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The transverse massmt distributions for deuterons and protons are measured in Pb+Pb reactions near
midrapidity and in the range 0,mt−m,1.0 s1.5d GeV/c2 for minimum bias collisions at 158A GeV and for
central collisions at 40 and 80A GeV beam energies. The rapidity densitydn/dy, inverse slope parameterT
and mean transverse masskmtl derived frommt distributions as well as the coalescence parameterB2 are
studied as a function of the incident energy and the collision centrality. The deuteronmt spectra are signifi-
cantly harder than those of protons, especially in central collisions. The coalescence factorB2 shows three
systematic trends. First, it decreases strongly with increasing centrality reflecting an enlargement of the deu-
teron coalescence volume in central Pb+Pb collisions. Second, it increases withmt. Finally, B2 shows an
increase with decreasing incident beam energy even within the SPS energy range. The results are discussed and
compared to the predictions of models that include the collective expansion of the source created in Pb+Pb
collisions.

DOI: 10.1103/PhysRevC.69.024902 PACS number(s): 25.75.Dw

I. INTRODUCTION

In the study of the evolution of nuclear systems created in
relativistic heavy ion collisions[1], emitted nucleons and

light nuclei carry important information on dynamics of
nuclear interactions. There is evidence that in the early stage
of high energy nucleus-nucleus collisions the nuclear matter
is highly compressed and hot, reaching energy densities an
order of magnitude greater than that of normal nuclear matter
[2]. This system(fireball) expands and cools, and the inter-
action among the particles finally ceases. It is in the latest
stage of the evolution of the fireball, called the stage of
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freeze-out, that fragile light nuclei, in particular deuterons,
are formed. Due to their small binding energy it is improb-
able that they survive repeated collisions inside the fireball.
They are also unlikely to be the fragments of the projectile or
the target because of the violence of heavy ion collisions.
Thus, the observed deuterons are believed to be created by
coalescence of protons and neutrons at freeze-out.

In general, coalescence models relate the invariant yield
of light nuclei with massA to the Ath power of the proton
yield [3], assuming the neutron and proton distributions to be
identical:

EA
d3NA

dpA
3 = BASEp

d3Np

dpp
3 DA

, pA = App, s1d

The coalescence factorBA, which characterizes the coa-
lescence probability, depends on the fireball size as well as
its internal dynamics. It can be measured in the experiment
and used for estimating the reaction volume in which the
composite particles are created. Several prescriptions were
proposed to calculate a source radius from theBA parameter
[4–7]. In these models the coalescence parameter scales with
the reaction volume asBA~ s1/VdA−1.

Originally simple momentum-space coalescence models
[8], which assumed coalescence to take place between nucle-
ons with a small momentum difference, successfully de-
scribed early measurements of light nuclei production in
nucleus-nucleus collisions at Bevalac and SIS energies of
0.2–2.0A GeV [9,10]. Furthermore, theB2 values obtained
for these low energyA+A collisions and forp+A collisions
at the CERN SPS and FNAL[11] turned out to be relatively
independent of the beam energy and the size of the colliding
systems.

However, in heavy ion collisions at the typical AGS en-
ergies of 10–14A GeV [12–16] and at 158A GeV at CERN
[17–19] BA was found to be an order of magnitude smaller.
This observation was attributed to the larger source volume
due to hydrodynamic expansion of the collision zone before
freeze-out, a phenomenon not expected to appear at low en-
ergyA+A and high energyp+A collisions mentioned above.
Thermal and density matrix coalescence models[5,6] had
already been developed which considered a significant ex-
pansion of the collision volume, albeit no correlations be-
tween position and momentum of the nucleons. The presence
of collective motion(flow) leads not only to an expansion of
the collision volume but also to significant position-
momentum correlations between particles at freeze-out
[20–22] affecting the process of cluster formation. Indeed,
the overall expansion of the system tends to reduce the coa-
lescence probabilityBA by spatially isolating nucleons from
each other, whereas the collective flow increasesBA. Radial
flow makes it more likely for nucleons close in configuration
space to have also similar momenta. Thus cluster formation
becomes more probable.

Advanced coalescence models[23–25] have recently been
developed for systems with strong collective expansion and a
large source volume. It was found that the inverse slope sys-
tematics of proton and deuteron inclusive transverse mass
spectra, and the dependence ofBA on the transverse momen-

tum both arise from an interplay of transverse flow and the
radial dependence of the nucleon density. In this context, an
experimental study of the production of light nuclei at differ-
ent beam energies and collision centralities is of great impor-
tance since it may help to disentangle the competing effects
governing nuclear cluster formation.

New measurements of proton and deuteron production,
both in centrality selected Pb+Pb collisions at top SPS en-
ergy, 158A GeV, and in central Pb+Pb collisions at 80 and
40 A GeV are presented in this paper.

II. EXPERIMENTAL METHOD

The experiment was carried out with the NA49 large ac-
ceptance hadron detector[26] using external208Pb ion beams
with energies of 40, 80, and 158 GeV per nucleon produced
by the CERN SPS. Charged particles emitted from collisions
in a Pb target of 224 mg/cm2 thickness(equivalent to 0.47%
interaction length) are detected over a large fraction of phase
space by tracking in four large volume time projection cham-
bers(TPCs). Two of them(vertex TPCs) are located inside
the magnetic field, the two others(main TPCs) are placed
downstream of the magnets on either side of the beam line.
Particle momentum and velocity are determined from track-
ing through the magnetic field and measuring the specific
energy lossdE/dx in the TPC gas with a resolution of about
4%. Two 2.2-m2 time-of-flight (TOF) walls containing 891
scintillator pixels each are situated symmetrically behind the
main TPCs on both sides of the beam. The average overall
time resolution of these detectors is 60–70 ps. In this analy-
sis, the identification of protons and deuterons was primarily
accomplished by the TOF measurement, thedE/dx informa-
tion from the large TPCs being employed to eliminate the
background of charged pions and kaons. To demonstrate the
TOF identification capability, a sample of the mass spectra
obtained from measured momenta and time of flight are
shown in Fig. 1.

Online event characterization and triggering is accom-
plished by beam definition detectors located in the beam line
upstream of the target and interaction counters and calorim-
eters downstream of the target. The data samples were re-
corded with two trigger settings, providing the selection of
central and minimum bias events.

For central Pb+Pb collisions, the primary trigger detector
is a zero degree calorimeter(ZDC) located downstream of
the detector behind a collimator, which measures the energy
EZDC of the remaining projectile fragments and spectator
protons and neutrons. The upper limit on the energy in the
ZDC was set to accept the 12% most central events at
158A GeV and 7% at 40 and 80A GeV from all inelastic
Pb+Pb collisions.

For the selection of minimum bias Pb+Pb collisions, a
Cherenkov counter in the gas region immediately behind the
target is used to veto noninteracting projectiles. Triggering is
accomplished by placing an upper threshold on the signal
from this Cherenkov counter in coincidence with a valid sig-
nal from the beam detectors. Additionally, offline cuts were
made on thez position of the fitted primary vertex along the
beam direction to minimize the fraction of nontarget back-
ground events.
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III. DATA ANALYSIS AND RESULTS

For the present study of 158A GeV Pb+Pb collisions
320 000 central and 735 000 minimum bias events were
used. Centrality samples of Pb+Pb collisions were selected
subdividing the range of energyEZDC measured in the ZDC
into six bins. In each centrality bin, a direct estimate of the
number of participating nucleonsNpart is made by calculat-
ing the net baryon number carried by all particles emitted
from the collision into the phase space region outside the
spectator region[27]. For this calculation, the charged par-
ticle spectra measured in the NA49 experiment for almost
the full forward hemisphere[27–29] were used with only a
small extrapolation out to the beam rapidity.VENUS [30] and
RQMD [31] event generators were employed to relatekNpartl
to the range of the impact parameterb.

In a second approach, an estimate of the number of spec-
tators in an event via a direct measurement of the energy
deposited in the ZDC by projectile spectators was used. This
method relies on both the event generator and aGEANT simu-
lation of the calorimeter response. The above estimates of
Npart from the measured final spectra and the energy in the
ZDC agree well. The mean value from these estimates was
used forkNpartl, and their spread was considered to estimate
the systematic uncertainty. They are shown in Table I repre-
senting numerical values of centrality parameters used in the
analysis. The estimate of the impact parameterb is also
based on theEZDC measurement through the correlation ofb
with the energy in the ZDC in the simulation. In addition, the
number of wounded nucleonskNWl was obtained from a
Glauber calculation using the spectator-participant model of
nucleus-nucleus collisions.

The data analysis procedure included the following steps.
Tracks reconstructed in the TPCs having momentum and
dE/dx information were extrapolated to the TOF detector

wall and assigned a mass squared valuem2 derived from the
momentum and the time-of-flight measurement. Further,
only those tracks were accepted for analysis which had a
single hit in a scintillator pixel of the TOF detector, i.e.,
double hits and conversion pairs fromgs in the scintillator
were rejected, and relevant inefficiency corrections have
been applied to the particle yields. The sum of the losses as
determined experimentally from the TPC tracking data
(double hit) and the charge measurements in the TOF(g
conversion) amounts to 25% on average, with a maximum of
30% in the region of the TOF wall closest to the beam.

Tracks were then subjected to identification cuts applied
to the dE/dx and m2 values in order to select deuterons or
protons and to reject pions and most of the kaons. These cuts
were chosen in order to optimize the rate of deuterons(pro-
tons) and to minimize the background contribution stemming
mostly from the other charged particles. Correction factors

FIG. 1. Mass squared distributions for par-
ticles in the momentum rangesp=4–7 GeV/c
(left) andp=7–10 GeV/c (right). Gaussian fit to
the proton and deuteron mass peaks is indicated
by dashed lines.

TABLE I. Pb+Pb centrality bins from most central(1) to pe-
ripheral (6). Columns show theEZDC/Ebeam range, the covered
range in fraction of the total cross sectionstot, the mean numbers of
participatingkNpartl and woundedkNWl nucleons for each bin, and
the range of the impact parameterb for the corresponding cross
sections.

Bin EZDC/Ebeam Fraction kNpartl kNWl b range

of stots%d (fm)

1 0–0.25 0–5 366±8 352 0–3.4

2 0.25–0.40 5–12 309±10 281 3.4–5.3

3 0.40–0.58 12–23 242±10 204 5.3–7.4

4 0.58–0.71 23–33 178±10 134 7.4–9.1

5 0.71–0.80 33–43 132±10 88 9.1–10.2

6 0.80–1.00 43–100 85±6 42 10.2–14.0
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for deuteron(proton) loss and residual background contami-
nation due to the cuts were estimated from the experimental
dE/dx andm2 distributions using their parametrized descrip-
tion obtained from the fit. The background and particle losses
were negligible in the momentum range up top
=5.0 GeV/c reaching about 20% at highest momenta ofp
=10.0–12.0 GeV/c.

The identified protons are contaminated by protons from
weak decays of strange baryons(feed-down protons) that
were incorrectly reconstructed as tracks from the primary
vertex. They were subtracted from the proton spectra in order
to obtain the true proton distribution at freeze-out. This back-
ground correction was obtained from aGEANT-based Monte
Carlo simulation of the decay ofL and o hyperons and
reconstruction of their charged decay products. For generat-
ing representative phase space distributions of the decaying
hyperons recent results from the SPS experiments WA97
[32] and NA49 [33] on L production including those from
o0 decays were used. The small fraction of protons fromo+

decays was calculated using the RQMD model simulation.
The overall contribution of feed-down protons was found

to be 20–25% and almost independent of the collision cen-
trality. The calculatedmt-spectra of feed-down protons are
well described by an exponential function with inverse slope
parameterT values gradually changing from 240 MeV to
205 MeV from the most central to the peripheral bins, re-
spectively. Since a large part of the feed-down comes fromL
hyperons, the estimated systematic uncertainty of the feed-
down correction is relatively smalls5–10 %d and depends
only slightly on the collision centrality.

The data were corrected for geometrical acceptance losses
using the Monte Carlo simulation of the detector inGEANT.
The track reconstruction efficiency was determined by simu-
lation using the method of embedding tracks into real events.
The tracking efficiency was found to be nearly 100% in the
kinematical range covered by the TOF acceptance.

After all corrections mentioned above, the invariant trans-
verse mass(mt=Îpt

2+m2, m–particle mass) spectra for deu-
terons and protons were obtained(see Fig. 2). Themt depen-
dence was fitted by the sum of two exponential functions,

d2n

mtdmtdy
= C1e

−smt−md/T + C2e
−smt−md/T8, s2d

the first of them containing the inverse slopeT for mt
−m.0.2 GeV/c2 sto be quoted hereinafterd where no de-
viation from a single exponential is visible, and the sec-
ond one describing a deficit from this exponential at low
mt which is estimated to diminish from nearly 10% to
almost zero for the most central and peripheral bins, re-
spectively, as compared to the total yield. This expression
is found to describe the data well, especially in central
interactions where the deviation from the Boltzmann-type
distribution is more pronounced.

The numerical values for the inverse slopeT and the par-
ticle yield dn/dy are given in Table II. The total yielddn/dy
was obtained by integrating the transverse mass spectra over
the wholemt range using the fitted function of Eq.(2). The
table contains also the values of the mean transverse mass

kmtl−m. To obtain kmtl averaged over the full kinematical
range, an extrapolation to highmt was made. This extrapo-
lation is typically less than 10% and 20% for protons and
deuterons, respectively, and was done by using the fitted
function of Eq.(2).

FIG. 2. (Color online) Transverse mass distributions for deuter-
ons in rapidity bin 2.0,y,2.5 and for protons in rapidity bin
2.4,y,2.8 measured at various centralities of 158A GeV Pb+Pb
collisions. The curves through the measured points represent fits by
Eq. (2). The spectra are scaled down by a factor of 10 successively
from the most central data.

TABLE II. Particle yield dn/dy, inverse slopeT, and mean
transverse masskmtl−m for deuteronss2.0,y,2.5d and protons
s2.4,y,2.8d at various centralities in 158A GeV Pb+Pb colli-
sions. The errors are statistical.

Particle Centrality dn/dy T kmtl−m

(% of stot) (MeV) sMeV/c2d

Deuteron 0–5 0.33±0.03 425±39 540±50

5–12 0.27±0.03 421±44 530±48

12–23 0.21±0.03 416±38 491±45

23–33 0.12±0.02 330±33 380±38

33–43 0.08±0.01 279±28 315±32

43–100 0.04±0.01 279±35 315±39

Proton 0–5 29.6±0.9 308±9 413±13

5–12 22.2±0.6 308±9 415±14

12–23 14.5±0.4 276±9 362±12

23–33 9.8±0.3 273±10 355±12

33–43 5.7±0.2 245±10 315±13

43–100 2.9±0.1 216±10 259±12
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The sources of considered systematic uncertainties in-
clude possible errors in the determination of the efficiency
corrections, in particular those for selection of single track
hits in the TOF pixels as well as those for particle identifi-
cation and background subtraction. The subtraction is par-
ticularly relevant to the deuterons at the highest momenta
and the most peripheral bins which have relatively poor sta-
tistics. For protons, an additional systematic error is contrib-
uted by the feed-down corrections. The estimate of the par-
ticle yield dn/dy represents an extrapolation into
unmeasured regions under the explicit assumption of a cer-
tain shape of themt distribution. For the deuteron results, the
systematic errors do not exceed the statistical errors. Result-
ing total errors for the inverse slope parametersT are
40–50 MeV, almost independent of centrality. For the par-
ticle yield dn/dy, they vary from 15% to 30% for central and
peripheral bins, respectively. The overall uncertainty of the
proton results receives about equal contributions from statis-
tical and systematic errors and is estimated to be<15 MeV
for T. For dn/dy, it slightly increases from 5% to 10% from
the most central to the peripheral bins, respectively.

Invariant spectra were also obtained at beam energies of
40 and 80A GeV for the 7% most central Pb+Pb collisions
which corresponds to a mean number of participating nucle-
ons of kNpartl=349. The data are measured close to midra-
pidity, namely, in the rapidity range of 1.7,y,2.2 for deu-
terons and 1.9,y,2.3 for protons at 40A GeV syc.m.

=2.22d, and 1.8,y,2.3 for deuterons and 2.1,y,2.5 for
protons at 80A GeV syc.m.=2.56d.

The number of analyzed events was about 400 000 for
40A GeV and 300 000 for 80A GeV. Analysis of the data
was performed in the same manner as for 158A GeV. For the
proton feed-down correction, the NA49 results[33] on L
production at 40 and 80A GeV obtained from the same data
sample were used.

Figure 3 depicts the deuteron and proton spectra for all
three energies together with fits by the double exponential
function Eq.(2). Again, an obvious deviation from a single
exponential shape is seen. The numerical values of the par-
ticle yield dn/dy, inverse slopeT, and the mean transverse
masskmtl−m are listed in Table III.

IV. DISCUSSION

The transverse mass spectra for deuterons in Pb+Pb col-
lisions at 158A GeV are observed to be significantly harder
than those for protons, especially in central collisions. This is
illustrated in Fig. 4 where the average transverse masskmtl
−m is plotted as a function of the number of participating
nucleonsNpart. For all centralities,kmtl−m is larger for deu-
terons and this effect is most pronounced in central colli-
sions. It is also seen that the mean transverse mass of deu-
terons and protons decreases with diminishing centrality
converging approximately to a single value ofkmtl−m
.200–250 MeV/c2 in the most peripheral interactions. A
similar trend with the collision centrality is observed for in-
verse slopes.

From central data at 40, 80, and 158A GeV, there is clear

evidence that themt spectra for both deuterons and protons
get flatter with increasing incident energy. An obvious devia-
tion from a single exponential at smallmt, the so called
“shoulder-arm shape” of the transverse mass distributions
[34], is observed for all three energies.

The above observations, an increase with mass of the in-
verse slope parameter, a deviation of themt spectra from an
exponential shape at small transverse mass as well as the
evolution of these features with centrality and beam energy
are the predicted characteristics of radial collective expan-
sion [20–22]. In agreement with the measurement these are

FIG. 3. (Color online) Transverse mass distributions for deuter-
ons and protons near midrapidity in central Pb+Pb collisions at 40,
80, and 158A GeV. The solid lines illustrate the two exponential fit
of Eq. (2) to the data.

TABLE III. Particle yield dn/dy, inverse slopeT, and mean
transverse masskmtl−m for deuterons and protons in central Pb
+Pb collisions at beam energiesEbeam of 40, 80, and 158A GeV.
For completeness, the yields from 11.6 and 10.8A GeV Au+Au
collisions [14,34] are also shown. The errors are statistical.

Particle Ebeam dn/dy T kmtl−m

sAGeVd (MeV) sMeV/c2d

Deuteron 158 0.33±0.03 425±39 540±50

80 0.59±0.04 360±15 467±20

40 1.02±0.05 339±9 444±13

11.6 5.00±0.50 - 395±35

Proton 158 29.6±0.9 308±9 413±13

80 30.1±1.0 260±11 364±16

40 41.3±1.1 257±11 367±16

10.8 60.0±1.5 255±10 355±15
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expected to be stronger in central than in peripheral colli-
sions.

Transverse mass spectra at the top SPS energy have been
studied by several experiments. It was realized that the in-
verse slopeT of the transverse mass distribution increases
steadily with the mass of the considered particle(for a re-
view see Ref.[35]). This was explained as arising from the
relativistic superposition of the local thermal distribution
with the velocity field created by radial collective flow
[22,36,37]. A possible deviation from this systematics ob-
served for the multistrange baryonsJ andV was discussed
in Ref. [38].

The present data together with those recently obtained by
NA49 [33,39–42] extend the results on mass systematics of
the inverse slope parameter to the lower region of SPS en-
ergy and more species of emitted particles, from pions to
deuterons. A compilation is shown in Fig. 5. The previous
observation of an increase of the inverse slope parameter
with increasing mass of emitted particles in central Pb+Pb
collisions at 158A GeV is supported by the measurements at
40 and 80A GeV beam energies. It is also seen from the
figure that the inverse slopes for light particles(p− andK±)
show no visible variation with beam energy(within errors)
whereas for heavier species(p, d, L, and f) the inverse
slopes exhibit a systematic increase with increasing beam
energy in the SPS energy range.

As mentioned above, the deuterons are assumed to be
formed through the coalescence of protons and neutrons at
the very latest stage of the reaction. Due to space-momentum
correlation, most probably caused by radial collective flow,
the slope parameter of deuterons is much higher than that of
protons at all energies. Since deuterons are formed at freeze-
out, they have not experienced directly the push of collective

motion, but they contain the flow effect accumulated by their
constituent nucleons. In order to explain the higher slope of
deuterons as compared to protons quantitatively, one has to
assume a uniform density distribution of the source with a
sharp surface(boxlike profile) as was considered by Polleri
et al. [23] and by Scheibl and Heinz[24], while a Gaussian
shape was employed in the coalescence model of Llopeet al.
[43].

The deuteron measurement together with the measure-
ment of protons allows the determination of the deuteron
coalescence parameterB2, which can be calculated from Eq.
(1) for A=2. The resulting values ofB2 at smallpt measured
in the rapidity bin 2.0,y,2.5 are plotted versus the number
of participating nucleonsNpart in the top panel of Fig. 6.
They are compared with data deduced from the NA52 ex-
periment [17]. Good agreement is observed between both
results. The numerical values ofB2 are tabulated in Table IV.

In the most central Pb+Pb interactions the coalescence
parametersB2.4.5310−4 GeV2/c3d is nearly one-tenth of
that measured for the most peripheral events, thus exhibiting
a strong centrality dependence. This observation resembles
the drastic drop ofB2 with increasing energy and may also
imply a changing effective freeze-out volume of the emission
source arising from the dynamics of the expansion.

The B2 parameter can be related through the coalescence
models to the size of the particle emission source[4–7]. The
dynamics of the collisions is believed to be important for the
coalescence mechanism. The model[24] explicitly considers
rapid collective expansion of the collision zone in a density
matrix approach for coalescence and finds the connection
between the value ofB2 and the volume of homogeneity(the

FIG. 4. (Color online) Average transverse masskmtl−m for deu-
teronss2.0,y,2.5d and for protonss2.4,y,2.8d as a function of
Npart in 158A GeV Pb+Pb collisions. Overlaid are polynomial fits
to underline the trend. The errors are statistical.

FIG. 5. (Color online) Inverse slope parametersT for a variety
of particle species measured by NA49 near midrapidity in central
Pb+Pb collisions at 40, 80, and 158A GeV beam energies. Solid
and open points are for particles and antiparticles, respectively. The
data forp− andK± are from Ref.[39], for L andJ baryons from
Ref. [33] and Refs.[40,41], respectively, and forf mesons from
Ref. [42]. The data forL at 40, 80, and 158A GeV, and forf at 40
and 80A GeV are preliminary. The results forp and d were ob-
tained in this work. The quoted errors are statistical.
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effective interaction volume) asB2~1/Vhom [see Eq.(6.3) of
Ref. [24]]. From Vhom one can calculate a coalescence
radiusRcoal=Vhom

1/3 and compare it to the radius of homoge-
neity RHBT=sRside

2 Rlongd1/3 obtained from Bose-Einstein cor-
relations. HereRside andRlong are the effective transverse and
longitudinal dimensions of the emission region at freeze-out
extracted from HBT interferometry.

Using the prescription of the model and the results ofB2
one can extractRcoal for each centrality bin. The result is

displayed in the bottom panel of Fig. 6 by solid points.RHBT
derived from recent HBT results of NA49 is also depicted in
the figure as a shaded band with a width representing the
estimated uncertainty of the data.

It is important to note that the radius parameters used for
comparison should be taken at similarmt values in both the
HBT and coalescence analysis, i.e., atmt near the nucleon
mass. For this calculation the dependence of HBT radii on
Npart measured for pions atmt=0.2 GeV/c2 [44] was scaled
to mt.mp using themt dependence of HBT radius param-
eters obtained from the correlation study ofpp [44], pp
[45], andKK [46,47] pairs each of them measured at differ-
ent mt values in central 158A GeV Pb+Pb collisions.

It is observed that the effective source radius derived from
B2 rises more steeply with increasingNpart than that obtained
from the HBT analysis. Towards central collisions an obvi-
ous discrepancy develops. Moreover, there is also a differ-
ence in the energy dependence of the coalescence and HBT
radii. Namely, the difference inB2 in central Pb+Pb colli-
sions at 40 and 158A GeV suggests about 30% difference in
the coalescence radii for these energies, which is not seen in
the HBT radii [44].

The dependence of the coalescence parameterB2 on the
deuteron transverse massmt−m is displayed in Fig. 7 for
three centrality regions coverings0–12d% ,s12–33d% and
s33–100d% of stot. The solid lines are exponential fits of the
form B2smtd=a expfcsmt−mdg. The figure demonstrates that
the coalescence probabilityB2 increases at largemt values in
all three centrality selected data samples. This effect is con-
nected to the difference in inverse slopes between deuterons
and protons and can be explained as a consequence of the

FIG. 6. (Color online) Top: Deuteron coalescence factorB2 in
the rapidity interval 2.0,y,2.5 at 158A GeV Pb+Pb collisions
near zeropt plotted as a function of the number of participating
nucleonsNpart (full dots). The measurements are compared to the
results of the NA52 experiment[17] at y=3.7 (y=2.1 reflected at
midrapidity ycm=2.9) (open dots). Bottom: Source radiiRcoal ex-
tracted from the measuredB2 values in the context of the coales-
cence model[24] (full dots) and RHBT=sRside

2 Rlongd1/3 calculated
from the HBT data for correlations ofpp [44] (preliminary), KK
[46,47], and pp [45] pairs (shaded band width indicating the esti-
mated uncertainties). For details, see the text.

TABLE IV. Coalescence parameterB2 in 158A GeV Pb+Pb col-
lisions at nearly zeropt for six centrality bins specified by the mean
numbers of participating nucleonskNpartl. The estimated total errors
are quoted.

kNpartl 366 309 242

B23104 sGeV2/c3d 4.5±1.0 6.5±1.5 10.0±2.5

kNpartl 178 132 85

B23104 sGeV2/c3d 16.0±4.0 27.0±8.0 32.0±9.0

FIG. 7. (Color online) Coalescence factor B2 for
158A GeV Pb+Pb reaction as a function of the deuteron transverse
massmt−m for three centrality cuts. Curves show exponential fits
of the formB2smtd=a expfcsmt−mdg. The dotted lines represent the
effect of the ±1s errors of the fitted parameterc. The error bars are
statistical.

ENERGY AND CENTRALITY DEPENDENCE OF… PHYSICAL REVIEW C 69, 024902(2004)

024902-7



interplay between transverse flow and the constant source
density profile[23,24]. While the first two more central bins
represent reasonably exclusive cuts on event geometry, the
third more peripheral bin represents events averaged over a
large range in collision geometry. However, it is believed
that in very peripheral collisions there will be nomt depen-
dence ofB2 because the inverse slopes for deuteron and pro-
ton approach the same value(see Fig. 4). The AGS[14] and
other SPS measurements[18,19] also reported thatB2 in-
creases withmt, thus exhibiting the same trend as the present
results.

It should be noted that the proton and deuteron distribu-
tions used forB2 calculations at 158AGeV are measured not
in exactly the same but partially overlapping rapidity inter-
vals. This introduces some uncertainty which is estimated to
be entirely contained within the quoted systematic errors for
B2. To give the numerical values, if the proton data at rapid-
ity 2.4,y,2.8 are corrected to the rapidity interval of the
deuteron measurementss2.0,y,2.5d the proton yield
dn/dy increases by 5% and the inverse slope decreases by
10–15 MeV at most. This results in an<10% reduction of
B2 at smallmt values and a slightly steeper increase withmt
resulting in an about 10% increase atmt−m=1.0 GeV/c2.
For above corrections the proton data from NA49 measured
in a wide rapidity range[27,29] were used.

The B2 values measured at 40, 80, and 158AGeV beam
energies for central Pb+Pb collisions are displayed in Fig. 8
and compared to measurements at other energies. The previ-
ously observed decrease ofB2 with beam energy is supported

by the present measurements. The data show a continuous
decrease ofB2 of at least a factor of 2 from AGS to the
highest SPS energy.

V. SUMMARY

In central 158A GeV Pb+Pb collisions near midrapidity
the mean transverse masskmtl−m for deuterons
s.540 MeV/c2d is considerably larger than that for protons
s.415 MeV/c2d. Towards more peripheral collisions both
decrease converging tokmtl−m.200–250 MeV/c2. The
spectra show a deviation from an exponential behavior at
small mt, which is more pronounced in central than in pe-
ripheral reactions. The deviation from the simple exponential
form was also found for the deuteron and protonmt spectra
in central Pb+Pb reactions at 40 and 80A GeV incident en-
ergies, and the mean transverse mass values are smaller than
those in central 158A GeV collisions.

The coalescence parameterB2 shows a trend to increase at
large transverse massmt. The observed increase inB2 with
transverse mass as well as the larger inverse slope parameter
T for deuterons than for protons support a model which as-
sumes that the radial density profile of the emission source is
close to a box shape and the transverse expansion velocity
profile is nearly linear.

The coalescence factor in the most central bin is measured
to beB2.4.5310−4 GeV2/c3. It increases by about an order
of magnitude when approaching the most peripheral colli-
sions, thus exhibiting a strong dependence on the size of the
collision zone. B2 decreases steadily with beam energy
within the SPS energy range.

The radius of the particle emission source derived from
the B2 measurement is in reasonable agreement with that
from Bose-Einstein correlations in peripheral and mid-
central Pb+Pb collisions. Approaching central collisions the
former rises faster than the value obtained from the correla-
tion analysis.

In summary, the observations are qualitatively consistent
with the main features predicted by modern coalescence
models that include the presence of a strong collective ex-
pansion in high energy nucleus-nucleus collisions of heavy
nuclei.
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FIG. 8. (Color online) Coalescence factorB2 for central Pb
+Pb collisions at 40, 80, and 158A GeV beam energies reviewed
together with those from the Bevalac[10], AGS [12,13,16], and
SPS [17,18]. Only data for midrapidity in central collisions of
heavy systems are shown. The result for antideuterons from RHIC
measured by STAR in Au+Au collisions[48] is also quoted.
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