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Proton and deuteron rapidity distributions and nuclear stopping in %Ru(®¢Zr)+°Ru(°¢zr)
collisions at 40\ MeV
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We present the centrality dependence of proton and deuteron rapidity distributions-RuReollisions at
400A MeV. Data are compared with isospin quantum molecular dyna@eD) 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 the (at least local equilibrium mode[8,9] is valid or a more
elaborate nonequilibrium transport approddi®,11] is re-
Heavy-ion collisions are the only method, which is pres-quired for a description of the fireball. In many cases, nuclear
ently available in the laboratory, to produce a large volumestopping has been studied by baryon rapidity distributions at
of the excited nuclear matter stdtb-3]. Production of such various beam energy rangg2—16. At energies larger than
an abnormal state is essential to investigate not only th&A GeV the experimental data show that these distributions
gross characteristics of nuclear matter, but also the basiare not compatible with the assumption of an isotropically
properties of quantum chromodynami@@CD), the theory  expanding sourcgl2—16. The origin of this observation has
of strong interaction. The interests of the field include thebecome one of the most discussed subjects, since very simi-
hydrodynamic behavior of bulk nuclear mat{dr5] as well  lar rapidity distributions can be produced by transparency or
as the in-medium properties of hadrons in a dense and hehe longitudinal expansion after thermal equilibrium of pro-
environment[6,7]. Several experimental observables havejectile and target nucleons. The resolution of this ambiguity
been proposed as sensitive probes of various aspects of derisea model-independent way is rather difficult.
and hot nuclear matter, i.e., the nuclear equation of state One idea to resolve it is utilizing nuclei of the same mass
(E0S, in-medium nucleon-nucleon cross sectioryf), and  but a different neutron-to-proton rati/Z (“isospin mix-
the restoration of spontaneously broken chiral symmetry. ing”) to distinguish several possibilities for nuclear stopping
The degree of nuclear stopping in heavy-ion collisions ig17,18. The advantage is that one can extract information on
one of the essential observables which are necessary to unuclear stopping directly from experimental data indepen-
derstand the basic reaction dynamics; it is crucial informadent of a comparison with models. However, theoretical
tion for estimating the energy and particle densities of themodels using isospin mixing predict contradictory nuclear
compressed nuclear matter at an early stage of the participastopping phenomena. For example, the isospin quantum mo-
fireball. It is also closely related to the question of whetherecular dynamicg$lIQMD) model which considers isospin de-
grees of freedom intoryy as well as Coulomb interactions
predicts transparency in*°Cr+48Ca collisions from
*Email address: bhong@korea.ac.kr 150A MeV to 1.5A GeV. This model also predicts that the
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transparency becomes more pronounced at higher beam en-
ergies, and that the degree of nuclear stopgimgisospin = 12
equilibrium) depends orryy to a large extent. The sensitiv-
ity of the isospin asymmetry ooy has been demonstrated 1
by showing a transition from transparency to rebound-gs
increases by a factor of 5 in IQMEL7]. On the other hand,
Hombachet al. claimed that there is more stopping at higher
beam energies up toAR2GeV within the framework of the
coupled-channel Boltzmann-Uehling-UhlenbediCBUU) 06
model[19].

Experimentally, the isospin-mixing method has been ap- 04
plied to central nucleus-nucleus collisions at low beam ener-
gies only (up to 53 MeV) [20,21. Below 4A MeV the 02
isotope ratios of light fragments increase with the combined ;
N/Z ratio of target and projectile, supporting the assumption ...|....s...|...|...|..|..
of the isospin being equilibrated prior to the emission of 005 2 15 1 05 0 05 1 15 2 25
fragments. Above 48 MeV, however, the isotope ratios de- O
pend on the respectivll/Z ratio of target and projectile,
especially near the target and projectile rapidities, thus re- FIG. 1. Acceptance plane of transverse momentum vs normal-
membering the entrance channel. In the present experimeired rapidity of protons in R&tRu collisions with the reaction cross
our collaboration has extended the idea of isospin mixing teectiono, <72 mb. Each successive contour line represents a rela-
the higher energies of 480MeV and 1.3\ GeV. The first tive factor of 2 in terms of yields. The thick solid lines show geo-
results at 408 MeV with two isospin tracer observables, metrical limits of the CDC and the HELITRON, the two drift cham-
namely, the3H/3He ratio in the forward hemisphere and the Pers of the FOPI detector used in the present analysis<(82°
protonlike (proton and deuterorparticle ratio in the back- <140° and 9% 6, <26°, respectively
ward hemisphere in the center-of-massm,) frame, were )
published recently22]. HELITRQN cqvgrsaL=9°—26°. An azimuthally symmet-

In this paper, we will use both the centrality dependencdiC Plastic Scintillator Wall coversj, =1.2°-30°. In the
of the baryon rapidity distributions and the comparison of€PC_pions, protons, deuterons, and heavier particles are
those in isospin asymmetric systems in order to examine thidentified via the mean energy loss and the magnetic rigidity.
nuclear stopping phenomenon in heavy-ion collisions ai" the overlapping angular range of the HELITRON and the
400A MeV. Furthermore, we will compare experimental Plastic WaII., pa_lrtllc.le |dent|f|cgt|0n is achieved by combln.mg
data with IQMD calculations and study whether the mode|the magnetic rigidity determined with the HELITRON with

can properly reproduce the degree of nuclear stopping. mzllssce_ﬁ[[filfag:grgy loss and time of flight from the Plastic
inti .

The details of the detector resolution and performance can
Il EXPERIMENT be found in Refs[12,23-25. Figure 1 shows the phase
The experiment was performed at the heavy-ion SynChrospace cc_Jvered by the CDC and HEL_ITRON for the identified
tron SIS of GSI in Darmstadt, Germany, using the FOP[PrOtONs In transverse momentysp (Q|y|d(3d by the mass of
detector, which is described in detail elsewhg@8—25. We  Protonmg) and the normalized rapidity(:
used two stable isobaric nuclei with the largest posdiiig yO=yry. —1 1)
difference in the Periodic Table for relatively large masses em. =
(24Ru and36Zr). Data for four projectile-target combinations with y, ., being the c.m. rapidity. Figure 1 shows that the
were taken in order to examine the isospin dependence ®OP| detector covers a large portion of the full phase space
various physical observables: Ribeam+Zr (targe), at the beam energy investigated here. We use natural units
Zr (beam+Ru (targe} as well as Re-Ru and Zr-Zr colli- #=c=1 in the following.
sions. Measuring four reactions under the same experimental The centrality of each event is determined by the ratio

conditions has the advantage of eliminating the systematig, , of the total transverseH,) to longitudinal € c.m.
errors in the ratio of the rapidity spectra. The targets wereinetic energies,

431 mg/cnd and 380 mg/crhthick in the case of Zr and Ru,
respectively. All reactions were studied at #40MeV and
P Y EraFZ EJ.,i / EI E\I,i,

0.8

140°

1.5A GeV. In this paper only the results at 40MeV will )

be discussed. Note that the nucleon-nucleon reaction cross

section at and below 4@0MeV is dominated by elastic scat- wherei runs over all charged particles detected in the CDC

tering. and the Plastic Wall. Previously, it has been demonstrated
For the tracking of charged particles we use two driftthatE,,; is a suitable variable for event centrality, especially

chambers, CDC and HELITRON. Both chambers are placeéh central collisions at the present beam endrty,26—-28.

inside a uniform solenoidal magnetic field of 0.6 T. The CDCWe note here that we have removed autocorrelation effects

covers the laboratory polar anglés=32°—140°, while the by excluding the “particle of interest” from the calculation
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F TABLE |. Centrality bins of theE,,; distribution (denoted by
Ru+Ru E,atA—E,5:D) with the corresponding reaction cross sectigrfor
O Data the present analysis of RtRu collisions. The geometric impact
— IQMD(HM) parameteg o, is determined by the sharp cutoff approximation.
The impact parameters,qyp determined from the IQMIHM)
model are shown in the last column. The numbers represent the
mean and oner from a Gaussian fit except in case of tBgA
condition where the rms value is quoted, as it is impossible to fit a
Gaussian function.

do/dE,_, (mb)

10

rat Centrality E,at or (Mb)  bgeom (M) bigup (fM)

10

EraA
EraB
EralC
EralD

IQMD(HM)

bIQMD (fm)

=1.40
1.05-1.40
0.80-1.05
0.60-0.80

<116
116-235
235-302
302-432

<1.9
1.9-2.7
2731
3.1-3.7

0.9-0.6
2.0-0.5
2.9-04
3.7#04

several rapidity windows selected by tke,;A condition in
Ru+Ru collisions. In this figure two data sets obtained by
two different detectorYCDC and HELITRON are com-
rat pared. For the HELITRON spectra, the matching efficiency
FIG. 2. () Experimentak, ,, distribution(see text for detailsn ~ Petween the HELITRON and the Plastic Wall, which was
Ru+ Ru collisions in comparison with IQM®IM) model calcula- ~ €valuated by comparing the number of tracks in the
tions. The label#\-D represent the centrality conditions which are HELITRON with the number of hits in the Plastic Wall, was
utilized throughout this papecf. Table ). (b) Correlation between corrected. This efficiency is a function éf : for Z=1 par-
the impact parametds,oump andE,,, in the IQMD(HM) model. ticles, it increases from-40% at 9° to~85% at 26°. The

S 0 R~ &N oo

0 0.5 1

of E,;; when constructings, ,;-selected single particle ob-

servables such as rapidity distributiof@ec. 111 A). Autocor- “; g Backward Forward|F
relation effects on the momentum space topologies are S|ze<5 2L [HELITRON) o e
able only in the tails of the global observatfleere,E,,;) = fa. —2X e
[28] and cause a narrowing of the actual widths of rapidity Z 10
= P d
distributions. 3 \\
The upper panel of Fig. 2 shows the experimeiig); o 1
distribution in RurRu collisions compared with the result g f \‘\
from the IQMD(HM) calculation, where H stands for the ‘;:'10 \\3\4
hard EoS option with a compressibility coefficiert . 2f *
=380 MeV and M for momentum dependent interaction 10.0-0.11 . 10.0-0.11
(MDI). The model calculation was filtered by the geometri- |, 3 -\ \ _
cal acceptance of the detectors. In general, the model calcL 10.1-0.2 % 0,102
lation agrees reasonably well with the data, especially in cen- 10 4; _
tral collisions. The labelsA-D represent the centrality _5§ 103041
conditions which will be used later in this paper. Table | 10 | 10.3-0.4
summarizes the centrality criteria together with the experi- <F
mental reaction cross sectiowr (), the geometrical impact 0 F 107-0.81 s, 0Tod
parameter lfgeon= Vo /) based on the sharp cutoff ap- 0 a1t [
proximation, and the corresponding impact parameter range ooto F 0.9-1.01
estimated by IQMIDHM) (b;qup). The bottom panel of Fig. o v B 1
2 displays the correlation between the impact parametel o o5 LIS 2005 1 LS p?GeV)
t

biomp andE,,; obtained by the IQMEHM) model. It can be

seen clearly thaE,;; is a suitable variable for determining  FiG. 3. Invariant spectra of protons and deuterons in-Ru

the centrality, especially for the most central collisions as thellisions for various rapidity binsH,,A condition. Shown by

impact parameter approaches zero. dotted lines are the fits by a simple thermal blast mésket the text

for the detailed functional forin Starting with the uppermost rapid-

ity bin |0.1-0.2, each successive spectrum has been multiplied by

e a decreasing power of 10 for a clearer display. The triangles and

A. Proton and deuteron rapidity distributions circles denote data from the CDC and HELITRON, respectively.

Figure 3 shows the invariant spectra, i.e.,Open and closed symbols represent the spectra in backward and

(1/27p,) - d>N/dp,dy® vs p,, of protons and deuterons at forward hemispheres in c.m., respectively.

Ill. RESULTS
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HELI y*<0) HELIy*">0) ¢DCy?<0) cpcy?>0) TABLE II. Fit parameters T and 3,) for proton p, spectra at
S TR T TR T TR T midrapidity (y(®]<0.1) and total yield of protons per event under
ﬁ 10 ﬁ§ the different centrality condition&f. Table ). The fit errors forT
8; . \ _% and B, are negligible, but the systematic error of the total yields is
Z 10 1_ ; 3 estimated to be about 9%see text for detai)s
I - E
NE ig 3 | | ? E Centrality T(|y(?|<0.1) MeV) B, (ly®|<0.1) Total yield
Ewf I AN S S EraA 38.4 0.32 31.2
S 10 _ 2 E B 39.8 0.32 29.6
1k ' ’ g EraiC 39.7 0.30 27.2
'k 2 E,a:D 39.2 0.29 24.6
10k ]
-3E
10 E ! M B N AV, /A
0 1 1 0 1 0

ond columns of Tables Il for protons and Il for deuterons at
P, (GeV) several centrality conditions. The fitting errors are negligibly
small: less than 1% for both parameters for both particles.
deuteronglower par} in Ru+ Ru collisions at midrapidity A Note that the fit values OT.- are independent of th? collision
condition. From the left to the right, the spectra represent the(?e_ntra“ty’ buts, systematically decrea%g)es for perlphe_ral col-
HELITRON backward, HELITRON forward, CDC backward, and /ISIOns. In order to construct théN/dy"™ spectra, we inte-
CDC forward regions in c.m., respectively. Dotted lines are the fitdrate the fit functions in Fig. 3 from O te in p, to make up
functions of the simple thermal blast model. the missingp, region(see Fig. 1. The fits with3,=0 are of
poorer quality but thep;-integrated yields are not much af-

CDC tracking efficiency of about 90% was also corrected forf€Cted; this will be considered in the estimate of the system-
the spectra in Fig. 3. It was evaluated by using a &&ANT atic error(see below. Figure 5 shows the rapidity distribu-
Monte Carlo simulatiori29]. tions of protons and deuterons in RRu collisions for four

In Fig. 3, we observe a rather good matching between th&entrality conditions or,, . Note that our present rapidity
spectra by the CDC and HELITRON within 10% for pro- distributions differ from those of the earlier publication by
tons and~20% for deuterons at most. In addition, the spec-2P0ut 25%4.22] (we mention in addition a scaling error of a
tra in the forward c.m. hemisphere are compared with thosE¢tor 10 in Fig. 3 of Ref[22]). Since the present analysis is

in the backward c.m. hemisphere in the phase-space regidifSed on an improved understanding of detector responses
of overlap. In principle, they should be the same in symmet@Nd takes into account HELITRON data as well as CDC

fic collision systems such as RWRu. Figure 3 demonstrates data, the new data sets are taken to supersede the older data.
that this backward/forward symmetry can be verified well in 1 h€ estimate of the systematic error affecting (t(tw)e overall
this analysis. Since a distinction among spectra is not easjjormalization of thep,-integrated yields of théN/dy"™ val-

we decompose, for example, the midrapidity invariant spect/€S of protons and deuterons includes the following consid-

tra of protongupper panelsand deuterondower panelin erations: (i) track quality cut(3%), (ii) strategy for the
Fig. 4 for Ru+ Ru collisions €,4A). In Fig. 4, from left to HELITRON momentum reconstructidwith and without in-

right, each individual spectrum represents the HELITRONC!Uding the event vertex2%), (iii) fit functions by compar-
backward, HELITRON forward, CDC backward, and cDc INg the results obtained by Eq3) and a purely thermal
forward regions in c.m., respectively. (B,=0) Boltzmann functior(3%), (i\_/) disgrepancy between

Also shown by dotted lines in Figs. 3 and 4 are the fits toth® CDC and HELITRON spectréig. 3) in the overlapped
the experimental invariant spectra by the simple thermaPh@se-space regids%), and(v) uncertainty in track recon-

blast formula first proposed by Siemens and RasmuSgin struction efficiency(5% for protons and 9% for deutergns
As a result, we estimate the systematic error of the overall

FIG. 4. Decomposed invariant spectra of protdnppe) and

1 d°N Cen T\sinha T normalization of thedN/dy(® distributions to be at most
Zapidpdy® "B T || v g TEeoshe,
t UPy
3 TABLE Ill. Fit parameters T andg,) for deuteromp, spectra at

midrapidity (y(®’|<0.1) and total yield of deuterons per event un-
where E and p are the total energy and momentum of the der the different centrality conditions. The fit errors Toand 3, are
particle in the c.m. frame. Herey :1/W and a negligible, but the systematic error of the total yields is estimated to
.m. . r r 0 .
= (v,- B,-p)/T, while the radial flow velocitys, and the € aPout 11%see text for details

thermal freeze-out temperatufeare two free fit parameters. . .
, . | . ity T(y®|=<0.1) (MeV 0)]<0.1) Total yiel
We fit spectra in the backward and forward hemispheres 5|-Centra ty TUy™I=0.1) (Mev) Ai(ly™|=0.1) Totalyield

multaneously using the reflection symmetry of the systems. E, A 49.1 0.26 17.2
The quality of the fit is good at all rapidities: thg? per E;aB 50.1 0.25 16.0
degree of freedom ranges from 0.8 to 1.5 for all rapidity bins g, ,,C 48.7 0.24 14.8
independent of the collision centrality. The fit parameters at g D 49.4 0.22 13.0

midrapidity (y(®|=<0.1) [31] are shown in the first and sec-
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FIG. 5. Centrality dependence of the proton and deuteron rapid- 2 F i NN
ity distributions for the various centrality cuts in R&u collisions. 0 ST or X I B I I < =
2 <15 -1 05 0 05 1 L5 2
. 0
about 9% and 11% for protons and deuterons, respectively, y(

which is the quadratic sum of all the listed errors.
Since our fitting function, Eq(3), does not account for
possible lowp, spectator components near rapiditig€’

FIG. 6. Comparison of the proton and deuteron rapidity distri-
butions in Ru-Ru collisions(open circlegwith the results from the

= +1, we expect the tails of the rapidity distributions for IQMD (HM) calculationgvarious lineg. Data are for thé, ;A cri-

noncentral collisions to be re . I %erion, and the model calculations are flppyp=<1 fm and values
presentative only for parﬂmpanof o between 0.57¢€ and 5/7¢
matter. As can be seen in the acceptance plot of Fig. 1, low- ~ """ NN NN
p: parts of the spectra near target/projectile rapidity, most
likely to be populated by spectator fragments, are not covby a coordinate space cluster algorithm. With default param-
ered in the isotope separated distributions. With use of theters, the algorithm starts to produce composite particles,
information from the Plastic Wall which allows charge, but including deuterons, after 200 fm in time, and it is well
not isotope, separation of fragments down to 1.2°, we weré&nown that too few composites are produced in the standard
able to check that our fitting procedure was fully adequatdQMD [28]. Therefore, we emphasize only the spectral
for central collisions(of main interest and that the data in shapes of protons and deuterons, but not the absolute yields
the rangely(®)|=<0.7 were unaffected also for the more pe- in the model. All model calculations are normalized in such a
ripheral collisions. To further confirm that our estimation by way that the integration ofiN/dy‘®) is the same as in the
the extrapolation procedure over the full phase space is realata. In Fig. 6 we find that the experimental proton and deu-
sonable, we have checked that the total charge of all reacticieron dN/dy® distributions are in best agreement with the

products agrees with the initial charge in the syst@in  oyy= oK assumption. Choices of othety options, devi-
Ru+Ru collisions within 5% [32] for central collisions. ating by more than 20% from the free value, can be excluded

In Fig. 5, we observe that protons and deutrons are confrom later considerationén this context, one should realize
centrated more at midrapidity for more central collisions.that IQMD, as most other transport calculations, takes Pauli
The last columns of Tables Il and Ill summarize the blocking into account in an approximate wghQ]).
rapidity—andp,-integrated yields of protons and deuterons, In particular, in the mid-1970’s, it was argued that hydro-
respectively, for four different centralities. The ratio of deu-dynamics in nucleus-nucleus collisions was governed by the
teron and proton yields is about 54% in RRu collisions  shock waves propagating in the beam direc{i88]. Shock
independent of centrality. This should be compared withwaves can be generated when the border of the stopped mat-
about 72% estimated in AuAu collisions at the same beam ter moves faster than the speed of sound in nuclear matter. In
energy[28]. an ideal hydrodynamics, it was predicted that shock waves

The comparison of the experimen@N/dy® spectrum  would be generated in the early time of collisions and the
for the most central event criterionE{,;;A) with the nuclear matter is pushed outwards perpendicular to the beam
IQMD(HM) calculations b,omp=<1 fm) is shown in Fig. 6.  direction(transverse expansipf83]. However, such a trans-
Four assumptions omryy in the model are used. In the verse expansion turns out to be absent in the polar angle
IQMD transport approach, composite particles are producedistributions of data at beam energs400A MeV [28]. In
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TABLE IV. Mean rapidity shift of protons normalized to beam =2 [
rapidity (dy,/yy,). Upper part: Experimental values for the four ~ [ ® Data
centrality bins, lower part: IQMD model results for<1 fm and 55034 1 5.0 X Opgfree
different parameters afyy/oRee. “© B O IQMDEM
032 2.0 X Gyyfree
Centrality onn/olEe Yo !Yb 03 -
E A 0.256+0.011 -
Data E,aiB 0.250+0.011 028 =
E,aC 0.244+0.010 i
E D 0.234+0.010 0.26
024 |
5.0 0.312:0.013 i
IQMD(HM) bioup=1 fm 2.0 0.295:0.012 on b
1.0 0.261-0.010 [
0.5 0.215-0.009 0.2 —
018 |
microscopic transport approaches, e.g., IQVID,26, one - '
can imitate ideal hydrodynamics by strongly increasing, 0.6 bbb oo b o

0 05 1 15 2 25 3 35 4 45

in the medium. Alternatively, one can simulate transparency
by using very small values afyy. In Fig. 6 we also show
the proton and deuteratN/dy(®) spectra from IQMD in two
extreme cases for small and larggy values, respectively. FIG. 7. Comparison of experimentétlosed and calculated
The spectrum which is most elongated longitudinally is forl!/QMD(HM) model, open symbojsnean rapidity shifts of protons
0.501'¢¢, whereas the spectrum which is highly concentrated'©'malized to beam rapidityd/, /yy) as a function of the impact
at midrapidity, due to the transverse expansion, is obtainef2rameter. As indicated various assumptionsoqry have been

free used in the calculations. The dashed and dotted lines are second
for 5oy . In the latter case, nuclear matter rebounds after o : ;
. e . o order polynomial fits to the data and calculations, respectively.
instant equilibration mimicking the effects by the shock
wave in hydrodynamicgsee also Sec. llIC and Fig. 8 be- wherey, andy, represent target and beam rapidities, respec-
low). It is obvious that the two extreme scenarfbigh trans-  tively. Note that the variableSy, becomes larger for nar-
parency and the validity of an ideal hydrodynamics scenariorower rapidity distributions. Quantitatively, the variabig,
can be completely excluded by our data. normalized toy, decreases by about 2% and 4% for protons
and deuterons, respectively, by removing the autocorrelation
effect. We use this variable in order to facilitate a detailed
comparison between the measurdtl/dy(®) shapes and

byomp (fm)

B. Mean rapidity shifts and the search for scaling properties

In order to quantify the widths adN/dy(® distributions,  those of the model calculations.
we utilize the mean rapidity shift of protondy,, defined by The experimentabdy, values within the four analyzed
[12] centrality bins are summarized in the upper parts of Table IV
for protons and in Table V for deuterons; they are normalized
to y,. As expected in a transparency scenadg,/yy is

0(=)
|7 -yl dnvay@)ay® ansp |
(0) larger for more central collision§t should be smaller in a

P 0(=) (ON o AO) k @) longitudinally expanding fireball scenayid-urthermore, the
f_m( ) (dN/dy™)dy 8Yp!yp value for deuterons is larger than for protons in a
given centrality bin, which agrees with the IQMD calcula-
tions. The lower parts of both tables give thg,/y, results
TABLE V. Same as Table IV, but for deuterons. of the IQMD model for both particles in thepcentrality bin
Centrality ol oliee YA leM/DfréLefm, calculated for four different values of
ONN/ONN -
EratA 0.287=0.012 Figure 7 summarizes these results; each point is the
Data E B 0.277+0.011  weighted mean of the corresponding proton and deuteron
E aC 0.266+0.011 dyplyp values. As in the tables the measured values for the
EaD 0.254+0.010  four centrality bins are shown together with the IQMD re-
sults calculated for the most central bin with the different
5.0 0.352-0.014  choices ofoyy/oNee. For the caseryy/olee=1 the cal-
IQMD (HM) bigup=<1 fm 2.0 0.338:0.014 culated centrality dependence is shown in addition. For the
1.0 0.282-0.011  most central collisions the measured value is reproduced by
0.5 0.192-0.008 the assumption of the total nucleon-nucleon cross section in

a dense and hot environment agreeing with the free value
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oNRe. This is consistent with conclusions from the isospinsmall collision systemsA<58) from 1A to 200A GeV and

tracer method that excluded a significant reductioorgf; in is about 15% smaller than that of AWAu collisions at
the medium[22] (see also Sec. IlIC A discrepancy is ob- 11A GeV [12]. Assuming the scaling law holds from
served, however, in the centrality dependencéyf/y,: as  400A MeV to 200A GeV, we can see the system size depen-
the impact parameter increases the IQMD calculations showence: the larger collision system shows a larger value of
a much faster drop ody,/y,, than do the data. 0Yplyyn, which implies more concentration of protons at
At this point, the use of the stiff EoS with MDI in the midrapidity. However, a definite conclusion can be drawn
IQMD calculations shown so far is deserving of more atten-only after the protordN/dy(®) distributions forA~100 are
tion. Very similar proton rapidity distributions can be ob- available at other beam energies.
tained in IQMD without MDI if the stiff EoS is replaced by
a soft one(compressibility coefficienK =200 MeV). With C. Ratio of rapidity distributions in isospin
onn=0Ree, the variabledy,, /yy, for the soft EoS with MDI asymmetric systems
is 0.263+0.011, within the errors identical to the result with |ncomp|ete Stopping in heavy-ion collisions, evidenced by
the hard E030.261+0.010, cf. Table 1V [34]. For the same  the present data in comparison with transport calculations,
onn We obtaindy,/y,=0.276+0.011 if we switch off MDI  syggests that complete thermal equilibration may not be
but keep the hard EoS; this is somewhat large6%) than  achieved. Such conclusions were reached more unambigu-
the observed value in the dgtaarrowerdN/dy(® distribu-  ously (i.e., in principle, without the need for the transport
tion]. Although the different choice of MDI seems to influ- model calculationsby our collaboration by using thieospin
ence the protomN/dy‘® distribution more than the choice tracer method22] which is based on a combined study of
of the EoS, we conclude that, irrespective of the variousour systems: two symmetric ones, RRu and Zr-Zr, and
options on the EoS and MDI, the agreement between th@yo mixed systems, RuZr and Zr+Ru (inverting projectile

model and the R#tRu data at 408 MeV is best(within  and target The following observable was studied in Ref.

their systematic erroyswhen oy is chosen very close to [22]:
free
NN -

Finally, the effect of the Gaussian packet width of the
particles (L) in the IQMD calculation also deserves some
attention[35]. In the model it is expected that different val-
ues ofL lead to different interaction lengths. For this theo-whereN,, is the differential yield in the detector acceptance
retical parameter we have used a standard value of 8.66 fmyt 5 given rapidityy for mass symmetric system(@r+Zr
which was optimized for relatively heavy collision systemsyith i =Zr, Ru+Ru with i=Ru, and the mixed systems Ru
such as Ad-Au. For light collision systems half of this value 17y respectively, Z+Ru with i=mix). This observable
(4.33 fnf) was suggested, as this parameter was importanfas designed to assess the differential rapidity distribution
for the study of the transition enerd6]. Therefore, we for protonlike ejectiles relative to that of the corresponding
have checked the effect of the Gaussian packet width of parcalibrating” symmetric systems.
ticles on the shape of the baryon rapidity distributions. We  To illuminate further our earlier results we present here
observe that the widths of the proton and deuteron rapidityjata for a related, but simpler, observable, which involves
spectra are almost the sartvéithin 1% in thedy,/y, repre-  only the mixed systems
sentation for both values ofL for oyy=ocNE® options in
central collisions. As an example, we obtaidy,/y,

—0.268 and 0.266 fot. =8.66 and 4.33 fi respectively, Ro =Nz R (6)

for oyn=0Re®. This difference becomes even smaller for Y

larger values ol . A noticeable effect is found only for j.e., simply the ratio of the differential rapidity distributions
aNN=O.5crH§e, where dy,/y, is about 8% larger for a for the two mixed system@listinguished by exchanging pro-
smaller packet width. As a result, we conclude that the widthjectile and target This simple ratio gives us a clean signal
of the Gaussian packet cannot change our conclusion oabout the nuclear stopping phenomenon via the sign of the
nuclear stopping phenomena, even though its contribution islope near midrapidity. The ratig, will show different be-
important for studying the transition energy. havior as a function of rapidity for different nuclear stopping

The systematics of the baryon rapidity losses has beescenarios:R, increases as a function of rapiditpositive
discussed by Videbeek and Hansen for central nucleusslope for transparency and decreasgegative slope for
nucleus collisions in a beam energy range fromA1®  rebound. If full mixing of isospin has been achieved in the
200A GeV [37] and has been extended down t& GeV in  collision, R, (as well asR;) as a function of rapidity is
Ref.[12]. The important conclusion was that the mean rapid-expected to be flat.
ity shift oy, of protons scaled with the beam rapidiyy Open circles in Fig. 8 show, values measured in the
from 1A to 200A GeV. With the present results this scaling CDC for protons under thE, ;A condition. The fact thaR,
behavior can be tested further at 408eV. Our weighted crosses unity at midrapidity is an important consistency
mean ofdy,/yy, for both protons and deuterons in RRu  check, since an equal number of projectile and target nucle-
collisions is 0.2670.011 within theE, ;A cut. It agrees rea- ons should be admixed in c.m. due to the mass symmetry of
sonably with the averagéy,/y, value (0.28 of relatively  the collision systems. The ratié% andR, are less prone to

2Nmix_ NZF_ NRU
y y y
Rz= NZ— NRU )
y y

®

Ru+Zr
Ny
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S ratios for both charges. Within statistical errors, the r&io

a4 [ 1., AR ]
[ (2) Opu/Opy™ee=0.5 I (b) op/onnt==10 ; is consistent with unity for bothr™ and 77—, and no signa-
11 £ O Present Data (p) 1 ] ture of finite slope is found at this beam energy. A detailed
A fé%[(]g*d) 1 1  study of R, for various nuclear stopping scenarios will be

published in a separate paper.

The behavior of the experimental quantRy in Fig. 8 is
qualitatively in agreement with the “transparency” scenario
[ T ] for central collisions af;, increases withy(®), Experimen-

0.9 H === : tally, we cannot separate the corona eff@ttrface nucleons

! 1 ] of the colliding nuclei passing through each ojhigom the
bulk transparency of the system. However, we expect that
such corona effects become important only close to the pro-
jectile and target rapidities, which has been also confirmed
by the CBUU mode[19]. Therefore, the finite slope d®,
nearmidrapidity suggests a partial bulk transparency of the
projectile and target nuclei.

The ratiosR,, from the IQMD(HM) model are shown by
thin solid lines in Fig. 8 for various assumptions ogy,
always under the most central cofoyp<1 fm. They are
corrected for the geometrical acceptance of the detector. This
is a small correction, however; the effect is that the accep-
tance is almost negligible since the analysis relies on a rela-
tive quantity. From our present investigations, the degree of

obtained from the CDC_undﬁratA criFerion with the results from _ P(lgjﬁ/llgérlﬁt%egg‘rgt (I)S Sf;)uudr;/d tLOe b deetgli}ze(;fsﬁne&g;wo# nthis
the IQMD(HM) calculations. Open circles are the present experi- . - .
mental data, and thin solid lines are the limits estimated by theDarameter’ We. compare ‘."‘ga'“ eXperImem§| data .Wlth
model calculations. The nucleon-nucleon cross seatigq in the model calculations for varloueNf,F‘e.eThe afgjrgeeemgnt IS rea-
model was assumed to k& 0.5, (b) 1, (c) 2, and(d) 5 timeso 5. Son?lbly good gor bOth’NN_ZO'.5O'NN and onn Options, es-
Solid triangles reflect earlier results obtained from the protonlikeP€cially for ly(®=<0.5 which is the most interesting region
particle (p+d) ratio in the CDC alonéRef.[22]). The dashed line for the nuclear stopping phenomenon. The optiefy

I (d) o /Opfe==5.0

FIG. 8. Comparison of the experimenij (see text for details

represents the lower limit oR, determined by theN/Z ratio of =0.50 /(2% has already been excluded in the previous section
projectile and target nuclei, R, were to include all protons, bound by the comparison to the experimental proton and deuteron
or not. rapidity distributions. The model predicts that the isospin

equilibrium can be achieved itryy becomes close to

systematic errors than the rapidity distributions themselvego{\[ﬁe_ Finally, the model calculation withrNN=5¢rfNr,f,e

because the ratio eliminates many systematic uncertaintiegows anegativeslope which implies a rebound effect pre-
due to an imperfect detector response. Specifically, by exdicted by an ideal hydrodynamic mod&B], an effect which
changing target and projectile in &isospin asymmetric s clearly excluded by th&, andR; data, as well as by the
system it is technically possible to measure the backward anghpidity distributions discussed earlier.
the forward hemisphere@n the center of magswith the
same subdetectors.

Results deduced from the earlier rapidity distribution
evaluation[22] that included the sum of the protons and the We have used two experimental observables to study the
deuterons, are also shown for comparison in Figs@id nuclear stopping phenomenon at A0MeV. The first, con-
triangleg. The current results agree nicely with the previousventional, observable is the proton and deuteron rapidity dis-
results confirming the robustness of this observable taributions, analyzed in RuRu collisions, and the second one
changes in the analysis. In contrast, the absolute rapiditis the ratio of proton rapidity distributions in isospin asym-
distributions,dN/dy(®), of protons and deuterons are now metric collisions of the isobaric nuclei R&Zr and Zr+Ru.
found to differ from the earlier analysis by typically 25%. These two observables are truly complementary. The
However, this change idN/dy(®) does not affect the main baryon rapidity spectra enable us to estimate the mean rapid-
conclusions of Ref[22] which were based primarily on the ity shift of protons. By comparison to model calculations one
robust observabl&; . can further confine quantitatively the magnitudeNdfl cross

Furthermore, such a good agreement between the prevsection in the nuclear medium. However, one shortcoming of
ous result for the sum of protons and deuterons and ththis method is that we cannot distinguish in a model-
present result only for protongig. 8 also means that the independent way between various stopping scenarios such as
ratiosR,, of both particles are very similar. We have checkedtransparency, rebound, and longitudinal expansion after a
that adding deuterons iR, does not change the shape of the complete mixing of projectile and target nucleons. On the
experimental data shown in Fig. 8. In addition, the possibleother hand, the ratio of proton rapidity distributions in iso-
bias due to the pion production was investigated by the piospin asymmetric systems gives us a tool to resolve such an

IV. CONCLUSIONS
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ambiguity despite its relatively small sensitivity to determinebeam energy, we cannot generalize the present conclusion to
the NN cross section precisely. other collision systems and incident energies. However, the
From the centrality dependence of proton and deuteromethod we utilized in this experiment should be applicable
rapidity distributions, we find that more protons are concen-and robust to all nucleus-nucleus collisions in general. Data
trated at midrapidity for more central evelfftise shape of the at 1.5A GeV for the same collision systems are being pres-
rapidity distribution is narrowgr Expressed in terms of ently analyzed, and the beam energy dependence of the
nuclear stopping, more stopping can be achieved in morauclear stopping phenomenon is the subject of a forthcoming
central events. To reproduce the proton and deuteron rapidifyaper.
distributions for the most central events measured experi-
mentally, theN N cross section in dense and hot nuclear mat-

ter should remain within about 20% of the fré&N cross

section within the framework of IQMD. With this constraint,

the ratio of proton rapidity distributions in RtZr and

Zr+Ru collisions evidences a partial transparency effect oiNo.

nuclei at 40 MeV.
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