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Rotational behavior in intermediate energy heavy ion collisions
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The rotational behavior together with in-plane collective How for the intermediate energy Ar +
Al reaction is investigated by analyzing the rapidity dependent azimuthal distributions with the

Boltzmann-Uehling-Uhlenbeck (BUU) model. The azimuthal distributions are fitted by a Legendre
polynomial expansion up to the second order. By incorporating the uncertainties in the experimental
reaction plane determination into our calculations, quantitative agreement between the calculations
and data is obtained. It is found that the rotational behavior at midrapidity depends strongly on the
impact parameter. Information about the in-plane collective How is also extracted from the azimuthal
distributions. Both the rotational behavior and the in-plane collective How depend strongly on the
in-medium nucleon-nucleon cross section and nuclear equation of state.

PACS number(s): 25.70.Pq

The collective motion is found to be responsible for
many observations in heavy ion collisions (HIC s) at bom-
barding energies from the Fermi energy to a few hun-
dreds of MeV/nucleon. At the upper end of this en-

ergy region, the investigations reveal two collective ef-
fects in the react&on plane, i.e., the side-splash effect
and the bounce-off effect, and one collective effect per-
pendicular to the reaction plane, i.e. , the out-of-plane
squeeze-out effect [1—5]. The squeeze-out effect demon-
strates the existence of a strong azimuthal correlation
between the emitted particles [6—8], which was first pre-
dicted by the hydrodynamical calculations [9]. At a later
time, the molecular-dynamic model [10],Vlasov-Uehling-
Uhlenbeck and quantum-molecular-dynamics approaches
[11,12] were also used to reproduce the experimental az-
imuthal correlation between the emitted particles. At a
few tens of MeV/nucleon, the collective phenomena have
also been investigated experimentally [13—15] with 4vr

spectrometers [16—20]. Of the collective phenomena, the
azimuthal distribution or correlation between the emit-
ted particles plays an important role in the study of re-
action dynamics. The in-plane enhancement of particle
emission, which stems from effects such as in-plane col-
lective liow and/or rotational behavior, was found exper-
imentally [21—23]. In this paper, we will discuss in detail
the rotational behavior together with the in-plane collec-
tive flow by analyzing the rapidity dependent azimuthal
distributions of particle emission within the Boltzmann-
Uehling-Uhlenbeck (BUU) model.

Before discussing the azimuthal distributions of parti-
cle emission, we should know how to determine the reac-
tion plane in the experiments. Generally the transverse
momentum analysis method [24] can be used to deter-

mine the reaction plane. It gives (P /A), the average
in-plane component of the transverse momenta which de-
pends generally on the rapidity. The effect of the in-plane
collective flow on the azimuthal distributions should re-
sult in peaking at + 180' at low (target) rapidity and 0'
at high (projectile) rapidity, and should vanish at midra-
pidity. At high energy HIC's the azimuthal distribution
at midrapidity is sensitive to out-of-plane emission of par-
ticles, and clearly shows a preferential emission in the out
of the reaction plane (P = 6 90 ) due to the squeeze-out
effect. But this squeeze-out effect has not been found up
to now for light systems. In intermediate energy HIC's,
there exist clear peaks at P = 0 and + 180 for the
azimuthal distribution at midrapidity in Refs. [21—23],
which corresponds to the preferential particle emission in
the reaction plane on the side of the projectile and target
respectively due to the rotational behavior. This rota-
tional effect is superimposed on the effect of the in-plane
collective flow at low and high rapidities and appears
sensitively at midrapidity. A similar in-plane enhanced
emission of fragments was observed by Tsang et al. [25]
in heavy ion reactions with U targets in which the reac-
tion plane was determined using the azimuthal angles of
Bssion fragments. It is noticed. that the reaction-plane
determination using the azimuthal correlation between
light particles was well documented [21] when the mean-
field interaction is primary attractive [26].

In the present paper we will analyze the rotational be-
havior together with in-plane collective flow using the
BUU approach. The calculations for the reaction Ar +

Al at different bombarding energies and impact param-
eters are performed. The Boltzmann-Uehling-Uhlenbeck
equation
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is solved with the method of Bertsch and Das Gupta [27].
In Eq. (1), der /dA and Vq2 are the in-medium nucleon-
nucleon cross section and relative velocity for the collid-
ing nucleons, and U is the mean-field potential including
the isospin-dependent term:

U = &p/po+ &(p/po)'+ «'(p —pp)/po (2)

where po
—0.17 fm s, and p = p(r) is the local den-

sity of nuclear matter. In the calculations, one chosen
parameter set of A = —356, B = 303, and p = 7/6 cor-
responds to a soft nuclear equation of state (EOS) with
the incompressibility coeFicient K = 200 MeV, another
set of A = —124, B = 70.5, and p = 2 corresponds to a
stiff EOS with K = 375 MeV. In the isospin-dependent
term, p and p„are the neutron and proton densities,
the value of C is 25 MeV, and e; is the isospin operator
with +1 and —1 for neutrons and protons, respectively.
The differential nucleon-nucleon cross section do~~/dO
is chosen to be isotropic. In the calculation we distinguish
the neutrons and protons in the projectile and target.

Since the BUU model is a one-body theory and does
not include complex fragment emission, all the protons
which are referred to as pseudoprotons are included in
the simulation whether they are free or bound in clus-
ters. Here the nucleons are considered as emitted once
the local density (freeze-out density) p(r) ( npo (n: 0.1—
0.5) and the distance from the considered nucleon to the
center of the corresponding target or projectile is greater
than the radius of the corresponding target or projectile
[28]. The choice of a different n value ranging from 0.1
to 0.5 can influence the multiplicity, but it does not in-
fluence the main character of azimuthal distributions as
a function of rapidity. To accumulate sufFicient statistics
for emitted nucleons, 500 test particles per nucleon were
used.

Before comparison with the experimental data, we
should know how to select the impact parameter in the
experiment [29]. The basic assumption is that the larger
the violence of the collision, the larger is the interac-
tion volume of two nuclei, i.e., the smaller is the im-
pact parameter. The violence of the collision is expressed
through the value of global variable. Several global vari-
ables have been tested by means of simulated events,
produced by a code which simulated the reaction mech-
anisms. Each event is filtered through a software replica
of the detection setup to take into account the actual
detector limitations. The quality of the impact parame-
ter determination is expressed by the correlation between
the real b value and the "experimentally" determined
value. This correlation is broad when the global variable
is the multiplicity, the total detected charge or midra-
pidity charge; it is slightly better with total transverse
momentum. The resolution of such impact parameter
selection of 1 fm [full width at half maximum (FWHM)]
is achieved for the system studied here at energies above
40 MeV/nucleon.

For a nonzero impact parameter, the beam direction
(z) and the line joining the centers of the nuclei determine
the reaction plane, i.e. , the x-z plane. The azimuthal
angle of a fragment in this coordinate system is

P = arctan(P„/P ).
In order to show clearly the dependence of azimuthal
distribution on rapidity, we divide the rapidity into six
windows from rapidity y = 0 to y = 0.42. Figure 1 shows
the calculated azimuthal distributions of pseudoprotons
and of emitted protons in different rapidity intervals for

Ar + Al collision at b = 4.5 fm and a bombard-
ing energy E;„=45 MeV/nucleon with a stiff EOS and
0~~ ——33 mb. In Fig. 1 the open and solid circles rep-
resent the original calculated results for pseudoprotons
and emitted protons, respectively. The solid lines show
the Legendre polynomial fits up to second order for the
original calculated. results which will be discussed in the
following. Such azimuthal distributions are evaluated at
t = 100 fm/c. At about t = 80 fm/c the azimuthal dis-
tributions start to be more or less stable. They change
slowly at the later stage, maybe, due to evaporation pro-
cess. The similar behavior is also observed at 36, 55,
and 65 MeV/nucleon. The anisotropy of azimuthal dis-
tributions at the same impact parameter decreases with
increasing the bombarding energy in this energy range.
Clearly, the azimuthal distributions of the pseudoprotons
are basically similar to those of the emitted protons. It
implies that the azimuthal anisotropy of the fragments
as a function of rapidity also shows a similar rotational
collective motion. As an example, the azimuthal distri-
bution of particle also shows the rotational behavior, and
its anistropy is stronger than that of protons [23]. At low
rapidity the azimuthal distribution peaks at P = + 180,
indicating that the protons are preferentially emitted to
the target side. At midrapidity the contribution of the
in-plane collective flow vanishes; hence, the azimuthal
distribution will be very sensitive to the pattern of par-
ticle emission. Here the azimuthal distribution peaks at

180 and 0', i.e. , there exists rotational behav-
ior. The rotation of the interaction region around an
axis perpendicular to the reaction plane favors the emis-
sion of particles in the reaction plane. At high rapid. ity
the azimuthal distribution peaks at 0, corresponding to
a positive average in-plane component of the transverse
momenta. To better study the azimuthal distributions
and to allow for a comparison with experimental data,
we have performed a Legendre polynomial expansion up
to the second ord.er to fit our azimuthal distributions:

dN/dP = ao + aqcosP + a2cos(2$),

where the parameters ao, aq, and a2 depend upon the
rapidity y as in Refs. [1,30]. The ratio aq/ao mainly
reflects the collective flow effect on the azimuthal distri-
bution in the reaction plane [31]. The in-plane collective
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FIG. 1. The azimuthal distributions of pseudoprotons and emitted protons in the different rapidity interval for 45
MeV/nucleon Ar + "Al at b = 4.5 fm. The open and solid circles represent the original calculated results for pseudo-
protons and emitted protons, respectively. The solid lines show the Legendre polynomial Gts up to second order for the original
calculated results. Notice that the reaction plane is chosen as x —z plane which is known a priori in the BUU model.

flow results in peaking at P = + 180 (i.e. , ai (0) for low
rapidity values and P = 0 (i.e. , ai ) 0) for high rapidity
values. A negative value of a2/ao reflects the squeeze-out
effect and a positive value a rotational behavior. In Fig.
1 the solid lines represent the I egendre polynomial fits.
Figure 2 shows the values of a2/ao at midrapidity as a
function of impact parameter at E;„=45 MeV/nucleon.
The a2/ao is always positive at all bombarding energies
studied here, which indicates that the squeeze-out effect
does not exist at this energy domain for the Ar + Al
system (this can also be conflrmed by the azimuthal dis-
tributions which never exhibit any enhancement at P =

0.ZO
Ar(45Mev/nucleon) + Al

0. 15

+ 90 ). In this figure the experimental data for protons
and for particles with z = 2 are not corrected for the av-
erage difference between the real and determined reaction
plane [23]. The dashed lines with symbols show our BUU
calculations which are corrected by a Rnite rms disper-
sion EP of the experimental reaction plane determination
[21,24,32—34]. This fluctuation EP of an experimentally
estimated reaction plane about the true reaction plane
depends on the bombarding energy, the impact parame-
ter, and the rapidity (or the in-plane collective flow) [33].
By Monte Carlo simulation as in Ref. [33], we can get the
fluctuation AP of the reaction plane for 45 MeV/nucleon

Ar + Al collision at 6 = 2.5—4.5 fm. It is in the range
of 50 —60 . By adding this fluctuation into BVU calcu-
lation, the corrected calculated result reduces the values
of a2/ap strongly because the fluctuation to some extent
smooths the azimuthal distributions. It is found that the
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FIG. 2. The values of aq/ao versus b for 45 MeV/nucleon
Ar + Al collision, where the circles with dots and cir-

cles with crosses represent the experimental data for particles
with charge z = 1 and z = 2, respectively. The open circles,
squares, and diamonds demonstrate the calculated results of
a sti8' EOS with a~~ ——20, 33, and 55 mb, respectively. The
solid squares correspond to calculations with a soft EOS and
o~~ ——33 mb. All calculated values have been corrected for
the uncertainties in the reaction-plane determination.
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FIG. 3. The value of ai /ao versus rapidity for 45
MeV/nucleon Ar + Al system at b = 4.5 fm. The def-
inition of symbols and the correction for the reaction-plane
determination are the same as in Fig. 2.
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S~ ——AS g. (5)

We found that the coefficient A is not very sensitive to
the impact parameter, bombarding energy E;„,0~~ and
the EOS within a statistical error 10%; its value is about
95 MeV/c. This quantity has its physical background; A

should be approximately equal to half of the rms trans-
verse momentum at midrapidity. Figure 4 shows the im-
pact parameter dependence of S q. Clearly, the sensitiv-
ities of S~i (the in-plane collective flow) and of a2/ap to
the EOS and 0 ~~ are similar.

In summary, the azimuthal distributions of proton
emission for the Ar + Al system are discussed based
on the BUU method. The rotational behavior together
with the directed transverse flow is found. The in-plane
enhanced particle emission for azimuthal distributions at
Inidrapidity has an origin in the rotationlike effect. This
effect generally increases with the increasing of the im-

bigger the fluctuations, the larger the reduction of co-
efficients. In the figure the increasing of a2/ao with the
impact parameter implies that the rotational effect of the
system gets stronger with the increasing impact param-
eter. Clearly the calculated a2/ao values are sensitive to
the in-medium nucleon-nucleon cross section. The cal-
culation with larger EP yields a smaller value of a2/ao.
For the calculation at b = 2.5 fm, the a2/ao reveals to be
insensitive to EOS, allowing o ~~ to be determined from
the data. The sensitivity to both the EOS and o.~~ be-
comes comparable at larger impact parameters (b ) 3.5
fm). Such a character is very similar to the sensitiv-
ity of the in-plane collective flow to both the EOS and
cr/vtv [28,35,36]. Since our BUU calculation accounts for
only nucleon emission, the calculated coefficients a2/ao
and ai/ao should have the values between the experimen-
tally extracted values for Z = 1 and Z = 2 since these
two charge particles constitute the dominant part of the
observed multiplicities in the experiment [37,38]. Obvi-
ously, a good agreement between the calculation and the
experimental data is obtained with o~~ ——33 mb and
a stiff EOS. This is also consistent with the conclusion
from the analysis of collective How in Refs. [28,35].

Figure 3 demonstrates the dependence of ai/ao on the
rapidity at 6 = 4.5 fm. A good linearity is found as well as
the average in-plane transverse momentum as a function
of the rapidity around the midrapidity region. The slope
of ai/ao on rapidity closely relates to the in-plane collec-
tive flow. When the fluctuation D,P of the reaction plane
is taken into consideration, the absolute values of ai/ao
decrease like a2/ao, resulting in the decrease of the slope
of ai/ao on rapidity; i.e. , the large uncertainties between
the estimated and true reaction plane result in reduc-
ing in-plane collective flow strongly. A good agreement
with the experimental data is shown especially when a
stiff EOS and 0~~ ——33 mb are used. If the slopes of
ai/ao and of the average transverse momentum (P /A)
at midrapidity on rapidity are denoted by S ~ and S~
respectively (the latter is actually the in-plane collective
Bow per unit of rapidity), the relation of S i to S/ is
written as

8.5
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2
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FIG. 4. The slope of ai/ao on rapidity versus b for 45
MeV/nucleon Ar + Al reaction. The definition of symbols
and the correction for the reaction-plane determination are
the same as in Fig. 2.
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pact parameter b, which is clearly seen from the impact
parameter dependence of a2/ao. The slope of the ai/ao
on rapidity at the midrapidity region closely relates to the
in-plane collective flow. By the simulation of the fluctua-
tion of the experimentally estimated reaction plane about
the true reaction plane in calculations, quite good agree-
ments between the calculation and the coefficients a2/ao
and ai/ao extracted &om the experiment are obtained.
The coefficients are both sensitive to o~~ at all impact
parameters, and to the EOS at larger impact parameters,
indicating that both collective motions —in-plane collec-
tive flow and rotational behavior —depend on both 0~~
and the EOS. By fitting the experimental data, it is sug-
gested that the parameter set of o.N~ ——33 mb and the
stiK EOS (K = 375 MeV) may be suitable for Ar +
2~A1 reaction below 100 MeV/nucleon, which is consis-
tent with the conclusions from the collective flow by us-
ing the transverse momentum analysis for the same sys-
tem [28]. The measurement of azimuthal distributions
could provide a quite convenient and fruitful analysis
method of collective flow and rotational behavior. We
are awaiting comparison with more experimental data
before presenting more abundant conclusions about the
rotational behavior in intermediate energy HIC's, and
the azimuthal distributions should be further studied ex-
perimentally and theoretically above the balance energy
where the disappearance of the in-plane flow occurs. It is
very interesting to investigate the evolution of azimuthal
distributions with the projectile energy and the target
mass.
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