PHYSICAL REVIEW C, VOLUME 61, 064908

Measurements of light nuclei production in 11.%\ GeV/c Au+Pb heavy-ion collisions
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We report on measurements by the E864 experiment at the BNL-AGS of the yields of light nuclei in
collisions of **’Au with beam momentum of 1146GeV/c on targets of?°®b and'®’Pt. The yields are
reported for nuclei with baryon numbé&r=1 up toA=7, and typically cover a rapidity range froy ,, to
Yemt1 and a transverse momentum range of approximately: p:4A<0.5 GeVk. We calculate coales-
cence scale factoiB, from which we extract model-dependent source dimensions and collective flow veloci-

ties. We also examine the dependences of the yields on baryon number, spin, and isospin of the produced
nuclei.

PACS numbegps): 25.75—q

[. INTRODUCTION normal nuclear matter. These collisions allow the examina-
tion of the strong interaction in a novel environment as well

Relativistic heavy ion collisions are believed to reach en-,¢ providing a possible doorway to new states of matter. In

ergy densities an order of magnitude greater than that Ofqer 1o ynderstand the dynamics of the collision system, one
must use the only available tools—the species and momenta
* . . N ) of the particles which exit the collision region. The use of
37;’£§sent address: Vanderbilt University, Nashville, Termesse%mitted hadrons to probe the collision system is complicated
"Present address: Istituto di Cosmo-Geofisica del CNR, Torino?heecizi;igf?sg?::rg?]z Le;:séfde?3;¥oggizgz tct]fet);]gi?\é?rse
Italy/INFN Torino, Italy. : . : . . i
*Present address: Anderson Consulting, Hartford, CT 06103. rgct information abo_ut the earllgr stages of the time evolu-
Spresent address: University of Denver, Denver, CO 80208. tion. However, the final space-time extent of the system at

IDeceased. freeze-out(the time when strong interactions cepsnd
TPresent address: Cambridge Systematics, Cambridge, Mpqsition-mqmentum correlations of the:‘ em.itted particl'es con-
02139. tain much information about the entire time evolution. In

** present address: McKinsey & Co., New York, NY 10022. principle, these carry information about the equation of state
"Present address: Department of Radiation Oncology, MedicaPf the early collision region.

College of Virginia, Richmond, VA 23298. In order to extract information about both the momentum
Hpresent address: University of Tennessee, Knoxville, TN 37996and position distributions of the source at freeze-out, it is
$8present address: Institut de Physique Naicke 91406 Orsay hecessary to measure multiparticle correlations. One widely

Cedex, France. used technique is Hanbury Brown—Twig4BT) interferom-
'present address: Institute for Defense Analysis, Alexandria, VAetry [1] for which the correlations between particles are due
22311. to quantum statistics. Another method is through the mea-
TMpresent address: MIT Lincoln Laboratory, Lexington, MA sured yields of light nuclei, which are formed by the coales-
02420-9185. cence of individual nucleons.
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Because of the violence of heavy ion collisions, it is ume creates a situation where some nucleons with small rela-
highly improbable for a nuclear cluster near center-of-masgéive momentum will have too large a spatial separation to
rapidity y. ,=1.6 in a collision at these energies to be acoalesce, thus reduciri, .
fragment of the beam or target nuclef&3]. This would The density-matrix formalisnj4] assumes that although
involve a cluster suffering a momentum loss of severathe collision volume can expand significantly, there is no
GeV/c per nucleon that does not destroy the cluster, which igorrelation between the momentum and the position of a
typically bound by only a few MeV per nucleon. These nu-9iVen part|c_le. This assumption then leads to a prediction of
clei then are formed by coalescence and so represent corrg9 kinematic dependence of tig, parameter. However,
lations of several nucleons. As the mass of measured nuclEf€re iS a great deal of evidence that collective motion is

increases, of course, so does the number of particles involve‘?fes.‘]?.rlt I?adm% to expanstlon of th? t(.:olflésginp\\/lgrl]umeh and
in the correlation, and so does the sensitivity to features of 9" cant position-momentum correfations, =j. Althoug
the freeze-out distribution. he overall expansion of the system tends to decré&se

In part due to the fragility of these states, the observeialues by spatially isolating nucleons from each other, col-

liaht lei believed to be f d onl f i ective motion makes it more likely that nucleons that are
Ight nucier are believed to be formed only near reeze-out Ok, 54a)1y close together also have similar momenta, which to

the collision system, at which time the mean free path of &, extent works in the opposite direction by increasing
bound cluster is long enough for it to escape without furtherBA_ Other coalescence models have made an effort to in-
collision. It is this notion that gives rise to a class of modelsc|yge the effects of both larger source volumes and collective
of light nuclei production, the coalescence modéts ex-  motion, by including coalescence as an “afterburner” in col-

ample, [4-6]). In general, these models assume a phasejsion cascade models such as RQWID,6] and by analyti-
space distribution of nucleons at freeze-out and impose somgl calculationg11,17.

coalescence conditions on the freeze-out positions and mo- Light nuclei production can also be calculated from ther-
menta of the nucleons in order to calculate the yields ofmal models[13,14,9 which assume at least local thermal
nuclei. These models differ both in their assumptions abougquilibrium of the system and thus that particle production
the phase space profiles and coalescence conditions. Théincluding, in this case, composite partidlésgoverned by a
differences are often characterized by their predictions of theingle temperature and chemical potentials. This gives rise to
invariant coalescence, @,, parameters which are defined expressions for thB, with the same ()% dependence

as found in some coalescence models. Collective expansion can
&N be included in these models; it affects only the amount of
E A) energy available in local rest frames for particle production.

dp3 There has been much experimental effort in the measure-

d*Nneutron dBNproton surements at AGS energies, including clustersAct4,

dp® dp? show valqes foBA th_at are considerably lower than. at Beva-
. lac energie$15], indicating a much greater expansion of the
where a nucleus with baryon numbarand momentunP  gygtem. This is also consistent with AGS results showing
=pA is formed out ofZ protons andN neutrons. that theB, become smaller with more central collisions and

In the smplest momentum space coalescence mOde|Farger target nucldi16,17. At CERN-SPS energies, produc-
coalescence is assumed to take place between any nucleqps, of secondary particlehiefly pions is several times as
with a small enough momentum difference. Early experi-jarge as at the AGS, leading to a larger expansion before
mental results at the Bevalac with beam energies ofaqronic freeze-out. Coalescence of high mass clusters is
~500A MeV and high-energy proton-induced reactions re-ihs much less probable, as indicated by yet lower values for
vealedB, parameters which were approximately constant forype B, as measured, for example, by experiment NABR
these different collision systentg7,6] contain useful sum- In this paper we describe and report the results of mea-
maries. The assumption of such simple models is that if thegyrements by E864 of the yields of light nuclei in collisions
collision spatial volume is similar to size of the cluster, all o 1974, with beam momentum of 1125GeV/c on targets
nucleons whose momentum difference is less than a fixegs 208pp and9%Pt. The yields are measured for nuclei from
value will fuse to form a nuclear cluster. Thus the experi-baryon numbeA=1-7. In Sec. Il we briefly describe the
mentally observed constaBi, values may indicate collision  oynerimental apparatus and the analyses used to produce our
volumes in these systems that are not substantially larg&fna invariant multiplicities. In Sec. IIl we report the results
than the rms size of a deuteron. and compare them with measurements of other experiments

In- more advanced models, assuming a quantuMyhere such measurements overlap. Finally, in Sec. IV we
mechanical sudden approximati¢] and using a density- gxamine trends in the data and discuss interpretations in the

matrix formalism, accounting for both the positions and mo-context of several different models of light nuclei produc-
menta of the nucleon$4], the B, parameters take on a jon.

relationship with the source volumé of Baoc(1NV)A~1),

Heavy-ion experimental results at higher energies at the Il. EXPERIMENT 864
AGS (=10A GeV) and CERN £160A GeV) revealedB,
values that decreased with beam energy. This observation
was understood to be a sign of significant expansion in the Brookhaven AGS Experiment 864 is an open geometry,
collision volume before freeze-out. This larger source vol-high data rate spectrometer which was chiefly designed to

Ba= )N( )z , (1) ment of light nuclei in heavy ion reactions. Previous mea-

A. Apparatus
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Plan view 4
2
W\ \ FIG. 1. The E864 spectrometer in plan and
— [ 0 elevation views, showing the dipole magnél
2 and M2, hodoscopegH1, H2, and H3, straw
M1 M2 $2 Hi1 H2 $3 H3 CAL tube array$S2 and S3 and hadronic calorimeter
. . . . . ‘ . (CAL). The vacuum chamber is not shown in the
0 5 10 15 20 25 30  (meters) plan view.

I e T e e TTI4
-2

Elevation view

(meters)

search for rarely produced objects in ARb collisions. Fig- charged particle tracks. These tracks are then rejected or con-
ure 1 shows a schematic view of the experimental apparatufirmed and further refined by spatial hit information provided

a thorough description of which is given [8]. Event cen- by the straw tube stations. Under the assumption that the
trality (impact parametegris characterized by the charged track originates in the target, a rigidity is assigned to the
particle multiplicity measured in an annular scintillator track by a look-up table generated from a GEANT simula-
counter{19] located approximately 10 cm downstream of thetion of the experimental apparatyssing a technique de-
target, which subtends an angular region from 16.6° to 45° irscribed in[20] as applied for the PHENIX experiment at
azimuth when viewed from the target. The products of arRHIC). With information on rigidity, time of flight, and
interaction travel downstream through two dipole spectrom<harge, a mass can then be assigned to the track, providing
eter magnets, M1 and M2. Charged particle identification igarticle identification. A typical charge one mass distribution
performed using information from the scintillator hodoscopewith a field of 0.45 T in our spectrometer magnets is shown
walls (H1, H2, and H3 and the straw tube statiotS2 and in Fig. 2. Mass resolutions of 3 to 7 % rms are typical for
S3). The hodoscopes walls each consist of 206 1 cm thiclparticles with velocity3<0.985.

scintillator slats placed vertically. They provide information At the downstream end of the apparatus is our hadronic
about the charge, time of flight, and position of each chargedalorimeter[21]; an array of 754 towers, each measuring
particle hit, and this information is used to identify candidate10 cmx 10 cm on the front face, each of which provides

10°
10°%
E FIG. 2. Typical reconstructed
i mass spectrum for charge one spe-
cies in the rapidity slice 28y
102 = <2.2 with a magnetic field of
: 045T.
10 =
TF
: L 1 L 1 I L 1 L L I L 1 L L I L 1 L 1 I L 1 L L I L L 1 I L |-
0.5 1 15 2 25 3 3.5 mass (GeVic?)
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TABLE I. Summary of experimental conditions under which the light nuclei measurements were made.
“Events” refers to the numbe(in millions) of sampled events in a given data set.

Year Field(T) Trigger EventgM) Species Rapidity Centrality
1994 +0.75 MULT 24 p.d,%He, “He 1.2<y<2.0 0-10%

1995 +0.45 MULT 6 p,d,*He 1.2<y=<2.4 0-10,10-38,38-66%
1996 +1.5 MULT 7 n 1.6<y=<3.2 0-10.10-38,38-66%
1996 +1.5 MULT+LET 13000 “He, ®He, SLi, Li, 'Be 1.6sy<2.2 10%

1998 +0.45 MULT+LET 2000 “He l4<y<24 10%

energy and time information. This is the essential piece ohumber of tracks which lie within its mass peak are deter-
the apparatus in our analyses of yields of neutral particlesnined. Background under each peak is then estimated, gen-
for which the tracking detectors serve only to provide a vetoerally with fits to signal plus background, and subtracted
In addition, the energy and timing information from each away from this count. The invariant multiplicity in a given

tower is huselzd to provide the inputé‘_cln_r a2I2eveI Irll.hri]gh MasSyinematic bin is then determined by correcting this number
trigger [the late-energy trigger ofLET) [22]], which pro- of raw counts for the geometric acceptance, trigger effi-

vides an enhancement of approximately a factor of 50 in our . g . -
searches for rare high mass states. ciency, charge cut efficiency, track quality cut efficiency, and

Measurements reported in this paper are from a variety of€tector efficiency.
experimental conditions, including different trigger condi- Geometric acceptances are generally 25% or lower as
tions and different magnetic field settings in M1 and M2.shown in Fig. 3 for protons. Charge cut and track quality cut
The different data sets and their experimental conditions arefficiencies are typically 90 to 95 %. The three redundant
listed in Table I. Because of the large acceptance open ge&harge measurements for each track allow easy calculation of
ometry design of the experiment, the different data sets oftethe charge cut efficiency in each hodoscope simply by exam-
have significant regions of overlap with one another, allow-ining charge measurements made in each hodoscope against
ing a consistency check on the measurements—see, for exssuits from the other two; charge misidentification in each
ample, the measurements afparticles introduced in Sec. ¢ the three hodoscopes is less than 1%, so fewer than one
. track in a million is assigned an incorrect charge. In general,
_ the track quality cuts are determined by comparison with
B. Data analysis Monte Carlo simulations. In cases where the efficiencies are
In order to measure the yield of a given species, a masparticularly high, they are determined directly from the data.
plot analogous to Fig. 2 is made for each kinematic bin. TheThe total track detector efficiency is 85 to 90 %; this is de-

0.7
s [ <229
>
N B
S o6 |- <18.9%
o [
B <15.7%
05 <12.6%
Z <9.5%
04 <6.3%
C FIG. 3. Geometric acceptance efficiency for
03 protons in theB=0.45 T field setting.
02
01 [
0 i 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
1.2 1.4 1.6 1.8 2 22 2.4 26
Rapidity
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FIG. 4. Panela) displays invariant yields for
. o -
EF T4y <16 i) protons in 10% most central AwPb collisions.

C Panels(b) and(c) display the same for 10-38 %

s[4t 14<y<1s6 (x 10%
10
B and 38-66 % central collisions, respectively.
10
ey 16<y<18 (x 10%) :E*"q. 16<y<18 (x10%

108
ety 18<y <20 (x100 E b4 18<y<20 (x100

(2np,)” d°Nidy dp; (c*/GeV?)
(2np,)" d*Nidy dp; (c>/GeV?)

2
e, 20<y<22 (xfio) S 10 -
102 -I‘H- by <y 110 'I"* e, 20 <y <22 (x[10)
Forrttae 10
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*
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termined by excluding each detector in turn from the track-

(2] 109
finding process. S e e A
. .. . . . _g J[+N-+++ y=1. X
The trigger efficiency is significant only for those mea = 108
surements which were made using the LET. This mass anc® o B y=1.9 (x10)
momentum dependent efficiency ranges from approximately £ - il
40% to 90% for the measurements reported here. The LE1§ o y=2.1(x10)
efficiency is determined by two methods. The first, usedye , B A -
mainly for slow, high mass states for which the efficiency is €
o o iei 0 0 0 e e o y=2.3(x104)

very high, is done simply using a Monte Carlo simulation of .€
the shower generated by the object and knowledge of they

+++ 49 o .

o
[2]

LET look-up table in each tower. The second method is from 3 e Y R y=2.5(x10%)
the equatiOFIELETZNLET/(NLET+ RX NI’]OI’]LET) Whel’eR |S %10 e ® . *
the rejection factor provided by the LET.e., number of 5 " e, . y=2.7 (x10?)
events which fire the LET divided by the total number of & '° . Tee ., .
event. N g1 and N, g7 @re the numbers of particles of -5 ’ Yy .
interest which do and do not produce LET triggers in LET 2 '° t, T, . y=2:9(x10)
triggered events, respectively. = * ., '
Sources of systematic error that we have quantified in--g ' Tee,, y=3.1

clude possible error in the determination of the efficiencies g ® NEUTRON e

= 1 1 PROTON I BTE JL.IY WX X

o e e e e o L e S

listed above as well as error in background subtracfpam-

ticularly relevant for the deuterons and particles at their 200 0 600 pBO(OMeV /C)'OOO

highest rapidities Also examined were the effects of chang- !

ing the assumed input distribution for each particle species in FIG. 5. Invariant yields of protons and neutrons in 10% most
the determination of geometrical acceptances and efficiencientral Aut+Pb collisions.
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FIG. 6. Panela) displays invariant yields for deuterons in 10%
most central Ad-Pb collisions measured by E864. Pangls and
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FIG. 8. Invariant yields for tritons in 10% most central ARb
collisions.

and effects of possible differences in the magnetic field with
the field maps that were used in reconstruction of tracks.

Overall errors are generally dominated by systematics,
particularly for the lighter states. Statistical errors can be
significant for the heavier states, particularly in the determi-
nation of LET efficiencies in which the number of particles
of interest which do not fire the LET generally has the largest
statistical error.

Ill. RESULTS
Measurements of invariant multiplicities for protons, neu-

(c) display E864 measurements of deuteron invariant yields for 10-trons, deuterons’He, and“He are shown in Figs. 4 through

38 % and 38-66 % central collisions, respectively.
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FIG. 7. Panela) displays invariant yields fofHe nuclei in 10%
most central Ad-Pb collisions. Panelg) and(c) display the same

for 10—-38 % and 38-66 % central collisions, respectively.

9, and the values of the data shown in these figures are listed
in tables in the Appendix. Figure 4 displays proton-invariant
multiplicities for three different bins of collision centrality.
Figure 5 shows only proton yields from 10% most central
Au+Pb collisions along with neutron multiplicities mea-

o k¥ f y=1.5(x10%
1 +
<t
S f ,
NE '_ ”,”*++ y=1.7 (x10%)
>\10_.—
o
g |
g L H?*_TWT’+¢* y=1.9 (x10%)
310_25—
A
B | T 4 bty y=2.1(x10)
;10—3_- +
i HHHHHH
L =2.3
....|....|....|..i.+.+|l.y...|.

o
o
o
o
[N

2:5
pr (GeV/¢)

FIG. 9. Invariant yields fora particles in 10% most central
collisions. Solid circles represent measurements from data taken in
the 1998 run(with a +0.45 T field in M1 and M2, triangles are
measurements from the 1996 ruii 1.5 T field and stars are mea-
surements from the 1995 ru-1.5 T field. The larger uncertain-
ties in the data points at rapidity 2.3 are due to increased contami-
nation from3He at this rapidity. 1995 data is from AwPb, while
1996 and 1998 data are from Atpt.
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" 1] +++ bars include both statistical and systematic errors.

10

Triton

10

T T IIIIIII
<>

10

10

10-5 paaalay g IIII%IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1

y/ ybeam

sured by E864see Ref[23]) for comparison. Figures 6 and ton and neutron yields from E864 shown in Figs. 4 and 5
7 display deuteron andHe invariant multiplicities for the have not been corrected for hyperon feed-ddémar have the
same centrality bins used for the proton measurements. Trialues listed in the Appendix tables

tons, *He, ®He, °Li, “Li, and "Be are measured by E864

only in 10% most central collisions; yields for tritons aad B. Comparisons with other experimental results

particles are shown in Figs. 8 and 9, respectively, while Figure 10 shows a comparison of the light nuclei mea-
yields for the heavier nuclei are listed in tables in the Ap-gyrements from AGS experiments E864, E9ZB], and
pendix. Added detail concerning most of these measuregg7g[16]. Because of the different beam momenta of the
ments may be found in the Ph.D. theses listed in B&].  experiments (108 GeV/c in E878, the yields are plotted
versus beam normalized rapidity. The yields shown for E864
A. Contributions from hyperon decays and E877 are average Yyields at approximatgy/A
=150 MeV/c, while the E878 yields are measurements at

For comparison to other experimental results and calcula- —0. Other caveats to the comparisons of the vields shown
tions of coalescence parameters, it is important to quantify ™ _.~- ; , P : y
n Fig. 10 are noted in the figure caption.

the contribution to proton yields that is made by protons Proton yields measured by E864 are clearly higher than

whigh come fr'om decays of hyperon states, which to E864neasurements by E878. Some of this difference can be at-
are |nd|st|ngwshable from pr|mord|§1l protons. There areyinuted to protons which are feed-down from hyperon de-
three dgmmg\nt hyperon decays which Eroduce (;))rotq)ns: cay. The acceptance of E878 for these feed-down protons is
—pt7, 2= A+y—pta +y, andX T —p+m. The  ony about 10% of what it is for primordial protons, while in
contributions from these decays were evaluated using g864 the two acceptances are nearly the same. When this
GEANT simulation of the experiment with an input distribu- difference is taken into accoufgee Sec. Ill A and the E864
tion taken from measurements of E891 for th¢25] and an  yields of primordial protons are lowered by approximately
input distribution from RQMDv2.310] for theX. From this  12%, the results of the two experiments are different by ap-
simulation it was determined that protons from hyperon deproximately 25% at midrapidity; this lies within the range of
cays account for approximately 12% of the measured yieldsystematic errors for the two experiments. At higher rapidi-
of protons with only a slight kinematic dependence. The proties, the agreement is better.
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Comparison of the three experiments’ measurements of
deuterons and tritons shows close agreement and the mea-
surements of E864 and E878 afparticle yields also agree
within errors.

PHYSICAL REVIEW C 61 064908

FIG. 11. Invariant yields of protons, deuter-
ons, tritons,®He, and“He in the rapidity range
2.2<y=<2.4. Shown overlaid on each species is a
fit to the spectrum assuming a Boltzmann distri-
bution in transverse mass, with the extracted ef-
fective temperatures as noted.

IV. DISCUSSION

A. General trends of the spectra
1. Transverse dependence of yields

E864 has sufficient coverage in transverse momentum for

600 us to extract measurements of inverse slope parameters of

the different light nuclei yields in the rapidity range &9

5 0

> {10

O 10% central
[110-38% central
A\ 38-66% central

—~ |}
> L
A
=500 o
— I > r
L > r
o0 ~
AR < 350
V N [
N N
(\13 300
b= A
) i r
<Y (;j 2501
S =T
%200 o. F
o 2.2001
[73] I =} [
5100 % 150:—
L 5 i
2 100[
= L
v ey vy by v s by v by by v b s by s by N
0.5 1 15 2 2.5 3 A3S5 4 4.5 50
FIG. 12. Inverse slope parameters in the rapidity bin<;2 0:
0

<2.4 shown as a function of mass numbers for protons, neutrons
deuterons, tritons®He, and*He. Overlaid on the points are curves
generated by assumin@ a box density profile which gives rise to

1 15 2 25 3 3.5
A

FIG. 13. Inverse slope parameters for protons, deuterons, and

the straight line andii) a Gaussian profile with velocity profile S3He in the rapidity bin 2.&2y<2.4 for three different collision

v, o (rIR) V2, centralities.
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FIG. 14. Invariant yields of deuterons in the
range of transverse momentum ¥0p;/A
<200 MeV/c as a function of rapidity for three
different event centralities.

38-66%

) d°N/dydp, (0.1<p/A<0.2)

0 0.5 1 15 2 25 3
Rapidity

(1/2np
°

<2.4. Shown in Fig. 11 are yields of protons, deuteronsgdistribution and a velocity profile (r1)or{?. In determin-
®He, and “He as a function of transverse masg—m,  ing the curves shown in Fig. 12 we have fit the data to these
= \/pT2+mOZ— My in this rapidity slice. Overlaid on the mea- two different functional forms with the numerical constraint
surements are fits of each species to a Boltzmann distributionf T=100 MeV for zero mass. Neither of these sets of
in transverse mass, from each of which we extract an inversgodel parameters provides an adequate description of the
slope parametefl, as noted in Fig. 11. The fits from which data. These curves are meant only to illustrate the sensitivity
we extractT are linear fits to the log of the invariant multi- of these measurements: clearly, the sensitivity to the differ-
plicities divided bymy; this is the same fitting method used ences in these assumptions increases with increasing mass of
for determining the slope parameters for neutron$28). the measured nuclei.
The x? values are less than one per degree of freedom for all Shown in Fig. 13 are these same trends in light nuclei
these fits. slope parameters including centralities other than the 10%
These slope parameters, as well as those for neutrons ifiost central collisions. For the more peripheral events, the
this same rapidity range, are displayed in Fig. 12 as a funcrends are consistent with a linear dependence of slope pa-
tion of mass number. Pollegt al. [12] have demonstrated rameter on masématching the calculation in Ref12] in-
the sensitivity of these trends in the inverse slopes to theluding box density profiles Only for the most central
density and velocity profiles of the nucleons at the time wherevents is there a clear rollover in the slope as a function of
coalescence occurs. To make this point, they have performaglass.
calculations of the behavior of these trends for different as-
sumptions about the source distributions. Two of these as-
sumptions give rise to the two curves shown overlaid on the
data in Fig. 12. The first has a “box” spatial profile and a  In order to examine the rapidity dependence of the yields
linear velocity profile, and the second has a Gaussian spatiaf light nuclei, we observe the trends in multiplicities in the
p7/A range from 100 to 200 Me\¢. (Our transverse cover-
age is not sufficient to integrate in transverse momentum for

2. Longitudinal dependence of yields

6 Key a full measurement afN/dy over this entire rapidity range.
[ ||® 0-10% Central In Fig. 14 we show the invariant multiplicities of deuterons
N4 el T for this low pr range for three different centralities as a

function of rapidity. The yields are concave as a function of
rapidity (i.e., they are lowest at center of mass and increase
toward beam or target rapidjtyand become more concave
for the more peripheral events. We can parametrize this con-
cavity by fitting each set of yields to a quadrate-b(y
¢ —Yem)?. These fits are shown overlaid on the data in Fig.
14. The ratio of coefficientdy/a, from this parametrization
serves as a measure of the relative concavity of a species’

£

T T T
[
Ll

b/a [Yieldm<pt/A<o.2=a"'b(y'yc.m.)2]
©
—

N
T
-

1 bt spectrum as a function of rapidity at lops [27].
_ A ¢ Values of this ratidd/a are plotted in Fig. 15 as a function
ok ® of mass numbeA for protons, deuterons, artHe in three
T P T S T different collision centralities. We observe that the concavity
0.5 1 1.5 2 25 3 %5 of a spectrum increases with the mass of a species and with

collision centrality. This can be understood as some form of

FIG. 15. Relative concavity of light nuclei spectra as a functioncollective motion in the longitudinal direction, either expan-
of rapidity plotted versus mass numbg&ifor three different colli- ~ sion or incomplete stopping, which increases in peripheral
sion centralities. events. It also is consistent with a rapidity-dependent trans-
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x10
o~ 0.01 ™) 5 014 = )
“'Qooog 3 1.4<y<L.6 (+ 0.008) = N FIG. 16. CoalescencB, parameters, with an
3 F 8 o2 + + assumed neutron to proton ratio of 1.19, shown
:0'008 F 1.6<y<1.8 (+ 0.006) < C & + (a) as a function of transverse momentum in sev-
20.007 E- < mE eral rapidity slices an¢b) as a function of rapid-
g piaity p
< E L8<y<2.0 (+ 0.004) v C i = i
5 0.006 T o008 |- ity near pr=0. In panel(a), error bars include
'0.005 — t + ,E - only point-to-point errors(a rapidity-dependent
0.004 F- ++ 2.0?;32.2 2 0.06 [~ error of 5% and a global 6% error are not in-
0.003 E- ¢M (+0.002) 3 0.08 3 cluded. In panel(b), hollow points represent re-
0.002 3 " w [ flections about center-of-mass rapidity. Here, the
- E fﬂwwv"z'ﬂyd,‘, 0.02 rapidity-dependent errors are included but the 6%
000TE f | | : | | | global systematic error is not.
0 C L L L L L L L L L L L L L L L L L L L L L
0 0
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verse expansion which pushes the nuclei out of the transsence modelg[4] and[5], for examplg. This is expected

verse momentum range measured here. given the large amount of evidence for collective flow in
heavy-ion collisiong8]. The values of theB, parameters
B. B, parameters seem to increase slightly with increasing transverse momen-

. . _tum and there is a clear increase away from center-of-mass
The trends noted in Sec. IV A will also be observable in arapidity. Both of these increases B), away from center-of-
study of the behavior of th8, parameters. For S'”?p"c'ty’ mass momentum are consistent with expectations from an
we can from our neutron measuremefs] characterize the expanding source, although the longitudinal dependence can
neutron spectrum as a factor of 1:16.08 greater than the 5154 pe interpreted as a sign of incomplete stopping. Indeed
proton spectruntfeed-down from hyperons is taken into ac- g fact that the invariant yields of antiprotons near=0

count in determining this rajpand so we evaluat, as are strongly peaked near center-of-mass rapidity as measured

d®Np by E864[28], while the proton yields are essentially flat may
E qp° be taken as further evidence of incomplete stopping.
Ba= 3 A )
(1 19)N< E d Nproton C. Source size calculations
dp® The B, parameters can be related through coalescence

for a nucleus of baryon numbex with N neutrons andz ~ Models to source sizes. Following the model of Sato and
protons. Again, all invariant yields are evaluated at a com-Yazaki[4] which uses a density-matrix representation of the
mon velocity. source distribution and projects it onto a representation of the
In Figs. 16 and 17 we show measurement8gfandB,  deuteron wave function, we can relate #g parameters to
as a function of rapidity and transverse momentum. Becaus&® rms source radius through
nucleons which are feed-down from weak decays are not 2J,+1| A2 VAV
available as nucleons for coalescence, we have subtracted the ~ Ba= A (A 1)(
contribution to proton and neutron invariant yields from hy- 2 m
peron feed-down for the calculation Bf, . with v, being the size parameter for a cluster with baryon
The values of theB, in Figs. 16 and 17 are clearly not numberA and spinJ, (m represents the nucleon masthis
momentum independent as is assumed in many early coalestodel assumes the absence of collective motion of the nucle-

(312)(A—1)

.

T
VotV

5
x10

5
x10

— 09F 5 = .

,f 05 E Yo Lacy<t6(+8x10%) () % 0.14 - (b) FIG. 17. CoalescencB; parameters, with an

s ° 3 8 012 5 assumed neutron to proton ratio of 1.19, shown

% 0.7 ;—% 0o0d Léy<s e F (a) as a function of transverse momentum in sev-

- -6 - . ge . . .

2 o6 (+6x107) i» 01 | eral rapidity slices an¢b) as a function of rapid-

- = v . .

B E - C ity near pr=0. In panel(a), error bars include
05 . - S 0.08 . . <

< . band F 18v<do o ano =00 E + + only point-to-point errorga rapidity dependent

= Q. .

“ 04 E " 2.0<y<22 2 o006 '+' + error of 8% and a global 11% error are not in-
03F gggoo® 9 (207 5 . ’]" ‘|' cluded. In panel(b), hollow points represent re-
0z 1 0 flections about center-of-mass rapidity. Here, the
01 F +-v eatirrttangog ® 0.02 - rapidity-dependent errors are included but the

" E | | : | | | 11% global systematic error is not.
0 - L 'l L 'l L 'l L 'l L 0 L 'l 1 L 1 1 L 'l L L 'l 1
0 02 04 0.6 0 1 2 3
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TABLE Il. B, parameters in units of (Gé¥c®)*~%) near collision center of mass and source sizes
extracted from them from the model of Sato and Yazaki.

A Species Ba Rims (fmM) Y.pt

2 d 8.7+1.4x10°° 14.8+0.7 pr
1.4<y<1.87<200 MeV

3 SHe 5.1+1.1x10 7 12.2+0.5 Pr
L4=<y=<1.8;-<200 MeV

4 “He 4.9+1.3x10 10 10.1+0.3 o
1.4<y<1.87-<200 MeV

6 SHe 1.9+0.8x 10716 9.9+0.3 pr
1.6<y=1.8;r <170 MeV

7 "Be 1.4+0.7x10718 9.2+0.3 o

lsy=< 2.2,K <250 MeV

ons, and therefore a raditgiven byR,<= \3/2v), whichis ~ whereR, andR; are the transverse and longitudinal dimen-
independent of momentum. We evaluate the source size usions of the fraction of the source which contributes to deu-
ing B,, B3, B4, Bg, andB- values from our measurements teron emission(comparable to the radius parameters ex-
nearest the collision center of masyain assuming a neu- tracted in the YKP parametrization of HBT interferometry
tron to proton ratio of 1.19and list the results in Table II. (Cy) is a quantum-mechanical correction factor for the finite
We have used values for the from [4] for A=2, 3, and 4 gj;¢ of the deuteron which is evaluated by the authors under
and foI!owmg[ZQ] have_done a pol){nomlal extrapolation to various assumptions about the source,'ﬁpchndej are the
determinews andw,. This extrapolation fow, may be sus- inverse slope parameters for protons and deuterons. Equation

ect particularly for the halo nuclelf$le, but the final value . . .
For Rp is quiteyinsensitive t0 the value fog,. The extracted (4) as written assumes a box density profile for the source; a
rms ' Gaussian profile would result in the absence of the final ex-

radius for deuteron®\=2 is considerably larger than the . LT
onential factor. Plugging in our results fB,, we can ex-

initial size of the colliding nuclei, and the radius parameter 2 U3 .
decrease for clusters of increasing mass. tract values fof RT (mq)R(my)]™* which are shown in Fig.

A model by Scheibl and Heingl1] which includes the 18 as the solid circles. For the calculations shown here we
effect of collective flow in a density matrix prescription for have used 0.75 fofCq) and the values folf§ and Ty as
coalescence leads to an expression for source dimensionsimeasured at rapidity 2.3.

Shown also in Fig. 18 as hollow circles are the results of

312
= 3277 {Ca) g2Mmr-mUTE-1TH) - (4)  source size calculations with the similar fragment coales-
2meRT (my)Ry(my) cence model of Llopet al.[29] via the equation
C T Rapidity 2.2-2.4
af
Tttty
3
C 1 | 1 1 1 | 1 1 1 I 1 1 1 1 1 1 1 1 1 | 1 1 1 | 1 1 1
C Rapidity 2.0-2.2
4 —
g %ﬁmi?g????“hwﬂ
3 :_ 1 % 1 1 1 1 1 1 I 1 1 1 |+ I+ I+ 1 1 1 1 | 1 1 1 | 1 1 1
F Ropidity 1.8-2.0 FIG. 18. Radius par.ameters extracted from
4F #ﬁ?ﬁii#* measurements oB, within the context of two
C +H% different models. The solid circles are to be un-
3E derstood agR? (my)R;(my) 13 in the context of
~ ol b b b e the model of Scheibl and Heinz, while the hollow
'E F Rapidity 1.6—1.8 circles are the extracted radii from the cluster
~ 4k iﬁ coalescence model of Llopst al.
[)] -
= F
B 3F
x C o oy T BT T L1 I I ST T T
[ Rapidity 1.4—1.6
4F iﬁ
J3
C 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0.94 0.96 0.98 1 1.02 1.04 1.06 1.08

m, (GeV/c?)
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- which relates the effective source radRs$n the frame of a

€ o e clusterc which may be formed through the coalescence of

210 E%He s smaller clusters andb. [Note that the radius parameteRs

s v/ 9o/ /J/——————— ... shown in Fig. 18 are meant to describe sources of the form

e " oo p(r)=exp(—r?/2R?) and so correspond to rms radii of

- T WU S We observe in Fig. 18 that there is a decrease in source

size with increasing distance away from the center of mass
£ (again, as expected for a source with radial expansiout
st our measurements do not give a clear picture concerning
S grasmsa scaling of the source size with transverse n&s§ such as

------------------ has been noted in results for sizes from HBT two-particle

0F ROMDV2.3 Cascade - RGMDV23 Potentials E:g(;]relanons and in measurementsBf at the CERN SPS
08 1 12 14 16 18 2 22 24 ’
Rapidity

D. Comparison with RQMD
FIG. 19. Yiel E864 =0 (i its of . -
G lelds measured by E864 nepf=0 (in units o We can also compare our results with predictions from

c?/GeV?) as a function of rapidity for protongircles, deuterons .
(squarey 3He nuclei(stars, and « particles(triangles. For com- the cascade model RQMELO] version 2.3. The complex

parison, the predictions of the model RQMDv2.3 with a coales-many'bc’dy processes by which light nuclei ar_e formed are
cence afterburner are shown for the four species both for RQMD 10t included in RQMD, rather an afterburr{@] is used to -
cascade modgsolid histogram linesand with mean-field potentials ~ calculate the coalescence of these states based upon an input

(dashed histogram lingsHollow symbols represent reflections of Of the positions and momenta of the nucleons at freeze-out.

E864 data points about midrapidity. This quel then explicitly ingludes the position—momentum
correlations due to expansion, etc., that are present in
RQMD.
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e 3 p,n(1/2)
>
é\ 10 E_
> B
2] g ‘_
z 't a3 A-1
T uf —— 26/(48™
\F B
e t, >He (1129
I\ E
> 3
o~ 10 F FIG. 20. Mass dependence of invariant yields
% _45 of light nuclei fromA=1 up toA=7. Yields are
= 10 F measured ay=1.9, p;y/A<300 MeV/c except
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Figure 19 displays the E864 measurements along witlour neutron measuremenfg3] which extend up to beam
predictions from RQMD with the coalescence afterburner forrapidity, we can roughly parametrize the distributionToih
comparison over the transverse momentum range O.fapidity as a Gaussian with a width of 1.1 units. From Fig.
<p7/A<0.2 GeVk as a function of rapidity. For compari- 13, we also can make a rough parametrization of the mass
son, RQMDv2.3 was run under two different conditions, onedependence of the inverse slopeTas(A+1.0). With these
including the effect of repulsive mean-field potentigsten- o parametrizations and our penalty factor of 48 yat
tials mode and one notcascade modeWe note that there _ 1.9p;<300 MeV, we calculate a penalty factor of 25 in
is an increasing disagreement with increasing mass as Notgl integrated yields for the addition of an extra baryon to a
previously in Ref.[16]. Calculations of"He production in  qajesced state. This should be considered as a lower limit
the cascade mode are a.t a_level of qpprommately_loo Iowe(gn such a penalty factor since as previously noted the inverse
}gaslzilfrarrg;g?as;rae&i?tgi f\;vétt:rpggezm?rl\se ?2{,;?;%?;2?22%10@ parameter rolls over as a function of mass rather than

: LT ) following the linear dependence we have used in this esti-
ment varies somewhat in with transverse momenitine mate[33]

slopes are in fact generally better predicted with potentials W | timate thi ity factor i Il vield

on than off but particularly for the heavier states the changeb : GIII can asSo es\|/r|r1afeR |fs 1pfnaEy actor (lsnlove_zra hY'e s

is slight compared to the overall level of disagreement. y following Sec. VI of Ref.[11]. Equation(6.10 in this
reference allows us effectively to make an estimate of the

difference between the penalty factor ngg=0 and the
o i ] ) . ~overall penalty factor in two limiting cases: a static, homo-
Shown in Fig. 20 are the invariant yields in a small kine-geneous fireballwhich would translate our penalty factor of
matic region at or neay=1.9pr<300 MeV. Over ten or- 48 atp,;=0 to an overall penalty factor of J2nd a rapidly
ders of magnitude, thg yields in this kmemaﬂc bin fit very expanding systerfwhich would result in an overall penalty
closely to an exponential dependence with a penalty factor of .oy of 39.
approximately 48 for each nucleon addeée[32] and ref-
erences therein for a discussion of such exponential behavior
of cluster yields at lower collision energjeOf course, as
we have seen above, the yields for different species have In Fig. 21, we display three ratios as a function of trans-
different kinematic dependences due to collective motionyerse momentum in the rapidity ranggs-1.8—-2.0 andy
and so this should not be taken as a penalty factor whickh=2.0—2.2. The three ratios are the ratios of invariant yield of
governs the integrated yields of the various species, whicheutrons over invariant yield of protons, the ratio of yield of
from the kinematic dependences of tBg parameters dis- tritons over yield of3He and the ratio ofHe to °Li. The
cussed in Sec. IV B can clearly be different. n/p andt/3He ratios are consistent with a value of approxi-
We can make a crude estimate of the difference in theseately 1.2(in Ref.[23], we extract values of 1.190.08 and
two penalty factors by parametrizing the rapidity and massl.23+0.04, respectively, for the two ratios in the range 1.6
dependences of the inverse slope parameters as follows: fromy=<2.4.). In contrast, the®He/fLi is much nearer to a

E. Scaling of yields versus mass

F. Spin and isospin dependences of yields
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value of 0.3p, n, 3He, andt are all spinJ=1/2 states while eters. From these parameters we have extracted source di-
®He is spin 0 and’Li is spin 1. We take this as evidence that mensions from various models. Efforts to extract more quan-
the yields scale as the degeneracy factd#-2 which is titative information about the source from these
commonly predicted in thermal and coalescence models. measurements using the cascade model RQMD with a coa-
With the dependences upon mass number, isospin, arfdscence afterburner were unsuccessful as predictions of the
spin divided away, one can examine the yields for other demodel differ from our results by an amount that increases
pendences. This topic, including a possible dependence omith mass and reaches a level of 100 or moreAby4.
binding energy per nucleon with an inverse slope parameter We have also examined the overall scaling of the yields

dependence of a few MeV, is discussed in Ra#]. up toA=7, extracting a penalty factor of about 48 to add a
nucleon to a coalesced state near midrapidity at low trans-
V. SUMMARY verse momentum. This likely translates into a somewhat

) smaller penalty factor in overall yields for the addition of a
We have shown results of measurements of light nuclepycleon, but we have argued that this is unlikely to differ by

from A=1 to A=7. The increase with mass of light nuclei 35 much as a factor of 2 from our measured penalty of 48.
inverse slope parameters appears to roll over at approxi-

mately A=3 in central events but not necessarily in more
peripheral events. Also we have shown that the yields near
pt=0 are concave as a function of rapidity and that this We gratefully acknowledge the efforts of the AGS staff in
relative concavity increases in more peripheral events and iproviding the beam. This work was supported in part by
higher mass nuclei, consistent with both radial expansion angrants from the U.S. Department of Ener@OE) High En-
incomplete stopping. These trends are also evident from owergy Physics Division, the U.S. DOE Nuclear Physics Divi-
observations of the kinematic dependences oBRgaram-  sion, and the National Science Foundation.
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APPENDIX

Shown in Tables [lI-XV are results of measurements by E864 of invariant multiplicities of light nucleiXretnthrough
A=7 in 10% most central AttPb collisions. Results for less central data are also listed for protons, deuteron$i@and

TABLE lIl. Invariant yields for protons in 10% most central A®Pb collisions in units oc?/Ge\~.
Errors listed are systematic and statistical combined in quadrature.

Rapidity
pr(MeV/c) 1.4-1.6 1.6-1.8 1.8-2.0 2.0-2.2 22-24 2.4-2.6
25-50 17.¢35 22.4-9.6
50-75 28.a:3.5 25.0:2.2 25.2:3.5 14.9:5.1
75-100 26.62.2 27524 25.8:2.2 26.2£2.5 32.16.1
100-125 25.23.7 25.91.9 27.12.0 27.0:2.5 23.324 20.8:4.3
125-150 26.23.0 25.4£1.7 26.2£1.9 24.2£1.9 25.2£2.3
150-175 23.86.4 26.4:2.0 27.0:1.9 26.4-1.9 26.1-2.1
175-200 24619 24.3-1.8 26.3:1.9 26.5-2.1
200-225 23.4£4.1 25419 25.4:1.8 26.0:1.9
225-250 21.32.2 24119 24.9:1.7 26.2£1.8
250-275 23.84.6 23.1x1.7 23.2£1.7 25.5£1.9
275-300 21.91.6 23.5£1.9 24.5:1.7
300-325 21.%2.0 22.3:1.6 22.0:1.6
325-350 20.861.6 22.6:1.6 20.7#1.6
350-375 17.62.7 22.8:1.7 19.#1.5
375-400 15.+2.0 21.3-1.6 19.71.5
400-425 21.61.6 17.8:1.5
425-450 17.81.3 16.3:1.3
450-475 17.81.5 16.7#1.4
475-500 17.625 16.3:1.4
500-525 15914 15.3-1.2
525-550 14.4+1.2
550-575 13.5+1.1
575-600 13.5+1.1
600-625 12.0+1.0
625-650 10.0=0.8
650-675 9.2+0.9
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TABLE IV. Invariant yields for protons in 10—38 % most central ARb collisions in units ot%/Ge\~.
Errors listed are systematic and statistical combined in quadrature.

Rapidity
pr(MeV/c) 14-1.6 1.6-1.8 1.8-2.0 2.0-2.2 22-24

25-50 14.32.9

50-75 17.92.3 17.71.6 16.6-2.3 19.x-7.4

75-100 16.51.4 16.2:1.4 16.7#+1.5 17.7#1.9 20.0t4.2
100-125 16.82.5 16.8:1.3 17.3:1.3 19.2+1.8 17.4-1.8
125-150 16.61.9 16.8:1.1 16.6:1.2 17.2:14
150-175 14.74.0 17.2:1.3 17.21.2 18.6-1.4
175-200 14.4£1.1 16.3-1.2 18.2-1.4
200-225 14926 16.5-1.2 17.x1.2
225-250 13.81.5 15.%1.2 17.4-1.2
250-275 13.22.6 15.3-1.2 15.5-1.1
275-300 14511 14.5:1.2
300-325 13.61.2 145-1.1
325-350 12.¥1.0 14911
350-375 11.31.8 14511
375-400 10.21.4 14.2-1.1
400-425 13.8+1.0
425-450 12.1+0.9
450-475 10.4+0.9
475-500 11.1+1.6
500-525 10.3+0.9

TABLE V. Invariant yields for protons in 38—66 % most central-ARb collisions in units o£%/GeV?.
Errors listed are systematic and statistical combined in quadrature.

Rapidity
pr(MeVi/c) 1.4-1.6 1.6-1.8 1.8-2.0 2.0-2.2 2.2-2.4

25-50 4.4-0.9

50-75 6.%0.9 7.1+0.7 75:1.1 7.5:2.9

75-100 6.90.7 7.2£0.7 7.4:0.7 7.6:0.8 9.2:2.1
100-125 6.61.0 7.0:0.6 7.3:0.6 8.1+0.8 8.0:0.9
125-150 7.30.8 7.0:0.5 7.450.6 8.3:0.7
150-175 5615 7.1+-0.6 7.6-0.6 8.9-0.7
175-200 5.#20.5 6.8£0.5 8.5£0.7
200-225 6.31.1 7.1+-0.5 8.1+-0.6
225-250 5.1 0.6 6.6-0.6 8.0:0.6
250-275 581.2 6.5:0.5 7.1+0.5
275-300 6.60.5 7.0:0.6
300-325 5.#0.6 6.8:0.5
325-350 5305 7.1+0.5
350-375 4.70.7 6.5-0.5
375-400 4.30.6 6.3:0.5
400-425 6.0£0.5
425-450 5204
450-475 4604
475-500 4.8+0.7
500-525 3.9-04
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TABLE VI. Invariant yields for deuterons in 10% most central-ARb collisions in units of 10°c?/ GeV2. Errors listed are systematic
and statistical combined in quadrature.

Rapidity
pr(MeV/c) 1.0-1.2 1.2-14 1.4-1.6 1.6-1.8 1.8-2.0 2.0-2.2 22-24 2.4-2.6
37.5 74.7+35.7
62.5 76.4-8.8 53.7#11.0
87.5 71.2:6.4 63.1-5.8 48.2£6.4 75.9£26.7
112.5 69.36.2 61.7£5.3 52.655.8 56.1+9.3 43.0:9.7
137.5 72.58.6 66.0:5.9 53.9£5.9 56.6:5.2 54.45.6 68.1:14.0
162.5 86.6-16.6 59.3:4.7 53.2:4.9 54.4£5.4 56.4+5.2 70.4-6.9 59.118.2
187.5 65.1+5.3 58.0:4.6 56.5-5.0 53.5:4.4 64.5-6.0 70.6:8.6
212.5 67.57.2 50.14.3 54.5-5.2 56.6-4.9 60.5-4.7 71.0:7.0 89.7+13.7
237.5 56.7-8.4 57.35.3 59.4-4.6 58.0-4.5 61.6-4.7 66.5-6.2 91.0:9.6
262.5 67.314.3 57.2:5.0 59.4-4.7 58.6:4.2 65.14.9 72.9£5.9 98.7:8.2
287.5 56.35.0 52.15.2 58.0r4.2 61.1-4.3 74.0:5.5 86.3-6.8
3125 50.84.7 51.0:4.5 54.5-4.6 64.3-4.3 75.2£5.5 95.1-8.4
337.5 46.35.7 55.14.5 56.1-4.8 64.6:4.4 72.2:5.1 89.8-9.3
362.5 52.7-8.7 52.0:4.2 54.85.5 66.6-4.4 68.4:6.0 85.8:9.1
387.5 44.%+11.3 53.7#4.5 54.2£4.5 68.2£4.9 70.3:5.1 87.2:8.8
412.5 47.&84.3 55.15.0 61.8:4.7 71.3:5.0 82.0-7.8
437.5 51.34.4 56.2:4.6 62.0:5.4 75.9-5.2 88.1-9.1
462.5 48.2:5.0 56.5:4.3 58.3t5.1 66.7£4.8 85.7:8.6
487.5 50.87.9 57.2:4.4 57.6:4.5 68.2:5.2 82.0-8.8
512.5 46.16.4 55.0:4.3 64.4-5.3 65.2£5.2 80.3t7.1
537.5 54.1+4.3 61.25.7 59.5-4.7 75.0:8.0
562.5 51.74.3 61.2:7.7 64.8-5.6 77.1-8.6
587.5 50.224.4 64.4-4.9 62.1£5.3 71.x7.4
612.5 57.6:4.9 63.5-6.1 60.4:5.2 65.9-7.3
637.5 56.38.1 55.9-4.2 63.6:5.6 66.6-8.4
662.5 43.64.4 61.8£5.6 58.8:5.2 63.77.9
687.5 43.6:10.0 55.7%4.4 61.8-5.8 65.7-9.6
712.5 59.5+4.9 58.15.1 58.4:8.2
737.5 57.4+4.6 55.8-4.6 58.0-8.2
762.5 60.2+4.5 53.14.5 55.4-8.4
787.5 52.6:4.0 53.8:4.2 58.6£9.2
8125 50.7£6.9 54.3t4.3 55.8:8.2
837.5 49.3+4.2 55.14.7 47.6-6.9
862.5 43.3+4.9 52.8:4.4 45.5-5.8
887.5 51.3t7.0 48.44.1 50.4-6.7
912.5 47.0+8.4 50.5-4.4 44.4-6.3
937.5 49.4+4.3 42.6-5.3
962.5 45.7+3.8 46.2-6.9
987.5 44.1+3.9 47.657.5
1012.5 48.2+4.0 44.2-6.9
1037.5 42.2+4.0 40.7-6.6
1062.5 38.1+3.6 40.6-6.5
1087.5 37.0+4.6 40.9-5.3
11125 39.9+4.1 40.725.9
1137.5 37.6+4.3 36.8-4.8
1162.5 32.0+4.7
1187.5 31.9+5.1
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TABLE VII. Invariant yields for deuterons in 10-38 % most central #Rb collisions in units of
10 2c?/GeV~. Errors listed are systematic and statistical combined in quadrature.

Rapidity
pr(MeV/c) 1.0-1.2 1.2-1.4 1.4-1.6 1.6-1.8 1.8-2.0 2.0-2.2 22-24

25

75 48.2£5.2 425555

125 52.4-53 40.6-3.8 36.0:4.2 36.%4.7 35.2:4.9

175 44,945 33.6:3.6 36.9-3.5 38.1x35 42.7#4.6

225 42.8:5.4 34.6-3.3 35.2:t3.0 36.4:r3.2 38.5:4.0 52.3:4.9
275 38.2:3.7 34.4-3.3 38.5-29 453:35 57.743
325 33.4:3.7 37.7%3.2 355-3.6 41.3:t3.4 52.147
375 31.4:6.9 33.0:3.1 36.2:3.4 42.3:3.2 56.4-4.1
425 29.9-29 37.8:3.7 40.9-3.4 53.0:3.9
475 29.4-41 35.9:3.1 37.0:3.3 46.8:3.9
525 25.005.1 35.73.0 36.9:4.6 45.2:4.1
575 31.5:3.1  41.2£35 43.3:4.2
625 33.6:3.9 34.2:4.0 43.3:3.8
675 25.8:4.3 39.3:r3.3 38.7%35
725 33.6:3.2  42.2:3.7
775 33.13.6 36.3:3.1
825 27.%+3.5 36.x3.9
875 28.3:3.6  34.2:35
925 29.6:4.2  30.3:3.9
975 25.7+2.4
1025 27.6£2.5
1075 24.0x2.5
1125 22.8+3.1
1175 17.6-2.8

TABLE VIII. Invariant yields for deuterons in 38—66 % most central 4ARb collisions in units of
10 2c?/GeV~. Errors listed are systematic and statistical combined in quadrature.

Rapidity
pr(MeV/c) 1.0-1.2 1.2-1.4 1.4-1.6 1.6-1.8 1.8-2.0 2.0-2.2 22-24
75 22.3t2.8 19.0:2.8

125 23.4-2.8 18.9v2.0 16.4:2.1 125:1.9 17.7+2.9
175 15.6-2.0 13.8-1.6 13519 12417 17.6:2.0
225 18.%29 14817 13.0:1.6 14.3:2.1 18.1*19 25425
275 22.0:7.5 12717 12.81.7 13.2:t14 17.3:1.6 26.8:2.3
325 10.3:t1.6 14.0t1.8 12915 16.8:1.5 24.3t2.1
375 12.4:3.2 12217 12216 17.31.6 23.2:2.0
425 10.6:1.4  13.4-15 15.2-15 22.#1.8
475 12.3-2.1 13.6:1.4 17.0:1.6 20.8:1.8
525 9.2:2.4 13514 152£15 19.22.2
575 11.8:1.3 14719 17.6:1.8
625 16.6-2.2 14415 19.6:1.9
675 14.6:2.6 1515 16.2:1.9
725 13.6:1.4 14.4:2.4
775 12.6:1.3 12.8:1.9
825 11.7#15 12714
875 9.7#15 12.%19
925 10.4+2.0
975 7914

1025 9.0£1.5

1075 7.9+1.6

1125 7.5*x1.1
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TABLE IX. Invariant yields for 3He in 10% most central A4Pb collisions in units of 10%c%/Ge\~.
Errors listed are systematic and statistical combined in quadrature.

Rapidity
pr(MeV/c) 1.0-1.2 12-14 14-16 16-18 1.8-2.0 2.0-2.2 22-24 24-2.6

150 8.6:1.6 7.91.0 6.7/#10 8.6:1.7 8.0:2.9
250 9.9-44 8.1*x10 7.4-0.7 8408 10311 9.8:1.3 15738

350 8.4:1.0 7.4-0.7 10.x-0.8 12.11.1 15.8:15 22.2:3.2
450 5.6:1.6 8309 97408 11.7#1.0 16.8:1.3 19.1-1.8
550 6.6-0.8 8.9-09 11.7#09 15.6:1.2 21.6£1.8
650 7.6t1.4  8.6:09 12410 14311 21.9:1.8
750 8.0:0.9 11510 14.0:1.1 19.2£1.6
850 72009 11.9:1.2 14.°#13 17.2£1.6
950 6.6-1.4 9.2-09 11.8:1.1 15717
1050 9.%0.9 12711 13.9:1.7
1150 10.2c1.1  10.91.0 12.9:1.6
1250 8.x1.3 9.9-0.9 11.2:1.3
1350 6.3tr1.2 10.8:1.0 9.6:1.1
1450 9.3t0.9 9.8£1.0
1550 6.5-0.8 7.9-0.9
1650 5409 6.1+0.8
1750 5.6:0.9 5.7#0.7
1850 4.4+0.6
1950 3.2+0.5
2050 2.6x0.4

TABLE X. Invariant yields for®He in 10-38 % most central AtPb collisions in units of 10%c?/ Ge\~.
Errors listed are systematic and statistical combined in quadrature.

Rapidity
pr(MeV/c) 1.0-1.2 1.2-1.4 1.4-1.6 1.6-1.8 1.8-2.0 2.0-2.2 22-24

100 8.2:3.0 6.4-2.3 6.0-1.8 6.2:2.6

300 6.2-1.8 5.8:1.0 4.5-0.7 5.8:0.9 9.8:1.3 11.8-2.0
500 4.2£0.9 3.9£0.6 8.2£0.9 13.21.2
700 49-1.8 5.0-1.0 7.8-1.0 11.x1.0
900 3.7£1.0 8.8r1.1 7.7%1.0
1100 5.4-0.9 7.8£0.9
1300 2.9-0.9 6.7-0.8
1500 3.9+0.8

TABLE XI. Invariant yields for ®He in 38-66% most central AuPb collisions in units of
10 3c?/Ge\2. Errors listed are systematic and statistical combined in quadrature.

Rapidity
pr(MeV/c) 1.0-1.2 12-14 14-1.6 1.6-1.8 1.8-2.0 2.0-2.2 22-24

100 48:23 1.9-0.9 2.4+1.0

300 2.5-0.6 1.9-0.4 2.3:0.5 2.9:0.6 7.0-1.4
500 1505 2505 2.9-0.4 5.2:0.6
700 2.5:0.6 2.2£04 4.4£0.5
900 1.4£0.6 2.7+05 3.6£0.6
1100 17205 3.5:0.6
1300 2.4+0.5
1500 1.7x0.4
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TABLE XII. Invariant yields for tritons in 10% most central AtPb collisions in units of 10%¢?/Ge\~.
Errors listed are systematic and statistical combined in quadrature.

Rapidity 1.0-1.2 1.2-14 1.4-1.6 1.6-1.8 1.8-2.0 2.0-2.2 22-24

pr(MeV/c)
50 12.5-3.6

150 16.001.8 11.8-1.5 9.8c15

250 13.6:61.9 12.2-15 9.9-2.1 11.8:29 9.3:1.3 15.9t25

350 13.6:1.7 9.6:1.5 12224 10.4-3.2 16.0:1.8 16.x-24
450 9.2+t24 10.2c15 10.x*1.7 11.A25 16.0:1.7 185-2.1
550 10.6c1.4 10.0:15 10.5-3.1 15816 18719
650 9.0:-1.1 11420 153:1.7 17.5:2.0
750 10.5:1.5 9.3-1.6 14.8-1.9 17.0:1.9
850 1072415 16.7£2.2 14.8-2.0
950 11,2613 1420 13.9:25
1050 12914 15718
1150 12.2+2.0
1250 14.3+1.9
1350 9.1+1.2
1450 9.7£1.3

TABLE XIlI. Invariant yields for *He in 10% most central AtPt collisions in units of 105¢?/GeV?
from data taken in the 1998 run of E864. Errors listed are systematic and statistical combined in quadrature.

Rapidity 1.4-1.6 1.6-1.8 1.8-2.0 2.0-2.2 2.2-24
pr(MeV/c)

350 17.3:1.9 17.4-2.0 22.1+2.6

450 18.1+2.4 16.#1.7 23.3:2.5 26.0£3.1

550 17.4c2.4 20.3:2.6 19.4-1.9 28.0:3.3 43.7+11.4
650 13.452.1 18.0:2.2 21723 30.5-3.5 44.5-11.3
750 20.4-5.4 17.2-2.3 21.12.4 29.8:3.5 45.6-11.4
850 16.9-2.3 21.2+2.3 31.7#43.8 47.111.8
950 17.9:2.8 20.3:2.2 28.9+3.5 45.8-11.4
1050 15.5-3.0 23.6:2.8 27.6:3.5 42.3:10.6
1150 19.8:2.3 27.13.4 38.5£9.7
1250 18.722.3 27.6-3.4 41.6-10.6
1350 23.4:4.0 23.9:3.0 37.0:9.5
1450 25.8:3.3 32.0-8.4
1550 21.1%+2.8 30.748.1
1650 22.33.3 29.1x+7.6
1750 20.8-:3.5 21.5-5.8
1850 15.3:2.7 21.2:5.7
1950 18.5£5.1
2050 13.4+3.9
2150 16.5+£5.2

TABLE XIV. Invariant yields for ®He and 5Li in 10% most
central AutPt collisions in units of 108¢?/Ge\2. Errors listed are
systematic and statistical combined in quadrature.

[y.pr(MeV/c)] ®He 8L
TABLE XV. Invariant yields for Li and "Be in 10% most
—_ — +

(1('5 83.223'3%0—5%)(;)00 122; 22 central Aut Pt collisions in units of 108c?/Ge\2. Errors listed are
1 8. 5 0'5’00 1000 5'2+ 1'2 30+ 15 systematic and statistical combined in quadrature.
(1.8-2.0,1000-15Q00 3.3:1.2 24.9£6.1 [y,pr(GeVic)] L Be
(2.0-2.2,500-1000 13.8+1.2 33.7%6.9 :
(2.0-2.2,1000-15Q0 10.4+1.2 37.5:7.8 (1.6-2.2,0-1.8 0.92+0.4
(2.0-2.2,1500—2000 34+21 (2.0-2.2,0-1.8 1.3+332
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