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Proton emission in AutAu collisions at 6, 8, and 10.8 Ge}hucleon
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Transverse mass spectra of protons emitted ir-Au collisions at beam energies of 6, 8, and 10.8 GeV/
nucleon have been measured as a function of collision centrality over a rapidity rargg, 51.5. The
spectra are well reproduced by Boltzmann distributions over the measured transverse mass region, which
allows for extrapolation of the data to derive the rapidity density and apparent temperature of the emitting
source. The shapes of the rapidity distributions suggest significant transparency or substantial longitudinal
expansion in even the most central collisions at all three beam energies. The data are analyzed within a simple
thermal source plus longitudinal expansion model.
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[. INTRODUCTION temperatures and/or density required to produce the QGP
may be achieved. This state of matter is believed to have
The possibility that laboratory experiments can re-createXisted during the early stages of the universe untiluS0
the quark-gluon plasméQGP [1] has sparked an intense after the Big Bang. The aim of the present work is to study
interest in relativistic heavy-ion collisions where the highthe hot interaction region created in such collisions using the
proton spectra, since these provide insight into the degree of
stopping and consequently indicate the amount of energy

*Present address: Institute of Physics, Academia Sinicadeposition in the collision.

Taipei 11529, Taiwan. Fixed target experiments with beam kinetic energies of
TPresent address: Brookhaven National Laboratory, UptonMZ 1.5-20 GeV/nucleon have been carried out at the al-
NY 11973. ternating gradient synchrotro®\GS) and the super proton
*Present address: Max Planck Institutr fehysik, D-80805, synchrotron(SPS at CERN. These studies have recently
Miinchen, Germany. been extended tgsyy=20-200 GeV/nucleon at the relativ-
$present address: KernforschungzentriiticduJilich, D-52425,  istic heavy-ion collider (RHIC) at Brookhaven National
Germany. Laboratory. At the lower beam energies it is expected that
'Present address: Gesellschaft'r fuSchwerionenforschung, regions with very high baryon density and moderate tem-
D-64291 Darmstadt, Germany. peratures are formed in central heavy-ion collisions. This
TPresent address: University of lllinois at Chicago, Chicago,requires, however, that a large degree of stopping is achieved
IL 60607. in the collision, such that the initial beam energy is converted
** Present address: Laboratori Nationali di Frascati dellINFN, efficiently to compressional energy, thermal motion, and par-
00044 Frascati RM, Italy. ticle production in the system.
present address: Tata Institute of Fundamental Research, Co- A number of prior studies have addressed this question for
laba, Mumbai 400005, India. lighter and/or mass asymmetric syste(sse Ref[2] and
*Ppresent address: lowa State University, Ames, IA 50011. references thereinand found that the nuclear stopping is
85present address: National Institute of Health, Gaithershurgincomplete even for central collisions. In the present work
MD 20892. we have studied fixed target AtAu collisions at beam ki-
"Present address: CW Associates, 7676 Woodbine, Markhametic energies of 6, 8, and 10.8 GeV/nucleon provided by the
L3R 2N2, Ontario. AGS. The degree of stopping in the collisions is assessed by
TMpresent address: H.-M. Zou, Rabobank Nederland, 245 Parktudying the emission spectra of protons as a function of
Ave, New York, NY 10167. rapidity and transverse mass. Since the majority of protons
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FIG. 1. Schematic view of the E917 experimental apparatus looking down from above showing the beam line detector arrays: the beam
vertex detecto(BVER); the multiplicity array(NMA); a phoswich arrayPHOS); the interaction trigge(Bullseye; a scintillator hodoscope
(HODO); the zero-degree calorimetéZCAL); and the magnetic spectrometer consisting of a large dipole magnet, multiwire chambers
(TRF1,2 and TR1,R drift chamberdT1-T4), a time-of-flight wall(TOF), and a gas-Erenkov detecto(GASC).

originate from the initial Au nuclei taking part in the colli- occuring within 0.5us. A plastic scintillator wit a 1 cm
sion, integration of the total number of protons is close to thengle for the beam to pass through was used to reject beam
number of 158 present in the entrance channel. A Brief Rena|o particles. In order to obtain good directional definition
port of some of our results has appeared in RRef. of the beam particles two pairs of orthogonally oriented scin-
In Sec. Il we describe the experimental arrangement angllating fier detectors(BVER) [6] were mounted at dis-
data analysis. The measured data are presented in Sec. {ll,ceq of 5,84 m and 1.72 m upstream of the target position.
and analyzed using Boltzmann distributions for the trans-  +1.5 interaction trigger was obtained from a “Bullseye”

;?JE? él?satzitft?:rfstrghtljna?)i)gr;\rftVtv:mdpizcr:;tsusrgg(?nr?esrurlrgsn?)fr%etecmr centered on the beam-line 10.6 m downstream of the
) L ?arget. This detector consisted of a 0.3 mm thick, 200 mm
comparison to the expected emission pattern from both &. - : . . S
stopped thermal source and a simple model of a continuu lameter @renkoy radiator V"?Wed by eight photomultlpller
of longitudinally distributed sources with a Gaussian tem—tUbeS' A_n Interaction was de,f'”ec,’ by obser\{lng a S|gnal cor-
perature profile. Finally, a summary is given in Sec. V. re_spondln_g to less thah= 74 in this detector in c0|nC|_denc<_a
with the signal from the beam counter. The interaction trig-
ger defined in this way selects the most central.1 b of the
6.8 b total interaction cross section. The difference is due to
Au-+Au collisions at beam kinetic energies of 6, 8, andthe most peripheral events not being selected by this trigger.
10.8 GeV/nucleor(corresponding to projectile momenta of The contribution from backgrounds to the interaction cross
6.8, 8.9, and 11.7 Ge¥/per nucleon, respectivelywere  section was measured by removing the target at regular in-
measured during the heavy-ion running period at theervals during the data taking. The background contribution
Brookhaven AGS in the fall of 1996. This was the final ex- to the interaction trigger was found to be negligible.
periment in the series EB02/E859/E866/E917. A subset of the The centrality of each event for 6 and 8 GeV/nucleon was
apparatus from E86f4,5] was used, shown schematically in obtained from the charged particle multiplicity registered in
Fig. 1. Global event characterization was achieved with g@he new multiplicity arrayNMA) consisting of 346 modules
series of beamline detector arrays, and the large rotatabkrranged around the target in 14 rings at laboratory angles of
magnetic spectrometer was used to track and identify part12°>6>7° corresponding to pseudorapidity range of
ticles. —0.4<9<2.8[ »=—Intan(#/2)]. Each ring covers a pseu-
The Au projectiles bombarded an Au target of areal dendorapidity range of betweet = 0.2 andA »=0.4 units and
sity 1961 mg/crR, which corresponds te-4% interaction the full array covers a solid angle d&fQ=6.85 sr. Multi-
probability. A target of areal density 975 mg/&mcorre-  plicity distributions obtained with this device for 6 and 8
sponding to a 2% interaction probability, was also used aGeV/nucleon are shown in Fig. 2. The boundaries between
10.8 GeV/nucleon for the large angle settings of the specthe five centrality bingadjusted for each ryrare indicated
trometer. The intensity of the Au beam was kept below a fewand labeled according to the percentage of the total cross
X 10° particles per beam spill, which have a typical durationsection under the assumption that the collision centrality has
of 1s. a monotonic relationship with the observed multiplicity in
Several detectors placed upstream of the target were uséide NMA detectof7]. Relevant parameters for the centrality
to characterize the incident beam. The signal obtained from hins are listed in Table I.
thin quartz @renkov detector provided a start signal for the For the 10.8 GeV data the event centrality was derived
time-of-flight measurement. This counter was also used térom the forward-going spectator energy measured in the
reject beam contaminants with<76, and pile-up events zero degree calorimetéZ CAL), which is an Fe-scintillator

Il. EXPERIMENTAL DETAILS
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FIG. 2. Measured multiplicity distributions with the NMA from triggers in AutAu collisions at 10.8 GeV/nucleon. Target-out

interaction triggers in AerAu collisions at 6 and 8 GeV/nucleon.  gyents have been subtracted. The event classes listed in Table Il are
Target-out events have been subtracted. The event classes |IStedslélparated by the vertical lines.
Table | for each beam energy are separated by the vertical lines.

section[9]. Relevant parameters for each centrality bin are

sandwich calorimeter subtending an opening angle of 1.5sted in Table II.

around the beam ax8]. The energy calibration of the calo- ~ Charged particles were measured in a magnetic spectrom-
rimeter was achieved using the energy deposition from bear@ter that provides particle identification and momentum de-
particles fragmenting immediately upstredsee Ref[5]). termination. It consists of a large-gap magnetic dipole with
The energy calibration was adjusted through the 10.8 Gegets of drift and multiwire ionization chambers located on
run for the decrease in signal caused by radiation damage &Pth the entrance and exit side of the magnet. These are
the plastic scintillator material. The distribution of energy followed by a time-of-flight(TOF) wall consisting of 160
deposition in the zero-degree calorimeter is shown in Fig. 3vertical scintillator slats, each of which was instrumented
Assuming a monotonic relation between the energy deposwith a photomultiplier tube on each end. The 17 slats furthest
tion in the calorimeter and the event centrality such that thédrom the beam axis were not in operation during this experi-
most central events corresponds to the smallest energy dep@ent. The measured overall time resolution of the TOF wall
sition, we have divided the distribution into five centrality waso~130 ps. The momentum range for identified particles

bin labeled by the corresponding percentage of the total crods 0.5<p<5.0 GeVk (Ap/p~1.5%). The data presented in
this paper were taken with a trigger that required one track in

the spectrometefSPEQ. This trigger was formed by a co-
incidence between any hit in a multiwire chamiigR1 in

Fig. 1) behind the magnet and any hit in the TOF wall. The
inefficiency of this trigger was determined to be less than
1%. The spectrometer also has on-line particle identification
capability, but this level two trigger was not used to collect

TABLE I. The five centrality bins used in this paper for 6 and 8
GeV/nucleon collisions, listing the range of multiplicity measured
with the NMA, the measured cross secti@fter target-out correc-
tion), and the percentage of the total inelastic cross seciigy (
=6.8 b) for each centrality bin.

Centrality Myma range Cross section i the data discussed here.
bin (mb) TABLE II. The five centrality classes used in this paper for 10.8
6 Gev/nucleon GeV/nucleon collisions, listing the measured range of the energy
1 >262 0—340 0-5 deposited in the ZCAL, the measured cross sedifter target-out
2 206-262 340-816 5_12 correction, and the percentage of the total inelastic cross section
3 140—206 816-1564 12-23 (oint=6.8 b) for each event class.
4 73-140 1564-2652 23-39 . .
5 <73 2652—5508 39-81 Certl)ti:]allty EZigLe(znge Cro(ssbiectlon &nt
8 GeV/nucleon
1 >276 0-340 0-5 1 0-280 0-340 0-5
2 219-276 340-816 5-12 2 280-560 340-816 5-12
3 153-219 816-1564 12-23 3 560—-960 816-1564 12-23
4 84-153 1564-2652 23-39 4 960-1440 1564-2652 23-39
5 <84 2652-5508 39-81 5 >1440 2652-5236 39-77
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FIG. 4. Combined acceptance for protons in the magnetic spedsenry-Higgins spectrometer. The particle identification bands are at
trometer for angular settings of 14°, 19°, 24°, 29°, 34°, 39°, and+3c in the measured B. The dashed lines denote the limits in
44° and all four settings of magnetic field strength and polarity. momentum for clean separation of pions and kaons, kaons and pro-

tons, and pions and protorisee texk
The solid angle of the spectrometerAi§) ~25 msr and it

subtends a horizontal opening anglef~14°. Data Were v,y of the track. Particle identification is achieved by plac-

taken over the angular range from 14° to 58° by rotating th§, »cceptance limits at the 3o level in 1/3 around the loci

spectrometer in 5° increments. In order to equalize the ac, . o4ch particle species. Using this prescription, we observe
ceptance of oppositely charged particles, data were collect at the separation of pions and kaons is effective up to a

with both polarities of the 2.0 kG and 4.0 kG settings of the .\ J - onium ofp~1.75 GeVt, whereas the separation be-

magnetic field. . . tween pions and protons extends up a momentunp of
The acceptance for protons in the spectrometer is shown

in Eia. 4. Particle tracking th h th i i ~3.4 GeVkt with a negligible kaon contamination in the
in Fig. 4. Particle tracking throug e spectrometer was, . spectra above~2.9 GeVEk.

achieved by. matching linear track segments genera?ed' y Finally, the data were corrected on a track-by-track basis
charged particles before and after entering the magnetic f'ell%r each inefficiency: single-track reconstruction, chamber

region. The efficiency for fmdmg single tracks as a funCtloninefficiency, loss of tracks due to hit blocking, and particle
of their momentum was determined as follows. The detecmfdentification inefficiency.

response to a single Monte Carlo generated track was deter-
mined by aGEANT [10] model simulation of the spectrometer
including hadronic interactions, decays, and multiple scatter- IIl. SPECTRA AND YIELDS
ing processes. Subsequently, the simulated event was recon-
structred using the same tracking and particle identification Spectra of invariant cross sections for protons, divided by
algorithm that was applied to the real data. Using this procethe reaction cross section for the corresponding centrality
dure we find an efficiency in the range 90—95 % for the thebin, are shown as a function of transverse mass in ten differ-
tracking algorithm under the assumption of fully efficient ent rapidity intervals in Fig. 6 for 6 GeV and in Fig. 7 for
drift chamber detectors. The detection efficiencies of thesd0.8 GeV. The 8 GeV data have been published previously in
chambers were in turn found to be very close to 100% on th&ef. [3]. The transverse mass is defined as,
basis of missing hits in the reconstructed tracks in real data= \/pt2/02+ moz, wherep; is the transverse momentum and
Hit blocking caused by the finite occupancy of the gasm, is the rest mass of the proton. The data for<0y5<0.6
chambers and the TOF wall also gave rise to loss of tracksare shown to scale, while the spectrum for each successive
This loss was estimated by embedding hits from isolatedapidity bin is divided by an additional factor of ten in order
single tracks into other events and measuring the fraction ofo avoid overlap. Only statistical errors are shown; these are
embedded tracks which were not found in a reanalysis of theften smaller than the data points.
combined event. For the most central bin with the highest Normalization of the data recorded with the SPEC trigger
track density, a blocking inefficiency of 4010% was found was achieved by the simultaneous recording of prescaled in-
for forward angle tracks declining to #b% at back angles. teraction triggered events. The uncertainty of the single-track
A typical particle identification spectrum is shown in Fig. efficiency and the loss of tracks due to hit blocking domi-
5, where the inverse particle velocityBlfeconstructed from nates the systematic uncertainty on the normalization of the
the time-of-flight measurement is plotted versus the momenmeasured invariant spectra. The tracking uncertainty in-
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FIG. 6. Invariant yield of protons as a function of transverse
mass in ten different rapidity bins for each centrality class of
Au+Au collisions at 6 GeV/nucleon. The most backward rapidity
in each panel is plotted to scale, while successive spectra have bee
divided by ten for clarity. The errors are statistical only. The curves
are Boltzmann fits described in Sec. lll. Systematic errors are des
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creases from 5% to 10%, the closer the midrapidity and theapidity for all centrality classes at all three beam energies from

more central the event class.

Boltzmann fits to the invariant cross sections. The open symbols are

For peripheral collisions, there is a 10% uncertainty in thethe data reflected about midrapidity. The errors are statistical only.

cross section of the centrality bin, which reduces to 5% for ) ) .
central collisions. In addition, there is a small uncertaintyf'cat'on losses. This leads to a total systematic uncertainty of

from the acceptance of the spectrometer and particle identit5%. independent of centrality. The systematic uncertainty
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FIG. 7. Same as Fig. 6, but for AtAu collisions at 10.8 GeV/

nucleon.
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on the inverse slope parameters is estimated to be 5% and is
dominated by the uncertainty of the tracking efficiency and
acceptance.

In Au+Au collisions at 10.8 GeV/nucleofll], it has
previously been found that the proton spectra cannot be sat-
isfactorily described by a simple exponential form. However,
using a Boltzmann function,

1 dZN e—(ml—mo)/T

2m, dmtdy:dN/d

(€Y

<

27m(M3T+2mT2+2T3)

and adjusting the parametéerginverse slopganddN/dy in
a x? fitting procedure with weights related to statistical er-
rors achieves an adequate fit to the data. These Boltzmann
fits are shown as curves in Figs. 6 and 7.

The resulting values of the inverse slopeare shown as
a function of the rapidity in the center-of-magsm, system
Y—VYem. In Fig. 8. The beam rapidity in the c.m. frame is
Yem=1.346, 1.474, and 1.613 for beam kinetic energy of 6,
8, and 10.8 GeV/nucleon, respectively. The open symbols are
the data points reflected about midrapidity. The solid curves
in Fig. 8 represent fits using the forin=T,/coshy expected
for thermal emission from a fixed source. Although it will be
shown below that this assumption is not valid, it is interest-
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like the inverse slope parameters, thi/dy values depend
proportionally on the absolute normalization of time spec-
tra. The overall systematic error in the normalization is esti-
mated to be about-(5-10)%. However, the error bars

Y

0.20 g 2 :
) shown in Fig. 10 are statistical only and do not reflect this
>

Q

(fo The values ofdN/dy for the most central event bin at

\

1 normalization error.

0.15 o0 0-5% 10.8 GeV/nucleon are in good agreement with the values
B 6 AGeV g os 2% reported by the E866 Collaboration for the top 5% most
oo G v 00 23:39% central events from AttAu collisions at the same beam en-
N I NG ergy[11]. Tables 1V, V, and VI in the Appendix list inverse
770 20 40 60 80 6 8 10 12 slope, transverse mass, and rapidity density values for each
Percentage of cross section Epeam (AGSV) rapidity bin for each centrality class at 6, 8, and 10.8 GeV/

nucleon, respectively.
The evolution of thedN/dy distributions with centrality
lends strong credence to the conclusion that the wide distri-

ing to note that this form quite adequately describes the deRutions, even for central collisions, reflect incomplete stop-
pendence of the inverse slofeon rapidity in the c.m. sys- Ping of the interacting ions. This point is discussed in detail
tem for most centralities. The behavior of the inverse slopeé',n Ref. [3].
expressed in terms of the fitted valuesTof are shown in Recently, proton data obtained by the E895 Collaboration
Fig. 9a) as a function of centrality% of cross sectionWe  at beam energies of 2, 4, 6, and 8 GeV/nucleon for central
observe that the inverse slop@mrdness of then, spectra  Au+Au collisions have been publishgd?2]. In a compari-
decrease strongly when going to more peripheral collisionson of thedN/dy distributions at 6 and 8 GeV/nucleon with
and lower beam energies. FigurébPshows that the inverse those presented here, we observe a substantial discrepancy
slopes increase almost linearly with beam energy for all cenbetween the two data sets that appears to fall somewhat out-
tralities over the region studied here. side the range of values allowed for by the total errors quoted
Figure 10 shows the centrality dependence of the rapidityyy each experiment. Despite careful assessment of possible
densitydN/dy as a function of rapidity at each beam energy.systematic error sources by both collaborations, the origin of
The open symbols are the data points reflected about midrahjs discrepancy has not been found.
pidity. Solid curves represent the best fits with a double
Gaussian function that is symmetric about mid rapidity. Un-

FIG. 9. Fitted values of th&, parameter shown as a function of
(a) centrality (percentage of cross sectjoor (b) beam energy.

IV. DISCUSSION OF CENTRAL COLLISIONS

6 AGeV 8 AGeV 10.8 AGeV
_I L l LB I__I T 1T T 1 I LB I__l T 1T T 1 I LB I_
70 T T - In this section, we compare thiN/dy distributions and
0-5% mean transverse mass distributions for central collisions with
sl T T E the predictions of three thermal source models, each of in-
r T T . creasing complexity. First, it is shown that a single stationary
C I I ] source cannot reproduce tlgN/dy distributions, although
50 T 5-12% i the transverse mass distributions are well accounted for. In-
L I ] troducing a uniform rapidity boost of isothermal sources can
- - T 1 12-23% . . . .
T 40 —_W—“ﬂ. &5 5ot account for thedN/dy distributions, but fails to reproduce
z r 12-23% T 12-23% T ] the mean transverse masses. Finally, we find that the inclu-
30l I T ] sion of a Gaussian rapidity dependence of the temperature
C ZZWZW profile in the model gives a remarkably good description of
20:_ 23.39% __ 23.39% __ _ the full data set.
10 }W{WW A. A single stationary source
TS T Pt S P First we compare the measured distributions of protons in

o

- 0 ra 0 1 0 1 the rapidity—transverse-mass plane with the predictions for
Yom isotropic emission from a stationary source at midrapidity. It
FIG. 10. Rapidity density distributions of protons for all central- IS @ssumed that a source produced by complete stopping
ity classes at all three beam energy from Boltzmann fits to thevould exhibit this behavior. Guided by the fact that ting
invariant cross sections. The open symbols are the data reflectéectra are well reproduced by a Boltzmann distributame
about midrapidity. The errors are statistical only. Systematic error&ec. 1l), we may, furthermore, assume that the emission
are described in Sec. II. spectrum exhibits a thermal distribution, i.e.,
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g0f e L T T T T T TTT T RIE T T 0 From Eq.(3) we obtain the predicted rapidity distribution
: FTE@ e E for a thermal source by integration
5 EL N
40F F - o Jo2 dN "
20‘1 L* 18RSV 20 —d;hoccoshy . mZexp( — mycoshy/T)dm, (6)
E . T ] 0
88__::{:=:}:::}1:____::{:::I:::{::__g.g(\c
>,60E (b) £ © R E0.3 % 2T 2m0T2 2 I /T
& TR0 oof mgT+ + exp(—mgcos .
> sk i &« RS —‘o_zgo ° coshy  costty L= Mocoshy/T)
° ok T .7 8AGv . 1 E (7)
20 " 0.1 A
o I = =
SErE e R A comparison of the predicted rapidity distribution with
c F @ Eh the measuremenfgotted curves in Figs. 148)—(c)] reveals a
R __/7.&%;7_\_ G discrepancy that clearly demonstrates that the observed pro-
WL o . 0.2 ton spectra are inconsistent with isotropic emission from a
20 " 04 single source at rest in the center-of-mass system. Rather, we
oLt *1 - (') - ; LT _'1 T (') T ; L1199 note that the rapidity distributions extend over a wide range
5 el of rapidity indicating a significant degree of either incom-
c.m. c.m.

plete stopping or longitudinal expansion at all three beam
FIG. 11. Proton rapidity distributions in the center-of-mass sys-€nergies. Therefore, one may conclude that only a small frac-

tem (left panels and average transverse mdsight panels are  tion of the measured protons can originate from such a

compared with a simple thermal source prediction for the threeStopped source; the dotted curves in Fig. 11 thus represent an

beam energies for the 0-5 % centrality bin. The arrows indicataipper limit for this componentsee also Ref3]).

target and beam rapidities and the solid gray bars represent the A more detailed discussion of the degree of stopping in

rapidity region over which thermal sources are uniformly distrib- central Aut- Au collisions has been present] in terms of

uted. the observed rapidity loss as proposed by Videbaek and
Hansen[2]. This analysis also indicates an incomplete de-
1 d4N gree of stopping in these reactions.
m m o« Eexp( - E/T) (2)

B. Longitudinal expansion

=mcoshyexp(—mcoshy/T), () The expanded proton rapidity distributions observed in

. o . ) the present experiment may be interpreted as due to directed
wherey is the rapidity andT is the inverse slope of the |gngitudinal expansion of the emitting source. From an
spectrum. Although there exists clear evidence that the tran%rnalysis of the centrality dependence of the/dy distribu-
verse mass spectra reflect the combined effects of thermghs it is argued3] that this longitudinal extension is most
emission and collective expansion, it is an experimental facﬁkely caused by incomplete stoppiriyansparencyand not
that the spectral shapes are very well reproduced by a simplg, 5 |ongitudinal compression and bounce-back mechanism.
thermal model. As a consequence, the derived inverse slop&e |ongitudinal expansion has sometimes been described
do not reflect the temperature of the emitting source. In thIS[13] in terms of a uniform collection of isothermal sources
analysis it is, however, sufficient to require that the emiSSiorbxtending symmetrically over a range of rapidities around

pattern is isotropic in the center-of-mass system. midrapidity, i.e.,
We observe that this model predicts a rapidity dependence
of the apparent temperature, i.e., dN +Ayd Ny,
d—y“ﬁA d_y(y_ n)d7, ®)
t=T/coshy, (4) y

hereAy is half the total boost range of the thermal sources.
his prescription is clearly able to describe th/dy dis-
tributions for central collisions as illustrated in the left-hand
panels of Fig 11(solid curve$. However, it is also a conse-
3 2 2, A3 guence of this model that the,-spectra will exhibit nearly
(m, :m0+ 3mgt+6mgt<+ 6t . 5) constant inverse slopes over this range of rapidityy <y
ma-+2mgt + 2t2 <Ay (solid curves in right-hand panels of Fig.)1Which is
at variance with the data. This point has often been ignored
In the right-hand panels of Fig. 11 we compare the rapidin thermal model analysis of data where th/dy proton
ity dependence of the mean transverse nfags—mg, with  distributions have been fitted, but the spectral shape afthe
those predicted by this modédotted curves The apparent distributions away from midrapidity has been ignored in the
source temperaturd, was obtained from &? fit to the data.  analysis[12]. In fact, this inability to reproduce protom,
We note that this naive model gives a good representation afpectral forms away from midrapidity is already clearly vis-
the observed inverse slopes. ible in Fig. 9 of Ref.[14].

which, maybe fortuitously, gives an adequate description o
the observed inverse slopésig. 8. For a Boltzmann form
of the m, distribution the mean transverse mass is given by
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TABLE IV. The inverse slope, mean transverse mass, and rapid-

80 5_(3) __ _50'4 ity density values for each centrality class for 6 GeV/nucleon col-
a5 E3 5038 lisions. The errors are statistical only.
40 :1 10.8 AGeV I::_ Jo.2
20F £ So.1 Bin  Rapidity Inverse slope  (m)—mq dN/dy
0 o 00~ (Gevic?) (Gevic?)
80F - =+ —H04 ©
- soE ® ES ET. 1 0.55 0.164:0.004 0.219:0.006 59.%1.3
S Wb E3 e 1 065  0.16%0.002 0.2230.003 64.91.3
T F I 17 g 1 0.75 0.1720.001 0.2320.002 66.21.3
7 | \& | N 1 085  0.1820.002 0.24¢0.003 67.41.2
g o I SIS S 8 1 0.95 0.1920.002 0.266:0.004 65.6:1.1
&0 _ __ _E 03 1 1.05 0.20x0.003 0.28%0.005 67.21.1
g T ] 1 1.15 0.2040.003 0.28%0.005 67.71.1
E E3 Ehid 1 125 02020003 0.292:0.006 69.4 1.2
201 g 101 1 1.35 0.21#0.005 0.31*0.009 68.G:1.2
e B S e IR T Y 1 145  0.21%0.008 0.31€:0.015 69.%1.6
VY, VY, . 2 0.55  0.1550.003 0.2040.005 53.21.1
2 0.65 0.1640.002 0.21&0.003 55.7*#11
FIG. 12. Measurementgsolid) of dN/dy (a—(c) and mean 2 0.75 0.17#0.001  0.236:0.002 56.0-:1.0
transverse masgd)—(f) are compared with optimum fitésolid 2 0.85 0.186:0.002 0.246-0.003 55.0-0.9
curves with a modu_s-l of isotropi_cally emission from a continuum of 5 0.95 0.184 0002 02520004 547209
the.rmal sources with a Gaussian tgmperatgre prafde te.xl The 2 1.05 0.196:0.002 0.2620.004 53.9-0.8
Sources are unformly distibuted. Open ciles are data ponts re. 2 V15 019B0002 02760004 54208
flected around midrapidity. Arrows if@—(c) indicate the target and 2 1.25 02010003 0.2830.006  54.6-0.9
beam rapidities in the center-of-mass system. 2 1.35 0.209:0.004  0.296:0.007  54.8:1.0
2 1.45 0.2130.008 0.3040.014 53912
C. Gaussian temperature profile 3 0.55 0.15%0.003  0.1980.004 42.6:0.8
In order to obtain a satisfactory representation of ithe 3 0.65 0.158:0.002 0.209:0.002  42.5-0.8
distributions measured away from midrapidity it thus seems 3 0.75 0.164:0.001  0.21¢:0.002  41.6:0.7
necessary to impose a “temperature” distribution upon the 3 0.85 0.1720.002 0.2330.003  40.20.7
emitting sources such that the “hottest” sources are located 3 0.95 01720002 0248:0.003  39.2-0.6
at midrapidity and that the “temperature” decreases as one 3 1.05 0.186:0.002  0.2550.004  39.3-0.6
goes away from this rapidity. We have illustrated this by 3 115 0.19+0.002  0.263:0.004  39.%-0.6
assuming a uniform distribution of sources over the range 3 1.25 0.196:0.003  0.2730.005  39.%0.6
—Ay<y<Ay which have Gaussian temperature distribution 3 1.35 0.196:0.004  0.273-0.006  39.3-0.7
in y. such that 3 145 01920006 0.2780.011 38.20.9
4 0.55 0.1340.002 0.17¥0.003 32.x*0.7
dN +AydN;y, 4 0.65 0.1430.001 0.18%0.002 30.90.6
dy” f_Ay gy YT Ty mldm, ©) 4 075  0.15%0.001 0.1990.002 28.405
4 0.85 0.163*+0.002 0.21%0.003 27.%*0.5
TABLE lIl. Parameters used in model calculations with longi- 4 0.95 0.1640.002  0.21&0.003  26.40.4
tudinally boosted thermal sources for either an isothermal source 4 1.05 0.1720.002  0.2320.003  25.80.4
distribution or a distribution of sources with a Gaussian rapidity 4 1.15 0.17£0.002 0.246:0.004 24.804
distribution for Aut+ Au collisions. The parameters argge, ., the 4 1.25 0.1720.003  0.2430.004 25.2:0.5
kinetic energy of the beanT,, the source temperature at midrapid- 4 1.35 0.18% 0.003 0.2470.006 24.6:0.5
ity, Ay the longitudinal rapidity boost range away from midrapidity, 4 1.45 0.182-0.006 0.2480.009 24.20.6
N= fﬁ(FjN/dy)dy the total thermal source strength in?egrated 5 055 0.11%0.002 0.137#0.003 9502
over rapldl_ty, _and_aT the standard deviation of the Gaussian tem- 5 0.65 0.122-0.002 0.153 0.002 0.2-0.2
perature distribution. 5 075 01280001 01620002  8.6:0.2
Isothermal Gaussian temperature distribution 5 0.85 0.135:0.002  0.173-0.003 8.6-0.2
EEL?am T Ay T o, Ay N 5 0.95 0.146:0.002  0.18%0.003 7.3:0.1
(GeVinucleon (GeVic?) (GeVic?) 5 1.05 0.1540.002 0.20%0.003 6.8:0.1
5 1.15 0.1620.002  0.216:0.003 6.200.1
6.0 0.207 126  0.253 0696 099 155 5 1.25 0.1640.003 0.2180.004 6.6:0.1
8.0 0.222 1.36 0.267 0.762 1.086 164 5 1.35 0.16%0.003  0.2270.006 5.50.1
10.8 0.237 1.37 0.280 0.809 1.166 159 5 1.45 0.17%0.006  0.23%0.010 5.2:0.2
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TABLE V. The inverse slope, mean transverse mass, and rapid- TABLE VI. The inverse slope, mean transverse mass, and ra-
ity density values for each centrality class for 8 GeV/nucleon col-pidity density values for each centrality class for 10.8 GeV/nucleon
lisions. The errors are statistical only. collisions. The errors are statistical only.

Bin  Rapidity Inverse slope  (m;)—mq dN/dy Centrality Rapidity Inverse slope (m)—m dN/dy
(GeVic?) (GeVic?) bin (GeVvic?)  (GeVic?)
1 0.55 0.1640.003 0.219$0.006 56.5-1.0 1 0.55 0.161*+0.004 0.2140.006 48.6:1.1
1 0.65 0.165%0.002 0.22G¢0.003 60.&1.1 1 0.65 0.16%*0.002 0.2140.003 51.%#1.0
1 0.75 0.17%0.001 0.2340.002 64.51.0 1 0.75 0.17%0.002 0.23%0.003 56.x1.0
1 0.85 0.18x0.002 0.25%0.003 65.7#1.1 1 0.85 0.1760.002 0.23&0.003 59.@¢1.0
1 0.95 0.1930.002 0.2670.003 67.&1.2 1 0.95 0.1920.002 0.2670.004 59.4-1.1
1 1.05 0.2040.002 0.2870.004 66.2-1.2 1 1.05 0.206:0.002 0.28:0.004 60.1.1
1 1.15 0.216:0.003 0.29& 0.005 66.221.2 1 1.15 0.21#*0.003 0.3060.005 61.51.2
1 1.25 0.2160.004 0.30&0.008 65.81.4 1 1.25 0.226:0.005 0.327#0.009 62.31.3
1 1.35 0.2360.007 0.346:0.013 66.4-1.5 1 1.35 0.237%0.007 0.34&0.013 60.6:1.4
1 1.45 0.22&0.012 0.33¢0.021 67.41.9 1 1.45 0.2760.015 0.42%0.030 63.21.7
2 0.55 0.166:0.003 0.21x0.005 50.&0.9 2 0.55 0.15%#0.003 0.19&0.005 45.81.0
2 0.65 0.16x0.002 0.21&0.003 52.%¢0.9 2 0.65 0.1630.002 0.21%0.003 46.80.9
2 0.75 0.1720.001 0.23%0.002 53.&0.8 2 0.75 0.176¢0.002 0.22%0.003 48.220.8
2 0.85 0.1790.001 0.2440.002 54.30.9 2 0.85 0.179¢0.002 0.2440.003 50.%#0.8
2 0.95 0.19a:0.002 0.2630.003 55.%+0.9 2 0.95 0.1820.002 0.25%#0.003 52.¢:0.9
2 1.05 0.19%0.002 0.2740.004 53.30.9 2 1.05 0.1930.002 0.2680.004 52.6:0.9
2 1.15 0.2040.003 0.28%#0.004 53.31.0 2 1.15 0.207%0.002 0.29%0.004 52.90.9
2 1.25 0.2130.004 0.3040.007 52.31.1 2 1.25 0.21&0.004 0.3120.007 53.61.1
2 1.35 0.2150.006 0.30%0.010 52.61.2 2 1.35 0.23%0.006 0.33#0.011 52911
2 1.45 0.22@:0.010 0.316:0.019 51.61.4 2 1.45 0.2420.011 0.35%#0.021 53.6:1.3
3 0.55 0.1520.003 0.199¢0.004 41.30.7 3 0.55 0.149¢0.003 0.1950.004 38.60.7
3 0.65 0.157#0.001 0.20& 0.002 41.70.7 3 0.65 0.156:0.002 0.20%#0.003 38.5-0.7
3 0.75 0.1650.001 0.226:0.002 42.30.6 3 0.75 0.166:0.002 0.2230.003 37.6:0.6
3 0.85 0.1740.001 0.2350.002 41.4-0.6 3 0.85 0.1720.002 0.2330.003 38.4-0.6
3 0.95 0.181*0.002 0.2480.003 40.6:0.6 3 0.95 0.18¢0.002 0.246:0.003 39.1*0.6
3 1.05 0.193+0.002 0.2640.003 38.30.6 3 1.05 0.18%0.002 0.261*0.003 37.%0.6
3 1.15 0.196:0.002 0.27x0.004  38.x0.7 3 1.15 0.19&0.002 0.277%0.004 37.%#0.7
3 1.25 0.201*0.004 0.2820.006 38.5-0.8 3 1.25 0.206:0.003 0.28@:0.006 39.6:0.8
3 1.35 0.20¢0.005 0.296:0.009 38.@¢0.8 3 1.35 0.2120.005 0.30Z20.008 37.7#0.8
3 1.45 0.20%0.008 0.29¢:0.015 37.%¢1.0 3 1.45 0.2320.009 0.33#0.017 38.20.9
4 0.55 0.1390.002 0.17&0.004 30.%0.5 4 0.55 0.1320.002 0.176:0.004 28.10.6
4 0.65 0.146:0.001 0.196:0.002 29.505 4 0.65 0.1440.002 0.18%#0.003 26.7%0.5
4 0.75 0.156:0.001 0.206:0.002 28.30.4 4 0.75 0.1520.001 0.206:0.002 26.30.4
4 0.85 0.1630.001 0.2170.002 26.70.4 4 0.85 0.166:0.002 0.2220.003 25.20.4
4 0.95 0.1720.002 0.2320.003 25.x-0.4 4 0.95 0.17220.002 0.2320.003 23.80.4
4 1.05 0.1740.002 0.23530.003 24.504 4 1.05 0.1760.002 0.23&0.003 24.a:0.4
4 1.15 0.18@¢0.002 0.2450.004 24.505 4 1.15 0.18&0.002 0.25%0.004 23.30.4
4 1.25 0.185%0.003 0.2540.006 23.420.5 4 1.25 0.18&0.003 0.266:0.005 22.%0.5
4 1.35 0.1840.004 0.25%0.007 23.%0.6 4 1.35 0.195%0.004 0.27%0.007 23.%0.5
4 1.45 0.196:0.007 0.2620.012 24.2-0.7 4 1.45 0.20%30.007 0.286:0.013 23.%0.7
5 0.55 0.11%0.002 0.1450.003 9.5-0.2 5 0.55 0.126:0.002 0.1490.003 12.7%#0.3
5 0.65 0.126:0.002 0.166:0.002 8.6:0.2 5 0.65 0.1320.002 0.1690.003 11.220.2
5 0.75 0.1340.001 0.176:0.002 7.9:0.1 5 0.75 0.14%*0.002 0.1820.002 10.1*0.2
5 0.85 0.142-0.002  0.1840.002 7.0:0.1 5 0.85 0.149¢0.002 0.1950.003 9.2£0.2
5 0.95 0.156¢:0.002  0.1970.003 6.6-0.1 5 0.95 0.156:0.002 0.206:0.003 8.7#0.2
5 1.05 0.1540.002  0.2020.003 6.2:0.1 5 1.05 0.166:0.002 0.2120.003 7.9:0.2
5 1.15 0.156:0.002  0.206:0.004 5.%0.1 5 1.15 0.16%0.002 0.226¢:0.004 7.6:0.2
5 1.25 0.15¢0.003  0.216:0.005 5.8:0.2 5 1.25 0.16£0.003 0.22&0.005 7.2£0.2
5 1.35 0.1630.004 0.2170.006 5.6:0.2 5 1.35 0.1750.004 0.23%#0.007 6.9:0.2
5 1.45 0.166:0.006 0.2120.010 5.6:0.2 5 1.45 0.1730.006 0.2330.010 6.6:0.2
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T(y):Toexq_(y_ycm)Z/ggg], (10) GeV/nucleon in terms of Boltzmann distributions has been
carried out, and the resultindN/dy distributions and in-
whereT is the “temperature” of midrapidity sources and  verse slopes derived. A simple model assuming isotropic
is the standard deviation of the “temperature” distribution in emission from a continuum of thermal sources with tempera-
rapidity y. That this simple form is able to simultaneously tures that follow a Gaussian dependence on the rapidity gives
reproduce thelN/dy and the mean transverse mass is showry remarkably good description of both the rapidity density

in Fig. 12. The parameters used are listed in Table lll. It isyng mean transverse mass of proton spectra in central colli-
interesting to note that the total number of protons obtainedions.

by integration of the calculatedN/dy distributions and
listed in Table lll accounts quite accurately for the 158 pro-
tons available in the entrance channel. This may be signifi-
cant, since the rate of baryon production in-A&u colli-
sions at these energies is expected to be insignificant on this This work was supported by the U.S. Department of En-
scale; thep/p ratio is observed to be-10 2 [15]. ergy under contracts with ANLContract No. W-31-109-
We emphasize that this should not be taken as a definitivEng-38, BNL (Contract No. DE-AC02-98CH10886MIT
model to describe central collisions, but rather to suggest théContract No. DE-AC02-76ER03059UIC (Contract No.
necessary ingredients required for a more realistic model thd2E-FG02-94ER40865 and UC Riverside(Contract No.
includes both thermal and collective expansion effects. ReDE-FG03-86ER40271the National Science Foundation un-
cently, a similar conclusion has been reached by Daddlet.  der contracts with University of RochestéContract No.
[16] from an analysis of 11.6 GeW/Au+ Au data from the PHY-9722606, and the Ministry of Education and KOSEF
E866 collaboratior{5,11] in which the optimum fit to the (Contract No. 951-0202-032}2n Korea.
data is obtained by allowing for a rapidity dependent freeze-
out temperature in an asymmetrically expanding thermal
source model. Clearly, a more detailed model analysis of the
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APPENDIX

present data is required.

V. CONCLUSIONS

This appendix contains tables of parameters derived from
Boltzmann fits the the measured proton speliables IV,
V, and VI). The inverse slope, the mean transverse mass, and

An analysis ofm; spectra for protons emitted in central the rapidity densitydN/dy are listed for ten rapidity binén
Au+ Au collisions at beam kinetic energies of 6, 8, and 10.8the laboratory systepfor each centrality bin.
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