
VOLUME 74, NUMBER 12 PH YS ICAL REVIEW LETTERS 20 MARCH 1995

Deuteron Flow in Ultrarelativistic Heavy Ion Reactions
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Deuteron momentum distributions are predicted for nucleus-nucleus reactions at beam energies of
(10—15)A GeV. The deuteron transverse momentum spectra exhibit a pronounced shoulder-arm shape
deviating markedly from thermal distributions due to collective transverse nuclear How. A clear
"bounceoff" event shape is seen for protons and deuterons: The transverse momentum components
in the reaction plane are for deuterons up to a factor of 2 larger than for protons. The strength of the
collective matter How is sensitive to the type of baryon potential interaction employed. This allows
the study of the transient mean fields at high density in these reactions via the event shape analysis of
nucleons and nucleon clusters.

PACS numbers: 25.75.+r

The creation and study of strongly interacting matter
at high net baryon density has received much attention
recently with the opportunity to explore massive reac-
tions at 10A GeV at the Brookhaven Alternating Gradient
Synchrotron (AGS) booster facility. An observable con-
sequence of the formation of dense nuclear matter —far
beyond the ground state —is the emergence of collective
flow driven by compression-induced pressure [1—4]. For
nuclear clusters —as compared to light hadrons —flow can
even dominate the momentum spectra [3].

Mean fields [1] may give important contributions to
this pressure and could —via the flow effect —be acces-
sible to experimental observation just as in the 1 GeV
region [5]. At pe = po, the nuclear mean field can be
decomposed into an attractive scalar field and a repulsive
vector potential [6) which is in accord with Dirac phe-
nomenology for optical potential calculations in p + A
reactions [7—10]. At higher densities the momentum de-
pendence [7,11], the excitation into resonances [12], and
the transition to quark matter [13] are expected to play a
crucial role. Several new ideas are currently under ac-
tive investigation: Medium properties of hadrons (e.g. ,
of the cu meson that is responsible for vector repul-
sion [14]) or quark and gluon condensates, which break
the approximate scale and chiral symmetry of the QCD
Lagrangian in the vacuum, could modify the scalar field
essentially [13—15].

Beam energies between 10A and 15A GeV, as stud-
ied experimentally at the BNL AGS [16—20], seem to
be well suited to stop two heavy ingoing nuclei and to
create the desired high baryon densities. This has been
shown by transport calculations based on hadronic exci-
tations and rescattering like the RQMD approach (strings,
resonances) [21,22] or the ARC model (resonances) [23].
The observation of stopping in the AGS experiments has
been unclear for quite some time. However, all experi-
mental groups now confirm [16—19] the predicted large
baryon stopping in central collisions [21,24].

In this Letter we combine cluster coalescence and the
investigation of collective nuclear matter Aow. Further-

more, final observables —rapidity distributions, m, spec-
tra, and directed flow p, (y) —are compared for two
extreme scenarios: one with a Skyrme-type potential
between baryons, and the other without (cascade). Here
all Au(11.6A GeV)Au results are calculated for central
impact parameters b ( 3 fm.

The relativistic quantum molecular dynamics approach
(RQMD 1.07) [21] employed for the calculations pre-
sented compares well with experimental single particle
and two-body correlation data [17,19,22]. It combines
the classical propagation of particles with the excitation of
hadrons into resonances and strings. Secondaries (emerg-
ing from the decaying resonances and strings) undergo
subsequent interactions, both with each other and with the
ingoing baryons.

RQMD calculations do not contain cluster states (e.g„
deuterons) dynamically. The formation probability of
deuterons can be calculated by projecting the generated
classical neutron-proton phase-space distribution on the
deuteron wave function via the Wigner-function method
[25]. This method was applied to bombarding energies
around 1A GeV, in combination with the intranuclear
cascade model [26] and the QMD [11]. The number of
deuterons is given by

1 3
dNx = —— P px (6x, 6p))d (p; + p, ).

&n Jp

The brackets indicate event averaging. pd is the Wigner
density of the Hulthen deuteron wave function. The sum
runs for each event over all neutron-proton pairs (i„j„)
with distance vectors in position Ax and momentum

1

&p =
2 (p;„—p, ) taken at equal time in the two-

nucleon rest frame (c.m. s.) immediately after both nu-
1 3cleons have frozen out. The factors 2 and 4 take into

account isospin projection and spin averaging. Higher
mass fragments are by construction contained in the calcu-
lated number of deuterons [2,26]. The number of A ) 2
fragments is small, however, for rapidity values ~y
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Figure 1 predicts deuteron rapidity distributions for the
reactions Si + Si, Si + Cu, and Si + Au at 14.5A GeV
and Au + Au at 11.6A GeV. For the Au(11.6A GeV)Au
system (b ( 3 fm) deuterons are shown together with
protons and preliminary data from Ref. [16]. The baryon
distributions for Au + Au are peaked at midrapidity
which proves strong nuclear stopping [24]. The transverse
momenta are shown in Fig. 2 for Au(11.6A GeV)Au only.
The apparent temperatures in calculations with (without)
potentials are extracted from a Boltzmann fit [dN ~
m, exp(m, /T)dm, for m, —mo ) 300 MeV] and show
different values for deuterons T = 250 MeV (=225 MeV)
and protons T = 200 MeV (=185 MeV). The correlation
between rapidity and directed transverse momentum p (Y)
in Fig. 2(b) is well known as the nuclear bounceoff
discovered first at the LBL Bevalac [27]. It refiects
collective sideward fIow predicted by hydrodynamics and
microscopic models [1,24,28].

The RQMD results are not consistent with a thermal
fireball or coalescence in momentum space [29—31]
which predict similar slope parameters for deuteron s
and protons [31]. Furthermore, the calculated d/p ratio
in calculations with potentials increases in the central
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FIG. 2. (a) Prediction of the invariant transverse mass spec-
tra of protons and deuterons at midrapidity (1.1 ( y ( 2.1)
for the reaction Au(11.6A GeV)Au, b ( 3 fm in calculations
with (solid histograms) and without (dashed histograms) po-
tentials. In addition, the lower histograms show the deuteron
distributions with artificially destroyed momentum-position cor-
relations. (b) The p, (y) correlation for protons and deuterons
calculated with (solid histograms) and without (dashed his-
tograms) potentials.
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FIG. l. (a) Prediction of the deuteron and proton rapidity dis-
tributions for the reaction Au(11.6A GeV)Au (b ( 3 frn). Solid
histograms denote calculations with potentials, the cascade re-
sults are shown by the dashed histograms. The proton spectra
are corrected for the coalesced deuterons. The square symbols
represent preliminary data for central (4% ZCAL) Au + Au
collisions at 11.6A GeV which include approximately 15% sys-
tematic uncertainty [16]. (b) Prediction of the deuteron rapidity
distributions in the reactions Si + Si (solid), Si + Cu (dashed),
and Si + Au (dotted) at 14.5A GeV incident beam energy cal-
culated with potentials. The impact parameter ranges have been
chosen as b ~ 1 fm, b & 1.5 fm, and b & 3 fm, respectively.

rapidity interval y, , ~ 0.5 from =(3.6 ~ 0.3)% for
Si + Si to =(5.6 ~ 0.3)% for Au + Au. In contrast, the
scaling with total mass (or volume) in the fireball model
(for given freeze-out density, temperature in chemical
equilibrium) exhibits equal values [31].

We demonstrate first that collective flow is responsible
for the particular momentum spectra of deuterons and
protons at midrapidity: The average transverse freeze-
out velocities of protons [Fig. 3(a)] and the freeze-out
density profiles of protons and deuterons [Fig. 3(b)] are
calculated as functions of the transverse distance to
the beam axis. High baryon densities in the reaction
center prevent particles from freeze-out and the induced
pressure pushes them outside into the vacuum. This is
demonstrated by the difference between the initial (dotted
histogram) and final freeze-out positions of protons. The
characteristic decrease of the freeze-out profile for r, (
6 fm is more pronounced for deuterons. For protons it
becomes stronger with a longitudinal cut in the positions.

The considerable matter flow in Fig. 3 is reflected
already in the inclusive spectra: First focus on the
low-m, part of the transverse mass spectra in Fig. 2(a).
Neglecting statistical fluctuations the transverse momen-
tum of a nucleon is a function of velocity and the freeze-out
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absolute yield decreases considerably, i.e., collective Aow
enhances the probability to find two nucleons in the same
phase-space volume. Hence, the predicted increase of the
d/p ratio from Si + Si to Au + Au reflects stronger flow
in the heavier system.

We remark that the flow velocities of nucleons and
deuterons are similar. Though, the p, (y) correlation in
Fig. 2(b) shows roughly a factor 3—4 higher values for
deuterons. This effect is caused by the particular interplay
of phase-space densities and collective flow velocities
which can lead to deuteron momenta larger than the
simple scaling with mass number A.

Is the collective flow only due to collision induced
pressure or does it depend on the transient mean fields
at high density? In this Letter we compare two schematic
cases: In the first case the potentials are switched off (i.e.,
the cascade mode is used). The second scenario uses
potential type interactions which define effective baryon
masses in a medium [21]

profile only. An effective parametrization P, =
A(r, —ro)~ for the low-p, part (r, ( 10 fm) of the
velocity profile in Fig. 3(a) leads to

de ' (m' —m')1' @i'
2B+2/B ( 2)(1+B)(B p(rt),

mt dms

where p = 1/(r, —ro)dN/dr, With p = c.onst the spec-
trum has a maximum at finite m, only for (B ( 1) and has a
convex shape —consistent with the RQMD results. The B
value extracted from the RQMD calculation is about 0.55.
Note that a quadratic dependence (B = 2) yields an overall
concave spectrum, diverging for mt mp 0. This prop-
erty has been used to interpret the low-p, pion enhance-
ment in terms of a spherically expanding thermal fireball
[32]. A combined analysis of pion and nucleon (cluster)
spectra should elucidate the role of collective How with re-
spect to final transverse momentum spectra.

Second, the large values of P, in the region where
most of the baryons freeze-out cause a slope splitting
between deuterons and protons: The splitting and the
strong shoulder-arm curvatures vanish when the Aow
correlations are destroyed by a random permutation of
the final momenta [dashed histogram in Fig. 2(a)]. The
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FIG. 3. Freeze-out profiles of protons and deuterons with
1.1 ( y ( 2.1 in the reaction Au(11.6A GeV)Au. (a) Trans-
verse velocity profile for protons in calculations with (solid
histogram) and without (dashed histogram) potentials. r, is
the transverse distance to the beam axis in the c.m. s. frame of
the reaction. The solid line shows an analytical approximation
for r, ( 10 fm of the form P, = A(r, —ro)~, B = 0.55. (b)
Distribution of transverse freeze-out distances for protons and
deuterons in calculations with (solid histograms) and without
(dashed histograms) potentials. The dotted histogram shows
the initial positions of those protons that are contained in the
final distributions.

and thus simulate the effect of mean fields. Here

fp;, )l fp;, &

k«) &+ ' ij~ 5 po)
(3)

with p;, a Gaussian of the c.m. s. distance vector nor-
malized to 1, pp the ground state matter density, and
n = —0.4356 GeV, P = 0.385 GeV, y =

6 parameters
which are adjusted to the saturation properties of nuclear
matter (binding energy and compressibility). The fit was
done by taking the expectation value of the total energy
per nucleon for idal gas (plane) wave functions and tak-
ing into account antisymmetrization effects. As has been
stated in [33], the experimental data for nucleus-nucleus
reactions at (10—15)A GeV seem to indicate more repul-
sion than that given by a pure density dependence, as in
Eq. (3). This additional repulsion is probably caused by
the internal excitations of the dense matter produced, i.e.,
a momentum dependence of nuclear forces. Since the in-
terwining effects of momentum and density dependence
are not well understood, we refrain here from assuming
a more or less arbitrary parametrization of the momen-
tum dependence. Instead we use the same approach as in
[33], i.e. , we harden the density dependence of the poten-
tials in order to get agreement with proton singles spectra.
[This is achieved by switching off the attractive two-body
force in the 66 and NB' channel, n~~ = njv~- = 0, thus
explaining the index pair (ij) in Eq. (3).] We feel some
justification in this approach, because we are mainly inter-
ested here in cluster How.

The results show higher transverse [Fig. 1(a)] and lon-
gitudinal [Fig. 2(a)] momenta caused by the additional
pressure which is built up by the repulsive mean fields
at high baryon density (up to 8po is achieved [24]).
Note that the region at most compression (p/po ) 3) is
large (V = several hundred fm ) and contains up to 60%
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baryons in resonance states. The rapidity distribution is
flattened [Fig. 1(a)] and the average transverse momen-
tum at midrapidity increases in calculations with poten-
tials [Fig. 2(a)]. With respect to the average momenta
the potentials play a minor role (on the level of 10%).
In contrast, the low-p, part of the I, spectra is changed
markedly [Fig. 2(a)] and the flow correlation p, (y) shows
roughly a factor 1.5 —2 higher values due to the additional
sideward push of the mean fields [Fig. 2(b)].

In conclusion, the microscopic model shows that
the strong stopping power recently discovered in
nucleus-nucleus collisions at (10—15)A GeV results in
observable collective behavior of the stopped baryon-rich
matter. Considerable flow ((P) = 0.5c) develops due to
the internal pressure of the dense matter visible in p, (Y)
correlations, differences between protons and deuterons
in the shoulder-arm shapes of the m, spectra, and d/p
ratios which depend on the target-projectile combination.
All observables show sensitivities to mean fields in
the strongly compressed central region. An even more
pronounced sensitivity is expected for larger fragments
such as t or He. Regarding the bounceoff effect, the first
experimental observation at 10 GeV/nucleon has just
been announced [34], as well as azimuthally asymmetric
particle correlations in the projectile hemisphere [35].
The very recent experimental discovery of collective
How by the E877 Collaboration is most encouraging: The
collective Aow as manifested in the spectra of deuterons
and heavier clusters can provide a very useful tool for the
exploration of in-medium properties of dense and highly
excited baryonic matter produced with massive heavy
ions at the AGS.
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