defi
tive exclusion of the calculations with potentials.

In Ref. @24#, a comparison has been made between
uncorrected proton data shown in Fig. 14 and results of
culations using theARC code and a Monte Carlo filter tha
reproduces the HODO and PHOS acceptances. Here
again seen that the results are in good agreement with ca
lations from a cascade model without inclusion of nucle
potential effects. However, this cascade does have a res
tion to repulsive scattering at low energies which is not
cluded explicitly in the other models.

A measurement@5,9# in the region of the projectile spec
tator in AGS experiment E877 shows a maximum, dispers
correctedu^px&u of 100–120 MeV/c for protons at rapidities
slightly less than beam rapidity. This result can be compa
to the value of 80–100 MeV/c shown in Fig. 15 for target
rapidity (h50). However, as Fig. 16 shows the exact valu

FIG. 18. Comparison of mean transverse momenta^px& for pro-
tons with bRQMD trigger ~see text! with predictions fromRQMD in
cascade mode and with inclusion of nuclear potentials. Calculat
and data are for the impact parameter range 0,b,10 fm. The
experimental data have been corrected for the effects of dispe
in the reaction plane determination as discussed in the text.

FIG. 19. Comparison of mean transverse momenta^px& for pro-
tons with minimum bias triggers with predictions fromART in cas-
cade mode and with inclusion of nuclear potentials. Calculations
impact parameter rangesb55–8 and 8–10 fm are compared to da
gated on appropriate ranges in ZCAL energy as described in
text. The experimental data have been corrected for the effec
dispersion in the reaction plane determination as discussed in
text.
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of ^px& at a givenh or rapidity ~Y! are quite sensitive to the
acceptance in energy or momentum for the experime
Therefore, a simple comparison ofu^px&u may not be a reli-
able measure of the consistency of data from the two exp
ments. A better comparison has been made where both
data presented here and the detailed flow tensors measur
experiment E877 were compared in detail toARC calcula-
tions@24#. In both cases remarkably good agreement is fou
between data and predictions forARC using realistic experi-
mental acceptance filters. We conclude that within the sta
statistical and systematic errors the two measurements a
agreement.

The comparisons discussed above indicate that all th
modelsARC, ART, and RQMD are capable of reproducing
dynamical variable such as flow at AGS energies. It is i
portant to note that in all cases the flow calculations from
three models are predictive with no adjustment of parame
beyond those cross sections determined previously in c
parisons to participant inclusive data. In the 1994 E866 d
there is a much more detailed data set involving azimut
correlations forp,d,t, He, and produced particles which ma
give even more stringent tests to current theoretical mod

VI. SUMMARY AND CONCLUSIONS

The results presented in this paper show spectra and
rected flow^px& for protons, deuterons, and tritons from th
target spectator region in Au1Au collisions at AGS. The
results are consistent with a modestly excited spectator f
ment and show a relative decrease in complex particle em
sion (d/p and t/p) in the most central collisions. This gen
eral feature is expected from most general models
predicted in current versions ofARC @24# and RQMD @8,16#.
Theoretical calculations usingARC, ART, andRQMD all pre-
dict the measured flow when restricted to a pure casc
calculation. The predictions deviate from the data wh
nuclear potentials are included inART andRQMD. However, a
more recent version ofRQMD, version 2.3, appears to requir
the inclusion of nuclear potentials in order to fit similar E8
flow results@5#. Most remarkable is that these models whi
have been developed to reproduce and are compared to
energy participant data continue to work in a quantitat
manner when compared to detailed data from the spect
region. Future experiments with better statistical accur
may allow more exclusive comparisons to further investig
the role of nuclear potentials in these collisions.
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