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Collective flow in central Au-Au collisions at 150, 250, and 400A MeV
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Radial collective flow and thermalization are studied in gold on gold collisions at 150, 250, and 400A MeV
bombarding energies with a relativistically covariant formulation of a QMD code. We find that radial flow and
‘‘thermal’’ energies calculated for all the charged fragments agree reasonably with the experimental values.
The experimental hardware filter at small angles used in the FOPI experiments at higher energies selects
mainly the thermalized particles.@S0556-2813~99!00603-2#

PACS number~s!: 25.75.Ld, 24.10.Jv, 24.10.Lx, 25.70.Mn
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In recent years central-collisions studies became a fo
of attention in the intermediate energy domain (1002
2500A MeV! @1,2#. One of the measurables concentrat
on by the experiments is connected to the flow. It is a w
known fact @3# that at larger impact parameters there is
sideward flow and a squeeze-out flow; these quantities w
measured@4# and calculated@5#. The sideward and squeez
out flows mostly disappear in very central collisions. Ho
ever, calculations@5# predicted a large collective energy~ra-
dial flow! in central collisions and this was confirmed lat
by experiments@6#. This collective energy can be visualize
with a blast model@1,7#, where the system expands sphe
cally around the center of mass.

Recently we deduced a momentum dependent, relativ
cally invariant two-body force@8#, which can be applied to
QMD calculations@9#. To check the validity of the force, we
made detailed calculations for central gold on gold collisio
in the energy domain 150–400A MeV @8# and compared the
results with experimental data@1#. The agreement turned ou
to be highly satisfactory; even the number of the interme
ate mass fragments~IMF! is very close to the experimentall
measured value. It is worth examining what can we le
about the radial flow using this model.

First we study to what extent one may speak about th
malization of the nucleons in central and semicentral co
sions. The system is usually assumed to be thermalized i
nucleons collided a few (;3) times. From Fig. 1 one can se
that for higher energies~250–400A MeV! only 20% of the
nucleons did not collide more than twice~and may be con-
sidered as unthermalized!. At low energy~150A MeV! this
fraction amounts to 60%, due to the large Pauli blocking~for
150A MeV 65% of the possible collisions were blocke
while for 400A MeV the blocking was only 25%!. We fol-
lowed the path of some nucleons in collisions with 400A
MeV energy. Those nucleons which did not collide at
~less than 3%! are generally positioned in the outer layer
the colliding nuclei.

Assuming that nucleons having collided at least th
times are thermalized, one may conclude from Fig. 1, tha
least for high energies the thermalization rate is;80%. For
a spatially homogeneous system this would mean an iso
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pic momentum distribution. For this reason it is interesting
examine the momentum distribution by making a conto
plot of the invariant cross sectiond2s/pTdpTdy of the out-
going single protons in the two dimensional space of
transverse momentum scaled with the projectile moment
pT

p , and the rapidityy scaled with the projectile rapidityyp

in the center of mass system. We note that in the ene
domain of interest~up to 600 MeV! the scaled rapidity and
scaled momentum are equal to each other within 5%. A
consequence, a thermalized distribution should appea
circles in they-p plane. First we examined the contour plo
without experimental filters atb50.5 fm and 400A MeV
collision energy after 150 fm/c evolution. One can see from
Fig. 2, that in contrast to a thermalized system, the raw d
do not show an isotropic distribution~see the most inner
highest multiplicity contour, having a distortion facto
;1.5). However, applyingonly the seemingly negligible
small laboratory forward angle filter~excluding particles at
u lab,1.2°), which means the exclusion of a small number
protons only, a nearly isotropic distribution is recovered. T
interpretation of this result is the following: the untherma
ized ~not yet collided! protons leave the collision region wit
high energy in the forward direction; thus, the remaini
proton distribution is already thermalized. Applying furth
angular filters does not change this behavior.

Figures 3 and 4 show contour plots for protons at 150 a
400A MeV, respectively, for central and peripheral even
In order to compare our result with the experimental o
where the effect of the filters in the range 1.2°,u lab,30°
was averaged out, we took only the relevant 1.2°,u lab and
u lab,30° filters. One can see that for central events the
tered distributions are almost isotropic~except for theu lab
,30° filters!, however, the raw, unfiltered values are n
This fact is very pronounced in the case of 150A MeV. In the
case of large impact parameters the distributions are alw
distorted. The same observation was made in connec
with the experimental measurements@1#.

Experimentally the collective radial flow is determine
from the kinetic energy distribution of the large fragmen
However, since at 400 MeV the total mass of all large fra
ments for central collisions is less than 3% of all the p
ticles, such a method produces very poor statistics in
case. In order to determine the radial flow we considered
possibilities: calculating the flow in the~1! gas scenario,
when all the nucleons are considered to be individual obje

ni-
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FIG. 1. Number of particles that collided less than three times~solid line!, and without collisions~dotted line! for three incident energies
at b50.5 fm impact parameter, as the function of time. Initially (t50) the nuclei are at a distance of 2 fm from each other and the t
overlap for free evolution would occur at 29, 23, and 19 fm/c for the three energies, respectively.

FIG. 2. Contour plots averaged over 360 events for 400A MeV collisions withb50.5 fm impact parameter. Shown are the raw prot
distribution ~far left!, the distribution with au lab.1.2° experimental hardware filter~center left!, with an additionalu lab;21° filter ~center
right!, and with an extrau lab,30° filter ~far right! in the scaled momentum-rapidity plane. The hardware filter aroundu lab;5° is not visible.
The contours are separated by factors 1.5.

FIG. 3. Contour plots for proton distributions at 150A MeV, b51.5 fm ~left block of 2 panels!, andb57.5 fm ~right block of 2 panels!
in the scaled momentum-rapidity plain. The left figures of each block show the raw data, while the right-hand ones show the data
most relevantu lab.1.2° andu lab,30° hardware filters.

FIG. 4. Same as Fig. 3 at 400A MeV.
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TABLE I. Average flow energies~MeV!, ‘‘disoriented/thermal’’ energy, and flow velocity at 400~upper!,
250 ~middle!, and 150A MeV ~lower part! at b51 fm impact parameter for the gas~g! and cluster~c!
assumption.

Eflow Eflow
exp Edo Eth

expt b bexpt

g ~400! 63.262.5 37.263 0.34560.006
c ~400! 59.762.5 56.866.3 32.762 32.866.3 0.33860.006 0.33460.017
g ~250! 41.261.2 18.260.5 0.28560.002
c ~250! 34.861.0 34.063.9 16.860.6 21.563.9 0.26460.002 0.26360.014
g ~150! 21.660.5 12.960.8 0.2160.002
c ~150! 18.360.3 19.962.3 10.260.5 12.662.3 0.19460.002 0.20460.011
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contributing to the radial flow; or in the~2! cluster scenario,
when all the charged fragments~single protons and clusters!
are taken into account. For comparison we present result
both.

In order to determine the radial flow of the nucleons
divided the solid angle into 32 equal pieces and calcula
the flow velocityb (k) within each sectork (k51,32) as

u~k!5 (
i PVk

rW i pW i

urW i u
Y (

i PVk

mi , b~k!5
u~k!

A11u~k!
2

, ~1!

whereu(k) is the four velocity associated to sectork and the
summation is extended for all the charged particles wit
the solid angleVk , with mi being the mass of a fragmen
while r i is the position of the charged particle at the end
the calculation (150 fm/c). We repeated the same for th
gas scenario with eachmi being the nucleon mass.

The fluctuation of the flow velocity is less than 2% in a
the 32 sections for each energy atb50.5 fm both for the
cluster and gas algorithm. Furthermore, the fluctuation of
number of particles within the sectors is at most 3–4 %. T
extracted values are also stable against changing the end
of the calculation: from the freeze-out time up to twice t
freeze-out time the change of the flow energy is 10% a
does not change further for larger end times. These res
show that the radial flow can be determined in a very relia
way. Encouraged by the isotropy of the system and by
lack of other collective excitations~side flow or squeeze-out!
we define a disoriented~‘‘thermal’’ ! energy as the rest ki
netic energy,1

Edo5
1

(
i 51

M

Ai

(
i 51

M

~Ami
21pi

22mi !2Eflow with

1The energy defined here isnot exactly the thermal energy, sinc
a thermal energy can be defined for completely thermalized sys
only in the local rest frame. As the complicated experimental p
cedure obtaining the thermal energy cannot be reproduced w
the given model, we consider the disoriented energyEdo to be close
to the thermal one.
for
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21

~rW i pW i !
2

r i
2

2mi D , ~2!

whereAi is the mass number of a cluster, andM is the total
multiplicity of the clusters~and M5A, the total number of
particles, for the gas algorithm!.

In Table I we give the calculated flow velocity, the flo
energies, and the ‘‘disoriented/thermal’’ energies evalua
both for the gas and for the fragments~cluster!. As a com-
parison, we give the values extracted from Ref.@1#, where
they use a blast wave model fit to the experimentally m
sured kinetic energies of heavy fragments. We note that th
quantities are model dependent, and evaluating them we
the natural way for the QMD model, not the experimen
procedure. We find the agreement surprising.

Finally we make a remark comparing our result to the o
of the EOS@2# group. In this experiment the selection criter
were based on the multiplicity only and the deduced val
of the radial flow velocity are considerably lower compar
to the flow velocities of the FOPI experiment. In our mod
we find that the multiplicity trigger is not sufficient enoug
for selecting the central collisions; we got a considera
amount of events contributing fromb54.5–5 fm. As a re-
sult, using the multiplicity trigger, our flow velocities,b, are
reduced by;15–20 % in agreement with the EOS resu
Consequently the ‘‘thermal’’ energy is increasing by t
same amount.

In conclusion, we have investigated collective radial flo
in the case of Au1Au collision at 150, 250, and 400A MeV.
The results were compared to FOPI experiments@1# and we
found a reasonable agreement. Furthermore the experim
setup automatically filters out the unthermalized particles
higher energies. These results suggest that the compres
ity and the momentum dependence of the used force
highly satisfactory. The application of our force for high
energies when particle creation is important, is in progre
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