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The effects of collective expansion on light-fragment emission from central heavy-ion collisions are
studied by carrying out calculations in a transport model with dynamic production of 4 <3 fragments.
Beam energies of few hundred MeV/nucleon are considered. In the simulations the formation of a re-
gion of dense excited nuclear matter is observed, which expands in transverse directions. The expansion
is reflected in the angular distributions and in the mean transverse energies of emitted fragments. At the
late stage of expansion the characteristic features of local thermodynamic equilibrium are identified.
Different particles share nearly the same collective energy per nucleon, and nearly the same thermal en-
ergy. The calculated mean transverse energies of the fragments reflect the collective energy whose mag-
nitude varies with impact parameter. However, the fragment energies only partially agree with available
data. The calculated spectra exhibit different slopes at angles around c.m. 90° in central reactions.

PACS number(s): 25.75.+r, 24.10.—1

I. INTRODUCTION

In the early hydrodynamic models of central heavy-ion
collisions [1], a region with dense excited matter was as-
sumed to be formed in the center between colliding nu-
clei. The region primarily expanded in the directions
perpendicular to the beam axis. Traces of a collective ex-
pansion, or blast wave, were searched for in the measured
single-particle spectra from collisions, e.g., by comparing
the inclusive pion and proton spectra [2]. The analyses of
the 47 data [3] demonstrated unambiguously the ex-
istence of another form of collective motion, the
deflection of fragments moving forward and backward in
the system c.m. in the semicentral collisions. Further, at
midrapidity a preference was found for the fragments to
be emitted out of the reaction plane at high beam ener-
gies [4,5], and in the reaction plane at the low energies
[6]. Observations that were not fully understood, but
were likely related to the collective behavior of matter,
included the c.m. polar-angle 90° enhancement of proton
emission in the central La-+La reactions [7] at 246
MeV /nucleon, and the high values of *“He and 3He ener-
gies at c.m. 90° when compared to p, d, and ¢ energies in
Nb+Nb and Au+ Au reactions [8] at 250 MeV /nucleon.
The 90° enhancement of proton emission, possibly indi-
cating sideward expansion, could not be produced in
quantum molecular dynamics (QMD) calculations for im-
pact parameters corresponding to the experiment. Re-
cently, in the 3®Ar+Ag/Br reaction [9] at about 65
MeV/nucleon, the average c.m. fragment energy was ob-
served to rise with the fragment charge in central events.
The effect appeared to be absent in the *O+ Ag/Br reac-
tion [9] at about 210 MeV/nucleon. The description of
the lower-energy data in the fragmentation model im-
proved when the presence of a collective radial flow was
assumed.

In this paper we study the effects of a collective expan-
sion on the light fragment emission from central heavy-
ion collisions, by carrying out calculations in a transport
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model with dynamic production of 4 <3 fragments. We
consider beam energies of few hundred MeV/nucleon. In
the simulations we observe the formation of a region with
dense excited matter that expands in transverse direc-
tions. This expansion is reflected in the angular distribu-
tions and in the transverse energies of emitted fragments.
In the late stages of collisions, characteristic features of
local thermodynamic equilibrium may be identified.
Different particles share nearly the same collective energy
per nucleon, and nearly the same thermal energy. The
mean transverse energies of the fragments reflect the col-
lective energy whose magnitude varies with impact pa-
rameter. However, the calculated fragment energies only
partially agree with available data. The calculated spec-
tra of the various fragments exhibit different slopes at an-
gles around c.m. 90° in central reactions. Relevant details
of our model are discussed in Sec. II. Calculations of
heavy-ion collisions are presented in Sec. III. We con-
clude with a discussion of the results of calculations and
measurements in Sec. IV.

II. TRANSPORT MODEL
WITH COMPOSITE PRODUCTION

The transport model with dynamic deuteron produc-
tion was introduced in Ref. [10]. Here we extend that
model to the production of 4 =3 fragments.

The formation or breakup of a composite particle re-
quires an external agent that acts differently on the
different constituents. The individual nucleons may serve
as such agents. The average nuclear potential was shown
[11], on the other hand, to play no significant role in
these processes at higher energies, being too weak and
varying too slowly in space. In Ref. [10] the coupled
transport equations for nucleons and deuterons, valid in
the limit of slow spatial and temporal changes in the sys-
tem, were derived from the Green’s function equations of
motion. We extend the set by adding the transport equa-
tions for 4 =3 composites and coupling terms, exploiting
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Here f, is the Wigner function, and % and % are, re-
spectively, the production and absorption rates of the
particle x. The lower bosonic sign in (2.1) is for deute-
rons and the upper sign is for the odd- 4 particles. The
term in the helion production rate accounting for the for-
mation of helions in the interaction of four nucleons may
be written as

our past experience [10,12], without going through a full
derivation (see also Refs. [13,14]).
The equations take the form
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The factors {.#|? stand for the matrix elements squared summed over the final and averaged over the initial spin direc-
tions. The dots indicate other terms in the production rate. A term in the helion absorption rate accounting for the
helion breakup into nucleons has an analogous form to the term for the formation (2.2), with statistical factors for the

(2.2)

initial and final states interchanged. The matrix elements for the processes are related by
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where we assume that helion is at rest in the initial state.
The 6 functions of energy and momentum conservation
may be integrated in different ways.

In our calculations we use an impulse approximation
to parametrize the momentum dependence of the matrix
elements for breakup and formation,

I'M’Nh—>4N|2
(2.5)

The dots indicate summation over the combinations of
spectator nucleons. The NN matrix element squared is
proportional to the NN cross section [10]. The factor Fis
a normalization constant which is adjusted to produce a
respective value of integrated cross section for fragment
breakup, as described below. The wave function, chosen
the same for tritons and helions, is taken from Ref. [15].
The formation of the A4 =2 and 3 composites is
suppressed [10], if the average nucleon occupation over a
volume in momentum space, corresponding to the com-
posite wave function, exceeds a phenomenological cutoff
value of 0.30. In the formation and breakup of 4 =3
fragments we exclude the NNd and dd channels. We
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compensate for the omission, in the calculations present-
ed in this paper, by adjusting the factor F in (2.5), so that
the measured cross section [16] for fragment breakup into
all channels is reproduced. Besides simplicity, the ra-
tionale for the omission of the channels has been the fact
that, except for the very low densities, the cold nuclear
matter acting as an important source of particles in the
formation is described in terms of nucleons only. In the
practice of simulating the collisions, we do not find ap-
preciable differences when adjusting F to the 4N channel
only. At low densities, in the limit of many interactions,
our set of equations yields the required law of mass ac-
tion.

We generally use the following parametrization for
single-particle energies in the system c.m.:

E,=(p*+m}H+qo,
m,=m,,+AU+¢;U, .

(2.6)

Here g is charge, ® is the Coulomb potential, m, is the
mass in free space, and ¢; is isospin. The functional
dependence of the potentials U and U, on the scalar den-
sities is chosen as in nonrelativistic calculations,
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and g is spin degeneracy. The case of a =348 MeV,
b=298 MeV, and o =71 in (2.7) corresponds to the soft
equation of state, and a =119 MeV, b =68.5 MeV, and
o =2 to the stiff equation; p?~p°~0.145 fm 3 and ¢ =92
MeV. Principally, the systems considered in this paper
are nonrelativistic in their center of mass. Unless other-
wise stated, the results of our calculations are for the first
set of parameters. The Coulomb potential is calculated
by solving the Poisson equation as outlined in Ref. [17].
Other details can be found in Ref. [10].

III. HEAVY-ION COLLISIONS

We report here the calculations of central collisions of
heavy symmetric systems, for beam energies of few hun-
dred MeV/nucleon. In this energy range, we can com-
pare our results with the data which seem to display in-
teresting effects of the expansion in collisions.

A. Collision dynamics and angular distributions

Figure 1 shows the evolution of the density of particles,
projected onto the reaction plane, in the Au+Au col-
lisions at 250 MeV/nucleon. At the early stages of the
reaction, the matter in the central region between nuclei
gets compressed and heated. The baryon density along
and perpendicular to the beam axis at an early time in-
stant is shown in Fig. 2, for b =0. A shocklike discon-
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FIG. 1. Contour plots of the particle density integrated over
the normal to the reaction plane in Au+ Au collisions at 250
MeV /nucleon.
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FIG. 2. Baryon density along (solid line) and perpendicular
(dashed line) to the beam axis at t =15.3 fm/c, in the b =0
Au+ Au collision at beam energy of 250 MeV/nucleon.

tinuity separating the excited and cold matter, perpendic-
ular to the beam axis, may be identified in the figure.
Maximum densities reached in the collisions of heavy nu-
clei are displayed in Fig. 3 as a function of the beam ener-
gy. The solid line shows the density expected for our
equation of state if all available energy per nucleon were
used up in thermalization and compression. The
Coulomb repulsion reduces the compression for a given
beam energy, but even when this repulsion is switched
off, a density from the naive expectation is not reached.
That is because the thermalization is not complete early
in the reactions, even for heavy nuclei (see also Refs. [19,
20]).

After compression, the matter expands into the vacu-
um. At a later stage of the process, the light composites
are produced (see Fig. 4). In our model composites which
are broken actually outnumber considerably those which
avoid breakup and reach the vacuum. For b =0 the sys-
tem preferentially expands in the transverse direction; cf.
Figs. 1 and 2. In Fig. 2 it can be seen that matter ex-
pands in the direction perpendicular to the beam axis,
while along the beam axis a compression still takes place.
In the bottom panel of Fig. 4 we show the growth, with
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FIG. 3. Maximum densities reached in the b =0 collisions of
heavy nuclei, as a function of the bombarding energy per nu-
cleon. The solid line shows the densities obtained by solving the
Rankine-Hugoniot relations for a shock wave [18].
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FIG. 4. Time dependence of different quantities in the b =0
Au+ Au reaction at 250 MeV/nucleon. Top panel displays the
baryon density at » =0. Squares in the center panel indicate the
number of deuterons, and diamonds the number of 4 =3 clus-
ters, which survive intact till the end of the reaction. Dia-
monds, squares, and circles, in the bottom panel, indicate the
collective energy per nucleon (3.1) of 4 =3 clusters, deuterons,
and nucleons, respectively.

time, of the collective transverse energy
E°°“—fdrdpf’m(v°°")2/fdrdpf , (3.1)

per nucleon, of the participant nucleons and of the light
composites. The collective velocity v¢°" in (3.1) is calcu-
lated locally, using only those partlcles from the sur-
roundings that have participated in collisions. We cease
to update the collective velocity for a particle, once the
density of the surrounding matter drops below p°/8, as
the concept of a collective velocity can make sense only
when interactions are frequent.

With increasing impact parameter, the expanding and
approximately ellipsoidal region of matter at the late
stages of a collision is no longer perpendicular, but at
some angle to the beam axis, see Fig. 1 (compare also the
results of hydrodynamic calculations of Ref. [21]). Fig-
ure 5 shows the final polar-angle distributions for central
impact parameters in two reactions: La+La at bombard-
ing energy of 246 MeV/nucleon, and Au+Au at 250
MeV/nucleon. Angular distributions of particles in these
reactions peak at 90° for lowest impact parameters, and
at 0° for b 2 3 fm.

Experimentally [7], the cross sections for emission of
protons with c.m. kinetic energies above 90 MeV, in the
very central La-+La collisions at 246 MeV/nucleon, were
found to be (1.5-2) times higher at c.m. 90° than at 40°.
The QMD calculations gave basically equal cross sections
under the experimental conditions for the two angles.
The measured events correspond to impact parameters
between O and 3 fm, and a median impact parameter of
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FIG. 5. Number of protons (circles) and deuterons (squares)
emitted per unit spherical angle, as a function of the c.m. polar
angle 6, in the La+La collisions at 246 MeV/nucleon, and in
the Au—+Au collisions at 250 MeV/nucleon, at different impact
parameters.

about 2 fm. At b =2 fm, we do obtain more protons
emitted per unit spherical angle at 90°, than at 40°, but
the increase is only by a factor of 1.2. A restriction to the
protons with c.m. energy above 90 MeV does not raise
the ratio of proton numbers for the two polar angles.
The discrepancy between the data and calculations could
mean that there is not enough stopping in the model. In
any case, our calculations appear to rule out the explana-
tion of the observed effect as caused by an “eating up” of
protons by the clusters forming in a more forward region.
In central collisions we get a stronger 90° peaking for the
composites than for nucleons. Experimental investiga-
tion of the effect of composite particles would certainly
be desirable.

As the preference for the polar-angle 90° emission
disappears, with the increase of impact parameter and
the rotation of emission pattern bout an axis perpendicu-
lar to the reaction plane, the remainder of the effect for
low b becomes the squeeze out [5]. This observed effect is
a preference for the emission of particles in the azimuthal
angle out of the reaction plane, at midrapidity. Experi-
mentally, the reaction plane direction may be determined
using the opposite sideward deflection of particles mov-
ing forward and backward in the system c.m. Measured
[5] and calculated azimuthal distributions about the beam
axis at midrapidity, in the semicentral Au+ Au collisions
at 400 MeV/nucleon, are shown in Fig. 6. These results
appear quite consistent. In the simulation we find that
distributions for composites are a bit more asymmetric
than for protons. The azimuthal asymmetries can be
amplified, see Fig. 7, by rotating [5] the coordinate axes
in the reaction plane, making the third axis coincide with
the major axis of the sphericity tensor defined as

Py M . .
SY= ppl/2m, , (3.2)

v=1



2006

Au + Au 400 MeV/nucleon
e 40T T T T T T T T T T ]
% data calculation 4
T b=4Ff
N 12+ m —
& I ]
o * * = g 8
T * 5 ©
& or * o ° ]
S x * * o © O H
& 0.8 +o Y 1
£ ° }*
N | | | | | 1 ] | Ll 1

0 20 40 60 80 0 20 40 60 80 100
¢ (deg)

FIG. 6. Azimuthal distribution about the beam axis at the
c.m. longitudinal momentum p; =0, in the semicentral Au+ Au
collisions at 400 MeV/nucleon. Left panel shows the distribu-
tion of all particles, in the third of five multiplicity bins, as
determined in the experiment of Ref. [5]. Squares and circles in
the right panel indicate, respectively, the calculated deuteron
and proton distributions, at b =4 fm.

where the summation is over particles from a collision.
For a heavy system the azimuthal angle ¢’ about the ma-
jor axis of this tensor becomes identical to the polar angle
6 when the impact parameter tends to zero. Just then the
emission in the angle @ about the beam axis becomes
trivially isotropic.

B. Mean transverse energies

We now turn to the measured and calculated values of
transverse energies of emitted light fragments and their
relation to the collision dynamics. The energies of frag-
ments emitted into c.m. 90° in three symmetric systems
were measured in Ref. [8] at beam energies between 150
and 800 MeV/nucleon. At all beam energies the mean
transverse energies were observed to rise with increasing
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FIG. 7. Azimuthal distribution about the major axis of the
sphericity tensor (3.2), at the momentum component along the
axis py =0, in the semicentral Au+Au collisions at 400
MeV/nucleon. Left panel shows the distribution of all particles,
in the third of five multiplicity bins, as determined in the experi-
ment of Ref. [5]. Squares and circles in the right panel indicate,
respectively, the calculated deuteron and proton distributions,
at b =4 fm.
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charged-particle multiplicity, with maximum proton en-
ergies significantly exceeding average c.m. energies per
nucleon. Most strikingly, in the Nb+Nb and Au+Au
collisions at 250 MeV/nucleon, the helium isotopes were
found to be emitted with higher transverse energies than
the hydrogen isotopes, with energy differences rising
quite dramatically with increasing multiplicity in the col-
lisions (see the left panels in Fig. 8). In a system ap-
proaching thermal equilibrium, one generally expects the
average kinetic energies of different particles to be equal.
In Fig 8, besides the data, we show as a function of im-
pact parameter the results of our model calculation in a
direct form (right panels), and with the final state subject-
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FIG. 8. Mean kinetic energies of protons (circles), deuterons
(squares), tritons (triangles), and helions (diamonds) at c.m. po-
lar angle of 90°, in the Nb+Nb and Au-+ Au collisions at 250
MeV/nucleon. Left panels display the mean energies deter-
mined in the experiment of Ref. [8], as a function of normalized
multiplicity. Center and right panels show the results of our
calculations as a function of impact parameter in the direct
form, and with the final state subjected to a filtering procedure
(Ref. [22]), respectively. Proton energies in the Nb+Nb col-
lisions, obtained with the composite production switched off,
are indicated by stars.
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ed to a numeric procedure [22] simulating detector
inefficiencies (center panels). Note that the impact pa-
rameters decrease on the average when going from left tc
right in the panels with data. We consider the results of
measurements and calculations of considerable impor-
tance and proceed to discuss them in detail.

We start with our basic findings. A significant part of
proton transverse energy in the collisions has its origin in
the composite formation that frees up kinetic energy.
This is demonstrated for Nb+ Nb collisions in the right
panel of Fig. 8, where we show proton energies when
composite formation is switched off in the calculation. In
general, the rise of proton transverse energy with multi-
plicity could be due exclusively to an increased number of
composites relative to nucleons at low impact parame-
ters. However, it can be seen in Fig. 8 that the energy
rises even when the composite formation is switched off.
In the calculations we find that, due to Coulomb interac-
tions, protons leave the collision region with higher ener-
gies than neutrons—by about 15 MeV at b =0 in the
case of Au-+ Au collision at b =0, and by about 9 MeV in
the case of Nb+ Nb collision.

The calculated proton transverse energies are roughly
consistent with the data, as are the *He energies. Under a
closer examination, the proton energies for Nb+Nb col-
lisions, and the >He energies for Au+ Au collisions, are
somewhat low. The calculation appears to reproduce the
rise of average transverse energies in the most central col-
lisions when going from the Nb+Nb to Au+ Au system.
The calculated deuteron energies are too high compared
to the data, and even more so the triton energies. The
procedure simulating detector inefficiencies lowers the
energies of these particles, but not enough to bring about
consistency. After the reasons for the high energies of
composites in the simulations are comprehended, it may
be expected that if the “He particles were included in the
calculations, their energies would roughly agree with the
Nb+ Nb data, but disagree with the Au+ Au data.

Generally, reasons for the rise of the mean transverse
energy with the mass of a fragment might be varied.
With the empirical scaling

d’N, [dny |*
o 1 (3.3)
dpx de

where py=p, / A, the rise of the energies could be pro-
duced by nonequilibrium features of the nucleon momen-
tum distribution d3Ny /dp?, in particular by [23] a
“shoulder arm” associated with the energy-momentum
conservation in first scatterings. Our transport model
should adhere to (3.3), if particle emission does not vary
significantly with space and time. Nevertheless, a major
role of nonequilibrium effects in the rise of energies with
fragment mass can be ruled out in the collisions of in-
terest for the following reason. The nonequilibrium
effects are most important for high impact parameters,
while the rise is most pronounced for low impact parame-
ters. In central collisions the system is expected to be
closest to equilibrium, and a collective flow, with local
thermodynamic equilibrium, may be investigated as an
explanation of the rise.
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C. Blast interpretation of transverse energies

In an equilibrated system, expansion differently affects
different mass fragments. Below we first derive, under
certain assumptions, simple formulas for mean energies
in a locally equilibrated system. We then use these for-
mulas in interpretating the results of simulations. The
differences in the energies of different mass fragments are
linked to the differences in the collective energies propor-
tional to the mass.

Local equilibrium distributions at low densities are,
generally, of the form

fx=exp[-(uapo_.u'x)/T] ’ (3.4

where u?=(y,yv), v is velocity field common for all
species, u is chemical potential, and T is the temperature.
We first consider particle transverse energies averaged
over all angles, assuming that the system is approximate-
ly nonrelativistic in the center of mass, and u and T are
uniform. The transverse E| and longitudinal E energies
can be, in general, separated out from the particle kinetic
energy E,;, according to

p? Pt

Eyn=Vm +piom=—"rpt

=E,+E, ,

(3.5)

where p, and p, are, respectively, the transverse and lon-
gitudinal momentum components. Under our assump-
tions, the mean transverse energy becomes

(E T)=T+m(v})2=T+EN=T+ AES}, (3.6)

and it increases linearly with the mass number, with a
coefficient given by the nucleon collective energy or col-
lective energy per nucleon. The mean longitudinal ener-
gy becomes, at the same time,

(E)=T/24+m(v})/2=T/2+E" . (3.7)

A simple result for the mean kinetic energy at 90° may be
derived assuming that the distribution of transverse ve-
locities factorizes out in a Gaussian form,

[ drp(n)s(v—v(r)) =exp(—v?/(v})) . (3.8)
Then
(EL)op=HTH+EM =T+ AEQ) , 3.9

i.e., the mean energy at 90° increases linearly with the
mass number, with a coefficient equal to % of the trans-
verse collective energy per nucleon. When Eq. (3.8) is
valid then, further, the mean transverse energy calculated
at any fixed longitudinal momentum, e.g., {E, ) Py =0 is
identical to the energy averaged over angles (3.6).

With all the assumptions that were adopted, the results
obtained in Egs. (3.4)-(3.9) may be expected to be valid
for the energies of particles emitted from a system, in an
exact sense, only if all interactions stop instantaneously.
Though the latter is not the case in our simulations, it
will be seen that the relations apply quite well, at low im-
pact parameters, to suitably defined particle freeze-out
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energies. When considering the final particle energies
one has to take into account the effects of Coulomb and
nuclear potentials in the final state.

In the three panels in Fig. 9, we show as a function of
impact parameter different energies in the simulations of
Au+Au collisions at 250 MeV/nucleon. In the order
from top to bottom these energies are: the final transverse
energies averaged over angles of different fragments, the
collective transverse energies from Eq. (3.1) for fragments
with different mass, and the excitation energies at freeze-
out

E},=(E,)—E{} . (3.10)

The values of (E L ) in Eq. (3.10) are calculated at
p=~p°/8, and the collective longitudinal energy E ﬁ"" is
calculated in a similar manner as the transverse. For low
b in the center panel it is seen that the collective trans-
verse energy is, to first approximation, linear in the mass
number (see also Fig. 4). For low b in the bottom panel
of Fig. 9 it is observed that the transverse excitation ener-
gies are twice as large as the longitudinal excitation ener-
gies, and the energies are the same for fragments with

different mass. These excitation energies are consistent
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FIG. 9. Different energies calculated in the Au+Au col-
lisions at 250 MeV/nucleon, as a function of the impact param-
eter. The top panel shows the final transverse energies averaged
over all angles of protons (circles), deuterons (squares), tritons
(triangles), and helions (diamonds). Crosses in the top panel in-
dicate twice the mean longitudinal proton energy. The center
panel shows collective transverse energy (3.1) of nucleons (cir-
cles), deuterons (squares), and 4 =3 clusters (diamonds). Stars
in the center panel indicate mean transverse energy per nucleon
of all particles. Bottom panel shows the longitudinal (filled sym-
bols) and transverse (open symbols) excitation energies at freeze
out, Eq. (3.10), of nucleons (circles), deuterons (squares), and
A =3 clusters (diamonds).
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with a local equilibrium with temperature 7 =30 MeV
[cf. Egs. (3.6) and (3.7)]. For comparison, the tempera-
ture of the system in the fireball model, with no compos-
ite production, would be T ~34 MeV.

Besides the values of final { E| ) in the top panel in Fig.
9, we show with crosses the value of 2(E, ), i.e., twice
the proton longitudinal energy averaged over angles. For
lowest impact parameters we find (E,,) >2(E,). The
crossover of (E,) and 2(E,) at b=3 fm is in qualita-
tive agreement with the change of the emission pattern in
the polar angle, Fig. 5. Overall, for low b the transverse
energies in the top panel in Fig. 9 are about Z of energies
in the right panel for Au+ Au collisions in Fig. 8, in con-
formance with Egs. (3.6) and (3.9). For low b the
differences between the calculated triton and deuteron en-
ergies, in the top panel in Fig. 9 and in the right panels in
Fig. 8, are nearly as large as the differences between the
deuteron and proton energies, in conformance with Egs.
(3.6) and (3.9). The isotopic energy differences are not
affected by the Coulomb field in the final state. At b~0
we get, for Au+Au,

(E 4)90—E, ) oyp=24 MeV (3.11)

and

(Ey)—(E;,)~18 MeV , (3.12)

of which the ratio is not quite 2 [cf. Egs. (3.6) and (3.9)],
indicating a limited validity of (3.8).

An issue that requires explanation is why the
differences in the final transverse energies, for hydrogen
isotopes, are systematically lower than the differences in
collective energies at freeze-out (see top and center panels
in Fig. 9). For b =~0 in the Au+ Au collisions, we find

ES'—E$~26 MeV , (3.13)

to be compared with (3.12). The discrepancy is due to
the nuclear mean field which is still finite at the freeze-out
density. The potential energy per nucleon corresponding
to (2.7) at p=p,/8 is —9.6 MeV. During the expansion,
the kinetic transverse energy is reduced by more than 2/3
of this potential energy, when b ~0. Upon switching off
the nuclear potentials in the calculation, cf. Eq. (2.6), the
differences in collective energies at the chosen freeze-out
density, and the isotopic differences in the final angle-
averaged transverse energies, become nearly identical.

The differences between mean helion and triton trans-
verse energies in the simulation are generated by the
Coulomb field in the final state. These differences nearly
equal the differences between proton and neutron ener-
gies, and they disappear when Coulomb potential is
switched off.

Attempting to resolve the discrepancies between data
and calculations in the mass and charge dependencies of
transverse energies, evident in Fig. 8, we have investigat-
ed the possible role of Coulomb field in the initial state.
The Coulomb energy of a proton on the surface of a gold
nucleus is about 16 MeV, and in a constrained static situ-
ation, e.g., with two gold nuclei touching, the Coulomb
interactions could push out protons to the periphery of a
system. In the collision, a redistribution of particles
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could, in general, lead to the different dynamics for pro-
tons and neutrons. However, at 250 MeV/nucleon the
nuclei approach each other too fast for a significant po-
larization in the system to occur. We estimate that the
relative displacement of protons and neutrons at the fac-
ing surfaces of the nuclei might be about 0.5 fm at the
time of contact, due to the Coulomb repulsion of the oth-
er nucleus. In any case we have carried out a calculation
separating the centers of nuclei by 35 fm in the initial
state, finding no particular change in the transverse ener-
gies, as compared to the usual calculation with the nuclei
initialized in the ground state with the surfaces nearly
touching. At low energies the initial-state Coulomb
effects might be quite significant in the collisions of heavy
nuclei, while they are generally ignored in the transport
calculations.

We should mention that we have carried out calcula-
tions with a Pauli principle switched off for all particles,
in order to see whether our results might not be affected
by our treatment of the composites; cf. Sec. II. We found
the transverse-energy differences and the flow of the same
order of magnitude as in standard calculations.

It is rather fortunate that the simulated nuclear sys-
tems appear to freeze-out at a constant temperature for
low impact parameters. Changing temperatures and ve-
locities, with space and time, could make an identification
of the expansion of an equilibrated system much more
difficult; see also Ref. [8].

D. Further predictions

We now present some further results of our model cal-
culations. These include transverse energy spectra, the
mean energy components in and out of the reaction
plane, and the beam energy dependence of the blast. Fi-
nally, we address the sensitivity of the differences of mean
transverse energies to the equation of state and the col-
lision rates.

In Fig. 10 we show the calculated transverse energy
spectra of particles emitted from the 5 =0 Au+ Au reac-
tion at 250 MeV/nucleon, and from the Nb-+ Nb reaction
at 400 MeV/nucleon. - The proton spectrum from the
latter reaction may be compared with the high-
multiplicity selected data [24]. At higher fragment ener-
gies the calculated spectra are exponential in each of the
reactions. The slopes are different for fragments with
different mass numbers. With this the spectra violate the
scaling relation (3.3) that would imply equal slopes for
the fragments. At low energies the proton spectra exhibit
a shoulder, while composite spectra definitely peak at
finite kinetic energies. The Coulomb field in the final
state contributes to these features. When the Coulomb
potential is switched off, the proton shoulder disappears,
while the peaks in composite spectra turn into shoulders.
The latter indicates, in itself, that the velocity distribu-
tion is given by a more complicated function than Eq.
(3.8).

Azimuthal distributions at midrapidity exhibit observ-
able anisotropies associated with the reaction piane, as
has been discussed in Sec. IIIA. One may ask then
whether the mean kinetic-energy components in and out

of the reaction plane differ from one another, at midrapi-
dity. We define the two components as E, =p3/(m +E)
and E,=p3/(m +E), where p, and p, are transverse
momentum components in and out of the reaction plane,
respectively. The mean values calculated at midrapidity,
(E}) py=0 and (E,) appear rather close. However,

one can rotate the coordinate axes in the reaction plane
as in Sec. III A, making them coincide with the axes of a
sphericity tensor (3.2). With momentum components
along the minor and major axes of the tensor in the reac-
tion plane p, and py, a distinctly different behavior is
then obtained for the in and out of plane mean energies
(E, )p3,=0 and (E,), —o (see Fig. 11). Note that as

b—0, the axis 1’ points in the beam direction. By the
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FIG. 10. Spectra of protons (filled circles), deuterons
(squares), tritons (triangles), and helions (diamonds) from the
b=0 Au-+Au reaction at 250 MeV/nucleon, and from the
b =0 Nb+Nb reaction at 400 MeV/nucleon, in the range of the
c.m. polar angle € between 60° and 120°. Open circles for the
Nb+Nb reaction represent the proton spectrum at 90°, in arbi-
trary units, measured in Ref. [24] in events with charged-
particle multiplicity between 50 and 60. Crossed circles indicate
region where proton spectra were contaminated by misidentified
c=uterons and tritons.
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kinetic-energy components of protons (circles), deuterons
(squares), tritons (triangles), and helions (diamonds), at py =~0.
The directions 1’ and 3’ are, respectively, along the minor and
major axis of the sphericity tensor (3.2) in the reaction plane,
while the direction 2 is out of the reaction plane.

way of contrast between the two directions, Fig. 11 clear-
ly demonstrates the collectivity of matter squeezed out of
the reaction plane in our simulations.

We now briefly turn to the bombarding energy depen-
dence of the collective expansion. The strength of the
blast, as measured by the isotopic energy differences at
90°, increases rapidly with bombarding energy, for the
beam energies up to about 300 MeV/nucleon, and then
rather slowly, see Fig. 12. Relative to the beam energy
the blast decreases in strength above 300 MeV /nucleon.

We have carried out only limited tests of the sensitivity
of the mean-energy differences to the equation of state
and collision rates, as the mere existence in nature of
such differences attributable to collective expansion, can-
not be claimed right now. In the very central Au+Au
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FIG. 12. Differences between mean kinetic energies of com-
posite particles and proton energies at 90° in the b =0 Au+Au
collisions, as a function of beam energy. The deuteron-proton
differences are represented by squares; triton-proton differences
by triangles; and helion-proton differences by diamonds. The
scatter of points reflects statistical errors of the calculations.
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collisions at 250 MeV/nucleon, the change from a soft to
stiff equation of state increases the differences in the
mean fragment energies at 90° by about 3 MeV per unit
mass difference. At the same time, the reduction of col-
lision rates by a factor of 2 decreases the energy
differences at 90° by about 8 MeV per unit mass
difference.

IV. DISCUSSION

In the transport-model simulations of central sym-
metric collisions of heavy nuclei, at beam energies of a
few hundred MeV/nucleon, we observe a formation of
the region with a dense excited nuclear matter that ex-
pands predominantly in the sideward directions. The ex-
pansion leads to a 90° peaking of particle distributions in
the polar angle at lowest impact parameters, and to an
out-of-the-reaction-plane peaking of distributions in the
azimuthal angle at larger impact parameters. Compared
to La+La data [7] at 246 MeV/nucleon, our calculation
gives too weak 90° polar-angle peaking in central col-
lisions. This could indicate too little stopping and not
enough collectivity in the expansion of nuclear matter in
our simulation. The calculated azimuthal distributions in
the Au+Au collisions at 400 MeV/nucleon appear to
agree, on the other hand, with data [5].

Measurements [8] and calculations show some
differences in the mean energies of various light frag-
ments emitted into 90°, in the Nb+Nb and Au+ Au reac-
tions at 250 MeV/nucleon. These differences increase
with a decreasing impact parameter. The measured ener-
gies of helium isotopes in the reactions are higher than
the energies of hydrogen isotopes, by more than 40% at
low impact parameters, and in the studied Au+ Au reac-
tion the measured energies of two helium isotopes are
quite different. On the other hand, the measured energies
of three hydrogen isotopes are rather close. In our calcu-
lations all different fragments with 4 <3 have different
mean energies at 90°.

The isotopic energy differences in our calculations are
due to the collective expansion of the matter. The
motion is organized by frequent collisions that locally
equilibrate the system. Characteristic features of a col-
lective expansion continue to be found in the calculations
with some arbitrarily changed conditions. A natural ex-
planation for the equal transverse energies of hydrogen
isotopes observed in the experiment would be a global
equilibrium. However, in order to maintain such an equi-
librium, the different parts of the system would need to
communication over tens of femtometers, during the rap-
id expansion. Except for the difference in Coulomb ac-
celeration in the final state, the dynamics of the two
A =3 isobars are rather similar in the simulation. It is
difficult to invent a mechanism that would generate as
large transverse-energy difference between the two iso-
bars as seen in the experiment [8].

The subject of a collective expansion is of general in-
terest. We hope that the phenomena observed in the
simulations are sufficiently transparent, and the model it-
self involves sufficiently realistic elements, in order to
motivate a reexamination of transverse energies of light
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fragments produced in the central heavy-ion collisions.
Compared to the other presently done experimental
analysis the determination of energies is rather straight-
forward. To the extent that our interpretation of energies
could withstand the comparison with data, the transverse
energy differences might be used for assessing the collec-
tive energy of sideward expansion in collisions.

Note added in proof. We have learned that the FOPI
Collaboration has measured [25] average c.m. energies of
intermediate-mass fragments emitted from central
Au-+Au collisions at 150 MeV/nucleon, at the SIS ac-

2011

celerator of GSI-Darmstadt. The measured energies rise
with fragment charge as if the nuclear system was ex-
panding collectively.
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FIG. 1. Contour plots of the particle density integrated over
the normal to the reaction plane in Au+ Au collisions at 250
MeV /nucleon.



