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Influence of Coulomb interaction of projectile- and target-like sources on statistical
multifragmentation
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~Received 22 October 1998!

We show that the fragment partitions and kinematic characteristics of fragments can change in the presence
of an external Coulomb field at statistical multifragmentation of highly excited nuclei. There are indications
that this effect takes place at intermediate energy peripheral nucleus-nucleus collisions. The phenomenon has
general importance for understanding disintegration processes affected by long-range forces.
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PACS number~s!: 25.70.Pq, 24.10.Pa, 24.60.2k, 25.70.Mn
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The reaction of multifragmentation of highly excited n
clei aroused much scientific interest because of an impor
overlapping of the traditional nuclear physics with such u
versal processes as phase transitions, critical phenomena
behavior of many particle systems. A lot of experimental a
theoretical studies were performed and many features of
phenomenon were already established.

Here we point to a successful application of the equilib
tion hypothesis and statistical approaches@1–3# for under-
standing this process. It was found that at high energy re
tions, both light particle-nucleus@4,5# and peripheral
nucleus-nucleus ones@6,7#, the multifragmentation re-
sembles very much a thermal process that can be desc
by statistical models. In the case of central nucleus-nuc
collisions at moderate energies~30–50 MeV/nucleon! the
statistical description is also very effective but the flow p
duced by compression at the initial stage of the reaction m
be taken into account@8,9#. The situation is less clear at hig
energy central collisions where strong dynamical effects
ist, but even in these cases the intermediate mass frag
~IMF! production can be explained by assuming a par
thermalization@10#. Statistical nuclear multifragmentation
an example for a transition of a finite many-body syst
from the ~homogeneous! liquid phase into a heterogeneou
phase of several nuclear fragments with broad and stro
fluctuating mass distribution. This transition is driven by
rapid gain of entropy with rising excitation energy. Not on
is such an entropic transition new within nuclear physics
it is also a beautiful example of a first order transition
small many-body systems in general.

Because nuclei are charged electrically the Coulomb fi
contributes essentially to their disintegration, and this
already been under intensive theoretical investigation~see,
e.g., @1#!. However in the statistical approach it was r
stricted only by self-interaction of fragments produced fro
one single source. In the present paper we show how
external Coulomb field can change a picture of multifra
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mentation of a single source. We emphasize that here
consider the effect as a complete statistical phenomen
though it can be triggered by previous dynamical evolutio
We think that such phenomena are important not only
nuclear physics but for all phase transitions influenced
external long range forces~phase transitions under extern
inhomogeneous fields!. This is significant from a genera
point of view as it is an example of equilibrium statistic
with a non-extensive entropy. This is still considered
many statistical physicists~see, e.g.,@11#! as contradicting
the conventional~canonical! statistics. Evidently, this is pos
sible in microcanonical thermodynamics~for more details
see@3#!.

As was established by numerous studies multifragme
tion is a fast process within a characteristic time arou
100 fm/c. In the case of peripheral nucleus-nucleus co
sions at intermediate energies the projectile- and target-
sources cannot go far from each other before disintegrat
For example, at initial beam energies of 30–50 Me
nucleon, 100 fm/c after the collision corresponds to the di
tances around 20–30 fm between the sources. At these
tively short distances the long range Coulomb field of o
source influences the breakup of the other.

For this study we use the microcanonical Metropo
Monte Carlo model~MMMC ! which allows for correct in-
clusion of Coulomb interaction by considering exact po
tions of produced fragments@1,3#. We modified the code:
within the MMMC model we consider multifragmentation o
a ‘‘double’’ nuclear system. We assumed that at the brea
there are two sources with some charges, masses, mom
and excitation energies placed at some distance from de
ing centers of each other. As a result the Coulomb energ
this system will be different from the Coulomb energy
these two sources if they would disintegrate separat
Moreover the spherical symmetry of the single Coulomb p
tential is violated and products tend to have symmetry alo
the line connecting the centers of the sources. Since the
sources each move very quickly with respect to the othe~a
little bit slower than the beam velocity! we can approxi-
mately consider an independent statistical breakup of
sources taking into account only mutual Coulomb influen
The presence of a second source influences considerabl
,
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charges of the fragments produced at the freeze-out vol
of the first as well as their kinematic characteristics after
Coulomb acceleration. One can expect also that the isot
content of the fragments will depend on their positions in
freeze-out with respect to the sources.

One should mention some limitations of this approach
fact multifragmentation is not exactly a simultaneous p
cess: it can be considered as simultaneous within a statis
model taking into account that the time of fragment form
tion is much smaller than the characteristic time of chang
of the Coulomb field@12#. Since the sources move fast th
contribution of the second source to the Coulomb interac
of the fragments decreases quickly. However, by conside
a relatively well defined time interval we can see the qu
tative effects of the inhomogeneous field. In future studie
would be useful to separate the time when the fragments
to form ~similar to the ‘‘saddle’’ point in nuclear fission!
from the time when they start to propagate under Coulo
forces. Also we should stress that the approach is nonrela
istic, and it is qualitatively sufficient for collisions with en
ergy less than 100 MeV/nucleon. At relativistic energies
Coulomb interaction of the sources must be described in
other way.

As an example we consider peripheral collisions in re
tion of Au1Au at 35 MeV/nucleon, which are already und
investigation@13,14#. It was shown that it is possible to se
lect experimental events corresponding to breakup
projectile- ~and target-! like source with mass and charg
equal approximately to gold. The velocities and excitat
energies of the source found from the characteristics of
produced particles correspond to values obtained from
energy-momentum balance. Of course a dynamical prep
tion of such sources can lead to particle and energy los
but these preequilibrium particles have energies very sim
to thermal ones and, moreover, it does not affect qua
tively the following IMF production from the therma
sources. Here we do not try to describe this particular exp
ment ~it is a part of a future comprehensive analysis!, but
rather we would like to point to theoretical conclusions th
are general for all intermediate energy peripheral reactio

We analyze the multifragmentation of two Au sourc
with excitation energiesE* 52 MeV/nucleon andE* 55
MeV/nucleon and moving along the beam axis with relat
velocities of 0.23c and 0.17c, correspondingly. The trans
verse velocities are very small@13,14# and do not influence
the results. Assuming the time of multifragmentation arou
100 fm/c we fix the relative distances between sources a
fm for excitation of 2 MeV/nucleon and 17 fm for 5 MeV
nucleon. In fact the above-mentioned velocities are fou
after the Coulomb acceleration but the Coulomb addition
negligible in comparison with the initial relative motion
freeze-out. With MMMC we generate multifragmentatio
events of these sources and simulate coordinate position
produced fragments taking into account the mutual Coulo
field. In a statistical description the partitions with sm
Coulomb barrier are more probable because if the availa
phase spaceW for translational motion is larger the entrop
S5 ln(W) is larger. As a result small fragments tend to ta
positions in between the sources while the large fragme
are shifted to the opposite direction~keeping the center o
mass of the double system!. The sizes of fragments chang
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also because the disintegration process is influenced by
more strong Coulomb barrier. These effects are espec
important at the multifragmentation threshold~around E*
5223 MeV/nucleon! where decays into two fragment
dominate.

In Fig. 1 we show how the charge distributions of fra
ments produced in multifragmentation of an Au source
excitation energies of 2 and 5 MeV/nucleon change in
presence of the second Au source at a distance of 23 an
fm, respectively. It appears that at the small excitation
ergy the partitions change drastically: the usual quasifiss
channels are suppressed and the system prefers to bre
into a large fragment~a compound-like one associated us
ally with an initial liquid phase of nuclear matter! and a
small fragment. In this case a Coulomb energy contribut
from the second source is rather important: around 50
MeV. As was mentioned the decay is strongly ‘‘polarized
in space: the small fragments are positioned mainly betw
the large one and the second source, and that configura
provides a minimum Coulomb barrier. As a result of th
spatial anisotropy we have an anisotropy of fragment velo
ties with respect to the center of mass of the source after
Coulomb acceleration. This is unlike the conventional isot
pic Maxwell velocity distribution and a typical signal of
non-extensive thermodynamics. The intermediate mass f
ments~IMF! with chargeZ53220 fly mainly from the cen-
ter of mass to the direction of the second source, i.e., I
tend to fill the midrapidity kinematical region for this rea
tion. The velocities of the largest fragments are shifted
little bit to the opposite direction. This is illustrated in Fig.
where we show parallel velocity distributions for the fra
ments.

At high excitations~5 MeV/nucleon! the compound-like
fragments disappear and the system changes into a
phase@1,2#. Here the partitions change not so strongly sin
the share of the interaction Coulomb energy of the source
smaller respective to the excitation energy of the syste
However it also affects the fragment positions, and IMF v

FIG. 1. Charge yields of fragments in197Au multifragmentation
for excitation energies of 2 MeV per nucleon~top! and 5 MeV per
nucleon~bottom! with the presence of the second Au source~solid
lines! and without it~dashed lines!.
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locities are also shifted to the midrapidity region. Witho
Coulomb interaction of the projectile- and target-like sourc
all produced fragments would be symmetric around the c
ters of mass of the sources~see dashed lines in Fig. 2!.

The microcanonical temperature of the disintegrating s
tem changes also as a consequence of a new energy ba
with new partitions. If the second source exists the tempe
ture increases slightly more rapidly at small excitatio
~from T53.46 MeV to T53.71 MeV at E* 52 MeV/
nucleon! than at high energies~from T55.01 MeV to T
55.20 MeV atE* 55 MeV/nucleon!, and a plateau-like ca
loric curve @1,2# results.

Here we should point to one problem in the interpretat
of experimental data. There are some indications~e.g.,
@15,16#! that IMF really tend to be concentrated in the midr
pidity kinematical region for peripheral collisions. Obvious
this phenomenon does not correspond to a traditional pic
of statistical decay of two independent sources. The auth
@15,16# assumed a dynamical ‘‘neck’’ emission. We thin
that generally such an emission could exist. However, up
now, there were no comprehensive comparisons between
namical models and the experiments. The statistical mid
pidity emission pointed out in the present work can ess
tially contribute to the observed phenomenon. One sho
take into account that the IMF velocities depend on assu
tions about the freeze-out density and distance from the o
source. The present MMMC calculations were done at
density around 1/6 of the normal nuclear one. Increas
density provides more strong repulsion and larger shifts
midrapidity region. Larger distances between sources at
beginning of the Coulomb acceleration of IMF favors al
the filling of the midrapidity gap.

FIG. 2. Yield of fragments versus their parallel velocities
laboratory system for peripheral collisions in the Au1Au reaction
at 35 MeV/nucleon. The velocities of excited Au sources~top: E*
52 MeV/nucleon, bottom:E* 55 MeV/nucleon! are shown by
large arrows~see text!. Solid lines: IMF withZ53220; dot-dashed
lines: the largest produced fragments. Dashed lines are IMF ca
lated without mutual Coulomb influence of the sources.
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The Coulomb interaction of the sources influences ot
characteristics of the fragmentation events. For example
azimuthal anisotropy of light IMF respective to projectil
like residue~PLR! was found in@15#. Following their pre-
scription we have considered breakup channels only w
these two fragments~besides light particles! and take
a standard right-handed coordinate system based on

Cartesian axes:z85(VW beam3VW PLR)/uVW beam3VW PLRu and x8

5VW PLR/uVW PLRu. In this coordinate system we have looked
the azimuthal distribution of the light IMF~with chargeZ
54210) with respect to the PLR~with Z>33). In Fig. 3 we
show the azimuthal distribution for the case of the gold p
jectile source with excitation energy of 2 MeV/nucleo
When a target-like source is present there is a promin
peak at 180 degrees similar to the experimental data@15#.
The reason is that the Coulomb trajectories of IMF and P
are influenced by the second source: in this particular c
the velocities of the three bodies tend to be in plane with
beam axis and both IMF and PLR get an additional Coulo
push to the direction of the beam.

In conclusion, the process of statistical multifragmen
tion of an excited nuclear system changes under exte
Coulomb forces. We have considered a particular exampl
multifragmentation of a double system produced in perip
eral nucleus-nucleus collisions at intermediate energie
process now under intensive experimental study. We h
found a statistical fragment emission preferable to the mid
pidity kinematical region, which was up to now associat
only with a preequilibrium dynamical process. Besides off
ing a new explanation to phenomena that were viewed
typical dynamical effects by a completely equilibrium
mechanism that is ruled solely by the available phase sp
under inhomogeneous conditions, our example also offe
new application of thermodynamics and equilibrium stat
tics to inhomogeneous non-isotropic and non-extensive
tems far away from the thermodynamic limit. In this situ
tion the use of the microcanonical ensemble was cruc
This phenomenon can be called a non-extensive ‘‘Coulom
oriented’’ phase transition. The study of these reactions
also a natural way to study the behavior of and the ph

u-

FIG. 3. Azimuthal distribution of light IMF in the projectile-like
residue coordinate system~see text! in the case of fragmentation o
a projectile Au source atE* 52 MeV/nucleon into the two frag-
ments. The solid line is the MMMC calculation with the Coulom
influence of the target source, the dashed one is without the in
ence.
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transitions in finite systems under long range forces
genuine phenomenon in nature, from the evolution
charged metallic clusters to the disintegration of astrono
cal objects under gravitational forces@3,17#. The microca-
d

l
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nonical statistical approach provides an adequate tool fo
theoretical treatment of these phenomena. For some first
crocanonical equilibrium studies of astronomical objects s
e.g.,@18#.
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