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Light nuclei production in relativistic Au +nucleus collisions
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We have measured the yields of protons &nrd2—4 nuclei in collisions between 1®8GeV/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 amQmp+coalescence moddlS0556-28138)00808-3

PACS numbd(s): 25.75+Dw

. INTRODUCTION The measurements and analysis of the B data of experi-

ment E814[12, 1§ showed that the collision volume ex-

Several experimental groups are trying to create unusualanded significantly before freeze-out. In this paper, we are
states of nuclear matter using high-energy nucleus-nuclewsble to extend their work to heavier colliding systems
collisions. From previous experimental efforts at the Beva{Au+Au) and to heavier coalesced nucléiHe and “He).
lac, at the AGS, and at the SIPB-3], a plausible qualitative We emphasize that, because heavier isotopes are composed
picture for the behavior of hadronic matter in these interacof more nucleons, their coalescence probabilities become
tions has been developed. The collision of two nuclei creategiore sensitive to any physical effect which changes the mo-
a volume of highly compressed nuclear matter, and the rementum and spatial configurations of nucleons. Thus, one
sulting pressure gradients then drive an outward expansiof?ight imagine a case in which a small effect in proton pro-
Among the more promising tools for the study of the eXpan_du_c:'uon goes unnoticed in the deu_teron spectra, but would be
sion of the system and its volume at freeze-out is the meagvident in theA=3 or A=4 species. As will be seen, our

surement of production spectra of protons and light nuclei.
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nucleons, the probability that they will coalesce to form a
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position space. Since both momentum and position variables
play a role, the production rates of light nuclei relative to
those of free nucleons are sensitive to the size of the nucleon
source at freeze-o(iB,11,12,18 Correlations between mo-
menta of nucleons with small relative spatial separations—as FIG. 1. Schematic diagram of the E878 beam line spectrometer.
might result from collective flow or incomplete stopping— The inset is a detail of the target and the detectors surrounding it.
can enhance production in certain regions of phase spac&he beam is incident from the left-hand side of the figure.
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600 | TABLE I. Proton invariant multiplicities in minimum-bias
= : Au+Al, Au+Cu, and AutAu reactions. Uncertainties are 30%
z systematic.
5500 .
< o Invariant multiplicity E d®N/dp® (GeV 2 c?)
I L. Rigidity
%400 |- £ *He (GeVic) Au+Al Au+Cu Aut+Au
% 2.55 3.1:0.9 5.3+ 1.6 71+ 21
500 | - 3.87 4.4-1.3 58+ 1.7 7.7+ 2.3
3 5.10 7.2-2.2 9.5+ 29 9.8+ 3.0
6.00 9.9-3.0 114+ 34 12.9+ 3.9
200 - .
I % . quadrupole magnets bring the secondaries to focal points at
D% 4 the centers of the trigger time-of-flight counters TOF 1 and
100 - & TOF 3. Two additional arrays of counters, TOF 2 and TOF
- k 4, provide a second measurement of velocity. The measured
ZT‘I’K PI | . . . . t | . times of flight provide most of the particle identification ca-
O T2 T4 s 8 10 1z 4 18 pability; gas(Ck 1 and & 2) and AerogekCk 3 and & 4)

threshhold @renkov detectors provide supplementary infor-
FIG. 2. Identification of positive particles at a rigidity/Z mation for very fast secondaries. Four drift chambers DC

=5.10 GeVEt. The plot shows energy loss versus the time of flight 1—4: €ach containing six drift planes, are used in tracking
measured in scintillation counters. Clearly identifiable in these plot@nd primarily provide background rejection for trajectories
arer andK, p, d, t, ®He, and*He. Note that this plot represents NOt pointing back to the target.
the sum of various trigger conditions, which have been downscaled The data set presented in this work comes from four sepa-
by different amounts. Thus, the relative populations of each speciekate rigidity settings of the E878 spectrometer.2.55,
in the plot are not indicative of actual particle ratios. +3.87,+5.1, and+ 6.0 GeVk (the positive sign indicating
that accepted particles ha¥e>0). Data were collected using
data set provides good statistics for nuclei wikk=3, and  Al, Cu, and Au targets; the Au target had a thickness such
makes a reasonable measurementfer4 particles as well. that 22% of the Au beam underwent inelastic interactions,
We present here our measurements of the production rateghile the Al and Cu targets interacted with 27% of the Au
of protons @), deuteronsd), tritons (), 3He, and*He in  beam.
collisions of Au beams on Au, Cu, and Al targets. These data For normalization purposes, several detectors are placed
were taken in the autumn of 1993 at the Brookhaven Naupstream of the target to monitor the incident heam. A mul-
tional Laboratory, using 108 GeV/c Au beams from the tiwire proportional chambetMWPC) and a fiber @renkov
Alternating Gradient Synchrotron. hodoscope located near the target measure the beam profile.
lon chambergIC 1 and IC 2 located upstream of the target
measure the integrated flux of the primary beam. The ion
chambers are complemented by single-particle telescopes
Figure 1 is a schematic view of the E878 appardfis§, = (SPT’s which count secondary particles emitted at backward
which comprises a beam line focusing spectrometerangles to measure the fraction of the beam actually striking
Charged secondary particles which are emitted within aur target on a run-by-run basis. An array of quartred-
roughly rectangular aperture of solid angl)~350 usr  kov counter§13] samples the multiplicity of secondary par-
centered on the beam axis, and with a rigiditgtio of mo- ticles produced in interactions and allows us to determine the
mentum to electric chargewithin +=~2% of the chosen centrality of a given interaction.
tuned rigidity, are transported through the spectrometer. Two Triggers are generated by a particle in the spectrometer
sets of dipole magnets provide a double selection on rigidityyia a coincidence between the timing signals from two of the

Il. APPARATUS

TABLE II. Proton invariant multiplicities as functions of event centrality in -A&l, Au+Cu, and
Au+Au reactions. Uncertainties are 30% systematic.

Invariant multiplicity
E d®N/dp® (GeV 2 cd)

Au+Al Au+Cu Au+Au
Rigidity Central Central Central Midcentral Peripheral
(GeVic) 0-10% 0-10% 0-10% 10-30 % 30-100 %
2.55 3.5:1.0 8.9+2.7 16.5:4.9 9.7+2.9 5.0+1.5
3.87 4.0:1.2 9.4+2.8 17.5:5.2 11.2+3.4 5.4-1.6
5.10 6.261.9 14.3+4.3 19.5-5.8 13.2%3.9 7.5:2.3
6.00 7.5:2.3 16.0:4.8 21.9:6.6 16.2:4.9 10.6+3.2
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TABLE lll. Deuteron invariant multiplicities in minimum-bias tra of pions and kaons from data taken at the same rigidity in
Au+Al, Au+Cu, and AurAu reactions. Uncertainties are 30% both the low- and high-efficiency configurations. This was

systematic. cross-checked by calculating the efficiency for each of the 28
: —— 3 n > individual detectors in the multiplicity detector arrépese

Rigidity Invariant multiplicity E d°N/dp” (GeV™* %) ranged between 65% and 9@%nd reperforming the Monte

(GeVic) AU+AI AU+Cu AU+LAU Carlc_) §|mulat|on of the detector response, as described in
detail in[13]. The results of these two approaches agreed

2.55 0.055:0.017 0.132:0.040 0.25& 0.077 with each other quite well, and led to the definition of the

3.87 0.061-0.018 0.106:0.032 0.187%0.056 bins described above.

5.10 0.08%0.025 0.1330.040 0.18& 0.056

6.00 0.1030.030 0.14%0.044 0.2140.064

IIl. ANALYSIS

Particle identification is accomplished primarily vid3,
time-of-flight detectorTOF 1 and TOF B The simplest the time of flight between TOF 1 and TOF 3, which were
implementation of this trigger scheme, referred to asseparated by-27.5 m, augmented by a charge measurement
LOOSE, utilized a coincidence window which selected flightin each of TOF 1 and TOF 3. For all of the rigidity settings
times between 0 ngrelative to 8=1) and 80 ns, which considered here, individual nuclear species were well sepa-
would correspond t@=0.53. In addition, other trigger types rated in T13-charge space, as can be seen for the
were utilized; the most important with respect to light nuclei +5.1 GeVk setting in Figure Zthis statement does not ap-
was a timing trigge(TIME), which required a delayed co- ply to pion-kaon separation, which can be achieved \éaC
incidence between TOF 1 and 3. The delay was chosen tenkov information. Quality cuts have been applied which
select only those particles witkl/Z greater than that of the effectively remove all of the background. These cuts include
proton, so that the delay was different for each tuned rigidityagreement of velocity determined Byl3 with that deter-
Combined with downscaling of LOOSE triggers, the use ofmined from the time of flight between TOF 2 and TOF 4,
TIME allowed the collection of high statistics data for nuclei hits in all four TOF detectors, charge agreement between all
heavier than protons. four TOF hits, and a trajectory which points back to the

Because triggers are based on the detection of a particle target. Of these, all have very high efficiency $8%), ex-
the spectrometer, the E878 cross sections are inherentbept the requirement of TOF agreement. Here, the efficiency
minimum bias. While a multiplicity detect¢f.3] was part of  of the cut is 85%, which is consistent with expectations
the apparatus, it was not utilized at the trigger level; ratherbased on the tightness of the cut and the greater relative
the multiplicity information allowed characterization of the variation in actual path length between TOF 2 and TOQBRs}
geometry of an event after the detected produced particle hambmpared to TOF 1 and TOF) Jor various trajectories
been identified. In this manner, events were separated intwithin the beam envelope.
various bins of centrality: for Al and Cu targets, particles The total number of observed particles included some
from the 10% most central events could be identified, whilebackground from nontarget-related sources. This background
for Au targets, the data sample was separated into three celevel was determined by measuring the target-out detection
trality bins. These bins were “peripheral,” corresponding to rate using an empty target holder instead of a real target; this
the 70% most peripheral interactions; “mid-central,” corre- target-out rate was then converted to a number of back-
sponding to those events between 30% and 10% most ceground particles by scaling with the total beam flux and live
tral; and “central,” corresponding to the 10% most centraltime for a given run. Nontarget-related events have a differ-
interactions. ent multiplicity distribution than that for true beam-target

For the data set presented here, the operating configurateractions; therefore, it was necessary to make a target-out
tion of the multiplicity detector was not the same as thatcorrection individually for each of the defined centrality bins,
described if13]. Effectively, the difference was manifested based on the observed multiplicity distributions from the
in a lower efficiency of the multiplicity detector for the posi- target-out running. The total background for minimum-bias
tive rigidity running. The calibration of the positive configu- events was roughly 10% of the total signal, consistent with
ration was accomplished by correlating the multiplicity spec-our expectations based on the amount of material upstream

TABLE IV. Deuteron invariant multiplicities as functions of event centrality in+#4&l, Au+Cu, and
Au+Au reactions. Uncertainties are 30% systematic.

Invariant multiplicity E d®N/dp® (GeV 2 ¢%)

Au+Al Au+Cu Au+Au
Rigidity Central Central Central Midcentral Peripheral
(GeVic) 0-10% 0-10% 0-10% 10-30 % 30-100 %
2.55 0.0650.019 0.2160.065 0.546:0.162 0.3610.108 0.18%0.057
3.87 0.066:0.020 0.192-0.058 0.4540.136 0.28%0.085 0.12Z0.037
5.10 0.088-0.026 0.2320.070 0.471%*0.141 0.278&0.083 0.123%*0.036
6.00 0.094-0.028 0.256:0.075 0.50%0.152 0.31%0.095 0.1430.043
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TABLE V. Triton invariant multiplicities in minimum-bias separately for each of the rigidity settings by comparing
Au+Al, Au+Cu, and AutAu reactions. Uncertainties are 30% phase space distributions from actual data to Monte Carlo

systematic. calculations[14]. Since the data necessarily include effects

of multiple Coulomb scattering of particles as they traverse
o 10" invariant multiplicity E d®N/dp® (GeV 2 ¢?) the beam line, a “correction” for this behavior is implicit in

Rigidity the calculated acceptance. For the data considered here, ac-

(Gevic) Au+Al Au+Cu AutAu ceptances4QAp/p) ranged between 1110 and 1386r %.

3.87 7823 24.0-7.1 59.2+17.8 In addition, it was necessary to apply several correction

510 0428 21.9-6.6 38.6-11.6 f_acto_rs to the _observed cross sections, taking into account the

6.00 10832 19 5.7 36.4 10.9 live time fraction of the data acquisition systé®AQ), loss

of beam flux in our target, and the loss of produced particles
through inelastic interactions as they traverse the beam line.
_ . .. The live time of the data acquisition was determined by scal-
of the target; when the rate was separated mtq centraht.y b|n1¢,ﬂg various quantities gated by BUSY signal from the
the background was highest in the Adu peripheral bin,  pagQ computer indicating it was able to accept data, and
with an average of 15%, while the background for thecomparing these to the same quantities from an ungated
Au+Au most-central bin was negligible. scaler. Live times for this data set ranged between 70% and
Particles heavier than protons satisfied conditions for botlygos. In order to have high event rates, fairly thick targets
LOOSE and TIME triggers; cross sections presented hergiere used; as the beam traverses the target, beam particles
were calculated using the TIME trigger condition, since theundergo interactions such that the downstream portion of the
higher statistics allowed separation of the particles into thearget effectively “sees” a lower beam flux. The magnitude
various centrality bins. However, some inefficiency in theof this effect can be calculated analytically, which resulted in
TIME trigger is expected because of the close proximity ofa “thick-target” correction of 15% for Al and Cu targets and
the various particle species ifil3 space as compared to 12% for the Au target. The loss of particles via inelastic
jitter in the trigger timing. Efficiency of the TIME trigger for interactions with material in the beam line was estimated via
deuterons andHe was estimated by comparing the numbersMonte Carlo simulatior14]; the survival probability ranged
of minimum-bias(i.e., with no condition on centralijypar-  between 80% for protons and 60% ftiie, and was roughly
ticles of each species from TIME and from LOOSE trigger independent of rigidity.

- . . . 3 4
conditions. The efficiency for deuterons was85% for all Invariant multiplicities forp, d, t, “He, and"He from
rigidities, while that for3He ranged from 66% at the lowest minimum-bias Au-Al, Cu, and Au interactions are tabulated

rigidity to 60% at the highest rigidity. Low statistics pre- below. The quantity that E878 measures directly is the in-

cluded a separate determination of the TIME efficiency forvariant cross section; however, in order to facilitate compari-
4he and tritons: for*He. it was taken to be the same as thatS°" to other experiments, values have been given in terms of

for deuterons, while a value of 90% was estimated for tritonénvariamt multiplicity. These h_ave been deterr_nined _by_divid-
based on the’ir largg 13 separation from protons. Since all Ing the measured cross section by the total inelastic interac-

events had to satisfy at least the LOOSE trigger condition izyon cross section for the given beam-target system. The de-

order to be recorded, it was not possible to make a dire ermination of these values is described in detail elsewhere

determination of the LOOSE trigger efficiency in the usual 14]; the values are 6850 mb for AtAu interactions, 4700

manner. We have estimated the efficiency to be 95%, basé?:‘ib.for Au+.Cl.J’.".’md 3750 mb for A#Al. In addltlon, in-
on the simple trigger logic and scaler values for the coun ariant multiplicities are also tabulated for various cent_rallty
rates of the phototubes involved ins for each of the beam-target systems, as defined in Sec.

The total flux of the beam into our target region was in-1l- In this case, the measured cross section was divided by

tegrated using two ionization chambers IC 1 and IC 2. Thethe cross section for the centrality condition applied; e.g.,
fraction of the beam actually striking our target was moni-C'SS sections for 10% central AWu interactions were di-

tored using two single-particle telescopes SPT 1 and SPT é’;'ded by 685 mb.
for all of the data considered here, the fraction of beam on
target was~100%. Performance and calibration of the beam
monitoring detectors has been described in detail elsewhere Tables I-X list the invariant multiplicities measured at
[14]. The acceptance of the spectrometer was determinefbur rigidity settings forp, d, t, ®He, and*He. These mea-

IV. RESULTS AND DISCUSSION

TABLE VI. Triton invariant multiplicities as functions of event centrality in Aél, Au+Cu, and
Au+Au reactions. Uncertainties are 30% systematic.

10*X invariant multiplicity E d®N/dp® (GeV 2 c3)

Au+Al Au+Cu Au+Au
Rigidity Central Central Central Midcentral Peripheral
(GeVic) 0-10 % 0-10 % 0-10 % 10-30 % 30-100 %
3.87 10.2:3.1 50.3:15.1 124.937.5 90.3:27.1 41.0:12.3
5.10 10.6:3.0 36.6-11.0 98.0:29.4 55.6-16.7 252 7.6

6.00 9.5:2.9 42.0-12.6 86.4-25.9 55.6:16.7 23.8 7.2
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TABLE VII. °He invariant multiplicities in minimum-bias TABLE IX. “He invariant multiplicities in minimum-bias
Au-+Al, Au+Cu, and AurAu reactions. Uncertainties are 30% Au-+Al, Au+Cu, and Aut+Au reactions. Two uncertainty terms are
systematic. shown: the first is statistical, and the second is 30% systematic.

o 10* X invariant multiplicity E d®N/dp® (GeV 2 c3) o 10°X invariant multiplicity E d®N/dp® (GeV 2 c®)
Rigidity Rigidity
(GeVic) Au+Al Au+Cu Au+Au (GeVic) Au+Al Au+Cu Au+Au
2.55 6.7£2.0 15.5t4.6 29.0:8.7 2.55 11+4+3 41+9+12 71+25+21
3.87 10.3:3.1 16.6:5.0 28.5:8.5 3.87 22-4=+7 30+6+9 40+7+12
5.10 20.3:6.1 26.9£8.1 35.9£10.8 5.10 51+8=+15 49+13+15 93+11+28
6.00 20.2£6.1 20.9-6.3 33.9:10.2 6.00 79-8*24 85+ 10+ 26 168+ 13+50

surements are, in general, at different rapidities for the dif- Figures 6, 7, and 8 show the yields of protons and light
ferent particle species. The systematic uncertainties amuclei plotted as functions of rapidity for central Al
quoted to be 30%, which is dominated by uncertainties in ouAu+Cu, and Au+Au collisions. Near midrapidity, the yields
determination of the beam flux and the acceptance of thé central collisions are higher than those in minimum-bias
spectrometer at each of the rigidity settings. collisions. Also, the yields in the heavier systems are higher,
Figure 3 shows the invariant multiplicities fqr, d, t,  over the full rapidity range of the measurement, than the
3He, and“He, plotted for minimum-bias At Al collisions  vyields in the lighter systems. For protons from central
as functions of rapidity. Also shown in the figure are dataAu+Au collisions, although the distribution is flatter than
from experiment E814 for the $iPb systenj12,18, which  that from minimum bias At-Au events, there still remains a
have been reflected aboyt=1.72 (the nucleon-nucleon minimum in the spectrum at midrapidity. However, it is im-
center-of-mass rapidity at the Si beam energy ofportant to recall that E878 measures cross sections in a nar-
14.6A GeVi/c) to reverse the kinematicghe reverse kine- row p; range aroung =0, and that the presence of hydro-
matics SitPb system is very similar to AuAl). The E814  dynamic flow can push particles away from low transverse
data were measured at a slightly higher energy, and so th@momenta. Thus, expansion can lead to a dip at midrapidity in
rapidities for the E814 data were scaled by 3.14/3.44 tahe invariant multiplicity distribution at lowp;, even while
match beam rapidities. The invariant multiplicities measuredhe dN/dy distributions, which are integrated over all trans-
in our experiment agree well with those measured by E814yerse momenta, would be peaked at midrapidity, as has been

within systematic errors. observed by other experimer0].
Figure 4 shows invariant multiplicity data for the same It should be noted that the primary motivation for the
particle species measured in minimum bias+ATu colli-  E878 experiment was to perform a high-statistics study of

sions. Figure 5 shows similar data for the minimum-biasrare processes in heavy ion collisions, so that all components
Au+Au system. In the cases of all the targets, the tritonof the experimental apparatus were required to operate at
yields are higher than th&He yields, consistent with a neu- high interaction rates. For the multiplicity detector, this re-
tron to proton ratio in excess of 1 in all of the colliding quirement necessitated a relatively low number of channels.
systems. In Fig. 5, we also show data measured by experihile the detector worked well, the low segmentation made
ment E88619]. Although there is no direct rapidity overlap the detector susceptible to statistical fluctuations in the phase
between the data of the two experiments, the trends of thepace distribution of the secondary multiplicity. Thus, the
measured cross sections indicate good agreement betweearious defined centrality bins have some contamination
E878 and E886. The yields of complex fragments in thefrom events with lesgor more central geometries, as was
E886 data increase significantly at low rapidity, perhaps redetailed in[13]. The contamination was exacerbated some-
flecting the presence of light nucleus yields from fragmentawhat (as compared tp13]) for the data shown here, due to
tion and/or the fact that the physical dimensions at freeze-ouhe operating configuration of the multiplicity detector for
of the source of particles emitted in the the targetlike rapidithe positive rigidity runningisee Sec. )l For all compari-

ties may be smaller than at midrapidity. sons to theoretical models, eRRMD, we have been careful

TABLE VIII. °He invariant multiplicities as functions of event centrality in Aal, Au+Cu, and
Au+Au reactions. Uncertainties are 30% systematic.

10* X invariant multiplicity E d®*N/dp® (GeV 2 c®)

Au+Al Au+Cu Au+Au
Rigidity Central Central Central Midcentral Peripheral
(GeVic) 0-10% 0-10% 0-10% 10-30 % 30-100 %
2.55 9.0:2.7 27.4- 8.2 74.3:22.3 45+ 13.7 17.8:5.4
3.87 10.8:3.2 31.7# 95 67.2£20.2 47.514.2 17.5:5.3
5.10 24.17.2 52.4£15.7 87.726.3 54.8-16.5 23.1*6.9

6.00 21.656.5 34.4-10.3 74.0022.2 49.5-14.8 23.7#7.1
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TABLE X. “He invariant multiplicities as functions of event centrality in -AAl, Au+Cu, and Au-Au 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 certral Au
collisions represents the detection of only a single particle in that bin.

10*X invariant multiplicity E d®N/dp® (GeV 2 c3)

Au+Al Au+Cu Au+Au
Rigidity Central Central Central Midcentral Peripheral
(GeVic) 0-10 % 0-10 % 0-10 % 10-30 % 30-100 %
2.55 16-16=5 61+43+18 1357740 43+30+13 70+18+21
3.87 45+ 22+ 14 90+ 40+ 27 19+19+6 86+ 29+ 26 29+-7+9
5.10 49+28+15 47+47+14 151+ 50+ 45 48+20+ 14 98+13+29
6.00 83t 31+ 25 17452+ 52 172£47+52 110+ 26+ 33 185+-16+55

to match the E878 centrality conditions; the typical differ- tive probability for the formation of a nuclear cluster is quan-

ence in yields from the E878-defined centrality conditions, agified in the B, parameter, which is defined as the propor-

compared to an “ideal” centrality measuremene., a hard tionality constant between the yield of a nucleus of mass

cut in impact parametgris on the order of 20—30 % fof, = numberA and theAth power of the proton yield:

K, and protons in theQmb model.(Note that this difference

. . o d3N d3N.\A

is not from some error in normalization, etc., but rather from E— A bl 1)

the fact that the physics of the collision changes with the Adpi A Pdpy )

range of geometries samplgddowever, light nuclei yields )

are potentially much more sensitive to the centrality condi-Vherepa=Ap,. Our data set allows us to determine these

tions, since their magnitude is, to first order, proportional toratios without fitting to the particle distributions, since we

the proton yields raised to thth power. While it is possible have proton, deut_eror?’,He, and “He measurements gir

to match centrality conditions when comparing to theoreticar~0 a@ndyj,=1.7, just aboveyy. .

models, one needs to be very careful when comparing results Figure 9 Sh.OWS_ the quantitig 5 for various targets and

between various experiments, especially those for light nuevent geometries in AtA reactions. The data points corre-

clei, since the conditions of the centrality cuts are necessarilgPond to events in different centrality bins, which are plotted

different. against the mean number of participating nucleons for that
The formation of light nuclei near central rapidity in a Pin (as determined by Monte Carlo simulatipid]). In our

nucleus-nucleus collision requires the constituent nucleons tdata set,B, decreases by a factor of 2 from the most-

be close together in phase space in order to be able to coBeripheral to the most-central bin, whi decreases by a

lesce. Thus, the observed yields of light nuclei are sensitivéactor of 10 and3, by a factor of 100. However, it should be

to the detailed dynamical evolution of the system. The relanoted that, while the most-central and midcentral bins repre-
sent reasonably exclusive cuts on event geometry, the most-
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FIG. 3. Aut+Al minimum-bias rapidity distributions ap;~0
for p, d, t, 3He, and“He. Uncertainties are dominated by a 30%  FIG. 4. Au+Cu minimum-bias rapidity distributions at;~0
systematic error for all species exce‘pﬂe, which includes non- for p, d, t, 3He, and*He. Uncertainties are dominated by a 30%
negligible statistical uncertainties added in quadrature with a 309%ystematic error for all species excefie, which includes non-
systematic uncertainty. Open symbols are data from minimum-biagegligible statistical uncertainties added in quadrature with a 30%
E814 Si+Pb collisions, reflected aboytyy=1.72. systematic uncertainty.
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FIG. 5. Au+Au minimum-bias rapidity distributions gi;~0 FIG. 7. Au+Cu central(10% highest multiplicity evenjgapid-
for p, d, t, ®He, and*He. Uncertainties are dominated by a 30% ity distributions at p~0 for p, d, t, *He, and*He. Uncertainties
systematic error for all species excefile, which includes non- are dominated by a 30% systematic error for all species eXtégt
negligible statistical uncertainties added in quadrature with a 30%vhich includes non-negligible statistical uncertainties added in
systematic uncertainty. The open symbols are the measurements @fiadrature with a 30% systematic uncertainty.
experiment E886 showing statistical and systematic uncertainties
added in quadrature. nuclear cluster, as quantified Wy, is decreased. Several
approaches have been developed to calculate a source radius
peripheral bin for Ad-Au represents the 70% lowest- based onB, parameters, e.g., in thermal or density matrix
multiplicity events and thus averages over a large range imodels[16,17).
collision geometries. Data from the three targets are qualita- However, a similarity inB, parameters for different in-
tively consistent with one another. teracting systems should not be taken to necessarily imply
In a thermal model, a change in the value of Biepa- that the actual source sizes for the two systems are the same.
rameter can be related to a change in the volume of thé&s an example, if one were to apply one of the models men-
source that is creating the composite parti¢ies. If the size  tioned above to calculate a source size based onByur
of the source increases, the average relative separation bgarameters from central AvAl interactions, the result
tween nucleons also increases, so that the likelihood of twavould be considerably larger than an Al nucleus; this in-
nucleons being close enough in position space to form arease in size is understood to be the result of the hydrody-
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ity distributions atpr=~0 for p, d, t, 3He, and*He. Uncertainties ity distributions atpr=~0 for p, d, t, *He, and*He. Uncertainties
are dominated by a 30% systematic error for all species eX¢émt  are dominated by a 30% systematic error for all species exXétpt
which includes non-negligible statistical uncertainties added inwhich includes non-negligible statistical uncertainties added in

quadrature with a 30% systematic uncertainty. quadrature with a 30% systematic uncertainty.
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FIG. 9. Dependence of tH&, parameter on the number of par- o )
ticipants in AurAl, Au+Cu, and AurAu reactions. For the tograms are the predictions of tremp (version 2.2 [24] + coa-
.lescence moddl7].

Au+Au data, we show points for each of our three centrality bins;
for the lighter targets, only the data from the “most-central” bin is
shown. Figure 10 shows the quantiti®, B;, andB, as a func-

tion of projectile kinetic energy per nucleon. The open sym-
namic expansion of the system. In addition to increasing théols represent minimum-bias values measured in many ex-
source size, and thus reduciBg, the coherent nature of the periments, from nucleus-nucleus interactions at the Bevalac
hydrodynamic expansion also increases the likelihood of21] at the lowest energies on the scale, to proton-nucleus
nucleons which are close to each other in position space teollisions at KEK[19], the CERN SP$22], and the Fermi-
be close to each other in momentum space as well, whiclab Tevatron[23] at the highest energies. In all of these
would increasd, . Thus, a similarity betweeB, values for  measurements, thB, parameters lie along the horizontal
two colliding systems may indicate a counterbalancing ofiine shown in this figure, representing a constant mean value
increased hydrodynamic flow with increased source size. Infor the various data. In previous analyses of light nucleus
terestingly, since the decrease we obserni s a function  production from nucleus-nucleus reactions at the AGS and at
of the number of participant§-ig. 9) is markedly steeper as the CERN SP$9], it was observed that thB, values fell
the size of the coalesced cluster increases, it seems plausitill below this line; a few representative data points for
that the A dependence of this parameter could be used teninimum biasA+ A collisions at the AGS are shown in Fig.
disentangle these competing effects. However, a meaningfulo. This effect was interpreted as an increase of the size of
effort at such a study should include particle production in-the source of nucleons at freeze-out. E878 data points for
tegrated over all phase space, which would require data frorminimum-bias Au+Au collisions, also shown in Fig. 10, are
other experiments in addition to the E878 data shown here.
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FIG. 10. Systematics of thB, parameter as a function of pro- o 0.5 1 15 2 25 3
jectile kinetic energy per nucleon measured for various minimum- Rapidity

bias nucleus-nucleus experiments. The horizontal lines are drawn to FIG. 12. The invariant multiplicities fop, d, t, and*He plotted
represent the trends of thet+ A and lower-energy data. The E814 as a function of rapidity for midcentral AuAu collisions. The
data shown here are fron2,18, and the E886 data are fror9; histograms are the predictions of tkemp (version 2.2 [24] +
references for the non-AGS data are given in the text. coalescence modégT].
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o 10° F _|__| '__|— proton rapidity distribution. Other possible sources of dis-
= w0 Eon O T e ¢ Ve agreement with the data would be the coalescence prescrip-
% ST T tion for nuclei withA=3 and the detailed phase space output
T 'EF_ . TTTTsiigm-aag” o . of nucleons fronrRQMD.
Z 10" b e ot In two recent papers, Mattiellet al. have elucidated the
M . 1 ., s oAb A — 7 importance of collective potentials in affecting the spectra of
Y T =S L B deuterons[6] and light nuclei[7]. They use an approach
o P P which adds baryonic mean field interactionRt@vp version
W' L t T 4T i i 1.07, which is then followed by a coalescence calculation
10°0 —e pi ok { similar to that used for the comparisons above. For central
oF - m di"—-m o Au+Au collisions, the vyield of protons atpy/A
Y Eeat S . Paed <0.5 GeVk and at midrapidity is decreased by20% with
10 '7}__* He ; i the addition of potentials. The decrease in observed yield
1080 T o T gets stronger with increasinfy, so that the predicted yield of
¢ o5 1 15 2 25 3 “He in the same kinematic regime is reduced by more than
Rapidity 50%. Unfortunately, since these predictions were produced

FIG. 13. The invariant multiplicities fop, d, t, and“He plotted V_V'th an “'qe"’_“” centrality cut (se.e' discussion gbo)/anq
as a function of rapidity for central AuAu collisions. The histo-  lIght nuclei yields are very sensitive to centrality, a direct
grams are the predictions of tkemD (Version 22 [24] + Coales- Compal’ison to E878 data would be misleading. A reduction
cence mode[7]. in protons at midrapidity, a7] suggests mean fields would
bring about, would lead to a better agreement betwregnD
and E878. On the other hand, the trend with increaging

well below the average values. The trend of these points, i@iven in [7] would imply that the addition of potentials
comparison to the lower-energy nucleus-nucleus data, is thatould lead to an even greater discrepancy with the E878
of a rapid decrease iB, (reflecting a systematic increase in deuterons, tritons, andHe. However, thep; range in that
the volume of the nuclear soupceith beam energy. We can prediction is considerably larger than that of E878; any con-
interpret this effect in the same framework used to explairclusion about the importance of potentials would require a
the drop inB, with the number of participants. Our data more precise matching of the model prediction to the experi-
therefore show qualitative evidence for system expansion. mental conditions.

Between the systematic dependenceBgfon centrality
and collision energy, we find support for our simple picture
of an expanding system. Since there are the competing ef- V. SUMMARY AND CONCLUSIONS
fects of increased source sigghich decreaseB,) and col-
lective flow (which ingregseﬁA), simple models cannot b.e We have measured the spectrapofd, t, 3He, and*He
used to extract quantitative information about the d|menS|on|s collisions of Au beams with targets of Al, Cu, and Au. We
and shapes of the collision volumes at freeze-out. One neeté% : . 2
to resort to use of cascade models followed by coalescenc ave p-resente(_j Invariant muIt|pI|C|t!e§ for all of the SySte”.‘S

Theoretical predictions for light nuclei yields were gener-In minimum .blas and central coII|S|_ons. Qur data are n.
ated by performing a coalescence calcuiatiosing the ap- a_greemgnt with other me:_;lsurements in regions where there is
proach of[7]) on the output oRQMD version 2.224], run in kinematic overlap. W_e discuss the varlgtlon of the g:qales—
cascade mode. A comparison of E878 protons, deuteron§€Nce parameteB, with system, centrality, and collision
tritons, and“He to the resulting predictions is shown for €nergy. Our spectra show qualitative evidence for large
Au+Au peripheral(Fig. 11), midcentral(Fig. 12, and cen- freeze-out volumes and collective expansion. The predictions
tral (Fig. 13 collisions. For this comparison, care has beenof the RQMD version 2.2 mode[24], run in cascade mode,
taken to correctly match the centrality conditions imposedeproduce the shape of our measured proton spectra, but
upon the model to those of the measurement. In the case overpredict the magnitude of the proton yield for midcentral
peripheral collisionsrQmb matches the proton and deuteron and central Ad-Au collisions. The addition of a coalescence
spectra reasonably well, but substantially underpredicts focalculation toRQMD leads to predictions which are consider-
tritons and*He. For midcentral and central collisiosMD  ably lower than our data for tritons arftHe, which suggests
roughly matches the shape of the E878 proton distributionproblems with either the coalescence prescription or the de-
but overpredicts the magnitude by a factor-e2. As in the tailed phase space output frorpMD. However, since the
peripheral collisions, both tritons antHe from E878 lie proton spectra are the backbone of the coalescence calcula-
well above the predicted values. Given the disagreemerton andrQMD does not match our protons, it would be pre-
with the proton distributions and the direct dependence omature to draw any detailed conclusions based on the mag-
larger composites on the proton distribution, it is probablynitude of the discrepancy with the E878 light nuclei. We
not wise to try to read too much into the details of the dis-anticipate the availability of complementary data from ex-
agreement oRQMD+coalescence with the E87@ t, and periments E86425|, E866[20] and E877[26]. The com-
“He. However, since the magnitude of the discrepancy is sbined data sets and improved calculations will allow for a
large(e.qg., several orders of magnitude ftie), it would be  better understanding of the collision environment and of
hard to ascribe the entire difference to a mismatch with theeomposite particle production.
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