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Light nuclei production in heavy-ion collisions at relativistic energies
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We have measured the production of light nucldi<{(3) in 11.6 GeVt Au-Au collisions at the
Brookhaven Alternating Gradient SynchrotrohGS). 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 rangéldé tireasurements permits a
broad study of the coalescence param8tggs 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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[. INTRODUCTION distribution[5—8]. Thus, extending the phase-space relation
to heavier clusters, the density in momentum phase space of
The study of light nuclei production in heavy-ion colli- a cluster of mas# can be expressed as
sions provides an interesting tool for understanding the reac- 5 . A
tion dynamics based on the phase space dependencies of dif- w -B d°Nprotons
ferent production mechanisms. At AGS energies, it is very Ad3pA Al =P d3p,,otons
unlikely that light nuclei A=2) are produced via direct had- P
ronization. The available energy of 3.1 GeV in each nucleonwhereB, corresponds to the coalescence probability
nucleon collision at 11.6 Ge/is slightly below the deu-
teron production threshold of 3.7 GeV. Therefore only 2s,+1) 1 N[ AT 4
additional contributions from collective or Fermi motion will AT oA W(Rnp) 3 Po
enable the direct production. Thus the majority of the mea-
sured light nuclei are either beam and target fragments, ax andz are the neutron and proton number of the composite
they are produced via coalescence of nucleons in the firebalharticle, s, is the spin of the particleR,, is a scale factor
If fragments survive the rather violent collisions at these enthat accounts for the isospin distribution of the colliding nu-
ergies, one would expect them to be observed only neaglej, andp, is the maximum relative momentum at which the
beam and target rapidities, whereas production through cogmncleons will coalesce. In this formulation, the coalescence
lescence would dominate the central rapidity region. factor B, is unique for each particle species but does not
The coalescence model was initially developed for deuyary with beam energy and, except for small variations of

teron production considering phase-space probability distriRnp, it is also independent of the colliding system.
butions of the proton and neutr¢ti—4]. In this model, the

protons and neutrons interact via the strong force coupled to
a third body which allows them to bind and form the deu-
teron. Considering only the momentum phase space, the deu- AGS experiment 896 was a heavy-ion fixed target experi-
teron probability density is thus proportional to the density ofment measuring'®’Au+/Au collisions with a beam mo-
protons and neutrons. In heavy-ion collisions, the neutromentum of 11.6 GeW per nucleon. The experiment was
momentum distribution is similar to the proton momentumperformed at the Alternating Gradient Synchrotron accelera-
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FIG. 1. dE/dx plot as a function of particle momentum. FIG. 2. Measured range qf; versus rapidity of the identified

particles: protons, deuterons, tritons, attde.
tor (AGS) at Brookhaven National Laboratory. The main .- ination factors for each particle yield.

phyzl_tt:)s motivation for th'.s e)_(perlmle;nt was thhe_ sheﬁrch for the Figure 2 shows the measured range of the identified par-
H, dibaryon[9], an exotic six-quark state which has neverjciaq’in transverse momentum versus rapidity. The accep-

been unamblguously_ obseryed. tance here is constrained by the detector solid angle and the

An array of 15 SI|ICOH. drit detector@DDA).wa}s used  jg/qx interval in which it is possible to identify the particle.
for charged particle tracking. It was positioned inside a 6.2-T, cceptance correction factors were calculated by propagat-
magnetic field at a closest distance of 8 cm from the golflgl Monte Carlo generated events througanT [14]. The
target. Due to its proximity to the target, the detector hadgy, atedseanT tracks were then embedded into real events
e_xcellent .S.°|.'d angle coverage fo_r primary particles and g, ¢4\ jate the track reconstruction efficiency. Since the
high sensitivity for short-lived particles such ass [10]. A tracking efficiency varies with hit density a singEANT

detailed experimental description is presented elsewherg, .. \vas embedded in each event. Detector position and

[11-13. | of | | double track resolution were also considered in the embed-
A total of 350000 central AétAu events were analyzed ing procedure. On average, the track reconstruction effi-

with the silicon detector_array. (_:e_nt_rali_ty is defined by 8ciency for primary particles was around 90%. Acceptance
measurement of the particle m“'?'p"c'ty in each event. Thisyng efficiency corrections were calculated and applied sepa-
measgrement was perfc_)rmed with an array of scmt|llat0r§ate|y for eachy-p, bin for each particle species.

covering a pseudorapidity range betwegr1.9 and 3.3.

For all events r_ecorded with E896 a cut on the multiplicity . RESULTS

was applied which corresponds to the upper 5% of the geo-

metrical cross section. Track reconstruction was performed Figures 3—6 show the invariant yields per collision of
requiring a minimum of 5 hits on each track in order to protons, deuterons, tritonsH) and helium ¢He) as a func-
minimize the number of ghost tracks and improve momention of the transverse mass)—mg, for various rapidity
tum resolution. On average, 50 tracks per event were recomins. In these plots, measurement errors include the statisti-
structed in the silicon detector array. Particle identificationcal uncertainty coupled to the uncertainty introduced by con-
was accomplished by measuring the energy lods/@x) of  tamination factors in the particle identification. Systematic
each charged particle in each silicon plane. The average eg+rors due to the resolution in the transverse momentum are
ergy loss of a particle trackiE/dx, was then determined not included in the error bars plotted in Figs. 3—6; however,
using a truncated mean of the lower 75% of all detectoithey were considered in the fit procedure and they account
plane measurements. Figure 1 shows the extracted enerfgr less than 10% of the total uncertainty in the fit range.
loss as a function of particle momentum. To separate the The invariant double differential spectra are fitted with the
different particles, the distributions were divided into mo- Boltzmann curve according to a thermal fireball model
mentum intervals of 0.1 GeV¢/ projected onto thelE/dx  [15,16]:
axis, and fitted with Landau distributions for each particle. In 1 dN
each projection, the overlap areas between the fit curves cor- = C(y)mel~m/ 3)
responding to different particles were used to determine the 27m, dydm '
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FIG. 5. Measured double differential yields of tritons for differ-

FIG. 3. Measured double differential yields of protons for dif- ent rapidity intervals as a function of transverse mags m,. The
ferent rapidity intervals as a function of transverse mass m. dashed lines represent fits to E8).

The dashed lines represent fits to E8).

According to most thermal model calculations the mid-

whereC(y) andT (inverse slopgwere the free parameters rapidity slope parameters correspond to the freeze-out tem-
of the fit. Fit results of inverse slope parameters for E896perature, which should be the same for the different particle
protons, deuterons, aritHe are shown in Fig. 7 as a function species emitted from the fireball. However, if one considers
of y/Ypeam FOr comparison, midrapidity protons from transverse expansiofi8] of the source before freeze-out,

experiment E86617] (Au+Au at 11.6A GeV/c) are also then the effective slope parameter for each particle can be

plotted in Fig. 7.

parametrized as the sum of the freeze-out temperature and a
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FIG. 4. Measured double differential yields of deuterons for FIG. 6. Measured double differential yields 8fe isotope for
different rapidity intervals as a function of transverse mags different rapidity intervals as a function of transverse mags

—mg. The dashed lines represent fits to E8).

—mg. The dashed lines represent fits to E8).
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FIG. 7. Slope parameters as a function of rapidity for protons FIG. 8. Compilation of slope parameters at midrapidity for dif-
from E866(star$ in comparison to E896 protorifriangles, deu-  ferent particle speciess, A, and ®*He were measured by E896
terons(squarey and *He (circles. The solid symbols represent the (solid circles compared to pions and protons from E8@fpen
measured data and the corresponding open symbols represent ttiecles and kaons from E917open triangles The solid line was
data reflected symmetrically around midrapidigy=(1.6). calculated presuming a linear dependence, generated by a box pro-

file of the source density and the dashed line represents the adjusted
term that is proportional to the square of the source averageurve assuming a/A dependence generated by a Gaussian profile
transverse expansion velocit,)? scaled by a coefficied  of the source density.
which is a function of the particle mags dN B 42
TeffZTfreezeout+D(A)'<:8t>2- 4 dy - JmOZWm‘ZTrmtdydmdm" ®

Figure 8 shows a compilation of inverse slope parameters This integral is less sensitive to the fit range than the slope
as a function of particle mass for midrapidity particles meaparameters; thus the fits shown in Figs. 3 @r&luding the
sured in 11.6 GeW Au-+Au reactions. The pion, lambda, protons and tritonlswere used to extrapolate the integrated
and ®He slope parameters are calculated from this experig N/dy for each rapidity bin. Figure 9 shows thd\/dy dis-
ments data. The E896 lambda analysis and the deviation @fibutions for the different particles. Error bars were calcu-
the lambda inverse slope from the general mass dependengged by propagating the uncertainties of the fit parameters
are discussed in a separate pgf@y. Proton and kaon slope ysing Eq.(5).
parameters are extracted from AGS experiment E866 and The proton production is well measured by various AGS
E917[19], respectively. Particle species with mass below thesxperiments and is reliably reproduced by existing models.
proton mass fall on a common linear cup@(A)=A] that  The roMD V2.4 [21] prediction for protons produced in
yields a common freeze-out temperature of 2% MeV  11.6 GeVE central Au+ Au collisions is plotted as a dashed
and an average transverse expansion velocity(B8f) line in Fig. 9. It shows good agreement with the data within
=0.39 = 0.14 according to Eq4). the measurement errors. Also plotted, using open circles and

The ®He inverse slope parameter at mid-rapidity yields atriangles, are the yields of protons and deuterons measured
lower value as compared to the linear systematic. In a recemfy experiment E86617] for the same reaction. E866 did
paper by Polleriet al. [20] the coefficientD(A) for light  only consider statistical errors in their results. In the overlap
nuclei was calculated analytically considering two differentregion, both experimental data sets show good agreement,
profiles for the nucleon density in the fireball. In the case ofwhen taking into account a moderate systematic error in the
a Gaussian density profile the coefficient is proportional toE866 measurement.

JA, whereas a constaftiox-shapepidensity profile yields a For all shown particle species there seems to be a change
coefficient proportional té\. Both extrapolations are shown in the dN/dy distribution belowy/ypea.=0.3. The apparent

in Fig. 8 and the Gaussian profile fit is in better agreementise in yield could be attributed to a change in production
with the data. mechanism from coalescence at midrapidity to target frag-

The total cross section for each rapidity bin is calculatedmentation at the very backward rapidities. E896 uniquely
by integrating the respective, spectra over the full phase measures this transition region, in particular for #he 3
space range: particles fHe).
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FIG. 9. dN/dy distribution as a function of rapidity for protons, FIG. 10. Coalescence parameters calculated through yield ratios

deuterons, tritons, andHe. The dashed line represents tevp d/p? for B, andt/p3 and 3He/p? for B, as a function of rapidity for

prediction for protons. Open symbols represent similar measurey <100 MeV (solid symbols. B, and B, results measured by
ments of protons and deuterons presented by AGS experiment 85ﬁGS experiment 864 are presented in open squares.

Error bars reflect the fits shown in Figs. 3—6.

pared to the integrated cross sections obtained in E896 at

Anothefr |nd||cator of S;Jdl a b(fahaw%r IS .SCT.?W” 'g E)he Eom' ackward rapidity Y/Ypean=0.2). In both analyses the same
parison of coalescence factors for midrapidity and backwar ¢ intervals were used. The power law parametrization is a

rapidity. Based on Eq1), the coalescence factors Bnd B good description for the particle yields in both cases. The

i 2 3 3
v_verle C%alculatre]:d th_rctj)_ugh the r?t'dspf and_ Help é_respehc- numerator determines the intercept, whereas the denominator
tively, for each rapidity interval as a function pf. Since the shows the actual penalty factor per nucleon. The comparison

detector acceptance for protons is limited, and we havgh : -
.z ; ' ows that in the lower rapidity range the penalty factor for
shown in Fig. 9 thaRQMD describes the proton data well pidity rang P y

within the measured range, the coalescence parameters were

calculated by fitting the measured yields of the deuterons ancz; 1025
3He and dividing these fit functions by the appropriateE i }
power of the proton yield as predicted BpmD. Figure 10 2 i
summarizes the coalescence factors obtained as a function (% 10 2 \
rapidity for a particular lowp, interval (p;<100 MeV/c). & r \
For comparison, th&, andB; parameters measured by ex- < i N
periment E86423] are also plottedopen squargs £ I'e i\
In the mid-rapidity region ¥/Ypeam>0.3), both param- § § RN
eters remain approximately constant, as expected from th@ 10_]* \\
AN N

coalescence model. However, in the backward rapidity range-

(Y/Ypeam<0.3), the coalescence factor varies with rapidity, ’g \T\
/(32A1)
again suggesting that a different production mechanism§ . \\?9
most likely fragmentation, might contribute to the particle ~ ¢ °. \
26/(48A-1) .
N

yields in addition to the yield expected from simple coales-
Figure 11 corroborates the rapidity dependence of the par 10 = e E896 data for y=0.65 \ N

cence.

ticle prc_)duction by comparing coalescenc;e penalty faptors a o E864 data for y=1.9
a function of particle mass for the two different rapidity re-
gions. This factor is an empirical quantity, which param- 10
etrizes the particle yield as a function of particle mass as-
suming that each additional nucleon in the coalescence

\O\
v e b b b b b P g g

0 1 2 3 4
Particle Mass (GeV)

process will cause a decrease in yigRP]. Here, the inte- FIG. 11. Mass dependence of the invariant yields of light nuclei.
grated cross sections for light nuclei particles at mid-rapidityyields measured fop,/A between 100 and 200 MeV &Yyeam
measured by experiment E86@ .= 0.6) [23], are com-  =0.2 from E896 ang//ypean= 0.6 from E864.
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points are represented by the solid symbols, represeBtirandB;
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FIG. 12. Coalescence factoBs, (open circley and B3 (solid
circles calculated by the yield ratiod/ p? and *He/p® as a function
of p; for the rapidity interval 0.22 y/ype2n<0.25.

light nuclei production is about 30% lowé32 as opposed to
48) than near mid-rapidity.

Figure 12 shows the coalescence parameByrSopen  taken at AGS and SPS energies show a clear deviation from
circles and B3 (solid circles as a function of transverse this model by yielding lower coalescence factors in addition
momenta calculated for the rapidity interval 022/ypeam  to a rather strong energy dependence. The hindrance of the
<0.25. The strong; dependence agrees qualitatively with |ight nuclei production could be attributed to the large vol-
predictions based on a coalescence model that includes calme size of the fireball formed iA+ A collision, which is
lective flow and a constant nucleon density prof2e)]. supported by the fact that ip+ A reactions, where the fire-

Figure 13 shows a compilation of coalescence parametetsall is small, the coalescence is still in agreement with the
B, and B3 as a function of projectile kinetic energy per model predictions. Thus spatial separations between the
nucleon €;,/A) measured by different experiments. The nucleons and the collision dynamics seems to play an impor-
direct comparison of coalescence results from different extant role in the coalescence mechanism.
periments is difficult sinc®, varies withp, and rapidity(as Considering the dynamics of the coalescence mechanism
shown in Figs. 10 and 32In addition the EOS Collabora- within a large fireball, it has been sugges{@8] that the
tion has shown that the system size and collision centralityatio of deuterons to protonsl{p) is established during the
also impact the light nuclei producti¢@4,25. However, the  early stages of the reaction. After formation in the fireball the
comparison in Fig. 13 is meant to show a more general trengieakly bound deuteron will constantly break up and reform,
of the coalescence probability as a function of beam energynd if the collisions are frequent enough, the density of deu-
for p+A andA+A reactions. The lower energy results are terons will reach an equilibrium. Since this equilibrium will
from Ne+ Pb reactions measured at the BEVALAZG]. The  be governed by the collision frequency, which is dependent
E896B, andB; parameters are plotted in Fig. 13 with solid on the nucleon density in phase space, the ratio of deuterons

symbols and represent the coalescence parameters calculatethrotons will be proportional to the entropy per nucleon in
for the midrapidity range ang@,=0. In addition, measure- the fireball,
ments from AGS experiments E8§&7], E864[23], E814

[27], E878[28], and the CERN experiment NA4£29] are

also plotted. Represented by triangles are the coalescence Sy=3.945- In(5>. ©®)
parameter$, andB; for p+ A reactions measured at KEK

[30], CERN SPY31], and FNAL[32]. Our analysis yieldSy~ 7.0 for the rapidity biny=0.75,

The B, factors calculated for the lower energies agreewhich is in qualitative agreement with the value obtained by
very well with the simple coalescence model, which predictsE814[27] (Sy=12.8) when taking into account the entropy
these factors to be independent of the beam energy and tlw@ntribution by the pions. The only SPS experiment to report
colliding system. Inp+A collisions this assumption seems the entropy per baryon was NA429] which quoted a larger
to hold also for higher energies. However, the-A results  value than the AGS experiments at midrapidity, whereas the
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BEVALAC results yielded lower valuei34]. The steady in- pidities, however, the factors deviate from the model. The
crease with incident energy is expected. The question rencrease irB, andB; at lower rapidities can again be attrib-
mains whether the large values obtained at SPS energies ared to a change in the production mechanism from a coa-

consistent with a quark phase. lescence to a fragmentation process. Phelependence of
the coalescence parameter is well described assuming a con-
IV. CONCLUSION stant nucleon density profile in the expanding source. The

) ) ) discrepancy between this result and the behavior of the slope
Invariant yields of protons, deuterons, tritons, afide  parameters indicates that the simple coalescence formalism
were measured and analyzed in the framework of a thermghsijde an expanding fireball may not be sufficient to fully
model. The shape of the rapidity distributions indicate thalyescripe the production of light nuclei i+ A collisions.
for light nuclei there are different production mechanisms for
different kinematic regions, fragmentation at low rapidities
(Y/Ypeam<0.3) and coalescence at midrapidity/Ypeam
>0.3). The dependence of the slope parameters deduced ACKNOWLEDGMENTS
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