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Proton, deuteron, and triton emission at target rapidity in Au+Au collisions at 10.2@& 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 10.28. 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 (p,) is determined as a function of pseudorapidity. Projectile spectator energy is used to estimate impact
parameters. Results are compared to current theoretical meriglarT, andrQMD. In all cases good agree-
ment with theory is obtained for calculations utilizing a pure cascade without nuclear potential contributions.
[S0556-28188)00803-9

PACS numbeps): 13.85.Ni, 25.75-q

[. INTRODUCTION paper presents results on particle emission in the target ra-
pidity region for Au+Au collisions at 10.2 GeV. These
Over the past decade, the advent of relativistic heavy iomesults taken along with results at midrapidity in experiment
beams up to 14 GeW at BNL AGS and up to 200 GeWat  E866[4] and at projectile rapidity from experiment E8[A]
CERN SPS have provided opportunities for the utilization ofcan begin to constrain the theoretical models and allow fur-
heavy ion collisions to begin studies of the properties ofther insight into the basic reaction mechanisms.
nuclear matter at new extremes of compression and energy At these high energies the simple spectator or participant
density. Most recently the availability of very heavy beamsmodel gives a good conceptual basis for discussing the broad
of Au at AGS and Pb at SPS have allowed access to syrmeharacteristics of heavy ion reactiof@]. At finite impact
metric systems with total masses of the order of 400 nucleparameters the nucleons in the participant region are in-
ons[1]. Experiments at 1 GeW have shown experimental volved in the first collisions with the subsequent direct emis-
results sensitive to the nuclear equation of sf&@]. The sion of nucleons and produced particles. Some of the second-
opportunity to explore this sensitivity in the 10 GéV/fe-  ary particles escape and some are rescattered to begin the
gime is now available at the AGS. Central to all of thesecascading that may ultimately lead to a thermalizedpar-
studies and their comparison to theoretical models are thgally thermalized plasma of baryons and mesons. Under
degree to which the energy available in the collision is eitheextreme conditions this plasma may transition to a quark-
thermalized among the collective degrees of freedom in thgluon plasma. On a longer time scale the thermalized partici-
multiparticle system or conversely given directly to emittedpant region may then expand and the plasma may decay or
nucleons or produced particles as a result of nucleon-nucledmadronize into the baryons and mesons that are ultimately
collisions in the early stages of the intranuclear cascade. Thidetected in the experiment.
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In contrast to the complexity of interactions in the partici- higher energies the density of nucleon resonances and me-
pant region, the physics of the spectator region is relativelysons in the initial collision becomes high enough that the
simple. The spectator nucleons form a system that is exciteg¥oss sections for many unmeasureable processes such as
by two distinct mechanisms and then is expected to decagucleon and meson scattering, scattering involving nucleon
statistically. First the rapid shearing process in the initial'ésonances, and meson-meson scattering start to become im-
collision creates a nuclear system with many holes that wheRortant. Current models use a variety of reasonable assump-
subsequently thermalized produce an internal excitation of H0ns for the forms of the unknown cross sections, the impor-
few MeV/A. At high energies this leads to a limiting frag- tance of 'the nuclear mean field and the mix of meson and
mentation that has been predicted and observed in marj2ryons included. Several of these models have shown the
caseg7]. The spectator region can be additionally excited b bility to correlate, with a _hlgh degree_ of precision, inclusive
rescattering and absorption of particles from the participan?bser\.’abl.es anq two particle correlathns over a broad range
region. Therefore, a detailed study of the subsequent dec projectiles, ejectiles, and bombarding energy. However,

of the spectator region may give sensitive tests to models e fact that models with quite different internal interaction
; : rproperties and philosophies quantitatively fit much of the

For example, nucleon emission at angles behind the kinea_ivailable data means that we need to move to the comparison

matic limits for nucleon-nucleon scattering is particularly °f More exclusive correlations in order to provide meaning-

sensitive to the internal Fermi momentum distribution of th f.UI tests of some of the more interesting underlying assump-

participants and to rescattering in the participant or spectatoﬂons and parameters in the models. Models that reprogiuce a
The spectra of low energy nucleons emitted from the par- road spec;trum of mcl_uswe data and have been applleq to
ticipant and spectator regions depend complexly on their eXt_he prthctlon of collective flow phenomena at AGS energies
citation and any collective radial or directed flow that may bemd”deiARC [11], ART 1.0[12], andrQmp 1.07[8,13]
present. In the participant region the initial compression can In this paper we present spectra of low energy protons,
lead to a radial collective expansi¢8]. In general, at high deuterons, and titons emitted  at _pseudorap|d|t|es,
bombarding energies it is expected that the spectator excitz?_— 1.0<7<0.6, and measurements of the directed figy),
tions will be modest and, additionally, there should be littie{Py) in the samer interval. Results are presented as a func-
compression of the spectator so that radial flow velocitiediO" ©f impact parameter as determined from the energy de-
will be small compared to the directed flow, “bounce off" posited in a zero degree calorimeter. The experimental de-

component. This directed flow component results from théa'ls and data analysis techniques are discussed in Sec. Il, the

initial compression of the participant region and the ultimate!ClUSive spectra presented in Sec. Ill, the flow results pre-

bounce off of the spectator source. Preliminary observation§eme.d in Sec. 1V, and the data compared to model predic-
of this bounce off component have been reported by botﬁpns in Sec. V. Section VI presents a summary and conclu-
experiments E8779] and E866[10] for Au+Au collisions ~ S'O"S:
at the AGS. Measurements of energy or momentum spectra
for nucleons and complex fragments from the spectator re- Il. EXPERIMENTAL DETAILS
gion can, in principle, be used to sort out the effects of hy-
drodynamic flow from thermal excitation. The probability
for emission of complex particles such as deuterons, tritons, The results presented in this paper represent a subset of
and helium isotopes can also test coalescence models arttle data obtained in experiment E866 at the Brookhaven Na-
ultimately, may provide another measure of the excitatiortional Laboratory AGS facility. The data reported were ob-
and degree of equilibration in the spectator. tained in the first full running period for E866 in the fall of
Relativistic heavy ion collisions are so complex that it is1993 using a 10R GeV gold beam on a gold target. A
generally impossible to gain significant physical insight intoschematic layout of E866 is shown in Fig. 1. The experiment
the underlying processes from the measurement and interprawvolves measurements in the midrapidity region using two
tation of a single observable. Instead there has been a clospectrometers, Henry HiggiriglH) and the Forward Spec-
coupling between experiment and modeling to attempt a retrometer (FS). Measurements in the target rapidity region
alistic portrayal of the complex kinematical conditions of thewere made with the highly segmented plastic scintillator
reactions. Then utilizing realistic transport models it mayphoswich arrayPHOS. In addition the experiment provided
become possible to look for combinations of observables thatnpact parameter and reaction plane information on an
will be sensitive to the underlying physical properties of theevent-by-event basis utilizing a zero degree calorimeter
reactions, including thermalization, hadronization, and th€ZCAL) which measured the number of spectator nucleons
thermochemical properties of the possible quark-gluon andia their total energy and a small angle hodosc@p@®DO)
baryon or meson plasma states that may be encounteredwhich measured the center of gravity of spectator protons
various stages of the reaction process. relative to the beam center. Experiment E866 evolved from
At present several theoretical models are being developeexperiment E802 which studied Si reactions with HH and
which utilize the propagation of particles along classical tra-ZCAL and experiment E859 where the first version of the
jectories with interactions adjusted to reproduce experimenPHOS array was added. In experiment E866, the FS, HODO,
tal scattering and reaction cross sections where known. Thand an expanded PHOS array were added. A detailed de-
mix of particles in the cascade include the original nucleonscription of the E802 setup and the E859 PHOS array can be
as well as excited nucleon resonances and mesons createdfoynd in separate instrumentation papgtr4,15.
the decay of nucleon resonances and strings. These models The rapidity coverage of various detector systems in E866
may or may not include a nuclear mean field. At AGS andis shown in Fig. 2 along with predictions of the mean proton

A. Experiment E866, general features
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FIG. 1. E866 experimental layout.

transverse momentum in the reaction plane as a function afated pyramideach of the backward 40 modules subtends

the proton rapidity usinRQMmD (version 1.07 [13,16]. The 3.8 msj). Both subarrays subtend approximatety 10° in

approximate rapidity ranges accessed by the various E86&zimuth.

detector subsystems are indicated. The fundamental operation and performance of each
Due to the symmetry of the AubAu reaction, data phoswich module is identical. Th®E and time-of-flight in-

complementary to the PHOS measurements could be 0Rormation is provided by 5 mm of BC412, a fast scintillating
tained from the mean proton deflections in the HODO arrayy|astic with short rise and decay times{=1.0 ns

but, in practice, the HODO acceptance and granularity is not.

fici X gt 1 he E877 decay= 3-3 N9. The E section is 26 cm of BC444, a slower
sufficient to give a meaningiul result. However, the " scintillating plastic with a relatively long rise time and a very

Collaboration does make a good measurement in this reglollang decay time f,.=19.5 NS, rquea= 260 N3. The signal
rise ' v fdecay .

using their forward spectrometer. Their results have alread e / : :
been reportedl5] and are compared to the PHOS data in the}/rom the photomultiplier tub&PMT) is split and integrated

discussion in Sec. V. usi_ng two differen_t ADC gatet60 and 220 ns in duration
This allows the signal components from the fast and slow
scintillators to be unfolded. ThAE-E and time-of-flight in-
formation are used to identify “neutral” particles, charged
The layout of the PHOS array is shown in Fig. 3. It con-pions, protons, deuterons, and tritons over a broad range of
sists of 100AE-E phoswich[17] telescopes each read out kinetic energy(from 25 to 220 MeV for protons The “neu-
using a single photomultiplier tube. Forty modules from thetrals” include y’s and neutrons which generally leave little
previous E859 arraj/15] were set up at angles between 90° or no energy in the thin fast plastic and charged particles
and 140° at a distance of 65 cm from the target. A newlywhich scatter into the module, missing the fast plastic. The
constructed array of 60 additional modules were positionedesponse of the E859 phoswich modules to protons and deu-
at forward angles between 40° and 90° at a distance of 10€rons of known incident energies was measured at the Indi-
cm. The forward 60 modules are shaped as truncated pyrana University Cyclotron Facility as described[itb]. This
mids (solid angle of 1.9 mgmwhile the backward 40 modules calibration forms the basis for the energy analysis of the
are shaped such that each group of four forms a large trurp,d,t data shown below.

B. The PHOS array
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FIG. 2. Schematic illustration of the acceptance in rapidity of
various E866 subsystems for the measurement of mean transverse
moment& p,). The points represent predictions of the possible sig-
nal from anrQMD simulation for protons with no cuts on particle FIG. 3. Schematic layout of the phoswich scintillat®ftHOS
energy. subsystem in the E866 experiment.

Target Position
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TABLE |. Energy cuts used in flow analysis. the TDC input. The six center slats in each array had high
current active bases to prevent gain changes due to the high
(a) Accepted kinetic energy ranges for identified particles particle flux and large pulse heights associated with beam
Particles Energy rangéMeV) particles. These slats also had a second lower gain output
from an intermediate dynode stage to provide the dynamic

Protons 40-200 range necessary to observe both beguwld) particles and
Deuterons 40-180 protons. The geometric mean of the two pulse heights from
Tritons 45-145 either end of a slat was calculated and normalized to give a
constant output channé&250) for a single minimum ionizing
(b) EZCAL cuts based orQMD events hit (generally beam velocity protonsTypically, peaks cor-
Imp. par(fm) EZCAL range(GeV) responding to 1, 2, and 3 prot¢ar MIP) hits and a shoulder
corresponding t&=2 (essentially defined bg? times the
0-5 0-730 = , S .
5 g 2301280 Z=1 peak !ocgt!oh are clearly y|S|bIe in the pulse height
spectra for individual slats. Timing cuts were generally ap-
8-10 1280-1580 plied to all slats after slewing corrections to eliminate par-
_ ticles that did not have the beam velocity. The timing reso-
(c) EZCAL cuts based on overlapping spheres lution obtained using the R647 tubes with beam velocity
Imp. par(fm) EZCAL range(GeV) particles was typically 250 ps.
0-5 0-830 For an individual event the mean charge centroid in each
5.8 830-1420 array was calculated. A number of weighting schemes were
8-10 1420-1740 investigated for optimizing the sensitivity to the reaction

plane. These included pulse height and the square root of the
pulse height which are approximately proportional to charge
Due to the simplified target geometry and thin carbonsquared and charge, respectively. Using the Monte Carlo
fiber target housing and beam pipe, the lower energy threstsimulation discussed below it was found that these two
old for p,d,t detection in the PHOS array is mainly deter- weighting schemes gave the best results and were approxi-
mined by the energy lost in the relatively thit944 mg/cm) mately equivalent. In the final data reduction a weighting by
target. Unambiguous determination of the proton energy igulse height was used.
possible for energies up to a maximum of 220 MeV. How-  Using the mean positions, the reaction plane for each
ever, at the most forward angles, the high pion flux reducegvent is determined by simply connecting the meXnY(
the maximum proton energy for unambiguous identificationposition of the spectator fragments on the HODO array with
(150 MeV) since multiple pion hits fall into the same region the estimated position of an undeflected beam particle. The
as the highest energy protonsAfE-E space. This is a rela- determination of the beam location is complicated by the fact
tively small effect and there is little or no influence on thethat the position of the beam at the HODO array sweeps
deuteron and triton measurements. The energy acceptandaring the beam spill. Indeed, the beam spot as well as the
used to determine the meand,t transverse momentgd,) sweep length varied with the beam tune and consequently

and(p,) are given in Table I. changed frequently during the measurements reported here.
The sweep length was typically at least 1 cnXimnd some-
C. The HODO array what less inY. This sweep adds a significant dispersion to

the reaction plane determination. Fortunately, the beam spot
and sweep were very predictable for a given tune. Therefore,
a small sample of beam events was accepted into the trigger
mix and used to determine the location of the beam spot on
the HODO array as a function of time during the beam spill
(typically about 600 ms A functional form was fit to this
dependence for each data run and used to estimate the beam
scintillator slats could be close packed. Indeed, care w. osition at the HODO array for_each _reacti(_)n event. In ad(_ji-

' ’ on to the beam sweep there is a dispersion in the reaction

taken to wrap the slats such that the total thickness of materilane determination due to the finite size of the beam profile

_rial was less than 3.0-mil per edge while maintaining Iightat the HODO array which cannot be removed on an event-
integrity (the total dead space between the slats was on%y-event basis. Using the beam event sample it was also

slightly greater than 1% of the array ayefooking from the ossible to estimate the height or width of the beam onkthe
target, the first array was oriented for measurement in th%r Y HODO arrays and determine that this shape did not
horizontal X plane (vertical slat and the following array change significantly as a function of the spill time. The dis-

approximately 10 cm further downstreafor measurement SOl . S o
i(n gﬁe verticaI)\l( lane (horizontal slats ;al'he distance from persion in t_he _react|on plane determlnafuon due to the finite
p beam size is discussed in the next section.

the target to the front of th¥ array was 10.5 m.

The signals from all 160 PMTs were processed into fast-
bus analog-to-digital converte(ADCs) and high resolution
fastbus time-to-digital converterldDCs). The signal from A knowledge of the dispersion in the event-by-event re-
each PMT was split with a capacitive coupling to an ADC action plane determination is essential for any comparison of
and a direct coupling to a fast discriminator which createdazimuthal asymmetries to theoretical models. For example,

HODO consists of two longitudinally coaxial scintillator
slat arrays located directly in front of ZCAL. The two arrays
are identical. Each array consisted of 39 identical slats o
plastic scintillator(BC408 with dimensions of 1.0 ¢t 0.8
cmXx40.0 cm. At either end, a curved Lucite light guide pro-
vided a mount for a 1/2-in. diameter phototub@
Hamamatsu R647 with 1.0-cm photocathpd® that the

D. Dispersion in reaction plane determination
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FIG. 4. Effect of a Gaussian dispersion with standard deviation
8¢ on the observed transverse moment(q) distribution. The FIG. 5. The distribution of angles between two randomly se-
input distribution is taken fronkQmp for protons with no cuts on lected subevents. Results are shown for cuts in EZCAL. The stan-
particle energy. dard deviations for Gaussian fits to these distributions are shown in

each case.
Fig. 4 shows the effects of a Gaussian dispersion function
with standard deviatiod$=0°, 20°, 40°, and 60° on the
mean transverse momenty,) calculated using theQMD 1o of the experiment was developed usEEANT. This
model. simulation included the target region, the beam pipe, the

There are several effects that can lead to a significanyypo array, and the ZCAL. An event generator was devel-

dispersion in the reaction plane measurement. From previou.g;p ; S :

; " ed usingRQMD events withb=0-10 fm and a simple coa-
studies at the Bevaldd8] and SIS[19], it is known that the  |o500nce model to produce fragmefits]. TherQMD events
major component in the dispersion comes from the fluctuay ey version 1.07 with the inclusion of nuclear potentials.
tions due to the measurement of only a subset of the spect e calculations gav a Z distribution approximating a

tor particles. At best, t.hi$ supset includes only th.e charge ower law with exponent-2.6. This value compares well to
fragments but even within this set some are emitted at a cently published emulsion dafa0].

angle too small to be very useful and a few at an angle too The distributions from th@gmbp model for the difference

large to be detelcted. :” previous measurements this effeglnveen the estimated and the true reaction plane angles are
tended to set a lower limit 0@¢ at about 307(18,19. In ghown in Fig. 6 and tabulated in Table I for a series of

addition, in the present experiment there is significant diSperl'mpact parameter ranges.

sion due to the finite size of the beam spot. We believe that 1pq results of these dispersion calculations are, in prin-

the d|sperS|onddu_e to the sweepllclnfhthe lt:;eam sfgot _acrloss e, sensitive to the- distributions in the event generator
HODO array during an AGS spill has been effectively re-\,qoqromp). In these calculations a set of events run with

moved by the technique described in the previous SeCtiOEe inclusion of nuclear potentials was used but as shown

For a more detailed dispersion estimate, a full Monte

Other effects due to charge resolution, slat geometry anflyer(sec. \) these events do not give the best description of
background hits in the HODO array have been studied angho yirected flow observed in the data. In order to estimate

turn out to be significantly smaller than the inherent spectatog,q \ncertainties in the estimated dispersion, due to the event
fluctuation and beam spot size and when added in quadrature

do not affect the final experimental dispersion.

5<b<8 fm’

A dispersion estimate that has been used previously at gofwam @ UL

Ogauss = 67.2°

Bevalac[18] and also studied by the KAOS grogip9] in-

volves randomly subdividing every event into two subevents,
each containing half the particles and then calculating a re- 1ol
action plane for each subevent. The distribution of angles
between the two subevents should have a width twice that
expected for the full data sample. This technique does not
include any instrumental effects such as the finite beam spot

20

; ;
[ 8<b<10 fm ]
Ccousa = 37.2° o = 42.8°

150

Counts

60 F
j 100}

size. Additionally, there are possible correlation effects due 40t
to the use of independent slat arrays ¥randY as con- 20f 1 sof
trasted to the previous single array pad geometries. Never- 0

theless, we believe that this technique gives a useful lower —100 0 100 ®"~100 0 100
limit for the dispersion. Results using this technique for our $reconstr) — g(true) (deg)
data are shown in Fig. 5 for all of the data and for three cuts . 6. Distributions in angle between the reconstructed reac-
in ZCAL which correspond to approximate impact parametekjon plane and the true reaction plane for protons taken from an
ranges ofb=0-5, 5-8, and 8-10 fnisee Table ). The  romp event generator and transported inGBANT simulation as
results suggest a dispersion wiflgp of approximately 37°  described in the text. Results are presented for several regions of
independent of impact parameter. However, detailed Monténpact parameter. Distributions are fitted to Gaussian distributions
Carlo calculations described below give somewhat largepver the region indicated by the solid lines. Fits yield the indicated
values especially for large and small impact parameters. standard deviations.



57 PROTON, DEUTERON, AND TRITON EMISSION AT ... 1421

TABLE Il. Standard deviations for a Gaussian fit &¢ distri- w0l FProtoms = 1 Protons ]
butions for dispersions with and without the effect of beam spot % ®
smearing(see text In this table the colummrqwmp is for the event 60 _]@: e & 7 o = 1
generatorQMD version 1.07 including nuclear potentials. The col- WETE L aemn 17 AutAu ]
umn p;x 0.66 modifies the events by multiplying transverse mo- . %0 Central ¥ Min. Bias 7
menta of individual particles by 0.66. The column rect. beam adds E ok Dentorom T e T
the effect of a rectangular beam spot with dimensions 1.& &.rb =4 3 3 H ]
cm torQMD. The column Gauss. beam adds the effect of a Gaussian 2. %0 = - o g

. . . . WOFT T £3 + . * B

beam spot with vertical or horizontal variances of 0.5 cm or 0.75 (% ok % 1* 1
cm. The column Corr. factor gives, for each impact parameter bin, ° T
the correction factor tg, corresponding to thé¢ values in col- % Bg b reitoms 1 Tritons A
umn 4, derived usin@QmD events. % el 1 1
Impact 8¢ 54 5 5 N £§ 1,72 &
parameter RQMD p;X0.66 (rect. beam (Gauss. beaim Corr. o b
fm deg deg deg deg factor -1.0-05 00 05 1.0-1.0-05 0.0 05 10
0-5 67 58 69 70 2.32 K
5-8 37 37 39 39 1.27 FIG. 7. Inverse slopes from the exponential fits to the experi-
8—10 34 37 35 37 1.21 mental proton, deuteron, and triton spectra as a function of pseudo-
all 41 41 42 43 rapidity.

The data presented were taken in dedicated PHOS runs and

generator, a separate calculation was run in whichghe involved a total sample of approximately 60 000 events.

values for individual particles in each event were multiplied

by 0.66. This corresponds to the maximal difference ob- IIl. INCLUSIVE SPECTRA

served between all of the models with or without the inclu-

sion of nuclear potentials. These results are included in Table Over the limited measurement region of the PHOS array

Il. the kinetic energy spectra obtained are reasonably repre-
The results in Fig. 6 do not include the effect of the finite Sented by single exponentidlg®N/dp*=C exp(~Ey,/B)].

size beam profile at the HODO. In the experiment, the typi-The inverse slopes obtal_ned from these fits are shpwn in Fig.

cal beam profile was rectangular with a width and height of/- The results show that in the target spectator regipr Q)

approximately 1.0 and 1.5 cm, respectively. Simulationdh® slopes are relatively independent pfand vary from

were performed assuming two extreme beam profile geom’zlbout 45 MeV for protons to about 30 MeV for tritons. There

etries. Gaussian with=0.5 and 0.75 cm fox andyv direc- 'S @lso little difference between central and minimum bias
. ' . T ) cy ; triggers.
tions, and a uniformly illuminated rectangle witi,y) di-

mensions of 1.0 and 1.5 cm. Results of these calculationé Figure 8 shows distributions idN/d» summed over the
were added in quadrature to the intrinsic dispersions to give nergy region accepted by the PHOS array. Especially for

the estimated total dispersions in Table |l 7>0 it is known that the total spectra are not well described
We conclude that f§b=5—10 fm. a disbersion function by a single exponential and since the PHOS measurements
with &¢—35°— 40° is most appropri’ate for this experiment. are limited to the lower energy part of the spectrum it is not

For b<5 fm or b>10 fm, the dispersions and their uncer- possible to estimate the total rapidity or pseudorapidity dis-

tainties become large and this technique becomes less reﬁjbutmn. A similardN/d» distribution was reported for the

ble for determini titati imuthal d d arlier Si+ Au data[21] and for preliminary, low statistics
able for determining quantitative azimuthal dependences. | A, data obtained in 1992 with the E859 setup. A com-

parison of the current data with earlier+SAu andp+Au for
protons and deuterons is shown in Fig. 9. In the spectator
The data presented in this paper was taken as a part of thiggion (n<<0) thedN/d# distributions are similar in shape.
E866 run during the 1993 AGS cycle. The triggering schemel'he magnitude of the low energy protdiN/d» distribution
was similar to the earlier PHOS running in ESE21]. A is somewhat less for AbAu than Si-Au. The difference in
generic “central trigger” for E866 utilized ZCAL to isolate magnitude is even more pronounced for deuterons. This
the 4% of events with minimum ZCAL to give the most trend may reflect the larger and cooler spectators produced in
central events. The generic E866 “minimum bias” trigger the SH-Au relative to Aut-Au systems.
was generated by another cut on ZCAL at an energy just Figure 10 shows thd/p andt/p ratios as a function of;
below the Au beam peak which allowed acceptance of alfor the limited energy acceptance of the PHOS array. Figure
events in which the gold projectile loses at least one chargell showsd/p andt/p ratios as a function of ZCAL energy
The PHOS central and minimum bias triggers used in thidor the spectator region#7(<0). The results indicate little
analysis were then created by combining the generic E868ependence om but a relative decrease ih andt for the
triggers with an additional requirement that at least onamost central collisions. These results are qualitatively con-
PHOS detector had an event. The ZCAL signal was alssistent with a decrease in the relative production of complex
recorded event by event so that in the final analysis morgarticles in the most central collisions. In a simple coales-
restrictive windows could be placed on the number of par<ence picture this is consistent with a lower baryon density at
ticipant nucleons. freeze-out for the most central reactions.

E. Triggers and event sample
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FIG. 8. Integrals of the kinetic energy spectra over the indicated FIG. 10. Ratios of deuteron to proton and triton to proton emis-
energy ranges for protons, deuterons, and tritons as a function afion rates as a function of pseudorapidity for central and minimum
pseudorapidity. Results are presented for+#w collisions with bias Aut-Au collisions.
central and minimum bias triggers.

show a shift to negativp, increasing with ejectile mass. The

IV. DIRECTED FLOW results also show symmetry oy, . In this plot a “squeeze-
. . out” component would show up as a bulgezatp, . Within
: Or.‘.an _event-by-event basis, for each partlcpec(, ort) . the statisﬁcal accuracy of this Eata, suchga C(fr?wponent is not
|dent|f|e_d in a PHOS event, a total momentum Is deter.m'ne‘#bserved in this rapidity region. However, in experiment
and projected on the reaction plane to yield a distribution 0fzg77 5 gjightly elliptical flow was observed in the reaction
Px andp, in that plane. Figure 12 shows spectra ofp, d,  jane[g]. Meanp, and p, values are shown as a function of
t for a range—0.12< 7<0.05. The results clearly show a g7ca| "and 4 in the lower panels. The results show mean
shift to negativep, which increases as the mass of the €I€Cp, consistent with 0 everywhere which provides a test of the
tile. This is a clear sign for a directed flow component.  zccyracy of the mean beam position determination. The

Figure 13 shows a composite of results fgrandp, for  oh0e 730 Gew: EZCAL< 1580 GeV corresponds, approxi-
p. d, andt. On the top are contour plots @f vs p, which mately, to theb=5-10 fm region where the reaction plane

determination is most reliable. Below EZCA730 GeV

' ' ' ' ' ' and above EZCAE1580 GeV, the dispersion corrections
500 TOLODS - JPDeuterons ] begin to increase significantly and may account in part for
* Hgls the apparent decrease in the absolute value of the pgan
- (I{py)])- As a function ofz the results show a maximum in
o |{py)| nearn=0 as predicted in most calculations.
100} - + E%Zﬁ 4 Figure 14 shows values @p,)/A versusy for four bins
-
< = xt i
~ 050 -+ . . . . .
/_é Es = % 0501 Aut+Au ]
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FIG. 9. Integrals of the kinetic energy spectra over the indicated
energy ranges for protons and deuterons as a function of pseudora- FIG. 11. Ratios of deuteron to proton and triton to proton emis-
pidity. Results are presented for central triggers foi/Mi, Au sion rates for pseudorapidity less than zero as a function of energy
+Au, and min biagp+Au collisions. in the zero degree calorimeté£CAL).
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150 74 T2<n<0.08 N ' ] protons are shown in Fig. 15 to indicate the general magni-
<> = 866 MeV/e | tude of the dispersion correction. The estimated systematic
uncertainty in the values determined f6¢ is +3° which

. . would lead to an additional systematic uncertainty of ap-

Deuterons ; proximately £5 MeV/c for the maximum|{p,)| values

P> R MeT/e shown in Fig. 15 and in the following section. The dispersion

corrected distributions are compared to various models in the

50

do/dp, (arbitrary units)
—
=]

aF + = . next section.
M D> = 2175 MeV/e ] Qualitatively, the results show that the maximum
af J\JJL’I,H_IVHLLM—U—I_L‘—\_IL ] |{px/A)| values are independent of particle type.
2F E
0 . . .
—1000 —-500 0 500 1000
P. (MeV/c) V. MODEL COMPARISON

FIG. 12. Typical transverse momentum distributions for pro- ~Most current results suggest that the AGS energy regime
tons, deuterons, and tritons in the indicated pseudorapidity range(10—15A GeV) is close to optimum for studies of the maxi-
mum baryon densities achievable in relativistic heavy ion

of EZCAL which correspond qualitatively tb=0-5, 5-8 collisions. Studies of collective flow phenomena may be an
8-10, and 10—14 fm ranges in impact parameter. 1"he Z’(:Aﬂmportant tool for determining the compression achieved, the

correlation to impact parameter is obtained by estimating thd"Portance of compression and heating on microscopic scat-
total energy in spectators frorRQMD at impact parameters of tering processes, z'and'the magnitude of the damping O_f en-
5, 8, and 10 fm to be 730, 1280, and 1580 GeV, respectively'9Y from initial kinetic modes to therma_\l and coIIectlve

A purely geometric correlation to EZCAL would give some- modes. Currently there are three theorepcal models which
what higher values for the cut830, 1420, and 1740 GeV have been able to quantitatively characterize hadron and pro-

but within the statistical uncertainties of the data would notduc.ed particle inclusive distributions for AGS. AlAu ex-

change any of the conclusions in the next section. periments and have gone on to make predictions on flow
For the center two bins and for minimum bias data wherdluantities. These modefsrc [11], ART 1.0[12], andrQMD

the corrections are minimum, tH@,)/A values for protons 1.07 [13]) are all microscopic relativistic collision models

have been corrected for dispersiofi¢() using values listed |n”clud|ng baryons,tplrpdtucedt_mesons, andt_resonahnces. Th_ley
in Table Il (column “3¢ / rect. beam’). The correction fac- all use experimental interaction cross sections where avail-

tors for each impact parameter ancbin was obtained from able. They, however, differ significantly in how they handle

RQMD simulations by comparing th@,)/A values with and the partlcle transport during Fhe collision process. All models
without ¢ dispersion. The average correction factor for eachalso find that at these energies the dynam|cs_ of the rescatter-
ng of resonances are important and here little or no mea-

impact parameter bin is given in Table Il. The uncorrected . ) . .
and corrected distributions for a minimum bias trigger for.Sured cross section Qata IS ava!labl_e. A current question of

interest and debate is the relative importance of including
nuclear mean field effects in an intranuclear cascade model
at these energies. It is expected that the collective flow may
be an important observable for evaluating the importance of
mean field effects.

The ARC model[11] is a pure cascade which has been

500 i/f-\;é 500 | &

<Py> (MeV/c)
o

~500 -500 [ V7/Q -500 ¢, ] -
T Th bl successful in correlating a large volume of data from Bevalac
<Px> (MeV/c) <Px> (Mev/c) to AGS energies. This model is able to reproduce quite well
50 [ — 50 flow from the EOS data at Bevalac and the E877 experiment
Sl ol o Bl at AGS[22]. This agreement requires a restriction to repul-
2 o T L . -50 + L sive _scat}ermg at onv coII|S|on. energ¥ (<300 'Me\/) and
Rozs pa L K ~100 4 + phasmg mtc_) dlffractl_ve scatterlng, equal repulsive and_ attrac-
Voso g i o 100 ﬁﬂﬁ | -1 H‘Hﬁ tive scattering, at higher energieg{>500 Me\). Using
000 2000 T 000 2000 oo 2000 various coalescence techniques this model has also been
ZCAL Energy (Gev) ZCAL Energy (GeV) ZCAL Energy (Ge) used to predict distributions for complex particles such as
50

100 ‘ deuterong23].

Erdrabnd 10 ART 1.0[12] is based on theuu transport model used for
intermediate energy heavy ion collisions by including more
baryon and meson resonances as well as interactions between
them. The set of resonances included is not as extensive as in
some other models but the authors believe that “the effects
of heavier baryon resonances are partially included by using

FIG. 13. Mean transverse moment@p}() as a function O(py)y mesoni-bal’yon Cross SeCtionS CaICUIated fr0m the Imp|ICIt
ZCAL energy, and pseudorapidity for protofhsft), deuterongcen- ~ formation of these heavier resonances with masses up to 2
ter), and tritons(right). Points with dashed error bars are f@,). ~ GeV.” This model has the option of including nuclear mean
The transverse momenta have not been corrected for dispersion field effects in the baryon scattering.
the reaction plane determination. RQMD 1.07[13] is a semiclassical transport model using

-50 [ £
-100 F
-100 F

-200
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FIG. 14. Mean transverse momentdm,) as a function of pseudorapidity for four ranges of ZCAL energy for protons, deuterons, and
tritons. The ranges used are ZCAE0-730 GeV, ZCALZ=730-1280 GeV, ZCALZ1280-1580 GeV, ZCAL# 1580 GeV. These results
have not been corrected for dispersion in the reaction plane determination.

the relativistic quantum molecular dynamic approach. Thiddata used in thép,) determinations are shown in Table I. In
combines the classical propagation of particles with the exthe spectator region7{<0) the major acceptance effect is
citation of hadrons into resonances and strings. Secondarigie to a low energy cutoff in the PHOS detectors. In this
subsequently undergo interaction with each other and withegion virtually all of the particles above these cutoffs are
ingoing baryons. Since real particles are transported there jgcluded in the measured spectra. However, for0 the

the 0pt|_0n of calculatlng_ cluster formafuon at freeze-out. T_h'sspectra begin to include more high energy particles from the
model includes the option of a density dependent quasipgsapticipant region and the exclusion of the high energy tail
tential between baryons. This model has been successful {,, the measurements has a significant effect. Since the
reprodgcm% ’ZGS |ncIu§|ve datf‘ In thls§ec§|§n we will ShOWeffects of these unmeasured tails depends on the shape of the
some detalled comparisons of proton distributionsR(Mp spectra in unmeasured regions, it is not possible to correct

(1\/9e9r2i[01r23]1.07 calculations done in Livermore during 1993~ e yata for the energy cutoffs in a model independent man-
' er

To compare the experimental results with the theoretical Iéigure 16(using RoMD 1.07 with potentials shows that

calculations it is essential to take into account both the dIthe exclusion of high and low energy portions of the proton

persion and the limited acceptance present in the experimegbectra can have a very large effect on the) distribution.

tal data. In Sec. Il D the estimated effects due to the angu'%troducing a 40 MeV low energy cutoff increases the appar-

dispersion in the determination of the reaction plane haveent |(p)| value especially in the spectator region. As ex-

beeq Qiscussed. The other major acceptance effect is due E%cted the high energy cutoff has only a small effect in the
the finite energy acceptance for the measurements. The e bectator region but decreases the values(pf)| in the

ergy acceptance ranges fpr d, andt in the experimental participant regiony;>0. Because of this sensitivity it is im-
portant to compare experiment and theory for both inclusive

Au + Au = p4X and (p,) distributions and to use the experimental energy
Ol o <ismscer cuts in the theoretical predictions.
g 25 % The RQMD calculations used in this paper contain events
3 I% T 78t in the impact parameter range=0-10 fm [16]. These
A, —50 ] :{:{ﬁj{ IIII £} RQMD calculations contain both events run in cascade mode
v If I 1 T 1 (a total of 2000 evenjsand events which include nuclear
§ -75 f13 ¥ potentials(a total of 3700 evenjs The experimental mini-
& 100 i mum bias trigger is approximately equivalent to the range
e ¢ disporsion b=0-14 fm. Thus, to make a direct comparison it is neces-
-125 sary to define a new trigger conditiob(,,,) which effec-
-0 05 00 0.5 tively limits the data to the range=0-10 fm. This condi-

n

tion was used for the data sort by requiring EZGAL580
FIG. 15. Mean transverse momentufp,) for protons with ~ GeV.

minimum bias trigger. Measured values and values corrected for Figure 17 shows absolute comparisons of Ra@aD (ver-

dispersion in the reaction plane determination are presented. sion 1.07 with potentia)spredictions with measured proton
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' ' ' ' cence in the spectator region. It is more remarkable that
RQMD: Au+Au -» p + X RQMD does such a good job of absolutely predicting the an-
: ﬁg ]Z;t;nvs gular and energy dependence of the data.
oF o 40:KE<2:0 MoV . Figure 18 shows a comparison of the dispersion corrected
data for thebg,, trigger compared t®QmD (version 1.07
calculations with and without the inclusion of nuclear poten-
tials. Within statistics the data and the pure cascade calcula-
tion agree. Our limiteGkQMD event set restricts the statistical
accuracy of the model calculations and precludes more ex-
clusive comparisons as a function of impact parameter
(ZCAL). The interpretation of our apparent agreement with
the cascade calculation is unclear at the moment. Similar
flow measurements from experiment E877 in the projectile
spectator region have been compare@&¢md (version 2.3
[5] and in this case the results agree best with the calcula-
tions which include nuclear potentials. As discussed below
. . . . our data and the E877 data appear to be in agreement when
-1 0 1 2 their relative acceptances are taken into account. The major
difference betweerQMmD versions 1.07 and 2.3 is a change
7 in the scattering cross sections which results in decreased
flow from the cascade calculation for version 2.3. This de-
~ FIG. 16. Mean transverse momentypy,) for protons as a func-  crease in flow can be made up by including nuclear poten-
tion of pseudorapidity from arQMD event generator with various tials. These comparisons suggest that the underlying uncer-

—100

<py> (Mev/c)

—200

cuts in the proton energy acceptance. tainties in the models are of the same magnitude as the
inclusion or exclusion of nuclear potential effects.
energy spectra at four angles. In this comparisonithg, Figure 19 shows a comparison of dispersion corrected

trigger condition discussed above is used for the data sodata for impact parameter rangds=5-8 fm (EZCAL

and therQMD calculation is forb=0-10 fm. It is seen that =730-1280 Ge}y, b=8-10 fm (EZCAL=1280-1580
overall the absolute agreement between data and predictidgdeV), andb=0-14 fm(min biag to calculations using the

is reasonable with a significant overprediction only at thearT model. The dispersion corrections have been done using
most forward angle (60°). ThRQMD spectra show a some- values given in Table Il. The results show that the data track
what smaller slope parameter resulting in an overpredictiothe cascade calculation in all cases. The addition of a soft
of the data at the lowest energies. This overprediction at lovequation of state modifies the minimup,) in an impact
energies may just reflect the limited accuracy of the masparameter sensitive manner which does not appear to be rep-
surface and complex fragment production in this version ofesented in the data set. However, the addition of approxi-
RQMD which was not designed to look in detail at coales-mately 5 MeV£t systematic uncertainties in the dispersion

Diamonds: Data
Histograms: RQMD

1078 + +
<

d®N/dp® (MeV~™® sr™h)

1079 T T o .
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 n 1
0 50100150200 O 50 100150200 O 50 100150200 O 50 100150200

Proton Kinetic Energy (MeV)

FIG. 17. Absolute comparison of proton energy spectra from dater@wo simulation. Points are experimental data and histogram is
RQMD prediction. Calculations and data are for the impact parameter raqigpe<@0 fm.
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O Tt aSprx ' of (p,) at a giveny or rapidity (Y) are quite sensitive to the
Dot (40CKEC200 M. Eymy<1004 GoY) acceptance in energy or momentum for the experiment.
ol O ROuD cesonde; 0<b<10 m ] Therefore, a simple comparison |df,)| may not be a reli-
= able measure of the consistency of data from the two experi-
A il ¥ ments. A better comparison has been made where both the
g oo } i ¥ Xmgm 1 data presented here and the detailed flow tensors measured in
A, i i % experiment E877 were compared in detailARC calcula-
e %X f . -
V' —100f H} o tions[24]. In both cases remarkably good agreement is found
} 3 between data and predictions ferc using realistic experi-
1sol { §§ }ﬁ 1 mental acceptance filters. We conclude that within the stated
§H statistical and systematic errors the two measurements are in
-1.0 -0.5 010 05 agreement. . . o
n The comparisons discussed above indicate that all three

modelsARc, ART, and RQMD are capable of reproducing a

FIG. 18. Comparison of mean transverse momépia for pro-  dynamical variable such as flow at AGS energies. It is im-
tons with beq,, trigger (see text with predictions fromrQMD in portant to note that in all cases the flow calculations from all
cascade mode and with inclusion of nuclear potentials. Calculationfhree models are predictive with no adjustment of parameters
and data are for the impact parameter rangeb6-10 fm. The  payong those cross sections determined previously in com-
experimental data have been corrected for the effects of dlspersmﬂarisons to participant inclusive data. In the 1994 E866 data
in the reaction plane determination as discussed in the text. there is a much more detailed data set involving azimuthal
: . ) . correlations fop,d,t, He, and produced particles which may
correctlon§ and t_he relatively smal! difference in the ﬂOW. "’?Sgive even more stringent tests to current theoretical models.
a result of including nuclear potentials do not allow a defini-
tive exclusion of the calculations with potentials.

In Ref.[24], a comparison has been made between the
uncorrected proton data shown in Fig. 14 and results of cal-
culations using theRC code and a Monte Carlo filter that ~ The results presented in this paper show spectra and di-
reproduces the HODO and PHOS acceptances. Here it igcted flow(p,) for protons, deuterons, and tritons from the
again seen that the results are in good agreement with calctarget spectator region in AuAu collisions at AGS. The
lations from a cascade model without inclusion of nuclearresults are consistent with a modestly excited spectator frag-
potential effects. However, this cascade does have a restricaent and show a relative decrease in complex particle emis-
tion to repulsive scattering at low energies which is not in-sion (d/p andt/p) in the most central collisions. This gen-
cluded explicitly in the other models. eral feature is expected from most general models and

A measuremenit5,9] in the region of the projectile spec- predicted in current versions eRc [24] andRQMD [8,16].
tator in AGS experiment E877 shows a maximum, dispersioTheoretical calculations usingrc, ART, andrQMD all pre-
corrected(p,)| of 100-120 MeW¢ for protons at rapidities dict the measured flow when restricted to a pure cascade
slightly less than beam rapidity. This result can be comparedalculation. The predictions deviate from the data when
to the value of 80—100 Me¢/shown in Fig. 15 for target nuclear potentials are includedArRT andrQMD. However, a
rapidity (7=0). However, as Fig. 16 shows the exact valuesmore recent version ¢fQMD, version 2.3, appears to require

the inclusion of nuclear potentials in order to fit similar E877
o T D 3 flow results[5]. Most remarkable is that these models which

VI. SUMMARY AND CONCLUSIONS

ook 313 %ﬁeff"ﬁ;eﬂ“ﬁi"s & ] have been developed to reproduce and are compared to high
-5} Lﬁ ﬁﬁ,/’: energy participant data continue to work in a quantitative

Eik ] manner when compared to detailed data from the spectator
0 ’ ’ T region. Future experiments with better statistical accuracy

may allow more exclusive comparisons to further investigate

the role of nuclear potentials in these collisions.

11
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oo o
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