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Stopping and radial flow in central 58Ni158Ni collisions between 1A and 2A GeV
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The production of charged pions, protons, and deuterons has been studied in central collisions of58Ni on
58Ni at incident beam energies of 1.06A, 1.45A, and 1.93A GeV. The dependence of transverse-momentum
and rapidity spectra on the beam energy and on the centrality of the collison is presented. It is shown that the
scaling of the mean rapidity shift of protons established for between 10A and 200A GeV at the Brookhaven
AGS and the CERN SPS accelerators energies is valid down to 1A GeV. The degree of nuclear stopping is
discussed; quantum molecular dynamics calculations reproduce the measured proton rapidity spectra for the
most central events reasonably well, but do not show any sensitivity between the soft and the hard equation of
state. A radial flow analysis, using the midrapidity transverse-momentum spectra, delivers freeze-out tempera-
turesT and radial flow velocitiesb r which increase with beam energy up to 2A GeV; in comparison to the
existing data of Au on Au over a large range of energies, onlyb r shows a system size dependence.
@S0556-2813~98!04201-0#
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I. INTRODUCTION

One of the main topics of the current relativistic heav
ion experiments is the determination of the properties
nuclear matter at high densities and temperatures@1–3#.
Many interesting effects can happen already at densities
twice normal nuclear matter density that can be reache
collisions at incident energies around 1A GeV: The masses
of the constituents can be affected by the surrounding
dium due to chiral symmetry restoration@3–6#, a sizable
fraction of the constituents can be excited into hadronic re
nances whose lifetime and mutual interactions might be
ferent in comparison to the properties of the free partic
and for a short time the system might form an equilibra
state that could give access to the bulk properties of nuc
matter, i.e., to the fundamental nuclear matter equation
state~EoS! @5,7–9#.

Despite many efforts the various effects could not be d
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entangled so far, although some fascinating observat
have been made recently that await a consistent and coh
explanation, e.g., large collective flow@10,11#, low entropy
production@12#, reduced pion multiplicities in heavy system
with respect to small systems@13#, and enhanced subthresh
old kaon production in central collisions@14#. In order to
achieve an understanding of the underlying physics th
observations that were obtained at various beam energies
with different systems need to be correlated with each oth
This can be done~a! by studying different observables in on
system under the same conditions,~b! by comparing the
same observable for a variety of incident energies and
tem sizes. The latter point is particularly interesting sin
some observables became available from experiments a
much higher beam energies of the Brookhaven AGS and
CERN SPS, where changes in the development of cer
observables could be caused by a possible phase transiti
the QCD deconfinement state@15#. Hence a consistent com
parison over more than two orders of magnitude in be
energy becomes possible.

A prerequisite for the understanding of the high dens
244 © 1998 The American Physical Society
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57 245STOPPING AND RADIAL FLOW IN CENTRAL . . .
and temperature phase of nuclear matter that might have
vailed in the initial stage of the reaction is the knowledge a
the description of the final state that reflects the proper
when the constituents cease to interact~freeze-out!. The
freeze-out conditions visible in the distributions of hadro
are very important since they allow one to test concepts
equilibrium and stopping, and therefore are very useful a
constraint for all more elaborated theories.

This paper presents a rather complete set of data for
phase space distribution~transverse momentumpt and rapid-
ity y! of protons and deuterons as well as pions for the c
tral collisions of 58Ni on 58Ni at incident beam energies be
tween 1A and 2A GeV, a system for which pion@16#, kaon
@17#, and D resonance@18# production as well as proton
proton correlations@19# have already been studied. In th
following the centrality and beam energy dependence of
momentum space distributions of the most abundant had
are discussed in detail. They provide the basic requirem
which models need to fulfill, before the discussion of t
initial temperature or baryon density can start. Transp
model calculations with the IQMD code@20# are compared
to the experimental proton and deuteron rapidity distrib
tions. This allows us to address the question of nuclear s
ping power, although in a model-dependent way. We pres
the mean rapidity shift of protons and study whether
known scaling behavior established above 10A GeV @21# is
satisfied at lower beam energies. Finally, we interpret
midrapidity data in terms of a thermal model including co
lective radial flow. In order to facilitate comparison wit
other data we use the simple assumption proposed by
emens and Rasmussen@22#, although a lot of effort is de-
voted to the development and application of more reali
expansion scenarios@10,23,24#.

II. EXPERIMENT

The experiment was performed at the heavy-ion synch
tron SIS at GSI by bombarding58Ni beams of 1.06, 1.45
and 1.93A GeV on a fixed58Ni target of 225 mg/cm2 ~about
1% interaction length!, placed in the target position of th
FOPI detector, which is described in detail elsewh
@25,26#. For the analysis presented in this paper we used
central drift chamber~CDC! of FOPI for particle identifica-
tion, and its forward plastic wall for the centrality determ
nation. This azimuthally symmetric forward wall covers t
polar anglesuL from 7° to 30°, measuring the deposite
energy and the time of flight and hence the charge of
fragments. The multiplicity of these fragments, called PMU
in the following, was used for the selection of the eve
centrality. The CDC covers theuL angles from 30° to 150°
Pions, protons, and deuterons were identified in the cham
by means of their mean energy loss^dE/dx& and their labo-
ratory momentumpL , obtained from the curvature of th
particle tracks in the field of a 0.6 T magnet. The accuracy
the position measurements of the tracks in radial and
muthal direction via drift time wass rf.400 mm. The po-
sition resolution along the beam direction by charge divis
was less accurate~sz.4 cm for protons and deuterons an
10 cm for pions!. The resolution of the mean energy los
s(^dE/dx&)/^dE/dx&, was about 15% for minimum ioniz
ing particles. The resolution of the transverse momentumpt ,
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s(pt)/pt , was about 4% forpt,0.5 GeV and worsened to
12% nearpt.2 GeV. The phase space covered by the cha
ber is shown in Fig. 1 for the identifiedp6, protons, and
deuterons at 1.93A GeV. Throughout the paper we use th
normalized transverse momentumpt

(0)[pt /(gcmbcmm0) and
the normalized rapidityy(0)[y/ycm21. Hereycm and bcm
are the rapidity and velocity of the center of mass~c.m.!,
gcm51/A12bcm

2 , andm0 is the rest mass of the considere
particles~we use the convention\5c51!.

III. PARTICLE SPECTRA

For a more quantitative investigation we present, in Fig
p2, proton and deuteron spectra inDy(0) bins of width 0.1.
Chosen were two bins at target and at midrapidity for
reaction at 1.93A GeV, selected by a cut on the upper end
the PMUL distribution representing the most central 100
of cross section~the selectivity of such PMUL cuts on th
impact parameter is discussed later!. The data are plotted in a
Boltzmann representation, i.e., 1/mt

2
•d2N/dmtdy(0) vs

mt2m0 , in which a thermalized system is expected to sh
a single-exponential shape in the absence of flo
mt5Apt

21m0
2 is the transverse mass of the considered p

ticle. As shown by the dashed lines, thep2 spectra can be
well described by the sum of two exponential function
while the proton and deuteron spectra are compatible w
one exponential function in our acceptance~with deviations
in the range of very lowpt in the target-rapidity bin!:

1

mt
2

d2N

dmtdy~0!

5H Cl•e2mt /TBl1Ch•e2mt /TBh for p2

C•e2mt /TB for p and d.

~1!

FIG. 1. Acceptance ofp6, protons and deuterons at 1.93A GeV
under a centrality cut of 420 mb on PMUL~see text!. With the
definition of y(0), 21, 11 and 0 denote the target, projectile, an
the c.m. rapidity. Each successive contour line represents a rel
factor of two in terms of yields. The dash-dotted lines show
geometrical limit of the drift chamber atuL530°, while the dotted
line for p1 shows the highpLab cut imposed by the separatio
against the protons.
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246 57B. HONG et al.
Here, C is a normalization constant,TB is the Boltzmann
slope parameter, and the subscriptsl andh denote the fitting
parameters of thep2-spectra in the low- and high-pt range,
respectively. The enhancement of pions at lowpt can be
understood in terms of theD~1232! resonance decay and i
fact can be used to determine the number ofD~1232! at
freeze-out @18,27#. The enhancement above the sing
exponential fit near zeropt at target rapidity in the proton
and deuteron spectra, which was already observed at
BEVALAC @28#, and at much higher energies at the AG
@29#, is attributed to spectator contributions. That is why it
seen only at target rapidity; it disappears as soon as the
dow is moved by a step of only 0.2 iny(0) towards midra-
pidity. To obtain the rapidity distributionsdN/dy(0), we in-
tegrated the fitted functions of Eq.~1! from pt50 to ` in
order to account for the missing part in the acceptance~cf.
Fig. 1!. Because of the fact that we did not try to include t
mentioned low-mt enhancement of protons and deutero
near target rapidity~Fig. 2! the resultant rapidity distribu
tions are expected to represent primarily the distribution
participant matter to which our prime interest is addresse

In the spectra presented in this paper only the statist
errors are shown. The systematic errors in thedN/dy(0) dis-
tributions are different for each particle species and v
with the beam energy and rapidity, the largest values exis
for the midrapidity data at 1.93A GeV, mainly due to the
smallest geometrical acceptance. At this energy the inte
tion over the completept range leads to estimated errors
about 2, 5, and 20% for pions, protons, and deuteron
midrapidity, respectively. These values were determined
using three different possibilities, i.e., an exponential sh
in Boltzmann and invariant representations and the ther

FIG. 2. Boltzmann spectra~absolute yield per event! of p2

~solid circles!, protons~open circles!, and deuterons~solid triangles!
at target rapidity~y(0) from 21.0 to20.9, left! and at midrapidity
~y(0) from 20.1 to 0.0, right!. The data are for 1.93A GeV colli-
sions with a cut of 100 mb on PMUL. Thep2 specta are multiplied
by 100 for a clearer display. The dashed lines show the fits with
sum of two exponentials for pions and with one exponential
protons and deuterons.
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model including the radial flow@Eq. ~4! in Sec. V#. The
uncertainty in the tracking efficiency~10%! was obtained by
visual inspection of several hundred event displays and
comparing the results of an analysis with different tracki
algorithms@13#. The uncertainty in the particle identificatio
~2%! was determined by changing the software criteria. A
suming that the sources of these different errors add inco
ently, we obtain maximal systematic errors for thedN/dy(0)

distributions of 10, 11, and 23% for pions, protons, and d
terons, respectively. A confirmation that the extrapolat
procedure over the fullpt range is reasonable is the inte
grated charge of all reaction products up to4He which for
the most central collisions~100 mb! agrees within 10% with
the total charge of the system no matter which spectral fo
is assumed. The systematic error inTB , caused by the dif-
ferent tracking methods and the different fitting range inpt is
estimated to about 5%.

A. Centrality dependence

The centrality dependence was studied in the case of
reaction at 1.93A GeV. Figures 3 and 4 show theTB and
dN/dy(0) distributions for different cuts on PMUL thereb
varying the selected cross section between the most ce
100 and 420 mb, representing 4 and 15% of the total reac
cross section, respectively. The relation between the cen
ity cuts and the impact parameterb as calculated within the
IQMD model are summarized in Table I. Note that the da
are measured only fory(0),0, and then reflected abou
midrapidity, using the symmetry of the colliding system. It
apparent that theTB distributions of Fig. 3 are practically
identical for the three centrality cuts both for protons and
each of the two-pion components, whereas in Fig. 4 a rela-
tively modest enhancement of the midrapidity yield is o

e
r

FIG. 3. Centrality dependence of the Boltzmann slope param
TB for p2 ~separately for the low- and high-pt component! and
protons at 1.93A GeV. The solid lines are the results of the isotrop
expansion model without collective radial flow. For details see S
V.
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57 247STOPPING AND RADIAL FLOW IN CENTRAL . . .
served with increasing centrality in thedN/dy(0) distribu-
tions of both particles, somewhat more pronounced in c
of the pions. When cutting even sharper on centrality we fi
a saturation of the pion value at about 30 mb, while
proton distribution remains stable below 100 mb. The lack
dramatic changes below an effective sharp-cut impact
rameter of about 4 fm indicates a limited impact parame
resolution when using the PMUL selection in a relative
small system such as Ni1Ni.

In the case of global thermal equilibrium one expects
following characteristic rapidity dependence of the slope
rameterTB

TB~y!5T/cosh~y! ~2!

leading to a bell-shaped curve forTB with TB5T at midra-
pidity (y50). This dependence, adjusted to the experime
TB ~125 MeV for protons! at midrapidity, is compared to th
experimental results in the lower panel of Fig. 3. It is evide
that the data are not described by this global equilibri
assumption; this scenario,which neglects flow, would rather
imply that baryonic matter is ‘‘colder’’ away from midrapid
ity. The failure of the purely thermal scenario is also evide

FIG. 4. Centrality dependence of thedN/dy(0) spectra forp2

and protons at 1.93A GeV. The solid lines are the results of th
isotropic expansion model without collective radial flow. For deta
see Sec. V.
se
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from the experimental protondN/dy(0) distributions~lower
panel Fig. 4!: they are much wider than the calculated o
for an isotropically emitting thermal source of 125 MeV tem
perature.

In contrast to the protons we find that theTB and
dN/dy(0) distributions of the highmt component of the pions
are compatible with an apparent global temperature which
however somewhat lower (Tp5115 MeV) than implied by
the midrapidity value ofTB for the protons~see Figs. 3 and
4!. When including the deuteron data~Figs. 5 and 6! into the
considerations one notices at midrapidity a pronounced
crease ofTB with the mass of the particle.

The fact that thefull rapidity distributions of protons in-
dicate incomplete thermalization, while the pion rapidity d
tributions appear to be ‘‘thermal’’ could indicate any or
combination of both of the following possibilities: only
~midrapidity! fraction of the nucleons are part of a therma
equilibrated fireball that comprises most of the pionsor al-
ternatively, there is no fully equilibrated fireball, as su
gested by the nucleonic distributions, while thedN/dy(0)

distributions of the rather light pions are insensitive to th
nonthermal behavior. Exploring the first possibility, but n
definitely excluding the second we shall see later that i
possible to describe themidrapidity mt spectra of protons,
deuterons, and pions with a common temperature if one
troducesflow ~see Sec. V!. As we shall see, isotropic flow
does not, however, remedy the problem of understanding
width of the baryonic rapidity distribution.

B. Beam energy dependence

Figures 5 and 6 show the beam energy dependence oTB

and dN/dy(0) distributions ofp2, protons, and deuteron
under a PMUL cut of 100 mb. Generally one finds largerTB
values, especially near midrapidity, when going from 1.06
1.93A GeV. The high-pt slope parameterTBh of the p2

spectra changes more than the low-pt slope parameterTBl
~an increase at midrapidity of 24% compared to only 11%!.
The increase becomes larger for the heavier particles~30%
for protons and 34% for deuterons!, which hints to a larger
flow velocity at the higher beam energies. Remarkably th
is no significant change ofTB with beam energy near targe
~projectile! rapidity. In case of the rapidity distribution
dN/dy(0) of Fig. 6, we find that the spectra of protons a
deuterons exhibit similar shapes at the different energ
This implies that the width of the baryondN/dy(0) spectra is
rather independent of the beam energy, which will be
dressed further in the next section. The inverse slope par
e

TABLE I. Centrality cuts on the PMUL distributions, related cross sectionss, and the corresponding
impact parametersb, calculated with the IQMD model with hard equation of state~EoS! and a momentum-
dependent potential. The nuclear radiusR(A) is given by 1.2A1/3, whereA is the number of nucleons; th
maximum impact parameterbmax is determined byAs/p.

System R(A)(fm) PMUL s~mb! bmax(fm) ^b& IQMD~fm!

>25 420 3.7 2.6
1.93A GeV Ni1Ni 4.7 >31 250 2.8 2.1

>37 100 1.8 1.6

1.06A GeV Au1Au 7.0 >76 120 2.0 2.8
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248 57B. HONG et al.
eters at midrapidity and the integrated particle yields
event are summarized in Table II. For a more thorough d
cussion of the pion yields and the systematic errors affec
them we refer to@13,16#.

IV. BARYON RAPIDITY SPECTRA

Baryon rapidity distributions allow a view on the stoppin
power of nuclear matter, provided the uncertainties int
duced by the limited knowledge of the collision geome
can be controlled. Especially for the present light syste
finite particle number fluctuations are important when tryi
to select head-on collisions. In order to understand the p
erties of our selection criterion PMUL, we first compare t
proton and deuterondN/dy(0) spectra with the IQMD mode
@20#.

A. Comparison with IQMD

As an example we compare in Fig. 7 the experimen
dN/dy(0) distributions of protons and deuterons at 1.9A
GeV for the most central PMUL cut~100 mb! to IQMD
model results, obtained with the option of a hard EoS~com-
pression constantK5380 MeV! and a momentum-depende

FIG. 5. Beam energy dependence of the Boltzmann slope
rameterTB for p2 ~low- and high-pt component!, protons, and
deuterons under a cut of 100 mb on PMUL.
r
-
g

-

,

p-

l

potential, IQMD~HM!. The solid lines represent the mod
results under the same centrality cut as the data, i.e., a PM
cut on the upper 100 mb in the charged-particle multiplic
spectra for 7°<uL<30°. Using instead an impact param
eter cut corresponding geometrically to the 100 mb mu
plicity cut, i.e., b,1.8 fm, does not affect the theoretic
predictions. Within the model, it is possible to estimate
impact parameter resolution achieved in the experiment: t
is shown by a contour plot of the predicted impact parame
vs multiplicity (PMUL) correlation (Fig. 8). A resolution o
about 2 fm can be inferred. On the other hand, IQMD pr
dicts that the rapidity distributions do not change for impa
parameter cuts below 2 fm. Presumably, this is due to la
fluctuations in this relatively small system. We conclude that
the uncertainty imposed by using PMUL as a centrality c
terion instead of the exactb is very small for protons as wel
as deuterons.

Composite particles from the model were formed by
space coordinate cluster algorithm after an elapsed collis
time of 200 fm/c using the standard distance parameter o
fm. Under these conditions IQMD underpredicts t
deuteron-to-proton ratio by approximately a factor of

a- FIG. 6. Beam energy dependence of thedN/dy(0) spectra for
p2, protons, and deuterons with a cut of 100 mb on PMUL. For
deuteron data the error bars denote the systematic errors due t
different extrapolations towardspt50.
ut

t 20 and
TABLE II. Inverse slope parameters at midrapidityTB
0 and integrated particle yields per event with a c

on PMUL of 100 mb~cf. Table I!. For pions the two slopes with indexl andh refer to the low- and high-
pt part of the spectra. Only the dominant systematic errors are quoted. The statistical errors are abou
10% of the systematic errors ofTB

0 and the yields, respectively.

Ebeam/A(GeV)

p2 Proton Deuteron

TBl
0 /TBh

0 ~MeV! Yield TB
0 ~MeV! Yield TB

0 ~MeV! Yield

1.06 5563/9365 3.660.4 9665 38.464.2 10465 14.462.4
1.45 5663/10065 5.860.6 11166 41.664.6 12066 12.862.6
1.93 6163/11566 8.560.9 12566 44.064.8 13967 11.662.4
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57 249STOPPING AND RADIAL FLOW IN CENTRAL . . .
Since we wish to emphasize the shapes of the rapidity
tributions all model calculations are normalized to the in
gral of the data in the figure. The small ‘‘spectator’’ should
for protons in the model~or the slight peak in the case of th
deuterons! is not seen in the data because, as mentioned
lier, the spectator components of the proton and deute
spectra at lowpt are suppressed by our integration.This
explanation was confirmed in the case of protons by apply
the same fit and integration procedure (dropping the lowt
spectator component) to the IQMD events. The result, sh
by the dashed line in the left panel of Fig. 7, is in excelle
agreement with the data. For the deuteron spectrum the
statistics of the IQMD calculations did not allow us to app
the same procedure as for the data.The comparison of mea
sured and simulateddN/dy(0) spectra of protons and deute
ons in the case of the other beam energies shows a sim
degree of agreement for the 100 mb cut. Therefore, we c
clude that the IQMD model reproduces the shape of the m
sured protondN/dy(0) spectra at the most central collision
IQMD calculations with a soft EoS (K5200 MeV) and

FIG. 7. Comparison of experimental proton~left! and deuteron
~right! dN/dy(0) spectra~symbols! with results of the IQMD~HM!
model at 1.93A GeV ~solid and dashed lines!. The solid IQMD
curves were obtained under the same cut on PMUL as in the
analysis disregarding all acceptance cuts, the dashed line fo
protons was obtained applying the same procedure as used fo
data.

FIG. 8. Contour plot of the impact parameter versus multiplic
~PMUL! correlation. The contour levels are increasing by a fac
of 2.5 with each line from the outside to the inside of the distrib
tion.
s-
-
r

ar-
n

g

n
t
w

lar
n-
a-

momentum-dependent potential, IQMD~SM!, show very
similar results as the IQMD~HM! version, so there is no
sensitivity to the stiffness of the EoS in the proton and d
teron rapidity spectra.

Based on these observations, we compare in Fig. 9
dN/dy(0) model predictions for protons and deuterons
Ni1Ni collisions ~right panel! calculated for zero impact pa
rameter in the IQMD model with results of the isotrop
expansion model, using the parameters given in Sec
~Table IV!. Also shown are IQMD predictions for Au1Au
collisions of the same energy of 1.06A GeV ~left panel! to-
gether with the result of an isotropic expansion scenario
ing the parametersT581 MeV andb r50.32 at 1.0A GeV
from Ref. @11#. In the IQMD model the widths of the
dN/dy(0) distributions of protons and deuterons in Au1Au
are narrower than in Ni1Ni collisions at the same beam
energy. Additionally, thedN/dy(0) for Au1Au collisions
can be described nicely by the isotropic expansion mo
while the one for Ni1Ni is wider than the model, in accor
dance with our experimental findings~cf. Fig. 4!.

In principle, one cannot distinguish incomplete stoppi
from a longitudinal expansion after full stopping on the ba
of the rapidity spectra alone. However, the systematic co
parison of thedN/dy(0) spectra between the small and lar
colliding system within the IQMD model, the results o
which are supported by our experimental data in the cas
the most central Ni1Ni collisions, can help to resolve thi
ambiguity. The narrowerdN/dy(0) shape of Au1Au as com-
pared to Ni1Ni for b50 fm indeed tells us that the IQMD
model predicts a partial transparency for the latter syst
One would expect a widerdN/dy(0) distribution or a smaller
mean rapidity shiftdyp ~as defined in the next section! for
heavier colliding systems in case of a longitudinal expans
after full stopping. Using the same model, this subject w
investigated by Basset al. by means of the (n2p)/(n1p)
ratio in the isospin-asymmetric system50Cr148Ca, where a
partial transparency was also predicted at an energy ofA
GeV @30#.

B. Scaling of the mean rapidity shift of protons

Recently, Videb,k and Hansen discussed the systema
of the baryon rapidity losses in central nucleus-nucleus c

ta
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r
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FIG. 9. Comparison ofdN/dy(0) spectra from the IQMD~HM!
model ~symbols! with results of the isotropic expansion mod
~solid lines! for the systems Au1Au ~left! and Ni1Ni ~right!, both
at 1.06 A GeV. The IQMD results are for zero impact parame
~b<0.5 fm for Au1Au, b50 for Ni1Ni!. The isotropic expansion
model uses the parameters given in Table III for Ni1Ni and those
of Ref. @11# for Au1Au.
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TABLE III. Summary of the mean rapidity shift of protons~see text for definition!. Note that the presen
analysis includes protons and deuterons. The numbers in parenthesis are the results from the IQMD
calculations with a hard EoS.

Ebeam/A(GeV) yb System s/s tot(%) dyp dyp /yb Reference

1.06 1.388 Ni1Ni 3.6 0.389 0.280 This work
(b50 fm) ~0.394! ~0.284! IQMD~HM!

1.06 1.388 Au1Au (b<0.5 fm) ~0.432! ~0.311! IQMD~HM!

1.45 1.586 Ni1Ni 3.6 0.453 0.285 This work
1.93 1.782 Ni1Ni 3.6 0.503 0.282 This work

(b50 fm) ~0.521! ~0.292! IQMD~HM!

11.6 3.21 Au1Au 4.0 1.02 0.32 Ref.@21#

14.6 3.44 Si1Al 7.0 0.97 0.28 Ref.@21#

200 6.06 S1S 3.0 1.69 0.28 Ref.@21#
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lisions at AGS and SPS energies@21#. The main conclusion
was that the mean rapidity losses scaled with the beam
pidity from 10A to 200A GeV. In this section we want to
study whether this scaling behavior holds at the pres
lower beam energies, too, i.e., down to 1A GeV.

Table III summarizes the results of our analysis and
one of Ref.@21# in terms of the mean rapidity shift of proton
(dyp) defined as

dyp[
*

2`~ycm!

ycm~`! uy2yt~b!u~dNp /dy!dy

*
2`~ycm!

ycm~`!
~dNp /dy!dy

, ~3!

where yt and yb represent the target and beam rapiditi
respectively, anddNp /dy is the proton rapidity distribution
The quantitydyp reflects the inverse width of the rapidit
distribution: The more protons, or baryons in general, pile
at the c.m. rapidity, the higher are thedyp values. The scaled
shift dyp /yb is shown in Fig. 10 as a function of beam e
ergy. For the relatively smaller systems~Ni1Ni at the SIS,
Si1Al at the AGS, and S1S at the SPS! dyp /yb is constant
for the beam energies between 1A and 200A GeV, which
implies that the shape of the baryondN/dy(0) spectra is in-

FIG. 10. Mean rapidity shift of protons scaled with the bea
rapidity as a function of beam energy. The dashed straight lin
0.28 is only to guide the eye. The data of the AGS and SPS exp
ments are from Ref.@21#.
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dependent of the beam energies over this energy range
the heavier system (Au1Au) both the IQMD prediction at
1A GeV and the data at 11A GeV show a slightly larger
dyp /yb , which means a higher concentration of baryons
midrapidity.

V. RADIAL FLOW

There has been a lot of effort to understand the collec
motion in heavy-ion collisions, hoping to get a handle on t
nuclear equation of state@2#. Especially the radial flow of the
midrapidity fireball as an important energy carri
@10,11,24,31–33# has been studied extensively. In this se
tion we want to extract the temperatureT and the average
radial flow velocity b r from the midrapidity transverse
momentum spectra. We employ the formula of the sim
thermal blast model proposed by Siemens and Rasmu
@22#:

1

mt
2

d2N

dmtdy~0! }coshy e2grE/T

3F S g r1
T

ED sinh a

a
2

T

E
cosha G , ~4!

with g r51/A12b r
2 and a5(g rb rp)/T, where E

5mt coshy and p5Apt
21mt

2 sinh2 y are the total energy
and momentum of the particles in the c.m. system. In t
model, the thermally equilibrated system expands isotro
cally, then freezes out suddenly at which time all the p
ticles in the system share a common localT andb r .

We are aware that the full event topology isnot isotropic
and the ansatz Eq.~4! can therefore at best describe a part
the populated phase space which we restrict to the midra
ity interval (20.1,y(0),0.0) under the 100 mb PMUL cut
This should minimize the contaminations by spectators
nonisotropic flow components~Fig. 4!. The effect of the col-
lective flow can be more significant for heavier particles
seen at lower beam energy@10,33#, but at the present ener
gies composite particles are so few that we restrict the an
sis to pions, protons, and deuterons. For such light particle
was shown in Ref.@10# that details of the flow profile are no
discernible because the thermal fluctuations wash them
This justifies the use of the Siemens-Rasmussen form
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which replaces the integration over a complex flow veloc
profile by a single ‘‘representative’’ velocityb r . On the
other hand, the contamination of the proton and deute
spectra by products evaporated from the heavier fragmen
largely reduced in the energy range we are studying h
Besides simplicity, an important benefit of this simpl
minded fit to the data is that a direct comparison with
results of a very similar analysis for the Au1Au system@11#
can be done.

Applying the definition of a slope parameter in Eq.~1! to
Eq. ~4!, we evaluate an effective slopeTB

eff from the model as
follows:

TB
eff[2F d

dmt
H lnS 1

mt
2

d2N

dmtdy~0!D J G21

. ~5!

Here TB
eff shows a combined effect ofT and b r , and the

model gives the estimate ofTB
eff at eachmt value. In the top

panel of Fig. 11, our data are shown by bold lines~the fitting
errors are smaller than the thickness of each line! together
with the model calculations. Themt range of the fit to the
experimental data, which is another important constrain
determining the model parameters, is also indicated. We
clude only TBh of p2 since the low-pt component of the
pion spectra is strongly affected by theD~1232! decay
@18,27#. To determineT and b r , the two parameters wer
varied until the model describes our experimental data;
resulting values are summarized in Table IV. The top pa
of Fig. 11 displays the range of the model calculations
p2 ~horizontally hatched!, protons~vertically hatched! and
deuterons~diagonally hatched!. Having determinedT and
b r , we confirm the results by comparing the spectra fr

FIG. 11. Top:TB
eff vs mt of calculations~see text for details!

within the isotropic expansion model spanned by the given par
eters ofT andb r for p2 ~horizontally hatched!, proton~vertically
hatched!, and deuteron~diagonally hatched! at three beam energies
Bottom: Measured Boltzmann spectra compared to the model
culations~solid lines!. Note that thep2 spectrum is multiplied by
100 for a clearer display.
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the model with the data directly as shown in the botto
panel of Fig. 11. The results were also checked by the sim
taneous fitting method requiring a minimumx2 per degree of
freedom, and they are consistent with each other within 5

Before discussing the results in the framework of gene
flow systematics it is worthwhile to check on two points:~1!
Could the fact that resonances other than theD~1232! are
excited~but not explicitly treated in the analysis of the hig
momentum part of the pion spectra! strongly modify the
analysis, and~2! In view of the fact that the spectral shap
analysis requires only~local! thermal equilibrium, can we
check that the particleyields are consistent withchemical
equilibrium?

We have studied both questions in the context of a had
chemical equilibrium model@32,34#. The model parameters
chemical freeze-out temperatureTc and baryon chemical po
tentialmB , are treated as free parameters, and fixed to re
duce the experimental yields of nucleons, deuterons, ther
pions, D~1232! @18# and h mesons fromN!(1535) reso-
nances@35#. The extracted parameters,Tc andmB , are also
shown in Table IV~for a comparison of the model resul
with experimental particle yield ratios, see@18#!. At all en-
ergies the temperatureT derived from the spectra includin
flow agrees with the chemical freeze-out temperatureTc ob-
tained from the particle yields within 8%@34#. The extracted
baryon chemical potentials correspond to roughly 0.560.2 of
the saturation density (0.17 fm23).

The effects due to higher resonances were estimated u
fixed average masses. Within this model, the total freeze
population ofN!(1440), N!(1520), andN!(1535) is esti-
mated to be less than 10% of theD~1232! population at
1.93A GeV. For freeze-out densities of approximately h
the normal nuclear matter density, the contribution of th
mal pions compared to the number of pions from resonan
with masses larger than theD~1232! resonance exceeds th
latter by more than a factor of 10. Therefore it is reasona
to assume in the analysis that the high-pt component of pion
spectra is due to the thermal pions.

Figure 12 shows the comparison of the model parame
T and b r and the fraction of the total available energy p
nucleon in c.m. contained in the radial flow motio
@Erflow /Ecm, with Erflow5(g r21)mN and mN being the
nucleon mass# from the current analysis with other results f
the system Au1Au @10,11,33#. Before drawing conclusions
from the data presented in Fig. 12 the reader should be aw
of the specific differences in the experimental analys
While the present analysis used midrapidity pion~high-T
component!, proton, and deuteron spectra, the EOS colla

-

l-

TABLE IV. Summary of radial flow velocitiesb r and freeze-out
temperaturesT for the high-pt part of the pion spectra and of th
proton and deuteron distributions in Ni1Ni collisions for the stud-
ied energies, derived within the model of Siemens and Rasmu
@22#. The parametersTC and mB from the chemical equilibrium
model @34# are also included.

Ebeam/A(GeV) b r T ~MeV! Tc ~MeV! mB

1.06 0.2360.03 79610 73610 780630
1.45 0.2960.03 84610 81610 755625
1.93 0.3260.04 92612 90613 725635
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ration @11# based their conclusions primarily on the 9
~c.m.! spectra ofA52, 3, and 4 fragments, but otherwise th
same formalism was used as described here. The flow an
sis of Ref.@33# was based essentially on a comparison of
mass dependence of the average kinetic energies ofZ51
fragments~i.e., p,d,t!. The temperatures were derived in
more indirect way with the help of simulations taking in
account evaporation; for the values cited in the figure
freeze-out density of 80% of the ground-state density w
used which gave the best overall reproduction of the spec
shapes of all theZ51 and 2 isotopes. Concerning the flo
velocities of Ref.@33# we have added a Coulomb correctio
to the published values. The analysis of@10# was extended to
fragments withZ52 – 8 and to the full measured pha
space allowing for a more complex flow profile under t
additional constraint of energy conservation.

While some of the straggling in the data points shown
Fig. 12 could well be due to the different methods and d
types used to extract the parameters, one can neverth
discern some general trends. First of all we find that botT
andb r increase monotonically as a function of beam ene
up to 2A GeV for both colliding systems. Secondly the tem
peratureT seems to be independent of the system, while
radial flow velocityb r is larger for the larger system size~at
least close to 1A GeV!. Intuitively this system size depen
dence ofb r is consistent with our conclusion of the nucle
stopping power in the previous section. The larger nuc
have a larger stopping power, accumulate more pressu
the midrapidity fireball, and as a result the system expa
faster. The fact that the freeze-out temperature turns out t
the same for the Ni as for the Au system does not necess
mean that the primordial temperature, prior to expans
was the same. As a matter of fact, within the picture of
adiabatic expansion following maximal compression, one
tempted to conclude that the primordial temperature w

FIG. 12. Compilation of results of various experiments, show
T, b r and Erflow /Ecm, the fraction of available c.m. energy con
tained in radial flow, as function of the beam energy.
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somewhat higher in the Au system since the larger collec
energy at freeze-out in the heavier system indicates a st
ger conversion of thermal energy, hence a stronger cool
If this tentative interpretation is true, then participant mat
in the Ni system, even around midrapidity, has not therm
ized as thoroughly as in the Au system at the stage of m
mal compression. This shows the necessity to study sys
size dependences in order to assess quantitatively the de
of equilibration in such collisions.

As a third point we wish to emphasize that the flow e
ergy represents a sizable fraction of the available energyEcm
~lower panel of Fig. 12!. In the context of the present wor
we note that the flow energy in the Ni system~13% ofEcm as
mean value of the three Ni points! is about half as large a
that deduced for the Au system at a comparable ene
From the yields and temperatures~Tables II and IV!, we
estimate that the baryons take up 50%~at 1.06A GeV!, re-
spectively 35%~at 1.93A GeV! of Ecm as thermal energy
pion production consumes about 10%~at 1.06A GeV!, re-
spectively 17%~at 1.93A GeV!.

While the introduction of radial flow allows us to describ
the midrapidity proton spectra with a significantly reduc
~local! temperature, as compared to a static thermal scen
it turns out that this does not affect the predicted baryo
rapidity distributions: hence, as shown before in Fig. 4,
large width of this distribution cannot be accounted for.
simple energy balance consideration then leads to the
clusion that a significant fraction~approximately 30%! of
Ecm is left in surplus longitudinal movement of the leadin
baryons for relatively small colliding systems such
Ni1Ni. One should, however, not argue too strongly abo
the precision of these numbers: the different analysis m
ods imposing the energy conservation, freeze-out den
and flow velocity profiles may favor different sets ofT and
b r .

VI. CONCLUSIONS

We have studied in detail thep2, proton, and deuteron
spectra for central Ni1Ni collisions at beam energies be
tween 1A and 2A GeV. We do not observe any dependen
of the slope parameter of the transverse momentum spe
on the event centrality~from 420 to 100 mb!, while a higher
pion production and a stronger proton concentration
midrapidity is seen for more central events.

The slope parameters are generally larger for higher be
energies, and the effect is more pronounced for the hea
particles; the pion slope parameter for the high transve
momentum component changes more than the one of the
transverse-momentum component. The rapidity spectra
protons and deuterons show very similar shapes at the
ferent bombarding energies under the same centrality c
These shapes are however incompatible with global ther
equilibrium.

The IQMD model can reproduce the measured proton
deuteron rapidity spectra for the most central events, w
very similar results for the option of a hard and soft equat
of state. The rapidity spectra of protons and deuterons fr
the IQMD in Au1Au are narrower than in Ni1Ni for van-
ishing impact parameter, which implies more nuclear st
ping power in the larger colliding system. The known scali



o
2
ize
d
a

nd

er
ipt.
um
HD

57 253STOPPING AND RADIAL FLOW IN CENTRAL . . .
law for the mean rapidity shift of protons~scaled with the
beam rapidity! is satisfied down to 1A GeV for small collid-
ing systems.

The freeze-out temperature and radial flow velocity
midrapidity particles increase with the beam energy up toA
GeV, but only the radial flow velocity shows a system s
dependence. The energy fraction consumed by the ra
flow motion is constant for a given colliding system size
beam energies between 0.1A and 2A GeV. In Ni1Ni colli-
H

o
9

f

ial
t

sions this energy fraction is about one half of the value fou
in Au1Au collisions.
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