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Proton and deuteron rapidity distributions and nuclear stopping in 96Ru„96Zr …¿96Ru„96Zr …
collisions at 400A MeV
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We present the centrality dependence of proton and deuteron rapidity distributions in Ru1Ru collisions at
400A MeV. Data are compared with isospin quantum molecular dynamics~IQMD! calculations under various
assumptions on the nucleon-nucleon cross section in the medium. The rapidity spectra of both particles can be
reproduced by IQMD with a free nucleon-nucleon cross section for the most central collisions. The ratio of
baryon rapidity distributions in isospin asymmetric collision systems shows incomplete mixing and partial
transparency of the projectile and target nuclei at this beam energy.
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I. INTRODUCTION

Heavy-ion collisions are the only method, which is pre
ently available in the laboratory, to produce a large volu
of the excited nuclear matter state@1–3#. Production of such
an abnormal state is essential to investigate not only
gross characteristics of nuclear matter, but also the b
properties of quantum chromodynamics~QCD!, the theory
of strong interaction. The interests of the field include t
hydrodynamic behavior of bulk nuclear matter@4,5# as well
as the in-medium properties of hadrons in a dense and
environment@6,7#. Several experimental observables ha
been proposed as sensitive probes of various aspects of d
and hot nuclear matter, i.e., the nuclear equation of s
~EoS!, in-medium nucleon-nucleon cross section (sNN), and
the restoration of spontaneously broken chiral symmetry

The degree of nuclear stopping in heavy-ion collisions
one of the essential observables which are necessary to
derstand the basic reaction dynamics; it is crucial inform
tion for estimating the energy and particle densities of
compressed nuclear matter at an early stage of the partic
fireball. It is also closely related to the question of wheth
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the ~at least! local equilibrium model@8,9# is valid or a more
elaborate nonequilibrium transport approach@10,11# is re-
quired for a description of the fireball. In many cases, nucl
stopping has been studied by baryon rapidity distributions
various beam energy ranges@12–16#. At energies larger than
1A GeV the experimental data show that these distributi
are not compatible with the assumption of an isotropica
expanding source@12–16#. The origin of this observation ha
become one of the most discussed subjects, since very s
lar rapidity distributions can be produced by transparency
the longitudinal expansion after thermal equilibrium of pr
jectile and target nucleons. The resolution of this ambigu
in a model-independent way is rather difficult.

One idea to resolve it is utilizing nuclei of the same ma
but a different neutron-to-proton ratioN/Z ~‘‘isospin mix-
ing’’ ! to distinguish several possibilities for nuclear stoppi
@17,18#. The advantage is that one can extract information
nuclear stopping directly from experimental data indep
dent of a comparison with models. However, theoreti
models using isospin mixing predict contradictory nucle
stopping phenomena. For example, the isospin quantum
lecular dynamics~IQMD! model which considers isospin de
grees of freedom intosNN as well as Coulomb interaction
predicts transparency in 50Cr148Ca collisions from
150A MeV to 1.5A GeV. This model also predicts that th
©2002 The American Physical Society01-1
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transparency becomes more pronounced at higher beam
ergies, and that the degree of nuclear stopping~or isospin
equilibrium! depends onsNN to a large extent. The sensitiv
ity of the isospin asymmetry onsNN has been demonstrate
by showing a transition from transparency to rebound assNN
increases by a factor of 5 in IQMD@17#. On the other hand
Hombachet al. claimed that there is more stopping at high
beam energies up to 2A GeV within the framework of the
coupled-channel Boltzmann-Uehling-Uhlenbeck~CBUU!
model @19#.

Experimentally, the isospin-mixing method has been
plied to central nucleus-nucleus collisions at low beam en
gies only ~up to 53A MeV) @20,21#. Below 40A MeV the
isotope ratios of light fragments increase with the combin
N/Z ratio of target and projectile, supporting the assumpt
of the isospin being equilibrated prior to the emission
fragments. Above 40A MeV, however, the isotope ratios de
pend on the respectiveN/Z ratio of target and projectile
especially near the target and projectile rapidities, thus
membering the entrance channel. In the present experim
our collaboration has extended the idea of isospin mixing
the higher energies of 400A MeV and 1.5A GeV. The first
results at 400A MeV with two isospin tracer observable
namely, the3H/3He ratio in the forward hemisphere and th
protonlike ~proton and deuteron! particle ratio in the back-
ward hemisphere in the center-of-mass~c.m.! frame, were
published recently@22#.

In this paper, we will use both the centrality dependen
of the baryon rapidity distributions and the comparison
those in isospin asymmetric systems in order to examine
nuclear stopping phenomenon in heavy-ion collisions
400A MeV. Furthermore, we will compare experiment
data with IQMD calculations and study whether the mo
can properly reproduce the degree of nuclear stopping.

II. EXPERIMENT

The experiment was performed at the heavy-ion synch
tron SIS of GSI in Darmstadt, Germany, using the FO
detector, which is described in detail elsewhere@23–25#. We
used two stable isobaric nuclei with the largest possibleN/Z
difference in the Periodic Table for relatively large mass
(44

96Ru and40
96Zr). Data for four projectile-target combination

were taken in order to examine the isospin dependenc
various physical observables: Ru~beam!1Zr ~target!,
Zr ~beam!1Ru ~target! as well as Ru1Ru and Zr1Zr colli-
sions. Measuring four reactions under the same experime
conditions has the advantage of eliminating the system
errors in the ratio of the rapidity spectra. The targets w
431 mg/cm2 and 380 mg/cm2 thick in the case of Zr and Ru
respectively. All reactions were studied at 400A MeV and
1.5A GeV. In this paper only the results at 400A MeV will
be discussed. Note that the nucleon-nucleon reaction c
section at and below 400A MeV is dominated by elastic sca
tering.

For the tracking of charged particles we use two d
chambers, CDC and HELITRON. Both chambers are pla
inside a uniform solenoidal magnetic field of 0.6 T. The CD
covers the laboratory polar anglesuL532°2140°, while the
03490
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HELITRON coversuL59°226°. An azimuthally symmet-
ric Plastic Scintillator Wall coversuL51.2°230°. In the
CDC pions, protons, deuterons, and heavier particles
identified via the mean energy loss and the magnetic rigid
In the overlapping angular range of the HELITRON and t
Plastic Wall, particle identification is achieved by combinin
the magnetic rigidity determined with the HELITRON wit
the specific energy loss and time of flight from the Plas
Wall scintillators.

The details of the detector resolution and performance
be found in Refs.@12,23–25#. Figure 1 shows the phas
space covered by the CDC and HELITRON for the identifi
protons in transverse momentumpt ~divided by the mass of
protonmp) and the normalized rapidityy(0):

y(0)5y/yc.m.21, ~1!

with yc.m. being the c.m. rapidity. Figure 1 shows that th
FOPI detector covers a large portion of the full phase sp
at the beam energy investigated here. We use natural u
\5c51 in the following.

The centrality of each event is determined by the ra
Erat of the total transverse (E') to longitudinal (Ei) c.m.
kinetic energies,

Erat5(
i

E',i Y (
i

Ei ,i , ~2!

wherei runs over all charged particles detected in the CD
and the Plastic Wall. Previously, it has been demonstra
thatErat is a suitable variable for event centrality, especia
in central collisions at the present beam energy@10,26–28#.
We note here that we have removed autocorrelation eff
by excluding the ‘‘particle of interest’’ from the calculatio

FIG. 1. Acceptance plane of transverse momentum vs norm
ized rapidity of protons in Ru1Ru collisions with the reaction cros
sections r<72 mb. Each successive contour line represents a r
tive factor of 2 in terms of yields. The thick solid lines show ge
metrical limits of the CDC and the HELITRON, the two drift cham
bers of the FOPI detector used in the present analysis (32°<uL

<140° and 9°<uL<26°, respectively!.
1-2
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PROTON AND DEUTERON RAPIDITY DISTRIBUTIONS . . . PHYSICAL REVIEW C 66, 034901 ~2002!
of Erat when constructingErat-selected single particle ob
servables such as rapidity distributions~Sec. III A!. Autocor-
relation effects on the momentum space topologies are s
able only in the tails of the global observable~here,Erat)
@28# and cause a narrowing of the actual widths of rapid
distributions.

The upper panel of Fig. 2 shows the experimentalErat
distribution in Ru1Ru collisions compared with the resu
from the IQMD~HM! calculation, where H stands for th
hard EoS option with a compressibility coefficientK
5380 MeV and M for momentum dependent interacti
~MDI !. The model calculation was filtered by the geome
cal acceptance of the detectors. In general, the model ca
lation agrees reasonably well with the data, especially in c
tral collisions. The labelsA–D represent the centrality
conditions which will be used later in this paper. Table
summarizes the centrality criteria together with the exp
mental reaction cross section (s r), the geometrical impac
parameter (bgeom5As r /p) based on the sharp cutoff ap
proximation, and the corresponding impact parameter ra
estimated by IQMD~HM! (bIQMD). The bottom panel of Fig
2 displays the correlation between the impact param
bIQMD andErat obtained by the IQMD~HM! model. It can be
seen clearly thatErat is a suitable variable for determinin
the centrality, especially for the most central collisions as
impact parameter approaches zero.

III. RESULTS

A. Proton and deuteron rapidity distributions

Figure 3 shows the invariant spectra, i.
(1/2ppt)•d2N/dptdy(0) vs pt , of protons and deuterons a

FIG. 2. ~a! ExperimentalErat distribution~see text for details! in
Ru1Ru collisions in comparison with IQMD~HM! model calcula-
tions. The labelsA–D represent the centrality conditions which a
utilized throughout this paper~cf. Table I!. ~b! Correlation between
the impact parameterbIQMD andErat in the IQMD~HM! model.
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several rapidity windows selected by theEratA condition in
Ru1Ru collisions. In this figure two data sets obtained
two different detectors~CDC and HELITRON! are com-
pared. For the HELITRON spectra, the matching efficien
between the HELITRON and the Plastic Wall, which w
evaluated by comparing the number of tracks in t
HELITRON with the number of hits in the Plastic Wall, wa
corrected. This efficiency is a function ofuL : for Z51 par-
ticles, it increases from;40% at 9° to;85% at 26°. The

TABLE I. Centrality bins of theErat distribution ~denoted by
EratA–EratD) with the corresponding reaction cross sections r for
the present analysis of Ru1Ru collisions. The geometric impac
parameterbgeom is determined by the sharp cutoff approximatio
The impact parametersbIQMD determined from the IQMD~HM!
model are shown in the last column. The numbers represent
mean and ones from a Gaussian fit except in case of theEratA
condition where the rms value is quoted, as it is impossible to fi
Gaussian function.

Centrality Erat s r ~mb! bgeom ~fm! bIQMD ~fm!

EratA >1.40 <116 <1.9 0.960.6
EratB 1.0521.40 1162235 1.922.7 2.060.5
EratC 0.8021.05 2352302 2.723.1 2.960.4
EratD 0.6020.80 3022432 3.123.7 3.760.4

FIG. 3. Invariant spectra of protons and deuterons in Ru1Ru
collisions for various rapidity bins (EratA condition!. Shown by
dotted lines are the fits by a simple thermal blast model~see the text
for the detailed functional form!. Starting with the uppermost rapid
ity bin u0.120.2u, each successive spectrum has been multiplied
a decreasing power of 10 for a clearer display. The triangles
circles denote data from the CDC and HELITRON, respective
Open and closed symbols represent the spectra in backward
forward hemispheres in c.m., respectively.
1-3
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CDC tracking efficiency of about 90% was also corrected
the spectra in Fig. 3. It was evaluated by using a fullGEANT

Monte Carlo simulation@29#.
In Fig. 3, we observe a rather good matching between

spectra by the CDC and HELITRON within;10% for pro-
tons and;20% for deuterons at most. In addition, the spe
tra in the forward c.m. hemisphere are compared with th
in the backward c.m. hemisphere in the phase-space re
of overlap. In principle, they should be the same in symm
ric collision systems such as Ru1Ru. Figure 3 demonstrate
that this backward/forward symmetry can be verified well
this analysis. Since a distinction among spectra is not e
we decompose, for example, the midrapidity invariant sp
tra of protons~upper panels! and deuterons~lower panels! in
Fig. 4 for Ru1Ru collisions (EratA). In Fig. 4, from left to
right, each individual spectrum represents the HELITRO
backward, HELITRON forward, CDC backward, and CD
forward regions in c.m., respectively.

Also shown by dotted lines in Figs. 3 and 4 are the fits
the experimental invariant spectra by the simple therm
blast formula first proposed by Siemens and Rasmussen@30#:

1

2ppt

d2N

dptdy(0) }Ee2grE/T
•F S g r1

T

ED sinha

a
2

T

E
coshaG ,

~3!

where E and p are the total energy and momentum of t
particle in the c.m. frame. Hereg r51/A12b r

2 and a
5(g r•b r•p)/T, while the radial flow velocityb r and the
thermal freeze-out temperatureT are two free fit parameters
We fit spectra in the backward and forward hemispheres
multaneously using the reflection symmetry of the syste
The quality of the fit is good at all rapidities: thex2 per
degree of freedom ranges from 0.8 to 1.5 for all rapidity b
independent of the collision centrality. The fit parameters
midrapidity (uy(0)u<0.1) @31# are shown in the first and sec

FIG. 4. Decomposed invariant spectra of protons~upper! and
deuterons~lower part! in Ru1Ru collisions at midrapidity (EratA
condition!. From the left to the right, the spectra represent
HELITRON backward, HELITRON forward, CDC backward, an
CDC forward regions in c.m., respectively. Dotted lines are the
functions of the simple thermal blast model.
03490
r

e

-
e
on
t-

y,
-

o
l

i-
s.

s
t

ond columns of Tables II for protons and III for deuterons
several centrality conditions. The fitting errors are negligib
small: less than 1% for both parameters for both partic
Note that the fit values ofT are independent of the collisio
centrality, butb r systematically decreases for peripheral c
lisions. In order to construct thedN/dy(0) spectra, we inte-
grate the fit functions in Fig. 3 from 0 tò in pt to make up
the missingpt region~see Fig. 1!. The fits withb r50 are of
poorer quality but thept-integrated yields are not much a
fected; this will be considered in the estimate of the syste
atic error~see below!. Figure 5 shows the rapidity distribu
tions of protons and deuterons in Ru1Ru collisions for four
centrality conditions onErat . Note that our present rapidity
distributions differ from those of the earlier publication b
about 25%@22# ~we mention in addition a scaling error of
factor 10 in Fig. 3 of Ref.@22#!. Since the present analysis
based on an improved understanding of detector respo
and takes into account HELITRON data as well as CD
data, the new data sets are taken to supersede the older

The estimate of the systematic error affecting the ove
normalization of thept-integrated yields of thedN/dy(0) val-
ues of protons and deuterons includes the following con
erations: ~i! track quality cut ~3%!, ~ii ! strategy for the
HELITRON momentum reconstruction~with and without in-
cluding the event vertex! ~2%!, ~iii ! fit functions by compar-
ing the results obtained by Eq.~3! and a purely therma
(b r50) Boltzmann function~3%!, ~iv! discrepancy between
the CDC and HELITRON spectra~Fig. 3! in the overlapped
phase-space region~5%!, and~v! uncertainty in track recon-
struction efficiency~5% for protons and 9% for deuterons!.
As a result, we estimate the systematic error of the ove
normalization of thedN/dy(0) distributions to be at mos

e

t

TABLE II. Fit parameters (T and b r) for proton pt spectra at
midrapidity (uy(0)u<0.1) and total yield of protons per event und
the different centrality conditions~cf. Table I!. The fit errors forT
andb r are negligible, but the systematic error of the total yields
estimated to be about 9%~see text for details!.

Centrality T(uy(0)u<0.1) ~MeV! b r(uy(0)u<0.1) Total yield

EratA 38.4 0.32 31.2
EratB 39.8 0.32 29.6
EratC 39.7 0.30 27.2
EratD 39.2 0.29 24.6

TABLE III. Fit parameters (T andb r) for deuteronpt spectra at
midrapidity (uy(0)u<0.1) and total yield of deuterons per event u
der the different centrality conditions. The fit errors forT andb r are
negligible, but the systematic error of the total yields is estimated
be about 11%~see text for details!.

Centrality T(uy(0)u<0.1) ~MeV! b r(uy(0)u<0.1) Total yield

EratA 49.1 0.26 17.2
EratB 50.1 0.25 16.0
EratC 48.7 0.24 14.8
EratD 49.4 0.22 13.0
1-4
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about 9% and 11% for protons and deuterons, respectiv
which is the quadratic sum of all the listed errors.

Since our fitting function, Eq.~3!, does not account fo
possible low-pt spectator components near rapiditiesy(0)

561, we expect the tails of the rapidity distributions f
noncentral collisions to be representative only for particip
matter. As can be seen in the acceptance plot of Fig. 1, l
pt parts of the spectra near target/projectile rapidity, m
likely to be populated by spectator fragments, are not c
ered in the isotope separated distributions. With use of
information from the Plastic Wall which allows charge, b
not isotope, separation of fragments down to 1.2°, we w
able to check that our fitting procedure was fully adequ
for central collisions~of main interest!, and that the data in
the rangeuy(0)u<0.7 were unaffected also for the more p
ripheral collisions. To further confirm that our estimation
the extrapolation procedure over the full phase space is
sonable, we have checked that the total charge of all reac
products agrees with the initial charge in the system~88 in
Ru1Ru collisions! within 5% @32# for central collisions.

In Fig. 5, we observe that protons and deutrons are c
centrated more at midrapidity for more central collision
The last columns of Tables II and III summarize t
rapidity—andpt-integrated yields of protons and deuteron
respectively, for four different centralities. The ratio of de
teron and proton yields is about 54% in Ru1Ru collisions
independent of centrality. This should be compared w
about 72% estimated in Au1Au collisions at the same beam
energy@28#.

The comparison of the experimentaldN/dy(0) spectrum
for the most central event criterion (EratA) with the
IQMD~HM! calculations (bIQMD<1 fm) is shown in Fig. 6.
Four assumptions onsNN in the model are used. In th
IQMD transport approach, composite particles are produ

FIG. 5. Centrality dependence of the proton and deuteron ra
ity distributions for the various centrality cuts in Ru1Ru collisions.
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by a coordinate space cluster algorithm. With default para
eters, the algorithm starts to produce composite partic
including deuterons, after 200 fm in time, and it is we
known that too few composites are produced in the stand
IQMD @28#. Therefore, we emphasize only the spect
shapes of protons and deuterons, but not the absolute y
in the model. All model calculations are normalized in suc
way that the integration ofdN/dy(0) is the same as in the
data. In Fig. 6 we find that the experimental proton and d
teron dN/dy(0) distributions are in best agreement with th
sNN5sNN

f ree assumption. Choices of othersNN options, devi-
ating by more than 20% from the free value, can be exclu
from later considerations~in this context, one should realiz
that IQMD, as most other transport calculations, takes P
blocking into account in an approximate way@10#!.

In particular, in the mid-1970’s, it was argued that hydr
dynamics in nucleus-nucleus collisions was governed by
shock waves propagating in the beam direction@33#. Shock
waves can be generated when the border of the stopped
ter moves faster than the speed of sound in nuclear matte
an ideal hydrodynamics, it was predicted that shock wa
would be generated in the early time of collisions and
nuclear matter is pushed outwards perpendicular to the b
direction~transverse expansion! @33#. However, such a trans
verse expansion turns out to be absent in the polar a
distributions of data at beam energy<400A MeV @28#. In

d-

FIG. 6. Comparison of the proton and deuteron rapidity dis
butions in Ru1Ru collisions~open circles! with the results from the
IQMD~HM! calculations~various lines!. Data are for theEratA cri-
terion, and the model calculations are forbIQMD<1 fm and values
of sNN between 0.5sNN

f ree and 5sNN
f ree .
1-5
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microscopic transport approaches, e.g., IQMD@10,26#, one
can imitate ideal hydrodynamics by strongly increasingsNN
in the medium. Alternatively, one can simulate transpare
by using very small values ofsNN . In Fig. 6 we also show
the proton and deuterondN/dy(0) spectra from IQMD in two
extreme cases for small and largesNN values, respectively
The spectrum which is most elongated longitudinally is
0.5sNN

f ree , whereas the spectrum which is highly concentra
at midrapidity, due to the transverse expansion, is obtai
for 5sNN

f ree . In the latter case, nuclear matter rebounds a
instant equilibration mimicking the effects by the sho
wave in hydrodynamics~see also Sec. III C and Fig. 8 be
low!. It is obvious that the two extreme scenarios~high trans-
parency and the validity of an ideal hydrodynamics scena!
can be completely excluded by our data.

B. Mean rapidity shifts and the search for scaling properties

In order to quantify the widths ofdN/dy(0) distributions,
we utilize the mean rapidity shift of protons,dyp , defined by
@12#

dyp[

E
2`(0)

0(`)

uy(0)2yt(b)u~dN/dy(0)!dy(0)

E
2`(0)

0(`)

~dN/dy(0)!dy(0)

, ~4!

TABLE IV. Mean rapidity shift of protons normalized to beam
rapidity (dyp /yb). Upper part: Experimental values for the fou
centrality bins, lower part: IQMD model results forb<1 fm and
different parameters ofsNN /sNN

f ree .

Centrality sNN /sNN
f ree dyp /yb

EratA 0.25660.011
Data EratB 0.25060.011

EratC 0.24460.010
EratD 0.23460.010

5.0 0.31260.013
IQMD~HM! bIQMD<1 fm 2.0 0.29560.012

1.0 0.26160.010
0.5 0.21560.009

TABLE V. Same as Table IV, but for deuterons.

Centrality sNN /sNN
f ree dyp /yb

EratA 0.28760.012
Data EratB 0.27760.011

EratC 0.26660.011
EratD 0.25460.010

5.0 0.35260.014
IQMD~HM! bIQMD<1 fm 2.0 0.33860.014

1.0 0.28260.011
0.5 0.19260.008
03490
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whereyt andyb represent target and beam rapidities, resp
tively. Note that the variabledyp becomes larger for nar
rower rapidity distributions. Quantitatively, the variabledyp
normalized toyb decreases by about 2% and 4% for proto
and deuterons, respectively, by removing the autocorrela
effect. We use this variable in order to facilitate a detail
comparison between the measureddN/dy(0) shapes and
those of the model calculations.

The experimentaldyp values within the four analyzed
centrality bins are summarized in the upper parts of Table
for protons and in Table V for deuterons; they are normaliz
to yb . As expected in a transparency scenario,dyp /yb is
larger for more central collisions~it should be smaller in a
longitudinally expanding fireball scenario!. Furthermore, the
dyp /yb value for deuterons is larger than for protons in
given centrality bin, which agrees with the IQMD calcul
tions. The lower parts of both tables give thedyp /yb results
of the IQMD model for both particles in the centrality bi
bIQMD<1 fm, calculated for four different values o
sNN /sNN

f ree .
Figure 7 summarizes these results; each point is

weighted mean of the corresponding proton and deute
dyp /yb values. As in the tables the measured values for
four centrality bins are shown together with the IQMD r
sults calculated for the most central bin with the differe
choices ofsNN /sNN

f ree . For the casesNN /sNN
f ree51 the cal-

culated centrality dependence is shown in addition. For
most central collisions the measured value is reproduced
the assumption of the total nucleon-nucleon cross sectio
a dense and hot environment agreeing with the free va

FIG. 7. Comparison of experimental~closed! and calculated
@IQMD~HM! model, open symbols# mean rapidity shifts of protons
normalized to beam rapidity (dyp /yb) as a function of the impac
parameter. As indicated various assumptions onsNN have been
used in the calculations. The dashed and dotted lines are se
order polynomial fits to the data and calculations, respectively.
1-6
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sNN
f ree . This is consistent with conclusions from the isosp

tracer method that excluded a significant reduction ofsNN in
the medium@22# ~see also Sec. III C!. A discrepancy is ob-
served, however, in the centrality dependence ofdyp /yb : as
the impact parameter increases the IQMD calculations s
a much faster drop ofdyp /yb than do the data.

At this point, the use of the stiff EoS with MDI in the
IQMD calculations shown so far is deserving of more atte
tion. Very similar proton rapidity distributions can be o
tained in IQMD without MDI if the stiff EoS is replaced b
a soft one~compressibility coefficientK5200 MeV). With
sNN5sNN

f ree , the variabledyp /yb for the soft EoS with MDI
is 0.26360.011, within the errors identical to the result wi
the hard EoS~0.26160.010, cf. Table IV! @34#. For the same
sNN we obtaindyp /yb50.27660.011 if we switch off MDI
but keep the hard EoS; this is somewhat larger~;6%! than
the observed value in the data@narrowerdN/dy(0) distribu-
tion#. Although the different choice of MDI seems to influ
ence the protondN/dy(0) distribution more than the choic
of the EoS, we conclude that, irrespective of the vario
options on the EoS and MDI, the agreement between
model and the Ru1Ru data at 400A MeV is best ~within
their systematic errors! when sNN is chosen very close to
sNN

f ree .
Finally, the effect of the Gaussian packet width of t

particles ~L! in the IQMD calculation also deserves som
attention@35#. In the model it is expected that different va
ues ofL lead to different interaction lengths. For this the
retical parameter we have used a standard value of 8.662

which was optimized for relatively heavy collision system
such as Au1Au. For light collision systems half of this valu
(4.33 fm2) was suggested, as this parameter was impor
for the study of the transition energy@36#. Therefore, we
have checked the effect of the Gaussian packet width of
ticles on the shape of the baryon rapidity distributions.
observe that the widths of the proton and deuteron rapi
spectra are almost the same~within 1% in thedyp /yb repre-
sentation! for both values ofL for sNN>sNN

f ree options in
central collisions. As an example, we obtaindyp /yb
50.268 and 0.266 forL58.66 and 4.33 fm2, respectively,
for sNN5sNN

f ree . This difference becomes even smaller f
larger values ofsNN . A noticeable effect is found only fo
sNN50.5sNN

f ree , where dyp /yb is about 8% larger for a
smaller packet width. As a result, we conclude that the wi
of the Gaussian packet cannot change our conclusion
nuclear stopping phenomena, even though its contributio
important for studying the transition energy.

The systematics of the baryon rapidity losses has b
discussed by Videbæk and Hansen for central nucle
nucleus collisions in a beam energy range from 10A to
200A GeV @37# and has been extended down to 1A GeV in
Ref. @12#. The important conclusion was that the mean rap
ity shift dyp of protons scaled with the beam rapidityyb
from 1A to 200A GeV. With the present results this scalin
behavior can be tested further at 400A MeV. Our weighted
mean ofdyp /yb for both protons and deuterons in Ru1Ru
collisions is 0.26760.011 within theEratA cut. It agrees rea-
sonably with the averagedyp /yb value ~0.28! of relatively
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small collision systems (A<58) from 1A to 200A GeV and
is about 15% smaller than that of Au1Au collisions at
11A GeV @12#. Assuming the scaling law holds from
400A MeV to 200A GeV, we can see the system size depe
dence: the larger collision system shows a larger value
dyp /yb , which implies more concentration of protons
midrapidity. However, a definite conclusion can be dra
only after the protondN/dy(0) distributions forA;100 are
available at other beam energies.

C. Ratio of rapidity distributions in isospin
asymmetric systems

Incomplete stopping in heavy-ion collisions, evidenced
the present data in comparison with transport calculatio
suggests that complete thermal equilibration may not
achieved. Such conclusions were reached more unamb
ously ~i.e., in principle, without the need for the transpo
model calculations! by our collaboration by using theisospin
tracer method@22# which is based on a combined study
four systems: two symmetric ones, Ru1Ru and Zr1Zr, and
two mixed systems, Ru1Zr and Zr1Ru ~inverting projectile
and target!. The following observable was studied in Re
@22#:

RZ5
2Ny

mix2Ny
Zr2Ny

Ru

Ny
Zr2Ny

Ru , ~5!

whereNy
i is the differential yield in the detector acceptan

at a given rapidityy for mass symmetric systems~Zr1Zr
with i 5Zr, Ru1Ru with i 5Ru, and the mixed systems R
1Zr, respectively, Zr1Ru with i 5mix). This observable
was designed to assess the differential rapidity distribut
for protonlike ejectiles relative to that of the correspondi
‘‘calibrating’’ symmetric systems.

To illuminate further our earlier results we present he
data for a related, but simpler, observable, which involv
only the mixed systems

Rp5
Ny

Ru1Zr

Ny
Zr1Ru, ~6!

i.e., simply the ratio of the differential rapidity distribution
for the two mixed systems~distinguished by exchanging pro
jectile and target!. This simple ratio gives us a clean sign
about the nuclear stopping phenomenon via the sign of
slope near midrapidity. The ratioRp will show different be-
havior as a function of rapidity for different nuclear stoppin
scenarios:Rp increases as a function of rapidity~positive
slope! for transparency and decreases~negative slope! for
rebound. If full mixing of isospin has been achieved in t
collision, Rp ~as well asRZ) as a function of rapidity is
expected to be flat.

Open circles in Fig. 8 showRp values measured in th
CDC for protons under theEratA condition. The fact thatRp
crosses unity at midrapidity is an important consisten
check, since an equal number of projectile and target nu
ons should be admixed in c.m. due to the mass symmetr
the collision systems. The ratiosRZ andRp are less prone to
1-7
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systematic errors than the rapidity distributions themsel
because the ratio eliminates many systematic uncertain
due to an imperfect detector response. Specifically, by
changing target and projectile in an~isospin! asymmetric
system it is technically possible to measure the backward
the forward hemispheres~in the center of mass! with the
same subdetectors.

Results deduced from the earlier rapidity distributi
evaluation@22# that included the sum of the protons and t
deuterons, are also shown for comparison in Fig. 8~solid
triangles!. The current results agree nicely with the previo
results confirming the robustness of this observable
changes in the analysis. In contrast, the absolute rap
distributions,dN/dy(0), of protons and deuterons are no
found to differ from the earlier analysis by typically 25%
However, this change indN/dy(0) does not affect the main
conclusions of Ref.@22# which were based primarily on th
robust observableRZ .

Furthermore, such a good agreement between the p
ous result for the sum of protons and deuterons and
present result only for protons~Fig. 8! also means that the
ratiosRp of both particles are very similar. We have check
that adding deuterons inRp does not change the shape of t
experimental data shown in Fig. 8. In addition, the possi
bias due to the pion production was investigated by the p

FIG. 8. Comparison of the experimentalRp ~see text for details!
obtained from the CDC underEratA criterion with the results from
the IQMD~HM! calculations. Open circles are the present exp
mental data, and thin solid lines are the limits estimated by
model calculations. The nucleon-nucleon cross sectionsNN in the
model was assumed to be~a! 0.5,~b! 1, ~c! 2, and~d! 5 timessNN

f ree .
Solid triangles reflect earlier results obtained from the proton
particle (p1d) ratio in the CDC alone~Ref. @22#!. The dashed line
represents the lower limit ofRp determined by theN/Z ratio of
projectile and target nuclei, ifRp were to include all protons, boun
or not.
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ratios for both charges. Within statistical errors, the ratioRp

is consistent with unity for bothp1 andp2, and no signa-
ture of finite slope is found at this beam energy. A detai
study of Rp for various nuclear stopping scenarios will b
published in a separate paper.

The behavior of the experimental quantityRp in Fig. 8 is
qualitatively in agreement with the ‘‘transparency’’ scena
for central collisions asRp increases withy(0). Experimen-
tally, we cannot separate the corona effect~surface nucleons
of the colliding nuclei passing through each other! from the
bulk transparency of the system. However, we expect
such corona effects become important only close to the p
jectile and target rapidities, which has been also confirm
by the CBUU model@19#. Therefore, the finite slope ofRp
nearmidrapidity suggests a partial bulk transparency of t
projectile and target nuclei.

The ratiosRp from the IQMD~HM! model are shown by
thin solid lines in Fig. 8 for various assumptions onsNN ,
always under the most central cutbIQMD<1 fm. They are
corrected for the geometrical acceptance of the detector.
is a small correction, however; the effect is that the acc
tance is almost negligible since the analysis relies on a r
tive quantity. From our present investigations, the degree
nuclear stopping is found to be rather sensitive tosNN in
IQMD. In order to study the details of the effect of th
parameter, we compare again experimentalRp data with
model calculations for varioussNN . The agreement is rea
sonably good for bothsNN50.5sNN

f ree andsNN
f ree options, es-

pecially for uy(0)u&0.5 which is the most interesting regio
for the nuclear stopping phenomenon. The optionsNN

50.5sNN
f ree has already been excluded in the previous sec

by the comparison to the experimental proton and deute
rapidity distributions. The model predicts that the isosp
equilibrium can be achieved ifsNN becomes close to
2sNN

f ree . Finally, the model calculation withsNN55sNN
f ree

shows anegativeslope which implies a rebound effect pre
dicted by an ideal hydrodynamic model@33#, an effect which
is clearly excluded by theRp andRZ data, as well as by the
rapidity distributions discussed earlier.

IV. CONCLUSIONS

We have used two experimental observables to study
nuclear stopping phenomenon at 400A MeV. The first, con-
ventional, observable is the proton and deuteron rapidity
tributions, analyzed in Ru1Ru collisions, and the second on
is the ratio of proton rapidity distributions in isospin asym
metric collisions of the isobaric nuclei Ru1Zr and Zr1Ru.

These two observables are truly complementary. T
baryon rapidity spectra enable us to estimate the mean ra
ity shift of protons. By comparison to model calculations o
can further confine quantitatively the magnitude ofNN cross
section in the nuclear medium. However, one shortcoming
this method is that we cannot distinguish in a mod
independent way between various stopping scenarios suc
transparency, rebound, and longitudinal expansion afte
complete mixing of projectile and target nucleons. On t
other hand, the ratio of proton rapidity distributions in is
spin asymmetric systems gives us a tool to resolve such

i-
e

e
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ambiguity despite its relatively small sensitivity to determi
the NN cross section precisely.

From the centrality dependence of proton and deute
rapidity distributions, we find that more protons are conc
trated at midrapidity for more central events~the shape of the
rapidity distribution is narrower!. Expressed in terms o
nuclear stopping, more stopping can be achieved in m
central events. To reproduce the proton and deuteron rap
distributions for the most central events measured exp
mentally, theNN cross section in dense and hot nuclear m
ter should remain within about 20% of the freeNN cross
section within the framework of IQMD. With this constrain
the ratio of proton rapidity distributions in Ru1Zr and
Zr1Ru collisions evidences a partial transparency effec
nuclei at 400A MeV.

Since nuclear stopping depends on the system size
hy

03490
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beam energy, we cannot generalize the present conclusio
other collision systems and incident energies. However,
method we utilized in this experiment should be applica
and robust to all nucleus-nucleus collisions in general. D
at 1.5A GeV for the same collision systems are being pr
ently analyzed, and the beam energy dependence of
nuclear stopping phenomenon is the subject of a forthcom
paper.
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