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Light nuclei production in heavy-ion collisions at relativistic energies
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1Brookhaven National Laboratory, Upton, New York
2University of California, Los Angeles, California

3Carnegie Mellon University, Pittsburgh, Pennsylvania
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We have measured the production of light nuclei (A<3) in 11.6 GeV/c Au-Au collisions at the
Brookhaven Alternating Gradient Synchrotron~AGS!. The transverse mass spectra are analyzed using a ther-
mal fireball model, and the yields for different particle species are discussed assuming coalescence and frag-
mentation as possible production mechanisms. The wide acceptance range of the3He measurements permits a
broad study of the coalescence parameterB3 as functions of transverse momentum and rapidity. Comparisons
with data obtained previously at AGS energies suggest that the simple models are insufficient to describe fully
the production mechanisms of light nuclei.
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I. INTRODUCTION

The study of light nuclei production in heavy-ion coll
sions provides an interesting tool for understanding the re
tion dynamics based on the phase space dependencies o
ferent production mechanisms. At AGS energies, it is v
unlikely that light nuclei (A>2) are produced via direct had
ronization. The available energy of 3.1 GeV in each nucle
nucleon collision at 11.6 GeV/c is slightly below the deu-
teron production threshold of 3.7 GeV. Therefore on
additional contributions from collective or Fermi motion w
enable the direct production. Thus the majority of the m
sured light nuclei are either beam and target fragments
they are produced via coalescence of nucleons in the fire
If fragments survive the rather violent collisions at these
ergies, one would expect them to be observed only n
beam and target rapidities, whereas production through
lescence would dominate the central rapidity region.

The coalescence model was initially developed for d
teron production considering phase-space probability dis
butions of the proton and neutron@1–4#. In this model, the
protons and neutrons interact via the strong force couple
a third body which allows them to bind and form the de
teron. Considering only the momentum phase space, the
teron probability density is thus proportional to the density
protons and neutrons. In heavy-ion collisions, the neut
momentum distribution is similar to the proton momentu
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distribution @5–8#. Thus, extending the phase-space relat
to heavier clusters, the density in momentum phase spac
a cluster of massA can be expressed as

EA

d3NA

d3pA

5BAS Ep

d3Nprotons

d3pprotons
D A

, ~1!

whereBA corresponds to the coalescence probability

BA5S 2sA11

2A D 1

N!Z!
~Rnp!

NS 4p

3
p0

3D A21

. ~2!

N andZ are the neutron and proton number of the compo
particle,sA is the spin of the particle,Rnp is a scale factor
that accounts for the isospin distribution of the colliding n
clei, andp0 is the maximum relative momentum at which th
nucleons will coalesce. In this formulation, the coalesce
factor BA is unique for each particle species but does
vary with beam energy and, except for small variations
Rnp , it is also independent of the colliding system.

II. EXPERIMENT

AGS experiment 896 was a heavy-ion fixed target exp
ment measuring197Au1197Au collisions with a beam mo-
mentum of 11.6 GeV/c per nucleon. The experiment wa
performed at the Alternating Gradient Synchrotron accele
©2002 The American Physical Society07-1
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tor ~AGS! at Brookhaven National Laboratory. The ma
physics motivation for this experiment was the search for
H0 dibaryon@9#, an exotic six-quark state which has nev
been unambiguously observed.

An array of 15 silicon drift detectors~SDDA! was used
for charged particle tracking. It was positioned inside a 6.2
magnetic field at a closest distance of 8 cm from the g
target. Due to its proximity to the target, the detector h
excellent solid angle coverage for primary particles an
high sensitivity for short-lived particles such asL ’s @10#. A
detailed experimental description is presented elsewh
@11–13#.

A total of 350 000 central Au1Au events were analyze
with the silicon detector array. Centrality is defined by
measurement of the particle multiplicity in each event. T
measurement was performed with an array of scintillat
covering a pseudorapidity range betweenh51.9 and 3.3.
For all events recorded with E896 a cut on the multiplic
was applied which corresponds to the upper 5% of the g
metrical cross section. Track reconstruction was perform
requiring a minimum of 5 hits on each track in order
minimize the number of ghost tracks and improve mom
tum resolution. On average, 50 tracks per event were re
structed in the silicon detector array. Particle identificat
was accomplished by measuring the energy loss (dE/dx) of
each charged particle in each silicon plane. The average
ergy loss of a particle track,dE/dx, was then determined
using a truncated mean of the lower 75% of all detec
plane measurements. Figure 1 shows the extracted en
loss as a function of particle momentum. To separate
different particles, the distributions were divided into m
mentum intervals of 0.1 GeV/c, projected onto thedE/dx
axis, and fitted with Landau distributions for each particle.
each projection, the overlap areas between the fit curves
responding to different particles were used to determine

FIG. 1. dE/dx plot as a function of particle momentum.
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contamination factors for each particle yield.
Figure 2 shows the measured range of the identified p

ticles in transverse momentum versus rapidity. The acc
tance here is constrained by the detector solid angle and
dE/dx interval in which it is possible to identify the particle
Acceptance correction factors were calculated by propa
ing Monte Carlo generated events throughGEANT @14#. The
simulatedGEANT tracks were then embedded into real eve
to calculate the track reconstruction efficiency. Since
tracking efficiency varies with hit density a singleGEANT

track was embedded in each event. Detector position
double track resolution were also considered in the emb
ding procedure. On average, the track reconstruction e
ciency for primary particles was around 90%. Acceptan
and efficiency corrections were calculated and applied se
rately for eachy-pt bin for each particle species.

III. RESULTS

Figures 3–6 show the invariant yields per collision
protons, deuterons, tritons (3H) and helium (3He) as a func-
tion of the transverse mass,mt2m0, for various rapidity
bins. In these plots, measurement errors include the sta
cal uncertainty coupled to the uncertainty introduced by c
tamination factors in the particle identification. Systema
errors due to the resolution in the transverse momentum
not included in the error bars plotted in Figs. 3–6; howev
they were considered in the fit procedure and they acco
for less than 10% of the total uncertainty in the fit range.

The invariant double differential spectra are fitted with t
Boltzmann curve according to a thermal fireball mod
@15,16#:

1

2pmt

d2N

dydmt
5C~y!mte

(2mt /T), ~3!

FIG. 2. Measured range ofpt versus rapidity of the identified
particles: protons, deuterons, tritons, and3He.
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LIGHT NUCLEI PRODUCTION IN HEAVY-ION . . . PHYSICAL REVIEW C65 034907
whereC(y) andT ~inverse slope! were the free parameter
of the fit. Fit results of inverse slope parameters for E8
protons, deuterons, and3He are shown in Fig. 7 as a functio
of y/ybeam. For comparison, midrapidity protons from
experiment E866@17# (Au1Au at 11.6A GeV/c! are also
plotted in Fig. 7.

FIG. 3. Measured double differential yields of protons for d
ferent rapidity intervals as a function of transverse massmt2m0.
The dashed lines represent fits to Eq.~3!.

FIG. 4. Measured double differential yields of deuterons
different rapidity intervals as a function of transverse massmt

2m0. The dashed lines represent fits to Eq.~3!.
03490
6

According to most thermal model calculations the m
rapidity slope parameters correspond to the freeze-out t
perature, which should be the same for the different part
species emitted from the fireball. However, if one consid
transverse expansion@18# of the source before freeze-ou
then the effective slope parameter for each particle can
parametrized as the sum of the freeze-out temperature a

r

FIG. 5. Measured double differential yields of tritons for diffe
ent rapidity intervals as a function of transverse massmt2m0. The
dashed lines represent fits to Eq.~3!.

FIG. 6. Measured double differential yields of3He isotope for
different rapidity intervals as a function of transverse massmt

2m0. The dashed lines represent fits to Eq.~3!.
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term that is proportional to the square of the source aver
transverse expansion velocity^b t&

2 scaled by a coefficientD
which is a function of the particle massA,

Te f f5Tf reeze-out1D~A!•^b t&
2. ~4!

Figure 8 shows a compilation of inverse slope parame
as a function of particle mass for midrapidity particles me
sured in 11.6 GeV/c Au1Au reactions. The pion, lambda
and 3He slope parameters are calculated from this exp
ments data. The E896 lambda analysis and the deviatio
the lambda inverse slope from the general mass depend
are discussed in a separate paper@10#. Proton and kaon slope
parameters are extracted from AGS experiment E866
E917@19#, respectively. Particle species with mass below
proton mass fall on a common linear curve@D(A)5A# that
yields a common freeze-out temperature of 128615 MeV
and an average transverse expansion velocity of^b t&
50.39 6 0.14 according to Eq.~4!.

The 3He inverse slope parameter at mid-rapidity yields
lower value as compared to the linear systematic. In a re
paper by Polleriet al. @20# the coefficientD(A) for light
nuclei was calculated analytically considering two differe
profiles for the nucleon density in the fireball. In the case
a Gaussian density profile the coefficient is proportiona
AA, whereas a constant~box-shaped! density profile yields a
coefficient proportional toA. Both extrapolations are show
in Fig. 8 and the Gaussian profile fit is in better agreem
with the data.

The total cross section for each rapidity bin is calcula
by integrating the respectivemt spectra over the full phas
space range:

FIG. 7. Slope parameters as a function of rapidity for proto
from E866~stars! in comparison to E896 protons~triangles!, deu-
terons~squares!, and 3He ~circles!. The solid symbols represent th
measured data and the corresponding open symbols represe
data reflected symmetrically around midrapidity (y51.6).
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d2N

2pmtdydmt
dmt . ~5!

This integral is less sensitive to the fit range than the sl
parameters; thus the fits shown in Figs. 3 –6~including the
protons and tritons! were used to extrapolate the integrat
dN/dy for each rapidity bin. Figure 9 shows thedN/dy dis-
tributions for the different particles. Error bars were calc
lated by propagating the uncertainties of the fit parame
using Eq.~5!.

The proton production is well measured by various AG
experiments and is reliably reproduced by existing mod
The RQMD V2.4 @21# prediction for protons produced in
11.6 GeV/c central Au1Au collisions is plotted as a dashe
line in Fig. 9. It shows good agreement with the data with
the measurement errors. Also plotted, using open circles
triangles, are the yields of protons and deuterons meas
by experiment E866@17# for the same reaction. E866 di
only consider statistical errors in their results. In the over
region, both experimental data sets show good agreem
when taking into account a moderate systematic error in
E866 measurement.

For all shown particle species there seems to be a cha
in thedN/dy distribution belowy/ybeam50.3. The apparen
rise in yield could be attributed to a change in producti
mechanism from coalescence at midrapidity to target fr
mentation at the very backward rapidities. E896 uniqu
measures this transition region, in particular for theA53
particles (3He).

s

the

FIG. 8. Compilation of slope parameters at midrapidity for d
ferent particle species.p, L, and 3He were measured by E89
~solid circles! compared to pions and protons from E866~open
circles! and kaons from E917~open triangles!. The solid line was
calculated presuming a linear dependence, generated by a box
file of the source density and the dashed line represents the adj
curve assuming aAA dependence generated by a Gaussian pro
of the source density.
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Another indicator of such a behavior is shown in the co
parison of coalescence factors for midrapidity and backw
rapidity. Based on Eq.~1!, the coalescence factors B2 and B3
were calculated through the ratiosd/p2 and 3He/p3, respec-
tively, for each rapidity interval as a function ofpt . Since the
detector acceptance for protons is limited, and we h
shown in Fig. 9 thatRQMD describes the proton data we
within the measured range, the coalescence parameters
calculated by fitting the measured yields of the deuterons
3He and dividing these fit functions by the appropria
power of the proton yield as predicted byRQMD. Figure 10
summarizes the coalescence factors obtained as a functi
rapidity for a particular lowpt interval (pt,100 MeV/c).
For comparison, theB2 andB3 parameters measured by e
periment E864@23# are also plotted~open squares!.

In the mid-rapidity region (y/ybeam.0.3), both param-
eters remain approximately constant, as expected from
coalescence model. However, in the backward rapidity ra
(y/ybeam,0.3), the coalescence factor varies with rapidi
again suggesting that a different production mechani
most likely fragmentation, might contribute to the partic
yields in addition to the yield expected from simple coale
cence.

Figure 11 corroborates the rapidity dependence of the
ticle production by comparing coalescence penalty factor
a function of particle mass for the two different rapidity r
gions. This factor is an empirical quantity, which para
etrizes the particle yield as a function of particle mass
suming that each additional nucleon in the coalesce
process will cause a decrease in yield@22#. Here, the inte-
grated cross sections for light nuclei particles at mid-rapid
measured by experiment E864 (y/ybeam50.6) @23#, are com-

FIG. 9. dN/dy distribution as a function of rapidity for protons
deuterons, tritons, and3He. The dashed line represents theRQMD

prediction for protons. Open symbols represent similar meas
ments of protons and deuterons presented by AGS experiment
Error bars reflect the fits shown in Figs. 3–6.
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pared to the integrated cross sections obtained in E89
backward rapidity (y/ybeam50.2). In both analyses the sam
pt intervals were used. The power law parametrization i
good description for the particle yields in both cases. T
numerator determines the intercept, whereas the denomin
shows the actual penalty factor per nucleon. The compar
shows that in the lower rapidity range the penalty factor

e-
66.

FIG. 10. Coalescence parameters calculated through yield ra
d/p2 for B2 andt/p3 and 3He/p3 for B3 as a function of rapidity for
pt,100 MeV ~solid symbols!. B2 and B3 results measured by
AGS experiment 864 are presented in open squares.

FIG. 11. Mass dependence of the invariant yields of light nuc
Yields measured forpt /A between 100 and 200 MeV aty/ybeam

50.2 from E896 andy/ybeam50.6 from E864.
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light nuclei production is about 30% lower~32 as opposed to
48! than near mid-rapidity.

Figure 12 shows the coalescence parametersB2 ~open
circles! and B3 ~solid circles! as a function of transvers
momenta calculated for the rapidity interval 0.22,y/ybeam
,0.25. The strongpt dependence agrees qualitatively wi
predictions based on a coalescence model that includes
lective flow and a constant nucleon density profile@20#.

Figure 13 shows a compilation of coalescence parame
B2 and B3 as a function of projectile kinetic energy pe
nucleon (Ekin /A) measured by different experiments. Th
direct comparison of coalescence results from different
periments is difficult sinceBA varies withpt and rapidity~as
shown in Figs. 10 and 12!. In addition the EOS Collabora
tion has shown that the system size and collision centra
also impact the light nuclei production@24,25#. However, the
comparison in Fig. 13 is meant to show a more general tr
of the coalescence probability as a function of beam ene
for p1A and A1A reactions. The lower energy results a
from Ne1Pb reactions measured at the BEVALAC@26#. The
E896B2 andB3 parameters are plotted in Fig. 13 with sol
symbols and represent the coalescence parameters calcu
for the midrapidity range andpt50. In addition, measure
ments from AGS experiments E866@17#, E864 @23#, E814
@27#, E878 @28#, and the CERN experiment NA44@29# are
also plotted. Represented by triangles are the coalesc
parametersB2 andB3 for p1A reactions measured at KEK
@30#, CERN SPS@31#, and FNAL@32#.

The BA factors calculated for the lower energies agr
very well with the simple coalescence model, which predi
these factors to be independent of the beam energy and
colliding system. Inp1A collisions this assumption seem
to hold also for higher energies. However, theA1A results

FIG. 12. Coalescence factorsB2 ~open circles! and B3 ~solid
circles! calculated by the yield ratiosd/p2 and 3He/p3 as a function
of pt for the rapidity interval 0.22,y/ybeam,0.25.
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taken at AGS and SPS energies show a clear deviation f
this model by yielding lower coalescence factors in addit
to a rather strong energy dependence. The hindrance o
light nuclei production could be attributed to the large vo
ume size of the fireball formed inA1A collision, which is
supported by the fact that inp1A reactions, where the fire
ball is small, the coalescence is still in agreement with
model predictions. Thus spatial separations between
nucleons and the collision dynamics seems to play an imp
tant role in the coalescence mechanism.

Considering the dynamics of the coalescence mechan
within a large fireball, it has been suggested@33# that the
ratio of deuterons to protons (d/p) is established during the
early stages of the reaction. After formation in the fireball t
weakly bound deuteron will constantly break up and refor
and if the collisions are frequent enough, the density of d
terons will reach an equilibrium. Since this equilibrium w
be governed by the collision frequency, which is depend
on the nucleon density in phase space, the ratio of deute
to protons will be proportional to the entropy per nucleon
the fireball,

SN53.9452 lnS d

pD . ~6!

Our analysis yieldsSN'7.0 for the rapidity biny50.75,
which is in qualitative agreement with the value obtained
E814 @27# (SN512.8) when taking into account the entrop
contribution by the pions. The only SPS experiment to rep
the entropy per baryon was NA44@29# which quoted a larger
value than the AGS experiments at midrapidity, whereas

FIG. 13. Compilation of coalescence parametersB2 ~circles!
and B3 ~squares! measured inAA collisions at different reaction
energies. The triangles~up for B2, down forB3) represent measure
ments in p1A reactions at various incident energies. E896 d
points are represented by the solid symbols, representingB2 andB3

calculated for the most central rapidity bin andpt,1 GeV/c.
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BEVALAC results yielded lower values@34#. The steady in-
crease with incident energy is expected. The question
mains whether the large values obtained at SPS energie
consistent with a quark phase.

IV. CONCLUSION

Invariant yields of protons, deuterons, tritons, and3He
were measured and analyzed in the framework of a ther
model. The shape of the rapidity distributions indicate t
for light nuclei there are different production mechanisms
different kinematic regions, fragmentation at low rapiditi
(y/ybeam,0.3) and coalescence at midrapidity (y/ybeam
.0.3). The dependence of the slope parameters ded
from the invariant spectra at midrapidity as a function
massA agrees with the model of an expanding fireball with
Gaussian nucleon density profile.

The analysis of the light nuclei production in a coale
cence model yields the coalescence factorsB2 andB3. In the
midrapidity range, these factors are approximately const
as expected in the simple coalescence model. At targe
th
d

i

o-
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pidities, however, the factors deviate from the model. T
increase inB2 andB3 at lower rapidities can again be attrib
uted to a change in the production mechanism from a c
lescence to a fragmentation process. Thept dependence of
the coalescence parameter is well described assuming a
stant nucleon density profile in the expanding source. T
discrepancy between this result and the behavior of the s
parameters indicates that the simple coalescence forma
inside an expanding fireball may not be sufficient to fu
describe the production of light nuclei inA1A collisions.
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