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Nuclear clusters as a probe for expansion flow in heavy ion reactions d.0-15A GeV
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A phase space coalescence description based on the Wigner-function method for cluster formation in rela-
tivistic nucleus-nucleus collisions is presented. The momentum distributions of nuclear ctyysterand He
are predicted for central ALi1l.6A GeV)Au and S{14.6A GeV)Si reactions in the framework of the relativistic
guantum molecular dynamics transport approach. Transverse expansion leads to a strong shoulder-arm shape
and different inverse slope parameters in the transverse spectra of nuclear clusters deviating markedly from
thermal distributions. A clear “bounce-off” event shape is seen: The averaged transverse flow velocities in the
reaction plane are for clusters larger than for protons. The cluster yields, particularly pt &wmidrapidities,
and the in-plandantiflow of clusters and pions change if suitably strong baryon potential interactions are
included. This allows one to study the transient pressure at high density via the event shape analysis of
nucleons, nucleon clusters, and other hadrp88556-28187)03302-5

PACS numbe(s): 25.75.Ld, 21.65tf, 24.10.Jv, 24.10.Nz

I. INTRODUCTION clusters, as compared to light hadrons, for which flow can
even dominate the momentum spedit].

One of the challenges of modern heavy ion physics is the We follow our earlier work on deuterorj22] and extend
extraction of the equation of state and transport properties dhe phase space coalescence picture to light clusters with
extremely dense and excited nuclear matter. In particular, thA<4. The basic ingredients of the cluster coalescence ap-
study of matter at high net baryon density has received mucf@roach are introduced in Secs. Il and Ill. The parametrization
attention recently. QCD, as the accepted theory of stron@f baryonic mean fields is described in Sec. IV. Section V is
interaction, contains chiral symmetfin the limit of mass- divided into two parts: First we address the relationship be-
less quarks which is spontaneously broken in its ground tween the cluster cross sections and the properties of the
state, the QCD vacuuifsee, e.g., lattice calculatiof$]). A~ phase space densities at freeze out. Particular features in the
rapid restoration of this symmetry with increasing baryonmomentum distributions of nuclear clusters are discussed as
density is predicted by all approaches which embody thisignatures for flow and significant event shape correlations.
fundamental aspect of QCI2,3]. Nucleus-nucleus colli- In the second part we demonstrate the sensitivity of cluster
sions in the bombarding energy region of baryon stoppingelated observables—rapidity distributions, spectra, di-
may therefore be favorable to study such medium effects atected flowp,(y)—to the effect of baryonic mean fields. The
compared to ultrahigh energies, for which the two collidingresults are compared for two extreme scenarios: one with a
nuclei may become transparent. Beam energies betwedlensity-dependent quasipotential between baryons and the
10A and 13\ GeV, as studied experimentally at the BNL- other without(cascade
AGS[4-8], seem to be well suited to stop two heavy ingoing It should be mentioned that results for cluster yields have
nuclei and to create the desired high baryon densities. Thigeen calculated based on the thermal model and on the
has been shown by transport calculations based on hadrorségle-nucleon momentum distributioh23-33. These re-
excitations and rescattering like the relativistic quantum mosults predict that the spectra of clusters and nucleons have
lecular dynamics(RQMD) approach(strings, resonancgs essentially the same shape. Here, we demonstrate that flow
[9,10], the ARC[12], or the ART mode[13] (resonances invalidates the basic assumptions underlying these simple
The observation of stopping in the AGS experiments hagnodels. In turn, we can use the amount of “scaling viola-
been unclear for quite some time. However, all experimentalion” of cluster spectra as compared to proton spectra to
groups now confirnf4—7] the predicted large baryon stop- assess the strength of collective flow in nucleus-nucleus re-
ping in central collision$9,14]. actions.

An observable consequence of the formation of dense
nuclear matter, far bgyond the ground state, is the emergence |, ~oaLESCENCE OF CLUSTERS IN PHASE SPACE
of collective flow driven by compression-induced pressure
[15-18. Mean fields[15] may give important contributions We combine a dynamical description of the first violent
to this pressure and could therefore be accessible to expestage in nucleus-nucleus reactions from the RQMD model
mental observation, just as in the 1 GeV reg[d®]. The  with a cluster formation model which is based on the single-
bounce-off for protons has been observed at 10 GeV/nucleogparticle phase space distributions at freeze-out. RQMD is a
[20] as well as azimuthally asymmetric particle correlationssemiclassical transport theoretical approach and does not
in the projectile hemispherf21]. These experimental dis- take into account the formation of nuclear bound stétes.,
coveries encourage us to investigate the formation of nucleateuterons dynamically. However, the small binding ener-
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gies and the associated quantum mechanical formation timtaat the phase space PN TT,1x[sS]] has to provide the

from the uncertainty principle suggest that nuclear clustergorrect symmetry concerning particle exchange to ensure
are mainly produced after violent interactions have ceasedhat all states are totally antisymmetric. In the semiclassical
i.e., cluster formation rates can be calculated from theypproximation it is assumed that the Wigner function does
nucleon distributions at freeze-out. In order to calculate lightyot containdynamicalcorrelations with respect to spin and
nuclear cluster distributionfor A<4) we use the Wigner- jsospin. We therefore employ the statistical assumption and
function technique in phase space. This phase space coalegsign all many-nucleon states which are allowed from the
cence approach was already applied to deuteron productigeayli principle the same weight for a given position and
at bombarding energies aroundh 1GeV [34,35, 10—-1%\  momentum distribution.

GeV[22,36,317, and 160—20A GeV [38]. We consider only spin-averaged Wigner densities

The validity of the combined RQMBcoalescence ap- W[TT]X[S%]%]-/ZMW[TT] Furthermore, the coupling of
3 sl !

proach for cluster formation clearly depends on the fact tha articles to a given total isospiRis assumed to be equal:
the transport model describes dynamical evolution up to th P 9 P quat:

freeze-out stage reasonably well. The relativistic quantum

molecular dynamics approadRQMD 1.07 [9] employed 1 — —
for the calculations presented here combines the classical Wit xiss)~ Tyt om Wi, =9 Wr. ()
propagation of particles with excitation of hadrons into reso- ( b

nances and strings. Secondafieserging from the decaying
resonances and stringsindergo subsequent interactions, L
the RQMD results compare vyell with experimental S'ngle'states in different isospin multiplets for dn-particle com-
particle and two-body correlation d4t&,7,10,11. bination (M,Z) with given chargeZ =T+ M/2.

In the following, we use the nonrelativistic Wigner- .

function formalism which may be justified for nuclear clus- " Order to approximatéVr, we use the RQMD model,
ters in view of the small binding energies. The formationwhich provides the phase space distribution of nucleons with
rates are calculated at equal time in the common rest frama given isospin. We identifyvT3 with the product of single-

of the corresponding cluster nucleons immediately after theiparticle distributions:
last scattering or decay. Having this in mind, we suppress the

explicit time dependence and reference to the chosen Lorentz

frame in all following expressions. Note, however, that all — 1 /M
results presented in this work include an implicit integration Wi~ N_M< Z)
over all freeze-out times and Lorentz transformations back

Z
i1]1 (27h)3f 5(X; 4&)}

into the original observer system. M s = =
The Wigner function for a single particle, X i:1;[+1 (27h)>f (X, p1) |, (4)
dBy(X+ y/2| W) (W|x—y/2)e P-Y/h 1
j YOy K X —yl2) @) whereN=N,+N,, is the total number of nucleons and

is the closest analog to a probabilistic distribution in phase

space which one can get from quantum mechanics. There- =~ = [ 5 - - N - -
fore, its identification with the phase space distribution Np:= | dXd"pfp(x,p),  Npi= [ d*Xd"p fa(x.p).
fy~p" has been frequently employed in semiclassical cal- 5)
culations. Neglecting the hopefully small effects from bind-

ing energies, the formatlon probability for a clustgr can beEquation(4) can be interpreted as a statistically uncorrelated
expressed as an overlap integral between the Wigner func:

. ; . émission. It defines the probability density to find a given
tion which corresponds to the cluster wave function and the o . 4 ;

TR nucleon combinationNl,Z) in certain phase space regions.
N-body nucleon phase space distribution at freeze-oult

[39,34,35,22,36,38 The N-body phase space distribution nserted in Eq(3) it fulfills by construction the trace normal-
has to be constructed from the single-particle “source funcization tipy]=1.

tion” which is defined by the “freeze-out” positions* and ITthe" glusltlerhwav? thmgnon .Wth'Ch |s"as§umeddto bel rtlpn-
momentap! of nucleons after their last scattering or decay.re ativistically here factorizes Info a collective and a refative

The Wigner density of a-nucleon state has the form part
- ) . N ) 6
[om] _[TT3];[353] (ISSNSSD(TTa)(TTs)) PeB) = g™ (T, DISSITTS),

o o (6)
XWirTyxiss) (XaoP1s - XuoPu)y - (2)

with the normalization fipy]=1. The product Wwhere )Z:£)21+ .-+ +Xy)/M and P=p;+---+py. The
[TT3]X[SS] denotes the set of all?? possible internal  tj(X;, ... Xy) (i=1,... M—1) are theM —1 relative co-
couplings with proper total isospif, T3 and spinS,S;. Note  ordinates of the relative cluster wave functiog.
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S,S;3,T,T3 are the spin and isospin quantum numbers of the w TN . R
cluster state. The Wigner density of the wave function in pc 3:f d(ty+ya2, .. ty-1tYm-1/2)
relative coordinates is defined by the Wigner-transformed L. R .
projection operator Xp* (ty—yal2, ... ty_1—Ym-1/2)
Xe—id1~§1/h o e*idM—lim—i/ﬁ
pe(t1,01: - Tuo1,0m-1):=TT)|SS)p(SSTT, Xd3y,- - ddyy_q. (8)
-

The formation of cluster states is finally determined by the

trace over the source densipy, and the projector on the
with individual cluster wave functiofi & )(w|:

tr{;’M|‘P'\CA><q”<\:A|}:J’ [;)M]W(ilrﬁl; cee ;)ZM ’5M)/AJ\(/:V({1151; cee ifM—laaM—l)é\g(ﬁ_(ﬁl"' T +5M))

deid3pl 3 'd3dep3M )
2rh)2 T2ah)?

The absolute number of states is obtained by multiplying(Bby the total number oM -nucleon stateskﬁo and summation
over all possible spin statdés. Inserting Eqs(2) and(7) the semiclassical coalescence formula reads, finally,

z
dN N M 1 - - - - -
WZQNS M Z N_M jdxidp?dxﬁndpfﬂée(P—(pl++pM)) iljl fp(xiapi)}
M

X P\(/:V(fl,al; ot Oue ) (10

II fa(xi.po)
Z+1

Ford, t, 3He, and*He states the momentum distributions are explicitly given by

dN(d) N\/2\ 1 34 34.34 3¢ > = + o W 32
_dep_zg(d)Ns(d) 211/ N2 dxydprdxzdpsf,(X1,P1) fp(X2,P2) pg S(P—(P1+P2)), (12)
dN(t) N\/3\ 1 3.3 3 3. - = I s s WerR 2 a2
Wzg(t)Ns(t) 3/l 1)/N3 dxydpy- - -dxadpafa(X1,P1) fn(X2,P2) fo(X3,P3) oy O(P—(P1+pP2+pP3)), (12
dN(3He)3 3 N3] 1 3 34.3¢ ;0 2 > > S Wl 2 22
W:g( He) Ng(°He) 3/\2IN? dx1dp1"'dxsdpsfn(xl,pl)fp(xz.pz)fp(xa,ps)PgHg(P_(p1+pz"‘ps)),
(13
dN(*He) N\ /4| 1 . . ..
—q@p —9(*He) Ng(*He) 4)(2)W f dxqdp?- - - dxgdpifa(Xa,P1) fa(Xo,P2) fo(Xs,Pa) fp(Xa Pa) iy,
X 8(P—(py+PpatPat Pa)). (14)

In a Monte Carlo formulation, appropriate for the application(. ..) denotes event averaging. The sum runs for each event
to microscopic transport calculations, these formation rategsver all M-nucleon combinations with given cluster charge
can be expressed by the general coalescence formula for @ Note the necessary conditiop< - - - <iy which prevents
M-body cluster the double counting of equal particle pair. The coordinates in
position and momentum space are taken at equal time in the

M-nucleon rest framé.e., P=0) immediately after all clus-

_ Wr o = e - ter nucleons have frozen out. Note that the propagation of
dNw=gNs ile-,iM pe(tipdiy - iy iy, ) nucleons to equal center-of-mass syst@m.s) time and
i1<---<iy the transformation into the local rest frame affect the final
<t d%q - Bt da (15) deuteron yields by less than 10%. The calculated numbers
1,47y IRPL S VIRE contain higher mass fragments by construction. The number
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of A>4 clusters is small, however, for rapidity values TABLE I. Root mean square charge radii for nuclear clusters
|y_ymid|<1- The factorg contains spin and isospin projec- with A= 3,4_and the corresponding effective radius param&eirs
tion as described above. After the summation over all posthe harmonic oscillator approach.

sible spin states the statistical corrections are

g(d)Ng(d)=3/8, g(t)Ng(t)=g(®He)Ng(*He)=1/12, and Cluster Radiugfm) D (GeV?)
g(*He)Ng(*He)=1/96. Feeddown effects from the produc- sy 17 027104
tion of excitedt and He states are expected to be small 3, 1.8 0.34 10~
(<15%[40,41) and will be neglected in the present studies. 4o 15 0.5% 10~

The statistical approximation employed here is expected
to break down in regions where binding energies and quan-
tum dynamics play an essential role, e.g., in the case of spegtructure physicgsee, e.g.[46]). We adopt such a form of
tator matter fragmentation. Deviations from the statisticalthe wave function because of the Separab”ity in collective
limit could give further insight into the fermioni@uantum  and relative motion even on the level bf-particle states.
dynamics of the many-body system and final state effectyoreover, a harmonit/-particle wave function can always
like, e.g., Coulomb distortion. be written as a product of single-particle oscillators which

leads to a Wigner density of the form

Ill. PARAMETRIZATION
OF CLUSTER WAVE FUNCTIONS M-1

- > > g 0
For the deuteron we assume a Hiitheave function de- e=46@Au—(azt - +aw-1)) ]1:[1 ge™ I4/%10y)°
rived from a Yukawa-type potential interacti¢42,43
xe~lail? o2, (19
.. 1 i X1+ Xo
<X1,X2|d>= m&XF{ %P 2

The t;==;(C);ix; are given by the linear transformation of
the original Cartesian coordinat€s The generalized rela-

4ab(a—b) 1 tive momenta are defined by the inverse conjugate complex
(a+b)2 |§1_;2| transformationqj=Ek(C:1'+)jkpk. For complicated sys-
tems the transformatio@ can contain particle masses and
X [exp(— a|X;— X,|) — exp( — b|X;— X,|)]. different coupling constants. Our purpose has been a simple

parametrization rather than taking into account detailed in-
formation in the wave function such as, e.g., Coulomb repul-
In order to get a simple expression for the Huith&igner sion. Therefore, we use only one effective radius parameter

density the wave function is approximated by a sum over 14 for each cluster and an equal mass of protons and neutrons
centrally symmetric Gaussian wave packets m which leads to a representation in so-called Jacobi coor-

dinates: Fort and 3He states the two relative coordinates
34 are t;=13D/2(X,—X;), t,=+v2D[X3—(X;+X,)/2], and
exp(—cir?). (17) xi=x3=(3D/2m)Y* while for “He states ft;
=\2D(X,—Xy), t,=8D/AX3— (X1 +X2)/2], t3=+3D
The Wigner density of this sum can be calculated analyti{x,— (X;+X,+X3)/3], andxs=x3=x3=(2D/m). The ra-

cally [44,45: dius parameters are adjusted to the mean square charge radii
of the diverse cluster statésee Table | anfi47-49).

(16)

V(=2 aG(nN=2 a

™

2
> - q
pd(r,Q)=8§i: aizeXF(—ZCirz)eXD(z) IV. BARYONIC MEAN FIELDS
I
dcic |3 deic At nuclear ground state density the nuclear mean field
+16, aa; d 2) ex;{ . rZ) may be decomposed into two large pieces: an attractive sca-
i>] (ci+cp) Cit ¢ lar field provided by the quark condensate and/or correlated

B c—c two-pion exchangédthe o field) and a repulsive vector po-
><exp( COS{g g cos, ) (18  tential (the w field) [50] which is in accordance with Dirac
Cit¢ Ci+C; d phenomenology for optical potential calculatidd—54 in
L L. p+ A studies and QCD sum-rule estimaf&3$. Not much is
with q=|p1—p|/2 andr =|x;— x| as the relative position known about the strength of the mean fields at large net
and momentum coordinates. Note that the Huith®igner  paryon densities and temperatures predicted in all present
density can be negative. These negative modes have to B@nsport approaches for the ultrarelativistic regime. It is ex-
taken into account in order to fulfill the normalization con- pected that the momentum dependef®®,51], the excita-
dition [ pg(X,p)d3xd®p= (27#)3. tion into resonancefs5], and the transition to quark matter
For triton, *He, and “He states we use three- and four- [56] will play a crucial role for the created mean fields. Sev-
particle harmonic oscillators with different coupling strength.eral new ideas are currently under active investigation: Me-
Such an approximation has been used already in momentudhium properties of hadrong.g., of thew meson which is
coalescence studi¢g4,27—-29 and is well known in nuclear responsible for vector repulsid@]) or quark and gluon con-
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densates, which break the approximate scale and chiral sym- 6.0
metry of the QCD Lagrangian in the vacuum, could modify
the scalar field essential[¥66,3].

In the following we demonstrate the sensitivity of flow I
observables to mean fields by comparing two schematic 50}
cases: In the first case the potentials are switched.eff the Si+Au
cascade modé used. The second scenario uses potential-
type interactions which define effective baryon masses in a
medium(9], | @ Si+Al: E802
B Si+Cu: E802

p?—m?—V;=0, (20) # Si+Au: E802
histograms: RQMD+coalescence

Deuteron Formation

and thus simulate the effect of mean fields. Here

T

with p;; a Gaussian of the absolute value of the c.m.s. dis-
tance vector normalized to pg ground state matter density,
and a=—0.4356 GeV, 8=0.385 GeV, andy=7/6 pa-
rameters which are adjusted to the saturation properties of
nuclear mattetbinding energy and compressibilityThe pa- 0.0 ‘ s
rameter fit was done by taking the expectation value of the 1.0 00 1.0
total energy per nucleon for ideal ggdane wave functions,
taking into account antisymmetrization. A Hamiltonian can
be constructed which conserves the effective mass shell con- FIG. 1. Rapidity distributions of deuterons in-Ssi (b<1 fm),
straints of Eq.(20) [9] and is employed for the dynamical Si+Cu (b<1.5fm), and St-Au (b<<3 fm) reactions at 144 GeV
evolution in RQMD. For the presented calculations we havecalculated from RQMD simulations including potential interactions
chosen to let the particles interact at equal times in the globdPr baryons(solid histogramp The symbols show E802 data from
equal-speed system of projectile and target. Ref. [61] for central Si-Al, Cu, and Au reactions. Note that the
As has been stated if67], the experimental data for data ha_ve been extrapolatedrim and contain~15% systematic
nucleus-nucleus reactions @0—15A GeV indicate more Uncertainty.
repulsion than just given by a pure density dependence as in
Eq. (21). In fact, it was found that the quasipotentials do notsumption of isotropic heavy baryon resonance decay leads to
affect the final distributions at all, if their strength is below a@n overestimation of the nuclear stopping power as was
“critical threshold.” This additional repulsion is probably noted recently in Ref58]. A detailed study of the interplay
caused by the momentum dependence of nuclear forces. petween the effect of collisions and mean fields based on
order to explore the possible role of mean fields, in R&f] RQMD is currently undertaken by one of {i59]. On the
we hardened the density dependence of the potentials unfither side, we do not expect that our qualitative conclusions
we achieved agreement with experimenta| proton Spectrabout the effect of mean fields on cluster flow will be re-
which were available at that time. The attractive two-bodyversed by more realistic calculations. In fact, a smaller initial
force in theAA andNB* channels have been switched off, baryon density means that the mean fields have to get stron-
ayn=aynpe =0 [thus explaining the index paiiij) in Eq.  9er to achieve the same amount of collective flow.
(21)]. Here, we use the same potentials. We note that this

1 pij B 7
2my) "=+ = il =+ —
(2my) i 2j,j2¢i al](p()) y+1

* 20}
(21

2.0 3.0 4:0
Rapidity

approach has predictive power for the cluster spectra, be- V. RESULTS AND DISCUSSION
cause the strength of the potentials and thus the amount of
flow have been fixed from the proton spectra alone. The production of clusters has recently been measured

What does the existence of a “critical threshold” aboveand analyzed for the central and peripheral reactions
which only collective forces “win” against the randomiza- p+A, Si+A, and AutAu at AGS energied60,61,4,62
tion of the motion by stochastic collisions and decays meanand StA at 20A GeV [63]. Comparisons between coales-
It indicates that the mean field effect cannot be isolated frontence calculations for deuteronspgt= 0 and measurements
the other—stochastic—interactions which are present in théor pA reactions have also been discussed@f,36. We
system. For instance, the initial baryon density is essentiallyvill first show that the phase space coalescence in combina-
fixed solely from stochastic interactions, because the degrd@n with the RQMD freeze-out describes the absolute values
of energy degradation which the ingoing nucleons experiand momentum distributions of deuterons in accordance with
ence is mostly determined by multiple collisions with nucle-measurements for various nucleus-nucleus collisions. In Fig.
ons from the other ingoing nucleus and with secondaries. A we compare our recently published results for deuterons in
more recent version of RQMD contains somewhat more reeentral SitA reactions at 144 GeV [22] with E802 data
alistic interactions than used here for the presented calculd61]. In Fig. 2 calculations for transverse mass spectra of
tions (see Ref[58] for a discussiop For instance, the as- protons and deuterons in the reaction (BL6A GeV)Au
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Au+Au (central) at 11.6 A'GeV/c
10?2 fr——— — T T
F I I ' T

21 (@ Au(118AGeVIAU | [ () Si(14.6AGeV)Si |
b<3fm b<ifm

E866 preliminary data b P

8 proton 1

® deuteron 10‘ | d

— RQMD calculation E ﬂ

1.2<y<1.4

dN/dy

-
o,
T T
°
- =%
"
-
°.
®

100

(21rmt(7m!‘)~l d?c/dm,dy [Gev? c*]

‘40 00 10 20 30 40-05. 05 15 25 35
Rapidity Rapidity

0.0 0.5 1.0 15 2.0 o o .
m,-m, (GeV/c?) FIG. 3. Rapidity distributions forp, d, t, and “He in

Au(11.6A GeV)Au, b<3 fm (a) and S{14.6 A GeV)Si, b<1
fm (b). Calculations with baryon potentials are denoted by bold
FIG. 2. Transverse mass spectra for protons and deuterons gvlid histograms. Cascade calculations are shown by thin solid his-
central AU11.6A GeV)Au reactions aty,,,=1.3. RQMD simula-  tograms. The inclusion of potentials at high baryon densities leads
tions including potential interactions for baryoftsistogram$g are  to stronger longitudinal expansion in both systems.
compared with preliminary E866 dataymbols [64].

10~2

rameters(Au+Au, b<3 fm; Si+Si, b<1 fm). The weak

(b<3 fm) at rapidity y=1.3 are compared to preliminary decay of hadrons after freeze-out has been suppressed.
E866 data[64] for central events. A comparison between Rapidity distributions and transverse momentum spectra
calculations and data requires proper event selection accordf p, d, t, and“He clusters are shown in Figs. 3 and 4 for
ing to experimental trigger conditions and acceptance correcentral Au-Au(11.6A GeV) and Si+Si(14.6A GeV) reac-
tions for the theoretical calculatiofi§5]. On the level of the tions. The figures contain casca@elid histogramsand po-
systematic errors in the measurements16% [65,61]), tential calculationgbold solid histograms The solid lines in
however, we find good agreement, even for the strong slopEig. 4 show Boltzmann distributions with temperature pa-
parameter splitting between protons and deuterons in masameters adjusted to fit the transverse spectra for
sive reactions. p:>2 GeV/c (Au+Au) andp,>1 GeV/lc (Si+Si) as cal-
culated with a baryon potential interaction.

In Au+Au collisions all rapidity distributions peak at
midrapidity, indicating strong stopping in accordance with

The formation of transverse blast waves was first proearlier predictions and preliminary data for protdag,22.
posed in Ref[66] where pion and proton transverse momen-The transverse distributions have a strong shoulder-arm
tum spectra aroundALGeV incident beam energy were ana- shape which deviates markedly from distributions expected
lyzed. The most prominent observables are the characteristitom a purely thermalized fireball. The shoulder-arm shape
shoulder-arm shape and different apparent temperatures fbecomes most prominent for heavy clusters. fide clusters
particles with different mass. These are caused by the over peak even appears at finfie. The high momentum tail of
lay of rather small local momenta and collective motionthe transverse spectra exhibit different “apparent” tempera-
which have been produced during the expansion phase of thares for clusters with different mass while a thermal system
reaction. Several investigations followed in the low energywould predict similar slope paramete31]. Note that the
regime[17,16,67,68 as well as for ultrarelativistic nucleus- extracted temperature values depend strongly onptheut
nucleus reactiong69-72,22,38 chosen. The absolute values extracted by exponential param-

In the following we will discuss the momentum spectra of etrizations always lead to additional systematic errors in the
nuclear clusters which show a strong dependence on su@bsolute yields according to our calculation, overestimating
phase space correlations. In particular heavy clusters likeéhe cluster yields substantially. Therefore, comparisons of
“He can serve as a very promising tool to determine theapidity distributions between calculations and extrapolated
phase space picture as, e.g., provided by the microscopitata must be done very carefully.
transport calculations. The strongest flow and mean field ef- In contrast, all rapidity distributions are essentially flat for
fects are achieved in the central reactionsthe light system SiSi. The transverse spectra are in good
Au(11.6A GeV)Au. Variations with the reaction size and agreement with a thermal fit and show temperature param-
lifetime of the high density zone are studied by comparisoreters which are almost equal for all states.
with results for SiSi reactions at 14/8 GeV. All results The characteristic deviations from thermal distributions
presented here have been calculated for central impact pare caused by strong transverse expansion and collective

A. Transverse expansion and cluster flow
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FIG. 5. Freeze-out profiles of protons and tritons in RQMD
calculations including baryon potentials for @1.6 A GeV)Au,
b<3 fm (a),(c) and S{14.6A GeV)Si, b<1 fm (b),(d) at central
rapidities. The upper part shows transverse velocity profiles for pro-
tons and tritons. The lower part shows the distributions of trans-
verse freeze-out densities pf d, t, and ‘He.

FIG. 4. Transverse momentum spectraford, t, and*He in
Au(11.6A GeV)Au, b<3 fm (a) and S{14.6A GeV)Si, b<1
fm (b) at central rapidities. Calculations including baryon potentials
(bold solid histogramsare compared with cascade simulatigiiisn
solid histograms The smooth solid lines show Boltzmann param-
etrizations adjusted to the high momentum part of the spésta
tex?) in calculations with a potential interaction.

tradicts the present fireball analyses which assume a com-
mon density and velocity profile for all particles.

Clusters are clearly dominated by the collective flow com-
flow particularly in massive reactions like AtAu. The flow  ponents in the final phase space distribution: The collective
correlations at microscopic freeze-out are shown in Fig. Sransverse velocities of heavier mass clusters already provide
which contains calculations for the freeze-out velocities andnost of the total transverse momentum §0%). Therefore,
density profiles of protons, deuterons, tritons, ditte. The  the freeze-out density and collective velocity profiles deter-
velocity profiles for all clusters are similar. They exhibit a mine the final spectra almost exclusively.
convex shape and saturate=afd.7c for both reactions. In the It is convenient to approximate the collective velocity
massive system AtAu the freeze-out densities have a com- profile by 8,=A(r,—r,)® in order to demonstrate the effect
plicated shape which peaks around 5 fm. Most of the nucleef the interwining of collective velocities and freeze-out
ons freeze out at larger distance. This is indicated by amrobabilities on the transverse spectra. This parametrization
average freeze-out radius e$10 fm (see Table ). The leads to a transverse momentum spectrum of the form
strong transverse expansion in AAu collisions is caused

m,: = \mg+p?,

by the considerable baryon stopping and the pileup of high dN 1-B)8
(22

2 2 2
mg  (mg—mp)'
2\(1+B)/B
(mg)++8

particle densities near to the reaction center. During the ex-p,dp, ~ BAZ® p(ro),

pansion phase comoving particles undergo frequent colli-
sions, transporting the system collectively sidewards until
the flow-induced pressure pushes them into the vacuunwherep=1/(r,—rg)dN/dr,. The only quantities which de-
Hence, the suppression of particle emissionat0 is basi- termine such a purely flow-induced spectrum are the shape
cally caused by dynamical expansion: Many nucleons aref the velocity profile defined by the parametrand the
transported through the medium before they reach the “surdensity distributionp. Assuming a box density profile the
face” and freeze out. Table Il gives the average values fospectra have a convex shape and maximum at finitenly
freeze-out radii, collective flow velocities, and transversefor B<<1, consistent with the RQMD results. A quadratic
momenta of particles in the central rapidity region. Note that, dependenceB=2) would instead yield an overall con-
the average transverse “velocitie'p;)/A, the transverse cave spectrum, in particular diverging gt—0.

flow velocities, and source radii decrease with increaging The flattening of the transverse spectra at [gwalues is

and saturate for cluster mass&s 3. The relative suppres- due to the suppression of clusters in the very central region
sion of cluster formation at the “surface’r(>6 fm) con-  of the reaction (;—0). The different apparent temperatures
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TABLE Il. Average transverse freeze-out velocitigd,), freeze-out radii\/(_rg, and average transverse
momenta(p,)/A for nucleons and cluster witA<4 in central A§11.6A GeV)Au and S{14.6A GeV)Si
reactions. The table contains calculations witght-hand sidgand without(left-hand sidg baryon potential
interaction. Only particles in the midrapidity region £%<1.8 (Au+Au) and 1.6<y<1.8(Si+Si), respec-
tively, are taken into account.

n p d t SHe “He n p d t  SHe “He

Au+Au cascade Ad-Au potentials
(B 05 05 042 037 038 036 054 054 047 043 044 042
J(r?) (fm) 95 97 79 66 62 60 100 99 79 66 69 62
(p)/A (GeVic) 071 071 051 044 044 043 077 078 061 051 053 0.50
Si+Si cascade SiSi potentials
(B 039 039 032 026 026 024 041 040 031 024 026 023
V(r?y (fm) 39 37 27 22 22 18 39 39 27 22 23 21

(py)/A (Gevlc) 0.62 061 042 032 033 029 064 063 043 033 0.34 0.30

at high p; values are caused by the strong weight of largeverse spectra in the transport calculations has been confirmed
flow velocities forr,>6 fm. The peak or shoulder in the by recent datdsee protons and deuterons int3 reactions
transverse spectra, however, appears approximately at 14.6A GeV[61] and the results for AQ1.6A GeV)Au in
p:/A~{(B;) and directly measures the strength of the trans¥Fig. 2). In this sense, neither the assumptjon const nor a
verse flow at the position where most of the clusters at censhape of the freeze-out profile according®e 2, as used in
tral rapidities freeze outr(~5-7 fm). Note that it is not [69], can be justified. The main reason for the misleading
possible to describe the transverse spectra with one singlesults in[69] is probably the misinterpretation of concavely
temperature and collective flow velocity in contrast to whatshaped pion spectra. Pions are strongly influenced by the
has been claimed for reactions in the 1 GeV/nucleon regiménal decays of resonances such &g,B* (see[73] and
[67,68. references thereinThe alternative prediction, that the low-
Si+Si collisions do not provide a transverse expansionp, pion excess at AGS energy comes frainresonances
comparable to massive reactiofldg. 5, Table I). Most of  [74,10, has been confirmed by experimental reconstruction
the clusters are emitted close to the beam axis where thef the p# invariant masses which show a strafigsignal, in
transverse flow velocities are small. In fact, the “surfaceagreement with RQMD7]. Furthermore, the early prelimi-
suppression” acts more strongly in the case of the smallenary data for protons used j69] were limited in acceptance
system, in accordance with the larger surface-to-volume ra¢ém;—my>200 Me\). They excluded those regions where
tio. Note that here the average transverse flow velocity ofnost of the shoulder-arm effect appears and were, within the
“He states is approximately a factor of 2 smaller than forerror bars, also consistent with concavely shaped distribu-
protons(Table Il). Transverse flow is nearly invisible due to tions for protons and deuterons.
large “local” momentum components. This sampling of
clusters at smaller distances from the beam axis explains
why the transverse flow features are mostly invisible, al-
though the velocity profiles for cluster states in Fig. 5—the Besides the characteristic signals in the inclusive spectra,
“collective” position-momentum correlations—are almost the correlation between rapidity and directed transverse mo-
equal for SiSi and Aut-Au collisions. mentump,(y) in Fig. 6 is another indicator of a nontrivial
The role of the shapes of collective velocity and densityevent geometry. This observable is well known as the
profiles has been the subject of much previous debatsuclear “bounce-off” discovered first at the Beval@£s].
[17,22,67,69,70,68 In particular the lowp, pion enhance- The averaged transverse velogity/A in Fig. 6 is defined by
ment and the spectra of protons and deuterons have be#e averaged transverse momentum per cluster nucleon pro-
interpreted in terms of transverse flow with the assumptiorjected on the theoretical reaction plane for particles within a
of an expanding thermal firebdl69,70. A similar picture  certain rapidity intervally:
has been used to extract “local temperatures” and chemical

. . . . . 1 R R
potentials exploiting the final particle ratid§1,72. We px(yO)IA::<N2i ex'pi/A>

B. Directed flow

; . g . ; . 23
wish to discuss this issue in more detail because in those 23

analyses the freeze-out profiles used differ significantly from
the results of the transport calculations presented here.
In Ref.[69] a value forB=2 in combination with a box- e, is the unity vector which points perpendicular to the beam
shaped density profile was used to explain the fwpion  axis into the impact parameter plafe: -) denotes the final
enhancement, i.e., a concavely curggdpectrum. As a con- event averaging. In the case of strong longitudinal and trans-
sequence of these assumptions proton and deuteron specwerse flow contributions in the final source this quantity re-
show the same behavior, in particular fyr—0. The micro-  flects the collective sideward flow of matter predicted by
scopic calculation, however, contradicts this picture anchydrodynamicg§15,76 and microscopic modeld5,14,78.
shows profiles which are compatible wi=0.5 and a non- Clusters exhibit largep,(y)/A values than nucleons al-
trivial position geometry. The concave curvature of trans-though the division byA excludes the trivial effect of the

ly—yol<Ay/2
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FIG. 6. p,(y)/A correlations forp, d, *He (a),(b), and pions FIG. 7. In-plane freeze-gut velocityp) and density profile_$b)
(0) in central AW11.6A GeV)Au (b<3 fm) reactions. The figure of protons and deuterons in central At.6A GeV)Au reactions

shows a factor of 2 increase of the cluster flow if baryon potentialdP<3 fm). Selected are particles in the forward (2.,<2.6)
are included. The additional rotation of the event plane due to th&€mispherex denotes the projection of the freeze-out position onto

potentials leads to an apparent vanishing of the pion flow in thdhe theoretical reaction plane. The deuteron density is scaled by a
laboratory system which is, however, still pronounced in the prin_factor of 16.8 to demonstrate the increase in the transverse freeze-

cipal axis system of the rotatdtiaryon event. out distances from the beam axis between protons to deuterons.

momentum scaling with mags,/A=py, at equal velocity. the high transverse in-plane velocities are more strongly
This stronger correlation for cluster states is well knownWeighted in the case of cluster formation which leads to
from Au+Au reactions in the 1 GeV/nucleon energy regimehigheraverage\/elocities. Note the qualitative difference be'
[77,19. The reason for this behavior is demonstrated in Figfween this increase in the reaction plane in contrast to de-
7 which shows profiles for the collective in-plane velocity creasing values fofp,)/A at central rapidities.

Bx= €y |5/E and freeze-out density of protons and deuterons. _
Only particles in the forward hemisphere 2.4<2.6 are C. Mean field dependences
taken into account. The profiles are drawn as a function of The results in calculations for AuAu show higher lon-
the transverse distance to the beam axis taken in the origingitudinal (Fig. 3 and transverse momentgig. 4, Table )
nucleon-nucleon c.m.s. and projected onto the theoretical r&saused by the additional pressure which is built up by the
action pIane<:=>Z-éx. repulsive mean fields at high baryon densityp to &g is
The densities for deuterons are scaled by an arbitrary fagchieved14]). Note that the region of highest compression
tor to exhibit the qualitative difference between nucleons andp/py>3) is large ¥/=several hundred fi}) and contains
deuterons: In contrast to the average values, the “local” ve-up to 60% baryons in resonance stdte3].
locities of protons and deuterons are equal. The density dis- The difference between potential and cascade calculations
tribution of the deuterons, however, exhibits a shift towardds largest in the lowp, part of the spectrgFig. 4). For
the outward regions as compared to protons. This supprefeavier clusters the distributions closepte=0 change by up
sion of cluster formation near to the original beam axis isto a factor of 3. Nuclear matter at midrapidities is mostly
caused by higher relative momenta for nucleons. Thereforaffected by the mean field contributions at high baryon den-
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sities: Figures 8 and 9 show the rapidity dependence of the

proton and deuteron yields at low transverse momenta, here %00 (@  Au(11.6AGeV)AU F®) gnasacensi | 100
defined by a cut in transverse momentpri A<<0.5 GeV, a0} b<3fm ] b<tim N
and the average transverse momentapofd, and “He. % p/A<0.5GeV/c i p/A<0.5GeV/c |80 g
While cascade calculations exhibit a clear peak in the @ 3001 protons ' leo 2
dN/dy spectra, the calculations including potentials show a & protons ’ 5;
dip even for central events. This is due to the additional f:;?o-" I {40 8
longitudinal expansion caused by the baryon potential inter- 2 5
action. The potentials also change the average transverse mo- ooy deuterons x 5 1%°
menta by< 20%. deuterons x 5 0.0

For the smaller system $iSi the average transverse mo- *5 00 1;; ad?{f 30 40-05 05 !;éf»i d“y“ 85
menta change by less than 3% including the potential inter- P
actior_1. In_ earlier work we have shown _that the Iifetime of the FIG. 8. Comparison offN/dy distributions of protons and deu-
reaction is not long enough to establish a thermalized higherons including a transverse momentum putA<0.5a GeV in
density phasg14]. The “transverse communication” is in calculations with(bold solid histogramsand without baryon poten-
light systems much smaller and does not allow for a considtials (thin solid histogramsfor central AU11.6A GeV)Au (a) and
erable transverse push due to the mean fields, although p&8i(14.6A GeV)Si (b) reactions.
tentials also lead to qualitative changes in the distribution of
the longitudinal momenta for the small system: The results in VI. SUMMARY AND OUTLOOK
Fig. 3 show that cascade calculations exhibit a concave-

; o We have presented a phase space coalescence model for

shaped spectrum which turns to a convex distribution if po-

tentials are included. As in AuAu reactions the vields of cluster formation withA=2 in relativistic nucleus-nucleus
: i, y collisions using the Wigner-function method. The formula-
cluster states are most sensitive: TH&l/dy values for

“ ) AR tion in terms of Wigner densities allows the study of phase
He states at midrapidity differ by almost a factor of 2 be-gpace correlations. The use of explicit wave-functions de-

tween the cascade and the potential calculations. fines an absolute normalization of the cluster yields without

The value of the flow correlatiorp,(y) in central  additional parameters as in simple cutoff models or momen-
Au(11.6A GeV)Au collisions is roughly a factor 1.5-2 tum coalescence. In Ref36] it has been demonstrated that
higher due to the additional sideward push of the mean fieldfor pA reactions the combination of the phase space coales-
(Fig. 6). In recent work we have shown that pions and othercence with the transport approach RQMD allows the calcu-
produced hadronfantikaons, antinucleopshow a charac- lation of deuteron momentum distributions in agreement
teristic “antiflow” [78] caused by scattering off spectator- with experimental data. In this work we have studied central
like matter. This behavior has previously been discussed alsAu(11.6A GeV)+Au and S{14.6A GeV)+ A reactions. The
in reactions at A GeV [79,80,6§. Figure 6 includes this comparison of earlier predictions for deuterons if-Bire-
pionic antiflow which appears to be sensitive to the baryoni@ctions[22] with E802 dataFig. 1) and preliminary data for
mean fields, too: While cascade calculations show sizabléu+Au (Fig. 2) shows also very good agreement.
pyx/m values for#’s, the inclusion of baryonic potentials
leads to almost vanishing,(y) values in the laboratory
frame. In the principal axis system, however, the strong an-
ticorrelation of pions to baryons is conserved. In the work of (@)  Au(11.6AGeV)Au (b) Si(14.6AGeV)Si
Li and Ko [81] the in-plane pion flow has been investigated b<3fm b<1fm
in the framework of the cascade model ART. In these calcu- 08I 1
lations the sign of pionic flow is equal to baryon flow in
central events which is in qualitative difference to the
RQMD results. Note the strong dependence of the in-plane
pion flow on different absorption rates at high baryon densi-
ties which has recently been analyzed for reactions at lower
incident beam energies with the QMD mod8D].

Both results for central Ad1.6AGeV) Au collisions in-
cluding baryon potentialghigh in-plane flow for nucleons,
small p,/m for piong are in quantitative agreement with 02
preliminary flow measurements from E8782] and E866.
The convex proton rapidity distribution in $5i and the
width of the distribution in Ad-Au reactions, including po- 00 e e 0E 05 15 25 3%
tential interactions, are also in accordance with published Rapidity Rapidity
[61] and preliminary[4,22] data. Nevertheless, even poten-
tial calculations overestimate stopping and underestimate the FiG. 9. Average transverse momera)(y) of p, d, “He in
transverse momentum production at forward rapiditiescalculations with(histograms and without(lines) baryon potentials
(y>ynn) in asymmetric reactions like $iAu [65]. The re-  for central A(11.6A GeV)Au (a) and S{14.6A GeV)Si (b) reac-
sults for deuterons in Fig. 1 show the same trend. tions.
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The microscopic model shows that strong stopping results The cluster spectra and the in-plane flow may change
in observable collective behavior of the stopped baryon-richmarkedly if baryon potential interactions are included: While
matter. Considerable flow{ 3)~0.5c) develops due to the in small systems likgp A and peripheral reactions the poten-
internal pressure of the dense matter. The transverse expatmal effects are marginal, the yields of nuclear clusters in the
sion is most visible in the momentum spectra of nucleareaction Af11.6A GeV)Au decrease by up to a factor of 3,
clusters which deviate markedly from thermal distributions:at low p; and central rapidities. The averagg A values are
In central A 11.6A GeV)Au collisions the transverse mo- =~15% harder in calculations with potentials than in the cas-
mentum spectra exhibit a strong shoulder-arm shape which isade mode. The,(y) correlation for nucleons and nuclear
most prominent for heavier mass clusters. The position of thelusters increases by a factor of 1.5—-2 while the anticorre-
shoulder or peak in the transverse spectra approximates tated in-plane flow of pions vanishes. For central
the average transverse flow valpg A~500 MeV. The “ap-  Si(14.6AGeV) Si reactions the potentials play a negligible
parent” temperatures at high transverse momenta, which reole in transverse direction, but affect the proton and cluster
sult from the overlay of rather small local momentum fluc- rapidity spectra. Cascade calculations exhibit concave spec-
tuations and collective flow velocities, increase with clustertra which become convex distributions if potentials are taken
mass. Furthermore, a clear “bounce-off” event shape is seeimto account. The absolute yield f6He clusters changes by
in massive reactions like Ali1.6A GeV)Au. The averaged almost a factor of 2 at midrapidity. The strong sensitivity of

transverse flow velocities in the reaction plgpg)(y)/A are
markedly larger for clusters than for prototis/ a factor of
2).

nuclear clusters to the collective flow encourages a quantita-
tive study of the transient pressure in nucleus-nucleus colli-
sions.

Both the shoulder-arm shape and the large bounce-off sig-
nal for nuclear clusters are 'dlrectly related to the fret_aze-out ACKNOWLEDGMENTS
geometry and flow correlations. In contrast to the directed
flow our results show smaller freeze-out radii and smaller This work has been supported by the BMFT, GSI, DFG,
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