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Light nuclei production in relativistic Au 1nucleus collisions
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We have measured the yields of protons andA52 – 4 nuclei in collisions between 10.8A GeV/c Au beams
and targets of Al, Cu, and Au. The data, which cover a broad rapidity range at low transverse momenta, were
measured as a function of collision centrality using a focusing beam line spectrometer and a high-rate centrality
detector. We investigate the dependence of coalescence parameters on event geometry. The data are compared
with the predictions of anRQMD1coalescence model.@S0556-2813~98!00808-5#
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I. INTRODUCTION

Several experimental groups are trying to create unu
states of nuclear matter using high-energy nucleus-nuc
collisions. From previous experimental efforts at the Be
lac, at the AGS, and at the SPS@1–3#, a plausible qualitative
picture for the behavior of hadronic matter in these inter
tions has been developed. The collision of two nuclei crea
a volume of highly compressed nuclear matter, and the
sulting pressure gradients then drive an outward expans
Among the more promising tools for the study of the expa
sion of the system and its volume at freeze-out is the m
surement of production spectra of protons and light nucl

The currently accepted picture of the formation of nuc
near central rapidities in relativistic nucleus-nucleus inter
tions is that ofcoalescence@4–10#. Nuclei are believed to be
formed in final-state interactions between nucleons, w
other strong interactions have effectively ceased~i.e., at had-
ronic freeze-out! and nucleons happen to be close togethe
six-dimensional phase space. For a given combination oA
nucleons, the probability that they will coalesce to form
nucleus of mass numberA depends on the amount of overla
between the nucleon wave functions in both momentum
position space. Since both momentum and position varia
play a role, the production rates of light nuclei relative
those of free nucleons are sensitive to the size of the nuc
source at freeze-out@8,11,12,18#. Correlations between mo
menta of nucleons with small relative spatial separations—
might result from collective flow or incomplete stopping—
can enhance production in certain regions of phase sp
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The measurements and analysis of the Si1Pb data of experi-
ment E814@12, 18# showed that the collision volume ex
panded significantly before freeze-out. In this paper, we
able to extend their work to heavier colliding system
(Au1Au) and to heavier coalesced nuclei~ 3He and 4He!.
We emphasize that, because heavier isotopes are comp
of more nucleons, their coalescence probabilities beco
more sensitive to any physical effect which changes the m
mentum and spatial configurations of nucleons. Thus,
might imagine a case in which a small effect in proton p
duction goes unnoticed in the deuteron spectra, but would
evident in theA53 or A54 species. As will be seen, ou

FIG. 1. Schematic diagram of the E878 beam line spectrome
The inset is a detail of the target and the detectors surroundin
The beam is incident from the left-hand side of the figure.
1155 © 1998 The American Physical Society
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1156 PRC 58M. J. BENNETTet al.
data set provides good statistics for nuclei withA53, and
makes a reasonable measurement forA54 particles as well.

We present here our measurements of the production r
of protons (p), deuterons (d), tritons (t), 3He, and4He in
collisions of Au beams on Au, Cu, and Al targets. These d
were taken in the autumn of 1993 at the Brookhaven N
tional Laboratory, using 10.8A GeV/c Au beams from the
Alternating Gradient Synchrotron.

II. APPARATUS

Figure 1 is a schematic view of the E878 apparatus@14#,
which comprises a beam line focusing spectrome
Charged secondary particles which are emitted within
roughly rectangular aperture of solid angleDV;350 msr
centered on the beam axis, and with a rigidity~ratio of mo-
mentum to electric charge! within 6;2% of the chosen
tuned rigidity, are transported through the spectrometer. T
sets of dipole magnets provide a double selection on rigid

FIG. 2. Identification of positive particles at a rigidityp/Z
55.10 GeV/c. The plot shows energy loss versus the time of flig
measured in scintillation counters. Clearly identifiable in these p
arep andK, p, d, t, 3He, and4He. Note that this plot represent
the sum of various trigger conditions, which have been downsc
by different amounts. Thus, the relative populations of each spe
in the plot are not indicative of actual particle ratios.
tes

ta
-
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o
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quadrupole magnets bring the secondaries to focal point
the centers of the trigger time-of-flight counters TOF 1 a
TOF 3. Two additional arrays of counters, TOF 2 and TO
4, provide a second measurement of velocity. The meas
times of flight provide most of the particle identification c
pability; gas~Čk 1 and Čk 2! and Aerogel~Čk 3 and Čk 4!
threshhold Cˇ erenkov detectors provide supplementary info
mation for very fast secondaries. Four drift chambers D
1–4, each containing six drift planes, are used in track
and primarily provide background rejection for trajectori
not pointing back to the target.

The data set presented in this work comes from four se
rate rigidity settings of the E878 spectrometer:12.55,
13.87,15.1, and16.0 GeV/c ~the positive sign indicating
that accepted particles haveZ.0!. Data were collected using
Al, Cu, and Au targets; the Au target had a thickness s
that 22% of the Au beam underwent inelastic interactio
while the Al and Cu targets interacted with 27% of the A
beam.

For normalization purposes, several detectors are pla
upstream of the target to monitor the incident beam. A m
tiwire proportional chamber~MWPC! and a fiber Cˇ erenkov
hodoscope located near the target measure the beam pr
Ion chambers~IC 1 and IC 2! located upstream of the targe
measure the integrated flux of the primary beam. The
chambers are complemented by single-particle telesco
~SPT’s! which count secondary particles emitted at backw
angles to measure the fraction of the beam actually strik
our target on a run-by-run basis. An array of quartz Cˇ eren-
kov counters@13# samples the multiplicity of secondary pa
ticles produced in interactions and allows us to determine
centrality of a given interaction.

Triggers are generated by a particle in the spectrom
via a coincidence between the timing signals from two of

t
ts

d
es

TABLE I. Proton invariant multiplicities in minimum-bias
Au1Al, Au1Cu, and Au1Au reactions. Uncertainties are 30%
systematic.

Rigidity
(GeV/c)

Invariant multiplicity E d3N/dp3 (GeV22 c3)

Au1Al Au1Cu Au1Au

2.55 3.160.9 5.36 1.6 7.16 2.1
3.87 4.461.3 5.86 1.7 7.76 2.3
5.10 7.262.2 9.56 2.9 9.86 3.0
6.00 9.963.0 11.46 3.4 12.96 3.9
TABLE II. Proton invariant multiplicities as functions of event centrality in Au1Al, Au1Cu, and
Au1Au reactions. Uncertainties are 30% systematic.

Invariant multiplicity
E d3N/dp3 (GeV22 c3!

Rigidity
(GeV/c)

Au1Al
Central
0–10 %

Au1Cu
Central
0–10 %

Central
0–10 %

Au1Au
Midcentral
10–30 %

Peripheral
30–100 %

2.55 3.561.0 8.962.7 16.564.9 9.762.9 5.061.5
3.87 4.061.2 9.462.8 17.565.2 11.263.4 5.461.6
5.10 6.261.9 14.364.3 19.565.8 13.163.9 7.562.3
6.00 7.562.3 16.064.8 21.966.6 16.264.9 10.663.2
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PRC 58 1157LIGHT NUCLEI PRODUCTION IN RELATIVISTIC Au1 . . .
time-of-flight detectors~TOF 1 and TOF 3!. The simplest
implementation of this trigger scheme, referred to
LOOSE, utilized a coincidence window which selected flig
times between 0 ns~relative to b51! and 80 ns, which
would correspond tob50.53. In addition, other trigger type
were utilized; the most important with respect to light nuc
was a timing trigger~TIME!, which required a delayed co
incidence between TOF 1 and 3. The delay was chose
select only those particles withM /Z greater than that of the
proton, so that the delay was different for each tuned rigid
Combined with downscaling of LOOSE triggers, the use
TIME allowed the collection of high statistics data for nuc
heavier than protons.

Because triggers are based on the detection of a partic
the spectrometer, the E878 cross sections are inhere
minimum bias. While a multiplicity detector@13# was part of
the apparatus, it was not utilized at the trigger level; rath
the multiplicity information allowed characterization of th
geometry of an event after the detected produced particle
been identified. In this manner, events were separated
various bins of centrality: for Al and Cu targets, particl
from the 10% most central events could be identified, wh
for Au targets, the data sample was separated into three
trality bins. These bins were ‘‘peripheral,’’ corresponding
the 70% most peripheral interactions; ‘‘mid-central,’’ corr
sponding to those events between 30% and 10% most
tral; and ‘‘central,’’ corresponding to the 10% most cent
interactions.

For the data set presented here, the operating config
tion of the multiplicity detector was not the same as th
described in@13#. Effectively, the difference was manifeste
in a lower efficiency of the multiplicity detector for the pos
tive rigidity running. The calibration of the positive configu
ration was accomplished by correlating the multiplicity spe

TABLE III. Deuteron invariant multiplicities in minimum-bias
Au1Al, Au1Cu, and Au1Au reactions. Uncertainties are 30%
systematic.

Rigidity
(GeV/c)

Invariant multiplicity E d3N/dp3 (GeV22 c3)

Au1Al Au1Cu Au1Au

2.55 0.05560.017 0.13260.040 0.25860.077
3.87 0.06160.018 0.10660.032 0.18760.056
5.10 0.08360.025 0.13360.040 0.18860.056
6.00 0.10160.030 0.14760.044 0.21460.064
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tra of pions and kaons from data taken at the same rigidit
both the low- and high-efficiency configurations. This w
cross-checked by calculating the efficiency for each of the
individual detectors in the multiplicity detector array~these
ranged between 65% and 90%!, and reperforming the Monte
Carlo simulation of the detector response, as describe
detail in @13#. The results of these two approaches agre
with each other quite well, and led to the definition of th
bins described above.

III. ANALYSIS

Particle identification is accomplished primarily viaT13,
the time of flight between TOF 1 and TOF 3, which we
separated by;27.5 m, augmented by a charge measurem
in each of TOF 1 and TOF 3. For all of the rigidity setting
considered here, individual nuclear species were well se
rated in T13-charge space, as can be seen for
15.1 GeV/c setting in Figure 2~this statement does not ap
ply to pion-kaon separation, which can be achieved via Cˇ er-
enkov information!. Quality cuts have been applied whic
effectively remove all of the background. These cuts inclu
agreement of velocity determined byT13 with that deter-
mined from the time of flight between TOF 2 and TOF
hits in all four TOF detectors, charge agreement between
four TOF hits, and a trajectory which points back to t
target. Of these, all have very high efficiency (*98%), ex-
cept the requirement of TOF agreement. Here, the efficie
of the cut is 85%, which is consistent with expectatio
based on the tightness of the cut and the greater rela
variation in actual path length between TOF 2 and TOF 4~as
compared to TOF 1 and TOF 3! for various trajectories
within the beam envelope.

The total number of observed particles included so
background from nontarget-related sources. This backgro
level was determined by measuring the target-out detec
rate using an empty target holder instead of a real target;
target-out rate was then converted to a number of ba
ground particles by scaling with the total beam flux and li
time for a given run. Nontarget-related events have a diff
ent multiplicity distribution than that for true beam-targ
interactions; therefore, it was necessary to make a target
correction individually for each of the defined centrality bin
based on the observed multiplicity distributions from t
target-out running. The total background for minimum-bi
events was roughly 10% of the total signal, consistent w
our expectations based on the amount of material upstr
TABLE IV. Deuteron invariant multiplicities as functions of event centrality in Au1Al, Au1Cu, and
Au1Au reactions. Uncertainties are 30% systematic.

Rigidity
(GeV/c)

Invariant multiplicity E d3N/dp3 (GeV22 c3)

Au1Al
Central
0–10 %

Au1Cu
Central
0–10 %

Central
0–10 %

Au1Au
Midcentral
10–30 %

Peripheral
30–100 %

2.55 0.06560.019 0.21660.065 0.54060.162 0.36160.108 0.18960.057
3.87 0.06660.020 0.19260.058 0.45460.136 0.28360.085 0.12260.037
5.10 0.08860.026 0.23260.070 0.47160.141 0.27860.083 0.12160.036
6.00 0.09460.028 0.25060.075 0.50760.152 0.31760.095 0.14360.043
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1158 PRC 58M. J. BENNETTet al.
of the target; when the rate was separated into centrality b
the background was highest in the Au1Au peripheral bin,
with an average of 15%, while the background for t
Au1Au most-central bin was negligible.

Particles heavier than protons satisfied conditions for b
LOOSE and TIME triggers; cross sections presented h
were calculated using the TIME trigger condition, since t
higher statistics allowed separation of the particles into
various centrality bins. However, some inefficiency in t
TIME trigger is expected because of the close proximity
the various particle species inT13 space as compared
jitter in the trigger timing. Efficiency of the TIME trigger fo
deuterons and3He was estimated by comparing the numb
of minimum-bias~i.e., with no condition on centrality! par-
ticles of each species from TIME and from LOOSE trigg
conditions. The efficiency for deuterons was;85% for all
rigidities, while that for3He ranged from 66% at the lowes
rigidity to 60% at the highest rigidity. Low statistics pre
cluded a separate determination of the TIME efficiency
4He and tritons; for4He, it was taken to be the same as th
for deuterons, while a value of 90% was estimated for trito
based on their largeT13 separation from protons. Since a
events had to satisfy at least the LOOSE trigger condition
order to be recorded, it was not possible to make a di
determination of the LOOSE trigger efficiency in the usu
manner. We have estimated the efficiency to be 95%, ba
on the simple trigger logic and scaler values for the co
rates of the phototubes involved.

The total flux of the beam into our target region was
tegrated using two ionization chambers IC 1 and IC 2. T
fraction of the beam actually striking our target was mo
tored using two single-particle telescopes SPT 1 and SP
for all of the data considered here, the fraction of beam
target was;100%. Performance and calibration of the bea
monitoring detectors has been described in detail elsew
@14#. The acceptance of the spectrometer was determ

TABLE V. Triton invariant multiplicities in minimum-bias
Au1Al, Au1Cu, and Au1Au reactions. Uncertainties are 30%
systematic.

Rigidity
(GeV/c)

1043 invariant multiplicity E d3N/dp3 (GeV22 c3)

Au1Al Au1Cu Au1Au

3.87 7.862.3 24.067.1 59.2617.8
5.10 9.462.8 21.966.6 38.6611.6
6.00 10.863.2 19.165.7 36.4610.9
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separately for each of the rigidity settings by compari
phase space distributions from actual data to Monte C
calculations@14#. Since the data necessarily include effec
of multiple Coulomb scattering of particles as they trave
the beam line, a ‘‘correction’’ for this behavior is implicit in
the calculated acceptance. For the data considered here
ceptances (DVDp/p) ranged between 1110 and 1380msr %.

In addition, it was necessary to apply several correct
factors to the observed cross sections, taking into accoun
live time fraction of the data acquisition system~DAQ!, loss
of beam flux in our target, and the loss of produced partic
through inelastic interactions as they traverse the beam
The live time of the data acquisition was determined by sc
ing various quantities gated by aBUSY signal from the
DAQ computer indicating it was able to accept data, a
comparing these to the same quantities from an unga
scaler. Live times for this data set ranged between 70%
90%. In order to have high event rates, fairly thick targ
were used; as the beam traverses the target, beam par
undergo interactions such that the downstream portion of
target effectively ‘‘sees’’ a lower beam flux. The magnitud
of this effect can be calculated analytically, which resulted
a ‘‘thick-target’’ correction of 15% for Al and Cu targets an
12% for the Au target. The loss of particles via inelas
interactions with material in the beam line was estimated
Monte Carlo simulation@14#; the survival probability ranged
between 80% for protons and 60% for4He, and was roughly
independent of rigidity.

Invariant multiplicities forp, d, t, 3He, and 4He from
minimum-bias Au1Al, Cu, and Au interactions are tabulate
below. The quantity that E878 measures directly is the
variant cross section; however, in order to facilitate compa
son to other experiments, values have been given in term
invariant multiplicity. These have been determined by div
ing the measured cross section by the total inelastic inte
tion cross section for the given beam-target system. The
termination of these values is described in detail elsewh
@14#; the values are 6850 mb for Au1Au interactions, 4700
mb for Au1Cu, and 3750 mb for Au1Al. In addition, in-
variant multiplicities are also tabulated for various central
bins for each of the beam-target systems, as defined in
II. In this case, the measured cross section was divided
the cross section for the centrality condition applied; e
cross sections for 10% central Au1Au interactions were di-
vided by 685 mb.

IV. RESULTS AND DISCUSSION

Tables I–X list the invariant multiplicities measured
four rigidity settings forp, d, t, 3He, and4He. These mea-
TABLE VI. Triton invariant multiplicities as functions of event centrality in Au1Al, Au1Cu, and
Au1Au reactions. Uncertainties are 30% systematic.

Rigidity
(GeV/c)

1043 invariant multiplicity E d3N/dp3 (GeV22 c3)

Au1Al
Central
0–10 %

Au1Cu
Central
0–10 %

Central
0–10 %

Au1Au
Midcentral
10–30 %

Peripheral
30–100 %

3.87 10.263.1 50.3615.1 124.9637.5 90.3627.1 41.0612.3
5.10 10.063.0 36.6611.0 98.0629.4 55.6616.7 25.26 7.6
6.00 9.562.9 42.0612.6 86.4625.9 55.6616.7 23.86 7.2
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surements are, in general, at different rapidities for the
ferent particle species. The systematic uncertainties
quoted to be 30%, which is dominated by uncertainties in
determination of the beam flux and the acceptance of
spectrometer at each of the rigidity settings.

Figure 3 shows the invariant multiplicities forp, d, t,
3He, and4He, plotted for minimum-bias Au1Al collisions
as functions of rapidity. Also shown in the figure are da
from experiment E814 for the Si1Pb system@12,18#, which
have been reflected abouty51.72 ~the nucleon-nucleon
center-of-mass rapidity at the Si beam energy
14.6A GeV/c! to reverse the kinematics~the reverse kine-
matics Si1Pb system is very similar to Au1Al !. The E814
data were measured at a slightly higher energy, and so
rapidities for the E814 data were scaled by 3.14/3.44
match beam rapidities. The invariant multiplicities measu
in our experiment agree well with those measured by E8
within systematic errors.

Figure 4 shows invariant multiplicity data for the sam
particle species measured in minimum bias Au1Cu colli-
sions. Figure 5 shows similar data for the minimum-b
Au1Au system. In the cases of all the targets, the tri
yields are higher than the3He yields, consistent with a neu
tron to proton ratio in excess of 1 in all of the collidin
systems. In Fig. 5, we also show data measured by exp
ment E886@19#. Although there is no direct rapidity overla
between the data of the two experiments, the trends of
measured cross sections indicate good agreement bet
E878 and E886. The yields of complex fragments in
E886 data increase significantly at low rapidity, perhaps
flecting the presence of light nucleus yields from fragmen
tion and/or the fact that the physical dimensions at freeze
of the source of particles emitted in the the targetlike rap
ties may be smaller than at midrapidity.

TABLE VII. 3He invariant multiplicities in minimum-bias
Au1Al, Au1Cu, and Au1Au reactions. Uncertainties are 30%
systematic.

Rigidity
(GeV/c)

1043 invariant multiplicity E d3N/dp3 (GeV22 c3)

Au1Al Au1Cu Au1Au

2.55 6.762.0 15.564.6 29.068.7
3.87 10.363.1 16.665.0 28.568.5
5.10 20.366.1 26.968.1 35.9610.8
6.00 20.266.1 20.966.3 33.9610.2
f-
re
r
e

f

he
o
d
4,

s
n

ri-

e
en

e
-
-
ut
i-

Figures 6, 7, and 8 show the yields of protons and lig
nuclei plotted as functions of rapidity for central Au1Al,
Au1Cu, and Au1Au collisions. Near midrapidity, the yields
in central collisions are higher than those in minimum-b
collisions. Also, the yields in the heavier systems are high
over the full rapidity range of the measurement, than
yields in the lighter systems. For protons from cent
Au1Au collisions, although the distribution is flatter tha
that from minimum bias Au1Au events, there still remains
minimum in the spectrum at midrapidity. However, it is im
portant to recall that E878 measures cross sections in a
row pT range aroundpT50, and that the presence of hydro
dynamic flow can push particles away from low transve
momenta. Thus, expansion can lead to a dip at midrapidit
the invariant multiplicity distribution at lowpT , even while
the dN/dy distributions, which are integrated over all tran
verse momenta, would be peaked at midrapidity, as has b
observed by other experiments@20#.

It should be noted that the primary motivation for th
E878 experiment was to perform a high-statistics study
rare processes in heavy ion collisions, so that all compon
of the experimental apparatus were required to operat
high interaction rates. For the multiplicity detector, this r
quirement necessitated a relatively low number of chann
While the detector worked well, the low segmentation ma
the detector susceptible to statistical fluctuations in the ph
space distribution of the secondary multiplicity. Thus, t
various defined centrality bins have some contaminat
from events with less~or more! central geometries, as wa
detailed in@13#. The contamination was exacerbated som
what ~as compared to@13#! for the data shown here, due t
the operating configuration of the multiplicity detector f
the positive rigidity running~see Sec. II!. For all compari-
sons to theoretical models, e.g.RQMD, we have been carefu

TABLE IX. 4He invariant multiplicities in minimum-bias
Au1Al, Au1Cu, and Au1Au reactions. Two uncertainty terms ar
shown: the first is statistical, and the second is 30% systematic

Rigidity
(GeV/c)

1063 invariant multiplicity E d3N/dp3 (GeV22 c3)

Au1Al Au1Cu Au1Au

2.55 116463 4169612 71625621
3.87 226467 306669 4067612
5.10 5168615 49613615 93611628
6.00 7968624 85610626 168613650
TABLE VIII. 3He invariant multiplicities as functions of event centrality in Au1Al, Au1Cu, and
Au1Au reactions. Uncertainties are 30% systematic.

Rigidity
(GeV/c)

1043 invariant multiplicity E d3N/dp3 (GeV22 c3)

Au1Al
Central
0–10 %

Au1Cu
Central
0–10 %

Central
0–10 %

Au1Au
Midcentral
10–30 %

Peripheral
30–100 %

2.55 9.062.7 27.46 8.2 74.3622.3 45.7613.7 17.865.4
3.87 10.863.2 31.76 9.5 67.2620.2 47.5614.2 17.565.3
5.10 24.167.2 52.4615.7 87.7626.3 54.8616.5 23.166.9
6.00 21.666.5 34.4610.3 74.0622.2 49.5614.8 23.767.1
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TABLE X. 4He invariant multiplicities as functions of event centrality in Au1Al, Au1Cu, and Au1Au reactions. Two uncertainty
terms are shown: the first is statistical, and the second is 30% systematic. Note that the point at a rigidity of 3.87 for central1Au
collisions represents the detection of only a single particle in that bin.

Rigidity
(GeV/c)

1043 invariant multiplicity E d3N/dp3 (GeV22 c3)

Au1Al
Central
0–10 %

Au1Cu
Central
0–10 %

Central
0–10 %

Au1Au
Midcentral
10–30 %

Peripheral
30–100 %

2.55 1661665 61643618 135677640 43630613 70618621
3.87 45622614 90640627 1961966 86629626 296769
5.10 49628615 47647614 151650645 48620614 98613629
6.00 83631625 174652652 172647652 110626633 185616655
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%

0%
to match the E878 centrality conditions; the typical diffe
ence in yields from the E878-defined centrality conditions
compared to an ‘‘ideal’’ centrality measurement~i.e., a hard
cut in impact parameter!, is on the order of 20–30 % forp,
K, and protons in theRQMD model.~Note that this difference
is not from some error in normalization, etc., but rather fro
the fact that the physics of the collision changes with
range of geometries sampled.! However, light nuclei yields
are potentially much more sensitive to the centrality con
tions, since their magnitude is, to first order, proportional
the proton yields raised to theAth power. While it is possible
to match centrality conditions when comparing to theoreti
models, one needs to be very careful when comparing res
between various experiments, especially those for light
clei, since the conditions of the centrality cuts are necessa
different.

The formation of light nuclei near central rapidity in
nucleus-nucleus collision requires the constituent nucleon
be close together in phase space in order to be able to
lesce. Thus, the observed yields of light nuclei are sensi
to the detailed dynamical evolution of the system. The re

FIG. 3. Au1Al minimum-bias rapidity distributions atpT'0
for p, d, t, 3He, and4He. Uncertainties are dominated by a 30
systematic error for all species except4He, which includes non-
negligible statistical uncertainties added in quadrature with a 3
systematic uncertainty. Open symbols are data from minimum-
E814 Si1Pb collisions, reflected aboutyNN51.72.
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tive probability for the formation of a nuclear cluster is qua
tified in the BA parameter, which is defined as the propo
tionality constant between the yield of a nucleus of ma
numberA and theAth power of the proton yield:

EA

d3NA

dpA
3 5BAS Ep

d3Np

dpp
3 D A

, ~1!

wherepA5App . Our data set allows us to determine the
ratios without fitting to the particle distributions, since w
have proton, deuteron,3He, and 4He measurements atpT
'0 andylab51.7, just aboveyNN .

Figure 9 shows the quantityBA for various targets and
event geometries in Au1A reactions. The data points corre
spond to events in different centrality bins, which are plott
against the mean number of participating nucleons for t
bin ~as determined by Monte Carlo simulation@14#!. In our
data set,B2 decreases by a factor of 2 from the mos
peripheral to the most-central bin, whileB3 decreases by a
factor of 10 andB4 by a factor of 100. However, it should b
noted that, while the most-central and midcentral bins rep
sent reasonably exclusive cuts on event geometry, the m

%
s

FIG. 4. Au1Cu minimum-bias rapidity distributions atpT'0
for p, d, t, 3He, and4He. Uncertainties are dominated by a 30
systematic error for all species except4He, which includes non-
negligible statistical uncertainties added in quadrature with a 3
systematic uncertainty.
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peripheral bin for Au1Au represents the 70% lowes
multiplicity events and thus averages over a large rang
collision geometries. Data from the three targets are qua
tively consistent with one another.

In a thermal model, a change in the value of theBA pa-
rameter can be related to a change in the volume of
source that is creating the composite particles@15#. If the size
of the source increases, the average relative separation
tween nucleons also increases, so that the likelihood of
nucleons being close enough in position space to form

FIG. 5. Au1Au minimum-bias rapidity distributions atpT'0
for p, d, t, 3He, and4He. Uncertainties are dominated by a 30
systematic error for all species except4He, which includes non-
negligible statistical uncertainties added in quadrature with a 3
systematic uncertainty. The open symbols are the measuremen
experiment E886 showing statistical and systematic uncertain
added in quadrature.

FIG. 6. Au1Al central ~10% highest multiplicity events! rapid-
ity distributions atpT'0 for p, d, t, 3He, and4He. Uncertainties
are dominated by a 30% systematic error for all species except4He,
which includes non-negligible statistical uncertainties added
quadrature with a 30% systematic uncertainty.
in
a-

e

be-
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nuclear cluster, as quantified byBA , is decreased. Severa
approaches have been developed to calculate a source r
based onBA parameters, e.g., in thermal or density mat
models@16,17#.

However, a similarity inBA parameters for different in-
teracting systems should not be taken to necessarily im
that the actual source sizes for the two systems are the s
As an example, if one were to apply one of the models m
tioned above to calculate a source size based on ourBA
parameters from central Au1Al interactions, the result
would be considerably larger than an Al nucleus; this
crease in size is understood to be the result of the hydro

%
of

es

n

FIG. 7. Au1Cu central~10% highest multiplicity events! rapid-
ity distributions at pT'0 for p, d, t, 3He, and4He. Uncertainties
are dominated by a 30% systematic error for all species except4He,
which includes non-negligible statistical uncertainties added
quadrature with a 30% systematic uncertainty.

FIG. 8. Au1Au central~10% highest multiplicity events! rapid-
ity distributions atpT'0 for p, d, t, 3He, and4He. Uncertainties
are dominated by a 30% systematic error for all species except4He,
which includes non-negligible statistical uncertainties added
quadrature with a 30% systematic uncertainty.
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namic expansion of the system. In addition to increasing
source size, and thus reducingBA , the coherent nature of th
hydrodynamic expansion also increases the likelihood
nucleons which are close to each other in position spac
be close to each other in momentum space as well, wh
would increaseBA . Thus, a similarity betweenBA values for
two colliding systems may indicate a counterbalancing
increased hydrodynamic flow with increased source size.
terestingly, since the decrease we observe inBA as a function
of the number of participants~Fig. 9! is markedly steeper a
the size of the coalesced cluster increases, it seems plau
that theA dependence of this parameter could be used
disentangle these competing effects. However, a meanin
effort at such a study should include particle production
tegrated over all phase space, which would require data f
other experiments in addition to the E878 data shown he

FIG. 9. Dependence of theBA parameter on the number of pa
ticipants in Au1Al, Au1Cu, and Au1Au reactions. For the
Au1Au data, we show points for each of our three centrality bi
for the lighter targets, only the data from the ‘‘most-central’’ bin
shown.

FIG. 10. Systematics of theBA parameter as a function of pro
jectile kinetic energy per nucleon measured for various minimu
bias nucleus-nucleus experiments. The horizontal lines are draw
represent the trends of thep1A and lower-energy data. The E81
data shown here are from@12,18#, and the E886 data are from@19#;
references for the non-AGS data are given in the text.
e

f
to
h

f
n-

ible
to
ful
-
m
.

Figure 10 shows the quantitiesB2 , B3 , andB4 as a func-
tion of projectile kinetic energy per nucleon. The open sy
bols represent minimum-bias values measured in many
periments, from nucleus-nucleus interactions at the Beva
@21# at the lowest energies on the scale, to proton-nucl
collisions at KEK@19#, the CERN SPS@22#, and the Fermi-
lab Tevatron@23# at the highest energies. In all of thes
measurements, theBA parameters lie along the horizont
line shown in this figure, representing a constant mean va
for the various data. In previous analyses of light nucle
production from nucleus-nucleus reactions at the AGS an
the CERN SPS@9#, it was observed that theBA values fell
well below this line; a few representative data points
minimum biasA1A collisions at the AGS are shown in Fig
10. This effect was interpreted as an increase of the siz
the source of nucleons at freeze-out. E878 data points
minimum-bias Au1Au collisions, also shown in Fig. 10, ar

;

-
to

FIG. 11. The invariant multiplicities forp, d, t, and4He plotted
as a function of rapidity for peripheral Au1Au collisions. The his-
tograms are the predictions of theRQMD ~version 2.2! @24# 1 coa-
lescence model@7#.

FIG. 12. The invariant multiplicities forp, d, t, and4He plotted
as a function of rapidity for midcentral Au1Au collisions. The
histograms are the predictions of theRQMD ~version 2.2! @24# 1
coalescence model@7#.
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well below the average values. The trend of these points
comparison to the lower-energy nucleus-nucleus data, is
of a rapid decrease inBA ~reflecting a systematic increase
the volume of the nuclear source! with beam energy. We can
interpret this effect in the same framework used to expl
the drop inBA with the number of participants. Our da
therefore show qualitative evidence for system expansio

Between the systematic dependence ofBA on centrality
and collision energy, we find support for our simple pictu
of an expanding system. Since there are the competing
fects of increased source size~which decreasesBA! and col-
lective flow ~which increasesBA!, simple models cannot b
used to extract quantitative information about the dimensi
and shapes of the collision volumes at freeze-out. One ne
to resort to use of cascade models followed by coalesce

Theoretical predictions for light nuclei yields were gene
ated by performing a coalescence calculation~using the ap-
proach of@7#! on the output ofRQMD version 2.2@24#, run in
cascade mode. A comparison of E878 protons, deuter
tritons, and 4He to the resulting predictions is shown fo
Au1Au peripheral~Fig. 11!, midcentral~Fig. 12!, and cen-
tral ~Fig. 13! collisions. For this comparison, care has be
taken to correctly match the centrality conditions impos
upon the model to those of the measurement. In the cas
peripheral collisions,RQMD matches the proton and deutero
spectra reasonably well, but substantially underpredicts
tritons and4He. For midcentral and central collisions,RQMD

roughly matches the shape of the E878 proton distribut
but overpredicts the magnitude by a factor of;2. As in the
peripheral collisions, both tritons and4He from E878 lie
well above the predicted values. Given the disagreem
with the proton distributions and the direct dependence
larger composites on the proton distribution, it is proba
not wise to try to read too much into the details of the d
agreement ofRQMD1coalescence with the E878d, t, and
4He. However, since the magnitude of the discrepancy is
large~e.g., several orders of magnitude for4He!, it would be
hard to ascribe the entire difference to a mismatch with

FIG. 13. The invariant multiplicities forp, d, t, and4He plotted
as a function of rapidity for central Au1Au collisions. The histo-
grams are the predictions of theRQMD ~version 2.2! @24# 1 Coales-
cence model@7#.
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proton rapidity distribution. Other possible sources of d
agreement with the data would be the coalescence pres
tion for nuclei withA>3 and the detailed phase space outp
of nucleons fromRQMD.

In two recent papers, Mattielloet al. have elucidated the
importance of collective potentials in affecting the spectra
deuterons@6# and light nuclei@7#. They use an approac
which adds baryonic mean field interactions toRQMD version
1.07, which is then followed by a coalescence calculat
similar to that used for the comparisons above. For cen
Au1Au collisions, the yield of protons atpT /A
<0.5 GeV/c and at midrapidity is decreased by;20% with
the addition of potentials. The decrease in observed y
gets stronger with increasingA, so that the predicted yield o
4He in the same kinematic regime is reduced by more t
50%. Unfortunately, since these predictions were produ
with an ‘‘ideal’’ centrality cut ~see discussion above! and
light nuclei yields are very sensitive to centrality, a dire
comparison to E878 data would be misleading. A reduct
in protons at midrapidity, as@7# suggests mean fields woul
bring about, would lead to a better agreement betweenRQMD

and E878. On the other hand, the trend with increasingA
given in @7# would imply that the addition of potential
would lead to an even greater discrepancy with the E8
deuterons, tritons, and4He. However, thepT range in that
prediction is considerably larger than that of E878; any c
clusion about the importance of potentials would require
more precise matching of the model prediction to the exp
mental conditions.

V. SUMMARY AND CONCLUSIONS

We have measured the spectra ofp, d, t, 3He, and4He
in collisions of Au beams with targets of Al, Cu, and Au. W
have presented invariant multiplicities for all of the syste
in minimum bias and central collisions. Our data are
agreement with other measurements in regions where the
kinematic overlap. We discuss the variation of the coal
cence parameterBA with system, centrality, and collision
energy. Our spectra show qualitative evidence for la
freeze-out volumes and collective expansion. The predicti
of the RQMD version 2.2 model@24#, run in cascade mode
reproduce the shape of our measured proton spectra,
overpredict the magnitude of the proton yield for midcent
and central Au1Au collisions. The addition of a coalescenc
calculation toRQMD leads to predictions which are conside
ably lower than our data for tritons and4He, which suggests
problems with either the coalescence prescription or the
tailed phase space output fromRQMD. However, since the
proton spectra are the backbone of the coalescence cal
tion andRQMD does not match our protons, it would be pr
mature to draw any detailed conclusions based on the m
nitude of the discrepancy with the E878 light nuclei. W
anticipate the availability of complementary data from e
periments E864@25#, E866 @20# and E877@26#. The com-
bined data sets and improved calculations will allow for
better understanding of the collision environment and
composite particle production.
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