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Proton and deuteron production in Au1Au reactions at 11.6A GeV/c
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Proton and deuteron distributions from 11.6A GeV/c Au 1 Au collisions measured by the E802 Collabo-
ration in experiment E-866 are presented. The invariant yield of protons and deuterons is studied as a function
of the transverse mass for different cuts of rapidity and centrality. At lowmt2m0 the proton and deuteron
invariant spectra deviate from a single exponential shape. The averagemt as function of centrality and rapidity
is used to explore the effect of collective transverse flow in the reaction. The ratio of the deuteron to squared
proton yield as a function of transverse momentum, rapidity, and centrality is used to probe the coalescence
model of deuteron production. This ratio is constant as a function of rapidity only for the most central cuts and
decreases with the centrality for every rapidity cut. The ratio of the differential cross section of the deuteron to
the squared differential cross section of the proton, for the most central cut, is not constant as a function of
mt2m0. @S0556-2813~99!04911-0#
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I. INTRODUCTION

Heavy-ion collisions provide an opportunity to produ
compression and heating of nuclear matter in a contro
environment. From the measured proton rapidity distrib
tions of central Au1 Au reactions at 11.6A GeV/c a sig-
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nificant increase of baryon stopping@1# was found as com-
pared to earlier results using lighter systems@2#, thus
providing evidence for the formation of a larger interacti
region and higher maximum density.

Among the several observables expected to result fr
the formation of dense nuclear matter is the manifestation
collective flow resulting from compression-induced press
@3#. At around 10A GeV/c, azimuthally asymmetric particle
correlations in the target rapidity region have been obser
r-
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FIG. 1. The experimental layout of the E-866 in the Fall of 1994. Showed are the multiplicity array~NMA !, the zero-degree calorimete
~ZCAL!, the interaction trigger~Bullseye!, the Henry Higgins spectrometer consisting of drift chambers~T1-T4!, wire chambers~TRF1,2
and TR1,2!, a time-of-flight wall ~TOF!, the gas-Cerenkov detector~GASC!, and the back counter~BACK!. The forward spectromete
consists of a sweeping magnet~M1!, analyzing magnet~M2!, drift chambers~FT1-4!, two time projection chambers~TPC1,2! and a
time-of-flight wall ~FTOF!. A scintillator array~PHOS! for particle spectra at back-angles and a hodoscope~HODO! of crossedXY slats
complete the detector hardware.
rm
i

ra

is
At
the
ze-
nd

te
e

m-
net
@4#, as well as ‘‘bounce-off’’ for protons@5#. Another pre-
dicted characteristic of collective flow is the shoulder-a
shape of the transverse momentum distributions and the
crease with the mass of the slope parameters or ave
transverse mass (^mt&) for different particles@6#. Evidence
of this has been observed in Au1 Au at 11.6A GeV/c @1#

FIG. 2. Acceptance limits for protons, for the HH spectrome
at 14°, 19°, 24°, 29°, 34°, 39°, and 44°, for different magn
settings.
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and in Pb1 Pb collisions at 158A GeV/c @7#.
The nuclear matter formed in the interaction region

very hot and dense, but with time it expands and cools.
some point it is expected that the interactions among
particles cease and the nuclear matter is said to ‘‘free
out.’’ Deuterons are not elementary hadronic particles a

r
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FIG. 3. Acceptance limits for deuterons, for the HH spectro
eter at 14°, 19°, 24°, 29°, 34°, 39°, and 44°, for different mag
settings.
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PROTON AND DEUTERON PRODUCTION IN Au1Au . . . PHYSICAL REVIEW C 60 064901
because of their small binding energy~2.25 MeV!, it is very
probable that they will not survive repeated collisions@8,9#.
Consequently it is likely that the observed deuterons are
ated from nucleons close to the freeze-out point. Thus c
posite particle production may provide information on t
space-time structure of the freeze-out region.

Several models have been used to describe the produ
of light nuclear clusters or composites. In general, th
models relate the invariant yields of light nuclei with massA
to the Ath power of the proton yields, and are common
known as the coalescence models@10#. Specifically

EA

d3nA

dpA
3

5BaS Ep

d3np

dpp
3 D A

, pA5App , ~1!

whereBa is the invariant coalescence factor andpA is the
cluster momentum, the assumption being that at these e
gies the unmeasured neutron distributions are identical to
measured proton distributions. At energies arou
1A GeV/c, it was found thatBa was fairly independent o
the centrality of the reaction and of the momentum and an
of emission of the cluster @11#. In the range of

FIG. 4. The measuredEZCAL distribution from interaction trig-
gers. Target-out reactions have been subtracted. The centrality
used in the data analysis are illustrated by lines. The numbe
projectile participant nucleons,^npp&, estimated from theEZCAL is
indicated at the top of the figure. The beam-energy-centroid co
sponding toEZCAL52123.0, is indicated with a dashed line.
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10–15A GeV/c, it has been found thatBa is not a constant
@12#, and deviations from constant behavior have been
dressed with more sophisticated models.

Some of these approaches treat the problem by cons
ing energy-momentum conservation and the requirement
third particle or a surrounding medium to form a deuter
from a nucleon pair@13,14#. Other models incorporate flow
effects treating coalescence as an ‘‘after-burner’’ applied
the final nucleon density distribution provided by casca
calculations@6# or analytic hydrodynamic transport equ
tions @15#.

Using the relativistic quantum molecular dynamics mod
~RQMD! @16# and a cluster model based on the sing
particle phase-space distributions at freeze-out, Mattielloet
al. @17,6# showed that both the deviation from the expone
tial behavior~shoulder-arm shape! and the large bounce-of
signal for clusters are directly related to the freeze-out geo
etry and flow correlations. As opposed to simple fireball a
blast wave models that assume equal velocity and den
profiles for all states, the freeze-out geometry and flow c
relations result in smaller freeze-out radii and larger aver
transverse ‘‘velocities,’’^pt&/A, for the clusters at midra-
pidities than for the protons. It is also shown that the colle
tive flow enhances the deuteron yield, i.e., the probability
finding two nucleons close enough in the phase-space
ume to produce a cluster.

If the coalescence model is applicable to the data, then
coalescence parameterBa can be expressed in terms of a
effective source volume, with equivalent radiusR. The de-
pendence ofR on dynamical variables such as the transve
momentum can be used to probe how coalescence is affe
by transverse flow.

In this paper, the proton and deuteronmt2m0 distribu-
tions from 11.6A GeV/c Au 1 Au reactions measured b
the experiment E-866 at the Alternating Gradient Synch
tron ~AGS! at Brookhaven National Laboratory in 1994 a
presented. The rapidity distributions,dn/dy, and the average
transverse masŝmt& are extracted from the distributions
These parameters together with the ratio of deuteron yiel
the square of the proton yield are studied as functions of
rapidity and centrality and this ratio is presented as a fu
tion of the transverse momentum for the most central c
The implications of the data are analyzed in the context
the coalescence model and the possible effects of collec
flow. In the following section a brief discussion of the e

uts
of

e-
s of
TABLE I. Listing of the ranges ofEZCAL values used as centrality cuts, and their equivalence in term
the percentage of the cross section and the number of projectile participants.

EZCAL range~GeV! CS range~mb! % range ^EZCAL& ~GeV! ^npp&

0–240 0–212 0–3 176.1 180
240–390 212–484 3–7 314.3 167
390–570 484–799 7–12 479.3 152
570–780 799–1174 12–17 676.3 134
780–1020 1174–1613 17–24 901.6 113
1020–1290 1613–2183 24–32 1158.5 89
1290–1590 2183–2976 32–43 1449.2 62
1590–3000 2976–5130 43–76 1832.6 27
1-3
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periment is presented. Several aspects of the data analys
considered in Sec. III. In Sec. IV the results are presen
and a discussion follows in Sec. V. The last section pres
the conclusions from this work.

FIG. 5. Measured double differential yield for protons, in d
ferent rapidity intervals as a function of transverse kinetic ene
mt2m0. This spectra is for the 0–3 % centrality cut. The lines a
fits to Eq. ~4! ~see text!. The error bars are only statistical; th
systematic errors are discussed in the text.

FIG. 6. Measured double differential yield for deuterons, in d
ferent rapidity intervals as a function of transverse kinetic ene
mt2m0. These spectra are for the 0–3 % centrality cut. The li
are fits to Eq.~4! ~see text!. The error bars are only statistical; th
systematic errors are discussed in the text.
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II. THE EXPERIMENT

The present measurements were part of the study
11.6A GeV/c Au 1 Au collisions in experiment E-866 a
the AGS at Brookhaven National Laboratory by the E-8
collaboration. The E-866 apparatus consisted of three se
detectors: for triggering, for identification and particle trac
ing, and for global characterization of the events. Experim
866 had essentially the same setup as its predecessors E
and E-802, with some improvement to the tracking in fro
of the magnet, an additional forward spectrometer arm, an
new multiplicity array~NMA !. The complete description o
the Henry Higgins spectrometer and several aspects of E
can be found in Ref.@18#, the elements of the experimen
used for the measurements presented in this paper are b
described in this section. A lay-out of the E-866 experime
is shown in Fig. 1.

Event triggering was defined by the ‘‘beam counter
BTOT and HOLE. These detectors were designed to de
mine good beam and timing for trigger logic and time-o
flight measurements. The BTOT was a quartz detector s
ated 2 m upstream of the target. HOLE was a scintilla
detector with a 1 cmradius hole cut out of the middle, lo
cated 50 cm downstream of BTOT. In addition to these be
counters there was a quartz Cerenkov radiator~the ‘‘bulls-
eye’’! @19# 10.6 m downstream from the target, which dete
mined the charge of the forward-going spectator fragmen

The tracking and particle identification for this analys
were achieved using a rotatable 25 msr magnetic spectr
eter ~Henry Higgins!, together with tracking detectors an
the time-of-flight wall. The Henry Higgins spectrometer co
sisted of two drift chamber modules before~T1,T2! and two

y

y
s

FIG. 7. Measured double differential yield for protons, in d
ferent rapidity intervals as a function of transverse kinetic ene
mt2m0. These spectra are for the 12–17 % centrality cut. The li
are fits to Eq.~4! ~see text!. The error bars are only statistical; th
systematic errors are discussed in the text.
1-4
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PROTON AND DEUTERON PRODUCTION IN Au1Au . . . PHYSICAL REVIEW C 60 064901
after ~T3,T4! the magnet. The single track resolution of t
chambers was 150mm and for two tracks, about 2 mm. Th
wire tracking chambers TRF1 and TRF2 were built to h
the spectrometer handle the high multiplicity events. Ea
chamber consisted of four planes of wires, one each in
horizontal, vertical, and the two diagonal directions. Fina
the time-of-flight wall~TOF! @20#, consisting of 160 plastic
scintillators placed 6.5 m from the target, with a timing res
lution of about 130 ps (1s), was used for particle identifi
cation. The platform carrying the magnet, tracking, and p
ticle identification detectors can swing the spectrometer fr
a most forward angle of 14° to a most backward angle
44°.

The centrality selection for the spectra was made us
the zero degree calorimeter~ZCAL! @21#, which measured
the energy remaining in the projectile fragments travel
forward, and which subtended an angle of 1.5° from
beam axis.

Several hardware triggers were implemented in E-8
The valid beam trigger~BEAM!, was logically defined by
BEAM5PREùBTOTùHOLE, where PRE is a 0.5ms
pile-up rejection criterion; the interaction trigger,INT
5BEAMùBE, where BE means a valid bullseye intera
tion. and the level zero trigger, LVL0
5(BEAM/nøINT)ùTBUSY, with n5200 and TBUSY a
busy-processing signal. For the measurements present
this paper the SPEC trigger was used. It was a minimum
trigger which required a valid beam, an interaction and a
in at least one of the TOF slats and one of the TRF1 w
SPEC5LVL0ùTOF1ùTR1. The SPEC-triggered dat

FIG. 8. Measured double differential yield for deuterons, in d
ferent rapidity intervals as a function of transverse kinetic ene
mt2m0. These spectra are for the 12–17 % centrality cut. The li
are fits to Eq.~4! ~see text!. The error bars are only statistical; th
systematic errors are discussed in the text.
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are not biased against any particle species and also repr
a minimum bias trigger.

The thickness of the Au target was 1.5% of an Au inte
action length, or 975 mg/cm2 ~Gold nuclei at 11.6A GeV/c

y
s

FIG. 9. Measured double differential yield for protons, in d
ferent rapidity intervals as a function of transverse kinetic ene
mt2m0. These spectra are for the 43–76 % centrality cut. The li
are fits to Eq.~4! ~see text!. The error bars are only statistical; th
systematic errors are discussed in the text.

FIG. 10. Measured double differential yield for deuterons,
different rapidity intervals as a function of transverse kinetic ene
mt2m0. These spectra are for the 43–76 % centrality cut. The li
are fits to Eq.~4! ~see text!. The error bars are only statistical; th
systematic errors are discussed in the text.
1-5
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TABLE II. The dn/dy and ^mt& distributions for protons. Each centrality cut is defined in Table I. The errors cited are statistical only.

y dn/dy ^mt& ~GeV! x2/d.o.f. y dn/dy ^mt& ~GeV! x2/d.o.f.

0–3 % centrality

0.4560.05 41.761.1 1.14060.013 0.31/5

0.5560.05 47.261.2 1.14060.005 8.19/12

0.6560.05 51.661.2 1.15260.002 27.60/30

0.7560.05 51.361.2 1.16960.003 39.62/30

0.8560.05 53.361.1 1.18260.007 26.21/26

0.9560.05 56.461.0 1.19860.002 44.15/26

1.0560.05 58.261.0 1.22660.002 23.61/22

1.1560.05 60.561.0 1.23960.005 28.88/19

1.2560.05 61.661.2 1.25560.007 18.37/15

1.3560.05 63.261.7 1.27860.013 2.70/11

3–7 % centrality

0.4560.05 42.661.0 1.12660.011 1.26/5

0.5560.05 47.661.1 1.14460.005 6.32/12

0.6560.05 50.361.1 1.15460.002 37.36/30

0.7560.05 50.661.1 1.17360.003 19.85/28

0.8560.05 52.461.0 1.18560.004 29.07/26

0.9560.05 53.060.9 1.18460.005 30.25/26

1.0560.05 55.760.9 1.21260.002 25.15/22

1.1560.05 56.260.9 1.23060.005 19.68/19

1.2560.05 55.361.0 1.25060.002 23.81/15

1.3560.05 55.861.3 1.28560.013 4.43/11

7–12 % centrality

0.4560.05 41.561.0 1.12560.013 3.16/5

0.5560.05 44.661.0 1.14560.003 12.36/12

0.6560.05 43.960.7 1.15860.002 31.32/32

0.7560.05 45.560.8 1.17260.003 22.27/31

0.8560.05 46.260.8 1.17460.002 24.47/27

0.9560.05 47.760.8 1.20060.005 24.65/25

1.0560.05 47.860.8 1.20760.002 29.50/21

1.1560.05 49.060.8 1.22460.005 20.35/19

1.2560.05 48.160.9 1.23360.002 16.01/15

1.3560.05 48.764.2 1.24560.011 5.91/11

12–17 % centrality

0.4560.05 35.163.5 1.12160.010 5.23/5

0.5560.05 39.760.9 1.14060.004 4.22/12

0.6560.05 38.960.7 1.15360.002 37.45/31

0.7560.05 38.860.8 1.17460.005 29.22/31

0.8560.05 38.660.8 1.18060.005 23.29/25

0.9560.05 40.060.7 1.17860.004 26.96/26

1.0560.05 39.360.9 1.18360.009 22.16/22

1.1560.05 41.160.7 1.22060.005 9.21/19

1.2560.05 41.460.8 1.23160.006 10.30/15

1.3560.05 38.563.4 1.24960.012 6.85/11

17–24 % centrality

0.4560.05 36.660.9 1.10760.010 1.12/5

0.5560.05 34.861.2 1.12260.006 4.84/12

0.6560.05 34.660.6 1.14560.002 29.25/31

0.7560.05 34.860.7 1.15660.002 34.39/30

0.8560.05 34.360.6 1.16460.004 24.66/27

0.9560.05 33.860.6 1.17860.004 13.67/26

1.0560.05 33.360.7 1.19060.007 20.92/21

1.1560.05 34.560.64 1.20760.004 12.85/19

1.2560.05 34.360.7 1.21660.006 8.92/15

1.3560.05 32.864.2 1.23760.024 2.17/11

24–32 % centrality

0.4560.05 30.262.2 1.08960.003 1.34/5

0.5560.05 29.161.0 1.11960.007 5.65/12

0.6560.05 27.660.5 1.13660.002 32.65/31

0.7560.05 27.260.5 1.14660.003 17.61/28

0.8560.05 26.660.5 1.15960.004 19.21/26

0.9560.05 25.960.4 1.17160.004 17.53/26

1.0560.05 25.960.4 1.18160.004 18.31/22

1.1560.05 25.360.4 1.19960.004 12.25/19

1.2560.05 25.460.5 1.20860.005 14.35/15

1.3560.05 25.861.9 1.21360.011 5.86/11

32–43 % centrality

0.4560.05 24.760.7 1.08060.007 0.30/5

0.5560.05 22.560.5 1.11060.003 8.73/12

0.6560.05 20.260.3 1.12860.002 31.25/32

0.7560.05 19.560.4 1.13760.003 14.70/27

0.8560.05 19.260.3 1.14560.003 24.47/29

0.9560.05 18.360.3 1.14960.004 24.60/26

1.0560.05 17.260.4 1.16660.005 21.97/22

1.1560.05 16.960.4 1.18160.004 11.64/19

1.2560.05 16.460.7 1.19460.006 7.31/15

1.3560.05 16.660.5 1.19660.007 4.82/11

43–76 % centrality

0.4560.05 14.060.4 1.05960.006 2.59/5

0.5560.05 12.160.3 1.08560.003 11.35/12

0.6560.05 10.660.2 1.10560.001 26.41/29

0.7560.05 9.660.2 1.11860.002 31.98/27

0.8560.05 8.860.2 1.13160.003 25.40/24

0.9560.05 8.060.1 1.14160.004 22.72/26

1.0560.05 7.460.2 1.14660.004 10.10/22

1.1560.05 6.960.2 1.15860.003 5.93/19

1.2560.05 6.560.2 1.16260.006 9.98/15

1.3560.05 6.560.4 1.17260.006 8.59/11
064901-6
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TABLE III. The dn/dy and ^mt& distributions for deuterons. Each centrality cut defined in Table I. The errors cited are statistical o

y dn/dy ^mt& ~GeV! x2/d.o.f. y dn/dy ^mt& ~GeV! x2/d.o.f.

0–3 % centrality
0.4560.05 3.460.3 2.06460.023 19.52/11
0.5560.05 3.260.2 2.11760.012 14.67/20
0.6560.05 3.960.2 2.11460.015 21.62/21
0.7560.05 4.060.2 2.16760.022 13.90/19
0.8560.05 4.560.2 2.18260.022 23.31/19
0.9560.05 4.660.2 2.21760.025 13.34/20
1.0560.05 4.660.3 2.19160.018 31.14/20
1.1560.05 5.160.3 2.22260.018 12.55/25
1.2560.05 5.460.5 2.26560.027 14.04/18
1.3560.05 5.360.6 2.34760.053 3.32/11

3–7 % centrality
0.4560.05 4.260.4 2.08760.018 8.73/11
0.5560.05 3.860.2 2.12160.009 15.13/21
0.6560.05 4.060.2 2.13560.008 20.61/26
0.7560.05 4.260.2 2.15760.017 10.32/22
0.8560.05 4.660.2 2.15760.016 18.15/26
0.9560.05 4.460.2 2.21060.021 12.24/24
1.0560.05 4.460.6 2.18360.040 15.70/24
1.1560.05 4.760.3 2.20460.015 17.19/25
1.2560.05 4.460.3 2.24660.027 14.27/18
1.3560.05 4.660.7 2.22760.041 15.70/11

7–12 % centrality
0.4560.05 4.160.2 2.08860.016 6.11/11
0.5560.05 4.160.2 2.10760.008 19.71/25
0.6560.05 4.060.2 2.08160.022 25.42/25
0.7560.05 3.860.2 2.12860.014 22.90/23
0.8560.05 4.060.2 2.15660.017 14.73/22
0.9560.05 4.060.2 2.19660.018 11.87/25
1.0560.05 3.860.2 2.21360.017 20.28/23
1.1560.05 4.260.2 2.19060.013 32.47/25
1.2560.05 4.060.3 2.22160.019 14.89/18
1.3460.05 4.160.5 2.27060.039 11.60/11

12–17 % centrality
0.4560.05 5.360.3 2.07060.011 10.13/11
0.5560.05 4.160.2 2.10260.010 25.36/23
0.6560.05 3.760.2 2.11060.011 23.60/24
0.7560.05 3.360.1 2.12260.016 22.84/21
0.8560.05 3.660.3 2.16560.018 14.46/24
0.9560.05 3.360.1 2.16960.017 27.09/25
1.0560.05 3.460.1 2.17060.019 17.74/22
1.1560.05 3.260.2 2.20460.014 23.52/25
1.2560.05 3.060.6 2.23660.044 6.30/18
1.3560.05 3.160.4 2.20560.037 7.55/11

17–24 % centrality
0.4560.05 4.660.3 2.07660.011 6.30/11
0.5560.05 3.960.2 2.08460.009 32.45/23
0.6560.05 3.460.1 2.10660.008 15.52/26
0.7560.05 3.360.2 2.14060.017 5.68/20
0.8560.05 2.960.2 2.14360.034 21.32/24
0.9560.05 2.760.1 2.15560.015 22.70/22
1.0560.05 2.860.1 2.17260.014 14.92/24
1.1560.05 2.760.2 2.16860.012 21.11/25
1.2560.05 2.760.2 2.22560.020 20.39/18
1.3560.05 2.760.3 2.19360.032 11.54/11

24–32 % centrality
0.4560.05 4.160.2 2.07060.010 7.29/11
0.5560.05 3.460.2 2.07660.009 23.59/23
0.6560.05 2.860.1 2.09860.011 22.42/22
0.7560.05 2.460.1 2.12960.022 16.42/20
0.8560.05 2.260.2 2.11060.043 16.13/19
0.9560.05 2.160.1 2.13360.015 10.86/18
1.0560.05 1.860.1 2.18360.015 10.87/21
1.1560.05 1.960.1 2.15360.013 27.58/25
1.2560.05 2.060.2 2.15060.014 33.31/18
1.3560.05 2.060.3 2.15060.030 10.56/11

32–43 % centrality
0.4560.05 3.560.3 2.03160.020 7.44/11
0.5560.05 2.860.1 2.05360.007 23.25/23
0.6560.05 2.360.1 2.07760.010 11.89/22
0.7560.05 1.860.1 2.09560.013 16.19/21
0.8560.05 1.560.2 2.08960.011 17.75/19
0.9560.05 1.560.1 2.11360.016 18.95/19
1.0560.05 1.560.2 2.11160.009 15.64/20
1.1560.05 1.260.1 2.13960.013 17.00/24
1.2560.05 1.360.1 2.12360.014 12.76/18
1.3560.05 1.060.2 2.13860.032 5.17/11

43–76 % centrality
0.4560.05 2.060.14 2.01360.007 6.21/11
0.5560.05 1.460.06 2.02660.004 18.85/21
0.6560.05 1.060.04 2.04160.009 23.19/20
0.7560.05 0.8360.03 2.03760.008 16.30/17
0.8560.05 0.6060.03 2.08260.013 12.85/15
0.9560.05 0.5060.02 2.09860.013 8.73/15
1.0560.05 0.4260.03 2.09260.014 19.91/17
1.1560.05 0.4060.03 2.10060.011 11.04/22
1.2560.05 0.3360.04 2.11160.020 20.14/18
1.3560.05 0.3460.07 2.10360.027 7.80/11
f
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ss-
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have a total inelastic cross section of 6.78 barns@22#!. The
intensity of the Au179 beam was typically 13105 particles
per spill, with each spill about 1 s long every 4 s. The size o
the beam was typically 2 mm vertically and 4 mm horizo
tally. Target-out runs were performed to determine the ba
ground contributions. The target out contributions
06490
-
k-

the spectra were very small and affected only the cro
section normalization.

III. DATA ANALYSIS

The acceptance limits of the Henry Higgins~HH! arm for
protons and deuterons is shown in Figs. 2 and 3, resp
1-7
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L. AHLE et al. PHYSICAL REVIEW C 60 064901
tively. The acceptance is constrained by the geometry of
HH ~spectrometer angle and magnet setting! and the tracking
inefficiency ~at low pt). It is shown versus rapidity and
transverse momentum and for different magnet setting
Figs. 2 and 3 for the HH spectrometer angle settings use
the present study, 14°, 19°, 24°, 34°, 39°, and 44°. T
rapidity between the target and projectile is 3.2, so that
midrapidity, ynn , is 1.6.

The yield of protons and deuterons was corrected to
count for the efficiency for detecting particles in the spe
trometer. The inefficiencies arise from two effects: inef
ciencies due to single track loses, and those due to h
occupancy loses. The single track inefficiencies are du
detector effects, multiple scattering, track code failures,
hadronic interactions. Monte Carlo simulations based
GEANT @23# were performed to estimate the particle loss d
to these effects. The single track inefficiencies were sign
cant for protons and deuterons at the limits of the momen
acceptance of the detector, that is at very high or low part
momentum. In order to avoid a correction factor larger th
15%, momentum limits were set at 0.3 GeV/c<p
<3.5 GeV/c for protons and 0.6 GeV/c<p<5.7 GeV/c
for the deuterons.

The main causes for the inefficiencies due to high oc
pancy are failures of the track finding algorithm and unc
tainties of hit position from hit blocking in the TOF. The los
of tracks due to hit blocking in Au1 Au events was studied
using a track insertion technique@22#. In this method two
events are merged, one of them chosen with relatively cl
tracks. The merged events are then reconstructed and

FIG. 11. Thedn/dy distributions of protons for different cen
trality cuts ~as listed in Table I!. The circles are for the 0–3 %
centrality cut, the open circles are for the 3–7 % centrality cut,
squares are for the 7–12 % centrality cut, the open squares ar
the 12–17 % centrality cut, the triangles are for the 17–24 % c
trality cut, the open triangles are for the 24–32 % centrality cut,
stars are for the 32–43 % centrality cut, and the open stars ar
the 43–76 % centrality cut. The data points are reflected ab
midrapidity. The vertical error bars are statistical only; the syste
atic errors are discussed in the text.
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pared to the results for each event separately. This me
allows a large statistics study of high multiplicity effects.

It should be noted that since the magnetic rigidity of t
deuterons and thea particles is the same, ana particle with
twice the momentum of a deuteron will have the same
jectory through the magnet and the same time of flight, t
is, it is not possible to distinguish betweena particles and
deuterons in this experimental arrangement. Thus the spe
of the deuterons may have some contamination ofa par-
ticles. At AGS energies however, the yield ratio ofa ’s to
deuterons has been found to be very smalla/d.1023 @12#,
consistent with the E-866 observation of tritons at mid rap
ity, and for deuterons and tritons at target rapidity@24#.
These results are also consistent with theoretical estimat
of cluster production@6#. Therefore, the effect of thea con-
tamination on the deuteron distributions can be neglecte

The event centrality selection for the invariant spectra w
made using the ZCAL. The energy deposited into the z
degree calorimeter,EZCAL , for interaction events afte
target-out subtraction, is shown in Fig. 4. The boundaries
the centrality cuts used in this analysis are shown, toge
with the estimated number of projectile participants,^npp&.
Since the energy in this detector is predominantly from p
jectile spectators, the number of projectile participants is e
pirically estimated by

^npp&5197.0S 12
EZCAL

2123D , ~2!

e
for
-

e
for
ut
-

FIG. 12. Thedn/dy distributions of deuterons for different cen
trality cuts ~as listed in Table I!. The circles are for the 0–3 %
centrality cut, the open circles are for the 3–7 % centrality cut,
squares are for the 7–12 % centrality cut, the open squares ar
the 12–17 % centrality cut, the triangles are for the 17–24 % c
trality cut, the open triangles are for the 24–32 % centrality cut,
stars are for the 32–43 % centrality cut, and the open stars are
the 43–76 % centrality cut. The data points are reflected ab
midrapidity. The vertical error bars are statistical only; the syste
atic errors are discussed in the text.
1-8
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FIG. 13. The average transverse mass^mt&2m0 as a function of the rapidity for protons, for the different centrality cuts~as listed in
Table I!. The circles are for the 0–3 % centrality cut, the open circles are for the 3–7 % centrality cut, the squares are for the
centrality cut, the open squares are for the 12–17 % centrality cut, the triangles are for the 17–24 % centrality cut, the open triang
the 24–32 % centrality cut, the stars are for the 32–43 % centrality cut, and the open stars are for the 43–76 % centrality cut. Th
error bars are statistical only; the systematic errors are discussed in the text.
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whereEZCAL is the energy measured in GeV in the ZCA
and 2123 GeV is the approximate energy of the beam. It
been estimated that the systematic errors in evaluating^npp&
are about 8% for midcentral to central collisions@21#. For the
most peripheral events the calorimeter had a nonlinear
sponse, that leads to an uncertainty of up to eight in the va
of ^npp&, or of about 25%. Table I lists of the ranges
ZCAL values used as centrality cuts, the correspond
range of the inelastic cross section in mb, and the percen
in reference to the total inelastic cross section of 6.78 ba
The last two columns are the average value of ZCAL for
events in that range and̂npp& calculated with Eq.~2!. The
percentage column lists the range of the total inelastic c
section for the cut, with 0% corresponding to impact para
eter zero.

The overall systematic error is estimated to be of the or
of 10% in the measurement of the differential yield. Ho
ever, in the figures shown in the next section, only statist
errors are displayed.

IV. RESULTS

The azimuthally averaged invariant double different
yield is given by
06490
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e-
e
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1

2p

d2n

mtdmtdy
, ~3!

where y is the rapidity,mt5Apt
21m0

2, with m0 being the
rest mass of the particle andpt5p sinu is the transverse
momentum, withu being the polar angle. Figures 5–10 sho
the measured invariant double differential yield for proto
and deuterons as a function ofmt2m0 at different rapidity
intervals, and three centrality cuts. The deuteron spectra
harder than the proton spectra, especially for the most cen
cut. Both the proton and deuteron spectra tend to dev
from an exponential shape at lowmt2m0. Again, the devia-
tion is larger for the deuteron spectra, and for the most c
tral cut. The proton spectra cannot be described with a sin
exponential@1#. The same is observed for the deuteron sp
tra. The differential yields were fit instead to the more ge
eral function,

d2n

2pmtdmtdy
5A1mtexpS 2~mt2m0!

T1
D

1A2expS 2~mt2m0!

T2
D , ~4!
1-9
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FIG. 14. The average transverse mass^mt&2m0 as a function of the rapidity for deuterons, for the different centrality cuts.~As listed in
Table I.! The circles are for the 0–3 % centrality cut, the open circles are for the 3–7 % centrality cut, the squares are for the
centrality cut, the open squares are for the 12–17 % centrality cut, the triangles are for the 17–24 % centrality cut, the open triang
the 24–32 % centrality cut, the stars are for the 32–43 % centrality cut, and the open stars are for the 43–76 % centrality cut. Th
error bars are statistical only; the systematic errors are discussed in the text.
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whereAi andTi are parameters. Note thatA1 andA2 can be
written as a function ofdn/dy and average transverse ma
^mt&, by integrating Eq.~4!,

dn

dy
5E

m0

`

dmt2pmt

d2n

2pmtdmtdy
, ~5!

^mt&5E
m0

`

2pmt
2 d2n

2pmtdmtdyY E
m0

`

2pmt

d2n

2pmtdmtdy
.

~6!

Broad physical limits were set on the^mt& for the mini-
mization process. The errors on the fit parametersdn/dy,
^mt&, T1, andT2 are the diagonal terms of the error matr
given byMINUIT @25#, in which the errors are obtained from
the variation of thex2 around the minimum. For the rapidit
bin 1.4,y,1.5 of the deuteron spectra and the bin 0.4,y
,0.5 of the proton spectra, the data points were insuffic
to fit the distributions to four parameters, for these spect
Boltzmann function was used to to calculate thedn/dy and
^mt& @A250 in Eq. ~4!#.

The dn/dy and^mt& parameters were observed to be u
correlated. Other parametrizations yielded similar results
06490
t
a

-
r

the values ofdn/dy and^mt&, within the systematic error. I
is estimated that the systematic error in the estimation
dn/dy is about6(10215)%, and in̂ mt& of 610%. How-
ever, the error bars shown in the figures are only from
statistical errors. The complete set ofdn/dy and^mt& values
for all the centrality cuts are tabulated in Tables II and II

Figure 11 shows the distributions of particle yield,dn/dy,
as a function of the rapidity,y, for protons. The different
centrality groups~Table I! are indicated by different sym
bols, and the data points are reflected about midrapidity.
the peripheral cut for the protonsdn/dy is peaked towards
target rapidity and resembles the distributions for inelas
p-p data@26# with a small yield at midrapidity (y.1.6). As
the centrality increases the distributions become flatter.
dn/dy distribution for the 12–17 % cut already peaks
midrapidities. Finally, for the most central cut the data e
hibit a clear maximum at midrapidity. As discussed in@1#,
this provides strong evidence for a large amount of stopp
and the consequent expectation of high baryon density.

The deuterondn/dy distributions are shown in Fig. 12
The different centrality groups~Table I! are again indicated
by different symbols and the data points are reflected aro
midrapidity. In general, the deuteron rapidity distributio
1-10
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FIG. 15. Difference of averaged transver
masŝ mt&2m0 of protons~circles! and deuterons
~open circles! as a function of the number of pro
jectile participantŝ npp& for three rapidity bins,
y50.55, y50.95, andy51.35. The error bars
are only statistical; the systematic errors are d
cussed in the text.
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follow the trend for the the protons. There is, however
distinctive difference between the spectra: the change
shape of the distributions from concave to convex occur
more central bins for the deuterons than for the protons. P
ticularly for the peripheral collisions, the rapidity distribu
tions of the protons appear to be flatter than those of
deuterons.

The mean transverse mass minus the rest mass,^mt&
2m0, is shown as function of the rapidity in Figs. 13 and
for protons and deuterons, respectively. The different c
trality groups ~cited in Table I! are indicated by differen
symbols. For the protons and the deuterons, the^mt&2m0
increases with rapidity for all centrality cuts, also for a giv
rapidity bin the^mt&2m0 increases steadily as a function
centrality. The increase in the transverse mass of the de
ons as function of rapidity is more pronounced than the
crease in the protons. This is shown in Fig. 15 where
^mt&2m0 of the deuterons and protons is plotted as a fu
tion of the number of participant nucleons (^npp&) for three
rapidity bins. The difference between the transverse mas
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the deuterons and the protons is larger for the midrapid
regions and more central bins~greater̂ npp&).

V. DISCUSSION

A heavy-ion collision results in the production of hot an
dense nuclear matter. As the matter cools and/or expands
interactions between particles within this volume are less
quent and occur at low relative momentum. In the coal
cence picture, sufficiently close nucleons at relatively clo
momentum can fuse to form light nuclei@10#. Within this
model, it is expected that the invariant cross section for
production of a deuteron is proportional to the square of
proton phase-space density@Eq. ~1!#.

In a simple thermodynamical model,Ba of Eq. ~1! is in-
versely related to the source volume (Vsource) @27#, depend-
ing very weakly on the transverse momentum, and indep
dent of y @11#. The independence ofBa as a function of
transverse momentum and rapidity is regarded as scaling
havior. As mentioned in the Introduction, the observed
viations from the scaling behavior at the AGS energies, h
been attributed to the presence of collective expansion
1-11
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L. AHLE et al. PHYSICAL REVIEW C 60 064901
transverse flow@6,28#, and/or to the necessity of a third pa
ticle or a surrounding medium for coalescence@29,14#.

Both the ‘‘shoulder-arm shape’’ of the differential cro
sections and the evolution of the average transverse ma
the deuterons and the protons as a function of centrality
served in the data~Fig. 15!, disagree with the simple therma
models that assume complete thermalization and coa
cence. If it is assumed that the protons follow a Boltzma
distribution, that the deuterons are formed by simple coa
cence, and the resultinĝmt2m0& for the deuteron will al-
ways fall below that of the proton, contrary to what is o
served in the data. Moreover, the ‘‘shoulder-arm shape’’
the differential cross sections and the difference between
average transverse mass of the deuterons and the proton
function of centrality appear to be consistent, but it is n
conclusive evidence of a scenario where the larger the m
of a particle, the larger the transverse momentum it ga
from radial expansion@30#. It has been suggested@13# that
the integration over transverse momentum of Eq.~1! should
average out flow effects on the particle yield. In order
explore this yield scaling behavior, to first order, consider
experimental validity of a generalized coalescence pict
using the following equation, withBd a constant:

dnd

dy
5BdS dnp

dy D 2

. ~7!

FIG. 16. dn/dy distributions for the deuterons divided by th
square of thedn/dy distributions of the protons (d/p2 ratio!, as a
function of the rapidity for different centrality cuts~as listed in
Table I!. The circles are for the 0–3 % centrality cut, the op
circles are for the 12–17 % centrality cut, the squares are for
24–32 % centrality cut, the open squares are for the 32–43 %
trality cut, and the triangles are for the 43–76 % centrality cut. T
data points are reflected about mid-rapidity. The vertical error b
are statistical only; the systematic errors are discussed in the t
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Figure 16 shows theBd or (d/p2) as a function of the
rapidity for different centrality cuts. The measured distrib
tions follow a scaling behavior only for the three most ce
tral cuts, where the ratio remains constant as a function of
rapidity for the points withy.0.6. For the other cuts, the
d/p2 has a strong dependence ony: d/p2 decreases as on
moves to midrapidity. The decreasing rate is larger for
less central cuts and for rapidity bins closer to the rapidity
the target and projectile.

A possible explanation for thed/p2 dependence on the
rapidity may be inferred from the deuteron yield. The sha
of the rapidity distributions, in particular for the centralit
cuts of 12–17 % and 24–32 %, suggest spectra compose
two components. One component is centered at midrapid
predominantly the 0–3 % centrality cut, and is formed
deuterons from the participant region. The second com
nent which is evident at lowy close to the target rapidity
grows larger for the more peripheral collisions, and may c
sist of deuterons from the target spectator that are not
duced by coalescence. It is, thus, reasonable to assume
only the deuterons from the participant component may
low a scaling behavior.

The d/p2 as a function of the centrality,^npp&, for three
rapidity bins is displayed in Fig. 17. Again, thed/p2 distri-
butions may be interpreted as composed of two compone
The component from deuterons in the spectator region
mainly present at̂npp&<60 and is larger at the lowest ra
pidity cut, and decreases at a fast rate as function of
centrality. The other component, from the participant deu
ons is present at̂npp&>60. It also decreases as a function
the centrality, but at a slower almost linear rate, and it
nearly independent of the rapidity cut. The evolution of t
d/p2 as a function of thênpp& of the participant componen
is then consistent with yield scaling: that is, it has a we
rapidity dependence andd/p2}1/Vsource ~since ^npp&
}Vsource), in agreement with a coalescence thermal mo
@27#.

It is clear from Fig. 16 that the yield scaling behavior
observed only for the participant region of the distribution
Thus, the coalescence factorBa from Eq. ~1!, that includes
the transverse momentum dependence, is calculated onl
the 0–3 % centrality cut.Ba is determined from the deutero
invariant spectra divided by the squared proton invari
spectra at 2mt of the proton.Ba is presented in Table IV as
a function ofmt and several rapidity bins.Ba is not constant
either as a function of the rapidity or as a function of t
transverse momentum as expected from a simple coalesc
model.

It is common to present the interaction radiusR, instead
of Ba , which is defined by a thermal approximation@27,31#.
According to this approximation, an estimate of the volum
of the interaction region (Vsource), is given as

Ba5A
2sA11

2A
Rnp

N 1

N!Z! F ~2p\!3

mpVsource
G , ~8!

whereA52 is the deuteron atomic number,sA51 the spin,
Rnp

N is the ratio of the total number of neutrons to protons
the system, andN51, Z51 is the neutron and proton num
ber of the deuteron, andmp is the rest mass of the proton

e
n-
e
rs
t.
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FIG. 17. Thedn/dy distributions for the deu-
terons divided by the square of thedn/dy distri-
butions of the protons (d/p2 ratio!, as a function
of the number of projectile participants (^npp&),
for different, for three rapidity bins. The erro
bars are only statistical; the systematic errors
discussed in the text.
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The interaction radius of the equivalent sphere can then
written as

R5S Rnp
N 9p2\3

mBa
D 1/3

. ~9!

Figure 18 showsR as a function of the protonmt for the
0–3 % centrality, and different rapidity bins. The values
teraction radius shown in Fig. 18 are comparable with
averageR57.962 fm, found for the central E-802 Si1 Au
system@2#. R decreases as a function of the transverse m
mentum for all the rapidities, and is smaller at a given tra
verse momentum fory closer to midrapidity.

The observation from Table IV that there remains a m
mentum dependence in the ratio of the deuteron spectr
the square of the proton spectra implies that either coa
cence is not the mechanism by which the deuterons
formed or that there is a correlation between the momen
and the radial position of the nucleons at freeze-out@28#.
One way to introduce this correlation is to assume a ra
flow velocity which depends on the freeze-out radius. Unf
tunately, measurements of the proton and deuteron spe
06490
e

-
e

-
-

-
to
s-
re
m

al
-
tra

alone cannot constrain enough of the parameters, such a
nucleon density at freeze-out, the nucleon momentum pro
in its local frame or the radial dependence of a flow veloci
to experimentally confirm coalescence as a unique inter
tation. Nonetheless, there is the observed scaling inBa . De-
tailed studies using cascade calculations@17,6#, have shown
that the transverse flow enhances the clustering volume
creases deuteron production, and removes the proportion
between the final deuteron momentum profile and the squ
of the nucleons. It would be helpful in this regard to exami
the transverse momentum profile and scaling behavior
larger clusters and have measurements of directed transv
flow.

VI. CONCLUSIONS

In this paper the proton and deuteronmt2m0 distribu-
tions from the 11.6A GeV/c Au 1 Au reaction measured by
the E802 Collaboration in 1994 are presented. The invar
double differential yields of protons and deuterons are
well-described by a single exponential fit inmt2m0. Rapid-
ity distributions ofdn/dy and the average transverse ma
mt are extracted from the distributions using a more gene
1-13
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TABLE IV. Coalesence factorBa , the deuteron invarian spectra devided by the squared proton invariant spectra at 2 timesmt proton,
for several rapidity bins. The errors cited are statistical only.

mt ~GeV! Ba (GeV2) mt ~GeV! Ba (GeV2)

0.4,y,0.5 rapidity

1.02560.025 0.0007860.00003

1.07560.025 0.0005960.00004

1.12560.025 0.0008560.00005

1.17560.025 0.0007460.00008

0.5,y,0.6 rapidity

1.02560.025 0.0005560.00004

1.07560.025 0.0007660.00007

1.12560.025 0.0007760.00010

1.17560.025 0.0007460.00009

1.22560.025 0.0006660.00001

1.27560.025 0.0008760.00013

1.32560.025 0.0007860.00020

1.37560.025 0.0007560.00030

1.42560.025 0.0013260.00046

0.6,y,0.7 rapidity

1.02560.025 0.0006160.00001

1.07560.025 0.0005760.00007

1.12560.025 0.0007760.00009

1.17560.025 0.0009260.00013

1.22560.025 0.0007060.00016

1.27560.025 0.0007460.00016

1.32560.025 0.0010360.00025

1.37560.025 0.0010160.00026

1.42560.025 0.0007260.00032

1.47560.025 0.0008960.00038

0.7,y,0.8 rapidity

1.02560.025 0.0005760.00001

1.07560.025 0.0006360.00002

1.12560.025 0.0007460.00009

1.17560.025 0.0013060.00015

1.22560.025 0.0008260.00017

1.27560.025 0.0007060.00023

1.32560.025 0.0011260.00029

1.37560.025 0.0009760.00033

1.42560.025 0.0016860.00068

0.8,y,0.9 rapidity

1.02560.025 0.0004960.00002

1.07560.025 0.0007760.00002

1.12560.025 0.0007560.00004

1.17560.025 0.0011360.00012

1.22560.025 0.0006360.00015

1.27560.025 0.0009960.00025

1.32560.025 0.0009460.00034

1.37560.025 0.0003660.00023

1.42560.025 0.0016360.00043

1.47560.025 0.0014060.00083

0.9,y,1.0 rapidity

1.02560.025 0.0005960.00004

1.07560.025 0.0007060.00002

1.12560.025 0.0008260.00004

1.17560.025 0.0008160.00005

1.22560.025 0.0008360.00007

1.27560.025 0.0008360.00011

1.32560.025 0.0012060.00031

1.37560.025 0.0013560.00038

1.42560.025 0.0005160.00031

1.0,y,1.1 rapidity

1.07560.025 0.0006960.00036

1.12560.025 0.0008960.00024

1.17560.025 0.0009260.00041

1.22560.025 0.0007060.00061

1.27560.025 0.0008160.00009

1.32560.025 0.0006860.00011

1.37560.025 0.0009160.00014

1.42560.025 0.0011960.00026

1.47560.025 0.0012960.00034

1.1,y,1.2 rapidity

1.07560.025 0.0007860.00006

1.12560.025 0.0010160.00007

1.17560.025 0.0007760.00003

1.22560.025 0.0010260.00007

1.27560.025 0.0007660.00007

1.32560.025 0.0009560.00011

1.37560.025 0.0011260.00015

1.42560.025 0.0011960.00021

1.47560.025 0.0014960.00026

1.52560.025 0.0014060.00035

1.57560.025 0.0011460.00038

1.62560.025 0.0013260.00054

1.2,y,1.3 rapidity

1.12560.025 0.0011260.00010

1.17560.025 0.0009260.00008

1.22560.025 0.0012360.00007

1.27560.025 0.0009860.00008

1.32560.025 0.0008460.00009

1.37560.025 0.0011560.00012

1.42560.025 0.0014960.00019

1.47560.025 0.0016360.00027

1.3,y,1.4 rapidity

1.17560.025 0.0009260.00013

1.22560.025 0.0010060.00015

1.27560.025 0.0013160.00020

1.32560.025 0.0013960.00011

1.37560.025 0.0013060.00017
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FIG. 18. Interaction radiusR
as a function ofmt , for six rapid-
ity bins. The error bars are only
statistical; the systematic error
are discussed in the text.
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four-parameter function. The shoulder-arm shape of the c
sections and the evolution of the of the^mt&2m0 as function
of the centrality and rapidity are consistent but not conc
sive evidence for radial expansion.

The production rate of deuterons as a function of rapid
satisfies a squared proton yield scaling behavior only for
more central cuts in centrality. The shape of thed/p2 as a
function of the rapidity and centrality may be explained if
is assumed that the yield of the deuterons is composed of
components, one from the spectator regions and the o
from the participant region. That thed/p2 is constant with
rapidity for the participant region provides insight into th
mechanism for coalescence. The decrease of thed/p2 as a
function of the^npp& indicates an increase in the size of t
freeze-out volume and is evidence for a coalescence me
nism. For the most central cut, the evolution of the inter
06490
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tion radius~scaling factorBa) as a function ofmt2m0 andy
may agree with a coalescence model in which the nucle
are affected by the correlations between the freeze-out
ume and the transverse flow.
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