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Abstract. Recent experimental results on particles-γ coincidence measurements on the systems 12C+64Ni
and 35Cl +64 Ni at about 8MeV/nucleon are interpreted as due to the effect of a Dipole pre-equilibrium
emission produced during the damping of the proton-neutron relative collective motion in very deformed
intermediate systems formed in the first instants of the collision. The pre-equilibrium effects are evaluated
through semiclassic kinetic theories and through modified statistical approach to include non-stationary
effects in Fusion processes, Massive Transfer reactions (in the 12C+64Ni system) and in Binary Dissipative
reactions (in the 35Cl+64Ni system). In particular the study performed on the dipole molecular component
allows to establish a link between the above phenomenon and the charge and mass transfer process in quasi-
peripheral reactions.

PACS. 24.30.Cz Giant resonances – 25.70.-z Low and intermediate energy heavy-ion reactions

1 Introduction

In the last few years various experiments have been per-
formed in which γ-rays have been detected in coincidence
with charged particles produced in heavy ions reactions
at Elab/nucleon = 7 − 8MeV [1-6]. In some of these ex-
periments [3-5] a production of γ-rays is evidenced over
the GDR statistical contributions. The main characteris-
tics of this extra yield are the relative low energy of the
associated peak (around 10MeV ) and the narrow width
of a few MeV .

The aim of this paper is to discuss, in a first compre-
hensive study, the mechanism responsible for this emission
giving also an estimation of the relative γ-ray emission
probability. Through the comparison with statistical cal-
culations, the important role played by the reaction mech-
anism on the visibility of this phenomenon is evidenced.

In particular we will focus our attention on the high
energy γ-ray production observed in the 35Cl +64 Ni [5]
and 12C+64Ni [3,4] collisions. These experimental results
will be briefly presented in Sect. 2.

In Sect. 3 the dynamical origin of the pre-equilibrium
emission, as the result of the equilibration process for the
proton vs. neutron collective motion is discussed.

In Sect. 4 a possible framework in which the pre-
equilibrium and the statistical mechanism of emission can
be included is presented. A way to estimate the corre-
sponding emission probability is also indicated.

In Sect. 5 an estimation of the yield produced by a
statistical emission is done for the two studied systems
35Cl +64 Ni and 12C +64 Ni. In these calculations the
effect of the slow changing in time of the shape degree of
freedom is also included.

In Sect. 6 the approach used in the study of the dynam-
ical evolution of the process by means of the semiclassical
kinetic theories, is briefly sketched. In the same part the
results obtained for the studied systems in central and
quasi-peripheral collisions are discussed and a comparison
with the statistical calculations and with the experimental
results is done.

In particular in order to describe the γ-ray spectrum
measured in coincidence with the high energy α particles
produced in the 12C+64Ni collision, the role played by the
cluster structure of the first excited states in the 12C nu-
cleus is emphasized through Boltzman Noretheim Vlasov
(BNV) calculations in which the projectile has been ini-
tialized as a 3− α nucleus.

Sect. 7. contains the conclusive remarks.
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2 Experimental results

In Fig. 1a we report one of the first claimed evidences
[5] for non-statistical GDR γ-ray emission. In this fig-
ure the γ-ray spectrum measured in coincidence with the
projectile-like produced in the deep inelastic reactions in-
duced on the 35Cl +64 Ni collision at 7.74MeV/nucleon
is shown.

The experimental results(points) are compared with
the calculated statistical decay spectra of the fragments.
In Fig. 1b the ratio between the experimental spectrum
and the calculations are reported (points) together with
a Lorentzian curve which best fits the points. From the
figures is clearly seen an over strength centered at 10MeV
having a width of about 3MeV .

More recently, by using the TRASMA detection sys-
tem of the Laboratorio Nazionale del Sud (Catania) [7], we
have studied the collision 12C+64Ni at 7.9MeV/nucleon.
A full description of the experimental results are given in
[3,4]. Here we report, in Fig. 2a, the γ-ray spectrum col-
lected in coincidence with fast α particles (with energy
greater than 24MeV ) detected in the 3◦ ≤ θlab ≤ 6◦ an-
gular range. The continuous line represents the calculated
statistical contribution produced by the residual 72Ge nu-

Fig. 1. a Experimental γ-ray spectrum (points) measured in
the 35Cl +64 Ni collision at 7.7 MeV/nucleon in coincidence
with binary dissipative events [5]. The solid line represents the
result of CASCADE calculations (folded with the experimen-
tal set-up response function) applied to all possible primary
fragmentation leading to the final detected fragments, b Ratio
between the experimental data and the theoretical statistical
calculations

cleus that we have supposed produced through a binary
massive transfer process at the excitation energies which
can be estimated through the two-body kinematic applied
to the outgoing channel. The average value of both the
excitation energy and of the total transferred angular mo-
mentum are about 59MeV and 〈J〉 = 24h̄ respectively
[3].

In Fig. 2b we show the ratio between the statistical
calculation and the experimental data. Also in this case it
is clearly seen an over production of γ-rays at an energy
of about 10MeV with a F.W.H.M of about 2MeV .

Finally in Fig. 3 we show, for the same reaction, the
γ-ray spectrum collected in coincidence with the evapo-
ration residues [3]. The solid and dashed lines represent,
as above, statistical calculation performed by using the
code CASCADE. In Table I the parameter values obtained
from the fit procedure are also reported. In this case the
agreement between the statistical calculation and the ex-
perimental data seems good enough and no clear effect of
a pre-equilibrium emission is evidenced. On the contrary
this kind of analysis evidences some degree of uncertainty
in the selection of the starting guess for the fit procedure
(for example one or two Lorentzian strength distributions
to describe the decay of the GDR).

From the previous comparisons some new and inter-
esting aspects about the high energy γ emission can be
evidenced.

The first aspect is the “anomalous” high energy γ-ray
production as shown in Figs. 1 and 2. This process can be
connected to a pre-equilibrium emission as we will discuss
in the following.

The second one concerns the link between this phe-
nomenon and the reaction mechanisms. In the data here
presented in fact this “anomalous” emission is clearly evi-
denced in peripheral or quasi-peripheral reactions whereas
this does not happen for the studied 12C +64 Ni system
in more central collisions leading to fusion, as evidenced
from the inspection of Fig. 3.

Before to conclude this section we have to quote also
the experimental results presented in [8]. In that work ev-
idences of a pre-equilibrium emission have been obtained
at lower incident energy (Elab/nucleon = 4.25−4.5MeV )
and in central collisions selected by γ-ray multiplicity and
spectroscopy measurements.

We begin the study of this phenomenon briefly dis-
cussing, in the next section, the possible source of pre-
equilibrium emission.

3 Dynamical origin of the Pre-equilibrium
emission

In several papers published in these last years [9-11] a
source of pre-equilibrium γ emission in heavy ions colli-
sions has been associated to the charge over mass asym-
metry in the entrance channel. In the following we dis-
cuss briefly this aspect having in mind the study of the
pre-equilibrium emission in quasi-peripheral collisions in
which highly deformed systems can be produced.
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Fig. 2. a Experimental γ-ray spec-
trum (points) measured in the collision
12C +64 Ni at 7.9 MeV/nucleon in co-
incidence with fast α particles (Eα ≥
24MeV ) detected in the angular range
3◦ ≤ θlab ≤ 6◦ [3,4]. The solid line
represents the result of CASCADE cal-
culations (folded with the experimental
set-up response function) applied to the
residual nucleus 72Ge. The average val-
ues of the excitation energy 〈E∗〉 and
total spin 〈J〉 as estimated through the
two body kinematics are also reported,
b Ratio between the experimental data
and the theoretical statistical calcula-
tions

Fig. 3. Experimental γ-ray spectrum (points) measured in
the 12C +64 Ni collision at 7.9 MeV/nucleon in coincidence
with evaporation residues [3,4]. The lines represent a result
of CASCADE calculations, folded with the experimental set-
up response function, applied to the Compound Nucleus.
The solid and dashed lines refer to calculations in which the
GDR strength is described through one Lorentzian and two
Lorentzian distributions respectively. The set of parameters
obtained by the fit procedure are reported in Tab. 1

To this aim we explicit the expression of the total elec-
trical dipole (per unit of elementary charge) for a system
which is divided into two subsystems having mass and
charge Ap,Zp and At,Zt respectively (the reference is the
center of mass of the total system):

D =
∑

Zp+Zt

ri = Dp+Dt+Dm (3.1)
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Np
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∑
Zp

ri −
Zp
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Dm = ZpRpcm + ZtRtcm (3.3)

The terms Dp and Dt are the intrinsic dipole’s of the
subsystems.

The third term in (3.1) represents the so called molecu-
lar dipole,Rpcm, tcm are the center of mass vectors (C.M.)
of the two subsystems. This term, by definition, is always
oriented along the direction defined by the centers of mass
of the two subsystems.

Since the position of the C.M. of the total system is
located at the origin of the coordinate system, we can also
write:

Dm =
ApAt

2(Ap+At)
(
(Zp−Np)

Ap
− (Zt−Nt)

At
)

×(Rpcm −Rtcm) (3.4)

The illustrated decomposition is well suitable to represent
the situation of two interacting nuclei. In particular at
t=0, when they start to strongly interact, the only term
that can be different from zero, apart from polarization
effects, is just the molecular contribution and this happens
only if the interacting particles have different charge to
mass asymmetry.

The definition (3.4) shows how Dm can be expressed
through collective quantities connected to the relative mo-
tion of the two partners.

Fast changes in time of this quantity are expected dur-
ing the interaction and they are due only to the charge to
mass asymmetry variation between the two partners.

At this point we want to precise that, even if the above
decomposition is possible at each time (to obtain it in
fact we have applied simple algebra), it is not possible, in
general, to obtain a distinct time behaviour of the three
terms because the dynamical evolution strongly couples
all the degrees of freedom of the system. In spite of that,
in particular conditions like peripheral or quasi-peripheral
collisions (i.e. collisions in which the two partners don’t
lose completely their identity), the coupling can be less
effective due to the centrifugal and Coulomb forces and
theDm can become prominent showing clearly the proper
evolution.

Finally we observe that by accelerating ions with dif-
ferent charge to mass asymmetry we displace neutron and
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proton spheres also in the momentum space. This displace-
ment corresponds to a C.M. relative momentum:

∆PZ,N = PL(
(Zp−Np)

Ap
− (Zt−Nt)

At
) (3.5)

Where PL is the projectile linear momentum in the lab-
oratory system. At 7− 8MeV/nucleon the kinetic energy
of the proton vs. neutron relative motion is only about
2MeV for the studied systems and instead of therefor it is
not enough large to excite the corresponding mode. There-
fore, in this case, the main mode to dynamically excite the
GDR is trough the displacement in the configuration space
which corresponds the so called molecular dipole.

4 General-framework

To make a comparison between a statistical decay mecha-
nism and a pre-equilibrium one it is necessary to work in a
general framework in which these two mechanisms can be
included. Such a framework can be taken from the multi-
step reaction theories [12] which have been developed and
successfully applied to the description of light particles-
heavy ions collisions. This framework has been applied in
[10,13,14] to the gamma decay by using the phonon con-
cept.

On the other hand in the present paper we will use
semiclassical calculations based on mean field kinetic the-
ories, so we feel the necessity, from a formal point of view,
to describe the pre-equilibrium process and the compound
system decay in the typical framework of a multistep pro-
cess in which the complexity of the phase space is ordered
according to the average collective energy associated to
the proton-neutron motion.

As shown in Appendix A in this case it is possible to
express the total probability of γ emission as

dP γ

dEγ
=
W γ
S

ΓS
(
Γ ↓D
ΓD

) +
W γ
D

ΓD
= Ss(Eγ) + Sd(Eγ) (4.1)

In the above expression the first term represents the sta-
tistical contribution coming from the last stage of the
process. The factor Wγ

S

ΓS
gives the γ emission probability

from a C.N. in the GDR region. It is evaluated by using
the principle of the detailed balance which can be applied
because of the statistical equilibrium hypothesis on the
proton vs. neutron motion; it is the “heart” of statistical
CASCADE calculations [15].

The consequences of this principle are that W γ
S explic-

itly contains the level density factor and that it is com-
puted trough the cross section σabs(Eγ) for γ absorption
which satisfies the well known sum rule:

W γ
S =

ρ(Ei, Ji, πi)
ρ(Ef , Jf , πf )

σabs(Eγ)E2
γ

3(πh̄c)2
(4.2)

The factor in the brackets of (4.1) represents the loss of
flux due to the pre-equilibrium stage: it is defined trough

ΓD and Γ ↓D which represent the total and the damping de-
cay constants of the pre-equilibrium process respectively
(ΓD = Γ ↓D + Γ ↑D). As shown in Appendix A, in a sim-
ple 3 stage process, they are (apart from the coupling to
the continuum Γ ↑2 , see Appendix.A) the reduced values of
the parameters characterizing the decay of the two classes
belonging to the pre-equilibrium process (see (A.11) and
(A.12)). Then already at this level we can expect, in the
classical-quantum analogy, a reduction of the width con-
nected to the γ-ray emission as due to time evolution of
the process i.e to the finite time for Compound Nucleus
(C.N.) formation.

We could compare this effect to the motional narrow-
ing [16] occurring in resonant processes undergoing time
dependent perturbations.

From an experimental point of view the statistical con-
tribution can be reduced by selecting reaction mechanisms
in which the equilibrium stage is strongly suppressed by a
small value of Γ ↓D or/and low effective temperature like in
the Deep Inelastic Collisions (D.I.C.). This allows to put
clearly in evidence the γ-ray emission coming from the
pre-equilibrium stage as we will show in the following.

The second term of (4.1) represents the dynamical pre-
equilibrium contribution. We will estimate the associated
γ-ray emission by evaluating the power emitted from the
total dipole during the equilibration process by means of
the semiclassical kinetic theory. This will be done by solv-
ing the BNV equation. In particular from the time depen-
dence of the i total dipole component Di(t) ,the corre-
sponding probability to emit a γ-ray in the energy interval
Eγ , Eγ + dEγ can be expressed using the electrodynamics
laws, as:

Sd(Eγ)dEγ =
W γ
D,i(Eγ)
ΓD

dEγ

=
4
3

(
e2

h̄c
)(
Eγ
h̄c

3

)|Di(Eγ)|2dEγ (4.3)

where

Di(Eγ) =
1
c

∫
0,∞

Di(τ)e−i
Eγ
h̄c τdτ (4.4)

is the Fourier transform of Di(t)
Therefore we will not apply the reciprocity principle

because in the above defined pre-equilibrium stage the col-
lective proton-neutron motion is not equilibrated.

5 Statistical decay

Before showing the results of the semiclassical calculations
we present in Fig. 4 and 5 the prediction of the statistical
model.

In Fig. 4 we show the GDR γ emission probability
for the compound system 12C+64Ni at 7.9MeV/nucleon
which corresponds to a temperature of about 3MeV .
The displayed results have been obtained performing a
weighted sum over all the partial waves contributing to
fusion. The different curves are referred to calculations in
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Fig. 4. One-step statistical model yields evaluated by means
the equations B.2 and B.3 for the 12C +64 Ni intermediate
system. In the figure the parameters associated to the different
curves are also reported. The interval of total angular momenta
considered is J = 0− 75 (h̄ unit)

Fig. 5. One-step statistical model yields evaluated by means
the equations B.2 and B.3 for the 35Cl +64 Ni system. The
figure is referred to a dinuclear system in a “sticking” configu-
ration. The different lines are relative to different value of the
low energy resonance EGDR. The total angular momentum is
fixed to J = 76 (h̄ unit). As in the calculations shown in Fig.
4, the value of the high energy resonance has been evaluated
from EGDR by supposing the weighted between the low and
the high energy modes (1/3 low energy, 2/3 high energy) equal
to the resonance energy of the spherical system

which we have included, in the local equilibrium hypothe-
sis, non-stationary effect as due to the slow change in time
of the deformation parameters. The maximum value of
the quadrupolar degree of freedom the associated relax-
ation time τβ and the C.N. average life time τCN are
shown in the same figure. Apart from these effects, which
give rise to a kind of “Pre-equilibrium-Statistical emis-

sion” and that are fully discussed in Appendix B, we note
that the intensity at the maximum of the yield distribu-
tion is of the order of 5− 7× 10−4MeV −1.

We furthermore note that the widths of the distribu-
tions are in each case well above 5MeV (see Appendix
B).

In Fig. 5, as an example, we show similar calculations
for the 35Cl+64Ni system at 7.7MeV/nucleon, formed in
a sticking configuration with fixed total angular momen-
tum J=76h̄ greater than the critical one. This configura-
tion can represent a dinuclear system formed in a D.I.C.
process at an impact parameter equal to 5.5 fm as sug-
gested by dynamical calculations (see Sect. 6). In this case
the emission probability is of the order of 10−5MeV −1 be-
cause of the Coulomb and deformation effects, which are
able to lower the effective temperature. The widths are
about 10MeV .

Therefore due to the relatively large value of the width
produced by the statistical emission as compared with the
experimental result, we can already conclude that this
kind of emission can not be the source of the over pro-
duction we are discussing.

6 Dynamics of the process

To study the dynamical evolution of the process by
using a microscopic approach it is possible to use, as
well known, only approximated methods to the solution
of the quantum-mechanical many-body problem. Several
schemes of approximations have been applied to the heavy
ion collisions depending on the energy of the impinging nu-
clei. At the lower energies TDHF theory has been applied
to the heavy ion collisions and theoretical investigation
have shown [17] that such a quantal mean field theory is
able to describe the very initial phase of the reaction up
to about 20MeV/nucleon.

The effect of the residual interaction which develops
on a successive stage and which is one of the mechanisms
responsible of the dissipation effects in the collective dy-
namics has been treated in a variety of methods because
of the numerical difficulties connected to the calculation
based on a generalized or extended TDHF theory.

A part from the non-equilibrium statistical transport
theories the Dissipative Diabatic Dynamics (DDD)[18]
both in the semiclassical and quantum-mechanical version
(see for example [19,20]) solves the evolution of the slow
collective nuclear motion by introducing explicitly the col-
lective degree of freedoms and by defining diabatic single
particles basis and the associated Hamiltonian.

On the other hand fully microscopic approaches based
on semiclassical kinetic theories like BUU,VUU, and
BNV[21] have been successful applied [21-26] in the same
energy domain (10−20MeV/nucleon) to take into account
the effects on the average dynamics.

Even if the more sophisticated DDD approach, de-
pending on a number of ansatzes, describes memory ef-
fects, quantal and classical fluctuations, we will use in the
following a microscopic semiclassical description based on
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Fig. 6. a–f. Results of B.N.V. calculations for the
35Cl +64 Ni system at 7.7 MeV/nucleon and at an
impact parameter b=5.5fm, a first time derivative of
the total radial dipole as function of time, b associ-
ated emission probability distribution as function of
the γ-ray energy. It has been computed through the
equations 4.3 and 4.4, c, d the same quantities are
plotted for the molecular component respectively, e,
f the same quantities are plotted for the transversal
component respectively

the BNV equation, in the full spirit of the semiclassical
approximation.

6.1 Semiclassical calculations

In order to follow the time evolution of the system we have
performed semiclassical calculations based on the BNV
equation.

The nuclear mean field has been described through a
density functional of the Skyrme type corresponding to a
soft EOS:

U(ρ) = −356
h̄c

ρ

ρ0
+

303
h̄c

(
ρ

ρ0
)4/3 +

38
h̄c

(
ρp − ρn
ρ0

) (6.1)

Coulomb interaction has been also taken into account.
The BNV equation has been solved by using the test-

particles method [21]. We have used 1000 test particles per
nucleon. Such a large number makes the spurious oscilla-
tions in the dipolar components, as due to the numerical
noise, negligible in the first 500 fm/c.

The nucleon-nucleon cross section has been described
according to [21]. Due to the simple parameterization of
the mean field and nucleon- nucleon cross section (we ne-
glect the momentum dependent effects) this assumption
can be regarded as a first step of approximation. Never-
theless this kind of mean field and nucleon-nucleon cross
section have been frequently used in the literature to study
the dynamics of heavy ions collision also at low energy
Elab/A ≤ 10MeV (see for example [9,24-26]). In particu-
lar, as shown in (6.1), we have considered the most impor-
tant mean field term for the proton vs. neutron collective
motion through the charge to mass asymmetry term.

In order to obtain the time evolution of the dipole op-
erator in all its components, we have divided at each time
step the total system into two subsystems. At t = 0 these
subsystems are the projectile and the target while for the
following time steps they change according to the follow-
ing criterion: a test particle belongs to subsystem 1 if its
distance from the C.M. of cluster 1 is smaller than the
distance from the C.M. of the cluster 2. Otherwise it be-
longs to the cluster 2. This procedure will be useful to
describe peripheral and quasi-peripheral collisions and it
will produce the collective new variables Z1,2(t), N1,2(t),
Rcm,1,2(t) corresponding to the number of neutrons and
protons belonging to the projectile-like, target-like frag-
ments and the relative center of mass coordinates.

Obviously in this way it is possible to define a radial
direction along the C.M. of the two subsystems and a
transversal one. This last one will be orthogonal to the
radial direction and parallel to plane defined by the beam
(ẑ) and the impact parameter direction (x̂).

6.2 35Cl+64 Ni Elab/nucleon = 7.7MeV – Deep
inelastic collision

For this system we have already presented in Sect. 2 (see
Fig. 1a and Fig. 1b) the energy spectrum of the γ-rays de-
tected in coincidence with binary dissipative reaction and
the comparison with the statistical calculations applied to
all the possible primary fragmentations [5].

In Fig. 6 the results obtained for an impact parameter
of 5.5 fm are shown. This run produces a dinuclear system
which lives about 500 fm/c.
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In Fig. 6a and Fig. 6c we display, the first time deriva-
tive for the total radial dipole DR and the molecular one
as function of time.

The time scale offset of about 50 fm/c represents the
time interval in which the two nuclei, starting from the
initial configuration of the BNV simulation (relative dis-
tance DCM = 13fm), reach a relative distance DCM =
1.1(Rp + Rt) (Rp, Rt projectile and target nuclear radii).
Therefore in the following analysis we will not take into
account the approach phase being interested to the reso-
nant processes. Nevertheless we have verified that the ap-
proach stage will sensibly modify the γ-ray emission spec-
tra (about 20% of the total resonant yield) only in the low
energy region Eγ ≤ 6MeV as result of the Bremsstrahlung
effect.

In Fig. 6b and Fig. 6d we show the emission probabil-
ity spectrum for the total radial dipole and the molecu-
lar component respectively, computed in the 50–400 fm/c
time interval. A concentration of strength is visible around
Eγ ' 8MeV . The ratio between the two contributions is
about 50%. The low frequency value obviously reflects the
fact that a highly deformed dinucleus is formed. From a
reaction mechanism point of view, this means that a no-
ticeable fraction of the low energy GDR is associated to
the charge and mass transfer between the two partners
(see (3.4)). The connection between the excitation of the
molecular component and the transfer mechanism is also
understandable through the fact that during the interac-
tion time the distance DCM between the two quasi nu-
clei does not show an oscillating behaviour as can be seen
in Fig. 7a, in fact the quasi periodicity of the molecular
terms can be attributed only to the changes in time of the
charge to mass asymmetry y = Zp(t)

Ap(t) −
Zt(t)
At(t)

between the
two partners as shown in Fig. 7b.

The transversal component DT , as displayed in Figs.
6e and 6f, is very weakly excited according to the obser-
vation done at the end of Sect. 3.

The widths of the emission probability distributions
are about 3− 4MeV . With regard to this from the BNV
simulations it results that the rate of nucleon-nucleon col-
lision reaches its maximum and stationary value after a
time interval of about 120 fm/c. We have verified that
this delay corresponds approximately to the time inter-
val elapsed after each particles of the quasi-projectile has
interacted with at the least one particles of the quasi-
target. It is strongly affected by the Pauli-blocking, by the
mean field and then also by the shape of the system in the
pre-equilibrium stage. This time interval has also a finite
value in central collision even if its value is smaller (about
70 fm/c as evaluated in the b=0 12C +64 Ni simulation)
mainly because of the smaller centrifugal and Coulomb
potentials. Obviously this time delay, together with the
pronounced time dependence of the mean field, plays a
crucial role in to weak the damping of the neutron-proton
collective motion in the pre-equilibrium phase of the col-
lision.

To conclude this subsection we make the comparison
of the dynamical calculations with the statistical model
and with the experimental results.

Fig. 7. a, b. Results of B.N.V. calculations for the 35Cl+64Ni
system at 7.74 MeV/nucleon and at an impact parameter
b=5.5 fm, a Distance between the two quasi-fragments as
function of time, b The first time derivative of the quantity

y =
Zp(t)

Ap(t)
− Zt(t)

At(t)
is plotted as function of time

The peak of the dynamical contribution gives a
strength of about 6× 10−5MeV −1. In Fig. 5, in which we
have shown the statistical model predictions, the curves
with solid and dashed lines represent contributions from
an angular momentum value corresponding to the impact
parameter used in the BNV simulation. We can see a
width of about 10MeV and a strength at the peak po-
sition equal to 9 × 10−5MeV −1 or 6 × 10−5MeV −1 de-
pending on the GDR energy which has been considered
a free parameter set to reproduce the experimental peak
position (about 10MeV ).

For the sake of completeness in this comparison we
have also to take into account the attenuation in the sta-
tistical emission rate due to the presence of the dynam-

ical pre-equilibrium emission. To estimate the ratio Γ↓
D

ΓD
we have considered a ΓD value of 2.5MeV (as suggested
from the data; see Fig.1b)); considering a dinuclear sys-
tem mean life time of about 500fm/c (as suggested by
the dynamical calculation), the value of Γ ↑D is 0.8MeV .
Therefore the resulting attenuation factor is about 0.7.

Then the ratio at the peaks positions between the dy-
namical contribution and the statistical one can reach now
a value greater than 1.

Moreover the width of the dynamical contribution
is about 4MeV , which is in reasonable agreement with
the experimental value within the indetermination of the
Fourier analysis.
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Therefore the results presented in this section clearly
indicate:i) deep inelastic reactions are a good tool to show
up the pre-equilibrium dynamical emission; ii) the dynam-
ical emission is strongly linked in this case with the charge
and mass transfer mechanism.

6.3 12C +64 NiElab = 7.9MeV/nucleon - Fusion
process

In the present section we want to compare the exper-
imental results obtained in the 12C +64 Ni collision
at 7.9MeV/nucleon with the prediction of the already
sketched approach. In Sect. 2 we have already presented
the γ-rays energy spectrum produced in coincidence with
evaporation residues detected in the forward direction (see
Fig. 3) whose shape is in agreement with the C.N. statis-
tical decay.

In Fig. 8 we present,as an example, the results of BNV
calculations for a central collision. In Fig. 8a we report the
first time derivative of the dipole component as function
of time along the beam direction ẑ. In Fig. 8b we also
show the corresponding probability of γ emission per unit
energy.

The oscillations decay in about 120 fm/c which corre-
sponds to a width in the probability distribution of about
3.5MeV , but the strength distribution is more large and
the F.W.H.M is about 6MeV because the system explores

Fig. 8. a, b. Results of B.N.V. calculations for the 12C +64

Ni system at 7.9 MeV/nucleon and at an impact parameter

b=0 fm, a first time derivative of the total dipole along the Ẑ
direction as function of time, b associated emission probability
distribution, as function of the γ-ray energy, is plotted. It has
been evaluated through the relations 4.3 and 4.4

different deformation until the collective proton-neutron
motion reaches the equilibrium.

In this case we have a probability at the peak energy
of the order of 4 × 10−5MeV −1, which is about one or-
der of magnitude lower than the statistical contribution
(see Sect. 5) Also others calculations, performed at dif-
ferent impact parameters involved in the fusion process,
give the same order of magnitude. For the studied sys-
tem we can therefore understand why no over strength is
clearly observed in the γ-ray energy spectrum in coinci-
dence with a large class of evaporation residues and, more
generally, how in fusion reactions at this energy the search
of pre-equilibrium γ emission due to the equilibration of
the proton v.s. neutron motion, could be masked by the
large statistical contribution due to the compound nucleus
formation.

6.4 α− γ coincidence measurements in the
12C +64 Ni collision at Elab = 7.9MeV/nucleon -
Massive transfer reaction

In the 12C +64 Ni collision we detected also α particles
with energy around the value corresponding to the beam
velocity. Also 8Be particles are produced in the same an-
gular range, they have been identified by looking at 2α-γ
coincidence events [3].

A carefully analysis on the 8Be events has shown that
their contribution to the α−γ-ray coincidence energy spec-
trum shown in Fig. 2a is about 15%, moreover this fraction
becomes negligible for the γ-ray yield around 10 MeV. In
this figure the solid line represents the result of calcula-
tions performed with the code CASCADE applied to the
excited residual nucleus obtained through the transfer of
8Be (see Sect. 2)

As can be seen, statistical model applied to the outgo-
ing channel underestimate the yield in the region around
10 MeV

From the data we can calculate, by subtracting the
statistical contribution, an effective emission probabil-
ity due to the pre-equilibrium stage equal to about 2 ×
10−4MeV −1 at the maximum of the distribution.

With this respect, all the possible checks have been
performed to exclude the possibility that the γ-rays, at
about 10MeV , rise from 12C target contamination or from
the decay of some particular level in the excited residual
nucleus [3]. From this evidence we can conclude that the
fast process we are faced in, which we can include in the
wide class of transfer reactions, strongly selects the exci-
tation of the dynamical mode under study.

Moreover it is reasonable, due to the α and 8Be yields,
that the cluster structure of the first excited states in the
light 12C nucleus plays an important role in the transfer
process. This interpretation is confirmed by other studies
on the 12C induced reactions [27,28].

On the other hand normal BNV calculations, at this
incident energy, are not able to reproduce α particles in
the outgoing channel. Up to an impact parameter of about
5 fm the calculation predicts the fusion of the two incom-
ing particles and at higher impact parameters quasi-elastic



M. Papa et al.: Pre-equilibrium γ ray emission in different reaction mechanisms at 8MeV/nucleon 77

reactions are obtained in which a quasi-projectile is pro-
duced.

With this regard we have to observe that recently
Antisymmetrized Molecular Dynamics approach has been
used to describe alpha clustering effects in 12C fragmen-
tation processes induced through heavy ion collisions at
Elab/nucleon ≥ 22MeV [28]. On the other hand we are
interested mainly to the collective dipolar mode during
the transfer stage for which a mean field approach is more
fundamental.

Therefore in order to interpret the experimental data
by the approach insofar used we have tried to describe
with semiclassical calculations, based on BNV equation, a
3− α 12C projectile.

As it is well known the many-body correlations respon-
sible for clustering in light nuclei are, by definition, absent
in mean field theories. Then we can only introduce this
correlation at t=0 and find the right configurational pa-
rameter values to get a metastable state which survives so
long to play an important role in the dynamical evolution
of the process.

Therefore in this case we are assuming like a start-
ing hypothesis the excitation of substructures in the 12C
nucleus.

From spectroscopy and α decay studies we know that
some of the first excited states of the 12C (for exam-
ple 7.65MeV (2+, 0+), 9.64MeV (3−) have been described
through a mixing of 3 − α clustered structures in which
the equilateral triangular structure plays a dominant role
[29-31].

Starting from these considerations we have prepared
the initial state of the 12C in a BNV simulation by impos-
ing restrictions on the nuclear density. We have distributed
test particles around the vertexes of an equilateral triangle
to build 3 α particles with radius r0 = 1.78fm and inside
a Fermi sphere of kf = 0.7fm−1.

The distance between the vertex dcl has been fixed
by imposing a stable configuration up to 100 fm/c. This
procedure gives dcl ' 2.5r0.

The evaluated excitation energy is about 10MeV . Af-
ter this we have chosen the orientation of the 3−α triangle
by minimizing the Coulomb interaction with the target.
For a fixed distance between the C.M. of the two partners
and for impact parameters less than 5 fm, the minimum
has been found to correspond to a configuration in which
the 3-α particles stay on a plane orthogonal to the reaction
plane with one vertex on the axes defined by the impact
parameter direction.

In particular in our calculation we have verified that
the α-particles interact weakly through the tails of the
nuclear matter density and through the Coulomb interac-
tion but at the same time each of them is strongly bound
through the mean-field and through the Pauli principle
which at t=0 prevents the action of the residual interac-
tion.

In Fig. 9 we show a two-dimensional plot (in the
reaction plane) of the nuclear density for the collision
12C∗ +64 Ni at b=4.7 fm at different times as indicated
in the pictures. At t=0 it is possible to observe the rep-

Fig. 9. Density plot, at different time, for the system 12C∗+64

Ni at 7.9 MeV/nucleon and b=4.7fm, projected on the reaction
plane. It has been computed by solving the B.N.V. equation
in which the 12C∗ projectile has been described at t=0 like a
3− α nucleus (see the text)

resentation of the clustered structure. From the picture is
also possible to see that the transfer of 2− α takes place
in about 200 fm/c; at the end we observe the production
of an α particle at about 6.5MeV/nucleon.

In Fig. 10a we show the first time derivative of the
total dipole along the radial direction, while in Fig. 10b
the same quantity for the molecular dipole is also shown.
We see that the large amplitude oscillations of the molec-
ular dipole are, in the first 200 fm/c, a large part of the
total one (70% − 80%). Also in this case a connection
between the dynamical effect, whose total effect is mea-
sured through the total dipole periodicity, and the col-
lective transfer of charge visible through the molecular
component, is established.

In particular the mode is excited through the transfer
of 2 charge-mass symmetric particles into a charge-mass
asymmetric nucleus (64Ni) being the driving force the last
term in (6.1).

After about 200 fm/c the molecular component switch-
off because the two partners separates while the total one
is already relaxed.

We observe also that the particular outgoing channel
studied is able to select short time interval in which dy-
namical effects are the prominent ones because the fusion
process is hindered by the dynamics.

Finally in Fig. 10c we display the associated γ emission
probability per MeV. The peak is centered at 12MeV ,
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Fig. 10. a–c. Results of B.N.V. calculations for the 12C∗ +64

Ni system at 7.83 MeV/nucleon and b=4.7 fm in which the
12C∗ projectile has been described at t=0 like a 3− α nucleus
(see the text), a First time derivative of the total dipole radial
component as function of time,b First time derivative of the
molecular component as function of time, c Emission proba-
bility distribution as function of the γ-ray energy associated to
the total radial component

that is only 3MeV higher than the experimental value
shown in Fig. 2, but we are able to reproduce the width
of about 3MeV and a strength value at the peak equal
to 10−4MeV −1, that is in reasonable agreement with the
estimated experimental value.

7 Conclusions and outlook

In the present work the nature of the pre-equilibrium
γ-emission in nuclear reactions has been discussed. The
study performed for the investigated systems has led to
a clear distinction between a pre-equilibrium dynamical
γ-ray emission due to the equilibration of the proton v.s.
neutron motion and a statistical one in which the effect
of the slow change in time of the shape degree of freedom
has also been included.

A qualitative and semi-quantitative comparison be-
tween these two mechanisms of emission has been per-
formed at about 8MeV/nucleon.

Some of the most recent experimental data at this en-
ergy [3-5] have been interpreted by studying the dynamics

of the 35Cl+64 Ni and 12C +64 Ni reactions through the
semiclassical kinetic theory.

In particular the “anomalous” character of the high
energy γ-ray production evidenced in these reactions has
been interpreted as a dipole emission produced by the
strongly deformed intermediate system formed during the
first 200-300 fm/c of the collision process.

The small experimental values of the widths that char-
acterize the investigated phenomenon and the semiclas-
sical calculations we have done, strongly suggest that at
8MeV/nucleon and for the studied reactions the damping
of the collective proton v.s. neutron motion, induced by
the charge-mass asymmetry in the entrance channel, dis-
plays a “reduced” value as the result of the pronounced
time dependence of both the mean field and the nucleon-
nucleon collisional rate during the pre-equilibrium stage.

The study performed at different impact parameters
has also put in evidence the link between collective trans-
fer of charge and mass in the nuclear reactions and pre-
equilibrium emission from the intermediate system. With
the analysis done for the interpretation of the experimen-
tal data and the above mentioned comparison with the
statistical model, we have evidenced the key role played
by the reaction mechanisms (fusion, deep-inelastic and
massive transfer reactions) on the visibility of this pre-
equilibrium effect.

Finally we think that this effect should be the object of
further investigations both experimental and theoretical.

In particular we think to be fundamental, to study this
phenomenon also in the framework of other theoretical ap-
proaches for a global and definitive understanding of its
nature. In fact some crucial problems remain opened like,
for example, the role played by the classical and quantal
fluctuations and the consequences of the non-locality in
the mean field. On the other hand we observe that the
interpretation of any kind of observed deviation from the
statistical model prediction can represents surely a use-
ful test for all the theoretical approaches which aim to
the description of the equilibration processes in nuclear
dynamics.

Appendix A

Let us consider a classical system whose total energy at
the time t = 0 can be divided in a collective part and a
part stored in microscopic degree of freedom. This situa-
tion is typical for systems far from the equilibrium, like
in the case under study, in which due to the initial large
not uniformity in the charge-mass asymmetry, the proton
and neutron spheres gain a collective displacement corre-
sponding to Dm(0) (see equation 3.4). During the time
evolution the system evolves from the relatively simple
initial configuration to the more complex one in which all
the collective energy is shared to a complicated configura-
tion which can be well treated by means of the statistical
theory of the equilibrated system.

Let us now divide the collective energy Ec0 in nS inter-
vals ∆εn. During the time evolution, due to the dissipation
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effects, the collective energy stored in the intial configura-
tion will be dissipated until it will reach the equilibrium
value. It is possible then to define ns numbers Pn corre-
sponding to the probability the system will have a collec-
tive energy inside the interval [Ec0−(n−1)∆εn, Ec0−n∆εn]
which we represent trough a discrete stochastic variable
εcn = Ec0 − n

2∆εn. Moreover it is also possible to define
the damping widths (or transition probabilities) Γn,n′ be-
tween different intervals.

With this ingredients we can simulate now the dissipa-
tion phenomenon by means the evolution of the stochastic
discrete variable εcn which we assume to follow an homoge-
nous Markof process. Allowing the system to be open the
following set of master equations can be obtained

∂Pn
∂t

=
nS∑
k=1

PkΓk,n − PnΓn,k − PnΓ ↑n (A.1)

If the intervals are large enough we can assume the fol-
lowing two conditions:

i) Γi,j = 0 if |i− j| > 1
ii) Γi,j << Γj,i if j < i
These two condition have been already used in the

well known F.K.K. pre-equilibrium reaction theory [12]
and they have been named “chaining” and “never back”
hypothesis respectively. In particular due to the way in
which we have decomposed the phase space accessible to
the system the second condition introduce explicitly the
macroscopic irreversibility of the dissipation phenomenon.

In this hypothesis the general solution of the system
is:

Pn =
i=n∑
i=1

, An,ie
−Γit (A.2)

with:
An,k =

An−1,kΓn−1,n

Γn − Γk
k < n (A.3)

and

Γn = Γn,n−1 + Γn,n+1 + Γ ↑n ' Γn,n+1 + Γ ↑n

= Γ ↓n + Γ ↑n (A.4)

Equation (A.2) represents a recurrence relation for off-
diagonal coefficients. The diagonal coefficients can be de-
termined through the intial conditions:

Pk(0) =
i=k∑
i=1

Ak,i = αk k = 1, nS (A.5)

In the actual situation, to describe the physical interaction
between two heavy ions, we can assume αk = δ(k − 1).

As an example we consider a partition of the total
phase space into three regions. By integrating the solution
over the time we get the total probability the system will
stay in one of the three classes. This quantity is interesting
from an experimental point of view because it is connected
with the total yield of γ-ray that the system can produce
during all its time evolution. So we get:

PT1 =
1
Γ1

(A.6)

PT2 =
Γ1,2

Γ1Γ2
(A.7)

PT3 =
Γ1,2Γ2,3

Γ1Γ2Γ3
(A.8)

To put in evidence the pre-equilibrium contribution we
can make a partial summation obtaining:

PTD = PT1 + PT2 =
1
ΓD

(A.9)

PTS = PT3 =
Γ ↓D
ΓDΓ3

=
Γ ↓D
ΓDΓS

(A.10)

with:

ΓD =
Γ1Γ2

(Γ2 + Γ1,2)
(A.11)

Γ ↓D =
Γ1,2Γ2,3

Γ2 + Γ1,2
(A.12)

From the above expressions, that obviously can be gen-
eralized to more than three steps, we see that the values
of ΓD and Γ ↓D are effective values i.e. combinations more
or less complicated of the parameters characterizing every
class even if the ΓD and Γ ↓D values so extracted have to
be interpreted as average values not able to reproduce the
details of the time distribution.

The total probability per unit of energy to emit a γ-ray
then can be written as

dPT,γ

dEγ
=
W γ
S

ΓS

Γ ↓D
ΓD

+
W γ
D

ΓD
(A.13)

where W γ
D and WS represent the reduced width for the γ-

ray emission for the pre-equilibrium and the equilibrium
stages of the process respectively.

Appendix B

The last stage of the chain, according to the definition
given in Appendix A, can give a statistical γ-ray produc-
tion which is represented by the first term in (4.1). In

particular, apart from the ratio Γ↓
D

ΓD
, the factor Wγ

S

ΓS
takes

into account the statistical decay after the time at which
the proton v.s. neutron motion is equilibrated.

At this time the nucleus in general does not have
the equilibrium deformation, then some dynamical effects
should be considered. Some recent experimental evidences
on γ-ray emission [32], seem to confirm this fact. In order
to take into account these effects, some authors have used
the statistical theory coupled with transport theories (see
as an example [33,34]). This coupling is based on the local
time equilibrium hypothesis. In the following, by using the
same hypothesis, we will use a different approach.

To insert non-stationary effects in the C.N. theory, we
have considered explicitly the decay law of the compound
nucleus. Then the total probability per unit of energy to
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emit a γ-ray from the GDR can be written in the local
time equilibrium hypothesis as:

Ss(Eγ) =
Jmax∑

0

2J
J2
max

∫ ∞
0

W γ
S (Eγ , J, t)e

− t
τCN dt (B.1)

(in this case the ratio Γ↓
D

ΓD
has been set equal to 1). It

appears like a weighted mean respect to both the different
total angular momenta J involved in the reaction and the
time decay law of the C.N.

The time dependence of the partial width for γ emis-
sion is due to the time dependence of the deformation de-
grees of freedom which give an explicit time dependence
for the damping width, for the resonance energies EGDR
along the symmetry axes, for the temperature through
deformation energy and moment of inertia.

In (B.1) τCN represents the mean life time of the C.N.
(of the order of the mean life for neutron decay). Obviously
(B.1) represents the first step contribution to the cascade
which is the most prominent one for the GDR γ emission.

For what concerns the description of the deforma-
tion we have chosen to describe a nucleus with an axi-
ally symmetric prolate shape whose parameters β = a2,
R = R0(1 + a2P2(cos(θ)) changes in time trough an ex-
ponential law (overdamped motion). This choose is well
suited to describe processes leading to fusion how can be
deduced from dynamical calculation after the equilibra-
tion of the proton v.s. neutron motion. This average time
dependence is also in agreement with a phenomenological
analysis of heavy ion collisions in term of the Fokker-Plank
equation (see as an example [35]).

Therefore for each value of the total angular momenta
we can write:

β(t) = βJeq + (βJmax − βJeq)e
− t

τJ
β (B.2)

where τJβ is the relaxation time for the deformation de-
gree of freedom. By fixing the βJmax value it is possible
to take into account the time delay corresponding to the
time interval necessary for the equilibration of the proton-
neutron collective motion.

By substituting (B.2) in (B.1) and by changing vari-
ables we obtain for τJβ ≥ 0:

Ss(Eγ) ∼=
Jmax∑

0

2J
J2
max

∫ βJmax

βJ
min

τJβW
γ
S (Eγ , J, β)

× (
β − βJeq

βJmax − βJeq
)
τJ
β

τCN
1

β − βJeq
dβ

+
Jmax∑

0

2J
J2
max

W γ
S (Eγ , J, βJeq)(

βJmin − βJeq
βJmax − βJeq

)
τJ
β

τCN

(B.3)

In expression (B.3) any time dependence has been
dropped out. The last term is just the integral contribu-
tion in the interval [βJeq,β

J
min]. This contribution can be

neglected at the order (βJmin − βJeq)
τJ
β

τCN , for βJmin ∼ βJeq.

Under this condition the quantity:

P Jβ = (
β − βJeq

βJmax − βJeq
)
τJ
β

τCN
1

β − βJeq
(B.4)

can be interpreted as the probability that the inter-
mediate system with total angular momentum J will
experience a deformation β in the large time interval

[0, τJβ log(β
J
max−βJeq)

(βJ
min
−βJeq

)].
This procedure can be generalized also by including

shape fluctuations. In this case from the statistical theory
of non-equilibrated system or from the thermodynamic of
finite systems one can get the quantity Q(β, 〈β(t)〉) i.e. the
probability that the system will experience at the time t
the deformation β. Through the folding:

Ss(Eγ) =
Jmax∑

0

2J
J2
max

∫
β′

∫ ∞
0

W γ
S (Eγ , β′J, t)e

−t
τCN

×Q(β′, 〈βJ(t)〉)dtdβ′ (B.5)

(in the case for which Q(β′, 〈βJ(t)〉) = δ(β′ − 〈βJ(t)〉) we
get the expressions (B.4) and (B.3)) it is possible to insert
the fluctuation effect by integrating over β′. After this by
using the time evolution of the mean deformation 〈βJ(t)〉
in the same way as above, it is possible to express the time
integral through an integral over the deformation degree
of freedom i.e. it is possible to define a density of strength
in the β space and its probability distribution. Obviously
these last quantities could be inserted at each step in a
MonteCarlo structure producing a fast event generator.

The expression (B.3) has been evaluated for the sys-
tem 12C+64Ni at 7.8MeV/nucleon which corresponds to
a temperature of about 3.03MeV . Dynamical calculation
predicts fusion up to an impact parameter b ' 5.5fm.
For the reduced width W γ

S (Eγ) we have used the relation
(4.2). The energy dependence of the γ absorption cross
section has been described through the following expres-
sion [36,37]:

σabs(Eγ) =
4πe2h̄NZ

mcA

×
j=2∑
j=1

SjΓjE
2
γ

(E2
γ − E2

GDR(β))2 − (EγΓj)2

(B.6)

The deformation effects have been evaluated for the split-
ting of the resonance energies in the first order in β follow-
ing [36]. The deformation changes also the ground state
energy of the system and this has been evaluated up to
the second order in the β parameter following the liquid
drop model. Finite temperature effects have also been in-
cluded to correct the surface energy coefficient. Moments
of inertia have been evaluated according to the rigid ro-
tor formula. The change in the actual temperature T (βJ),
due to these effects, has been taken into account also
for the damping width of the GDR Γ (β, T ) which has
been described through a linear dependence from T 2(βJ)
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Table 1. Results of the statistical model parameters obtained through the fit procedure with CASCADE calculations applied
to the experimental data shown in Fig. 3 [3]

Kind of a E1GDR E2GDR Γ1GDR Γ2GDR S1 S2 CHI2

fit

1 Lor. A/8 17.0±0.5 – 9.6±1.0 – 1.4±0.2 – 2.39
2 Lor. A/8 17.8±0.5 13.2±0.5 7.0±1.0 4.1±1.0 0.62±0.2 0.38±0.2 11

according to [38]. The parameters of the linear relation
have been chosen by imposing the following conditions;
Γ (0, 0) = 5.5MeV and Γ (0, 3.03) = 11MeV . The last
condition is in agreement with the parameters obtained
from CASCADE calculations (see Fig. 3 and Tab. 1)

In Fig. 5 we show the obtained results. From the pre-
liminary dynamical study of the system, we have verified
that after the proton v.s. neutron motion equilibration
time (about 200 fm/c), i.e. when the statistical contribu-
tion becomes effective, the dependence on the total angu-
lar momentum of the parameters describing the deforma-
tion relaxation phenomenon can be neglected.

We have estimated a mean life time for the C.N. system
of about 850 fm/c. In this figure we compare the results
obtained for βmax = 0.5 βmax = 0 (βeq = 0) for different
deformation relaxation times τβ . In the picture are shown
also the extreme cases relative to stationary processes (i.e
τβ = +∞fm/c). As expected the yield for βmax = 0.5 is
peaked at an energy lower than the value corresponding to
the spherical case. The total contribution is about one half
respect to the case of βmax = 0. This is an effect due to the
symmetry of the deformation and to the temperature. In
fact even if to the mode at lower energy corresponds only
one third of the total strength in an equilibrated system,
this mode has the bigger weight in the total probability re-
spect to the transversal one (its resonance energy has been
evaluated from the lower resonance energy, by supposing
the weighted mean equal to the resonance energy of the
spherical system), because of the temperature dependent
exponential factor.

The other cases for which βmax = 0.5 but for which
the deformation relaxation time has finite values, show an
intermediate behaviour which depends on the ratio R =
τβ
τCN

. The case relative to the greatest R value reported
(R=1) is obviously the more similar to the stationary case.

In general the peak position is not very much sensitive
to the deformation. This is due mainly to the large values
of Γj and to the exponential fall off in the spectra rising
from the level density factor. Moreover the distribution
law in the deformation variable, for τβ

τCN
< 1, will give

the largest weight to the equilibrium deformation. This
last condition reduces the sensitivity of the peak intensity
respect to the ratio R for R < 0.4

A last observation on the shape of the spectra dis-
played is that in all cases the F.W.H.M. is about
10 − 11MeV . This enables us to to think that “Pre-
equilibrium-Statistical” GDR emission, after the equili-
bration of the neutron v.s. proton motion, in processes
leading to fusion, can not explain the narrow peaks ob-
served in the data shown in the Figs. 1 and 2.

To complete our estimations on this kind of emission
we want to discuss briefly the case of very large deforma-
tion. As above we concentrate our attention on one of the
system for which an enhancement of high energy γ-rays
has been detected.

For 35Cl+64 Ni at 7.8MeV/nucleon an extra yield of
γ-rays has been detected in coincidence with deep inelastic
reactions. As well established from a lot of experimental
evidences this kind of process evolves trough the forma-
tion of a very deformed system in dump-bell shape; the
so called dinuclear system will rotate at high angular mo-
mentum until it will break-up. Moreover, during this time,
we can suppose that the deformation remains practically
unchanged (τβ → +∞).

Starting from this considerations we have tried to eval-
uate the high energy γ rays production from such a system
by using the formula (B.3).

To this aim we have evaluated the deformation energy
Edef as:

Edef = Efs −Qfus (B.7)

where Efs is the energy due to the asymmetric fission
evaluated following [36]. Qfus is the Q-value for the fusion
process.

To evaluate the rotational energy we have considered
the moment of inertia of a rigid rotor in a sticking config-
uration. As in the previous estimations all the collective
energy is subtracted from the total excitation energy giv-
ing rise to a lower effective temperature.

In Fig. 6 we report the result of this estimations. In this
case the free parameter is the value of the resonant energy
correspondent to the radial mode EGDR. The calculations
are relative to one value of the total angular momentum
(J = 76h̄). To this contribution we have attributed an
unitary weight. In this way the obtained emission prob-
ability, taken as representative of the statistical emission
rate in D.I.C.(see the text), can be compared with exclu-
sive measurements.

As it is possible to observe, there is a strong reduction
of the strength as compared with the more central colli-
sions shown in Fig. 5. This reduction is of about two order
of magnitude and it is due to the lower effective tempera-
ture obtained by subtracting the large deformation energy
and rotational energy to the total one. To obtain a peak
centered around 10MeV (as suggested from the experi-
ments) it is necessary to set a value of EGDR inside the
interval 12−14MeV . The F.W.H.M. of the distribution in-
creases by increasing the resonance energy because in this
case higher temperature are favoured. For EGDR equal
12 and 14MeV we obtain a F.W.H.M. of 8 and 10MeV
respectively.
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Also in this case we can conclude that this kind of
emission can not be the source of the over production we
are discussing.

One of us (M.P) is grateful to Dr. A.Bonasera and Dr.
F.Gulminelli which have initiated him in to the Semiclassi-
cal Kinetic Theories. We wish also to thank Prof. M.Di Toro
for useful discussions.
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