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Abstract. We report on the results obtained from the study of the 32S +74Ge deep inelastic reaction
at incident energy E = 320 MeV. High-energy γ-rays were detected in an array of 6 seven-pack BaF2

clusters. Coincidence with complex fragments detected in 12 three-stage telescopes ensured the selection
of peripheral reaction events. In order to investigate the pre-equilibrium dipole strength excitation two
independent analyses were performed. In the first analysis the energy spectra of the γ-rays were evaluated
in the statistical model framework while in the second one the γ-ray fragment angular correlation with
respect to the nuclear spin vector of the composite system was studied. Both methods indicate the excitation
of dipole strength in the highly deformed dinucleus and provide dipole resonance parameter sets that are
in good agreement with each other.

PACS. 25.70.-z Low and intermediate energy heavy-ion reactions – 24.30.Cz Giant resonances – 23.20.-g
Electromagnetic transitions – 25.70.Lm Strongly damped collisions

1 Introduction

The study of the Giant Dipole Resonance (GDR) during
the last decades was demonstrated to be a powerful tool
in getting information on the structure of highly excited
and rotating nuclei. From its first observation in proton
capture experiments [1] up to now a large systematics was
obtained on GDR excited in systems with different masses,
temperatures and spins, mostly created in heavy-ion in-
duced fusion, fusion-fission or quasifission reactions [2–7].

Besides the large body of data concerning rather equili-
brated nuclei, formed at low excitation energies, the study
of dipole strength in systems far from equilibrium was re-
cently revealed of great interest. In fusion reactions the
observation of the GDR disappearance for temperatures
larger than 5 MeV [8-10] and the observation of extra
strength in the γ-ray spectrum at energies 8 MeV < Eγ
< 12 MeV [8, 9] feeded many discussions. For the lat-
ter, among other hypotheses, the pre-equilibrium dipole
strength excitation in charge asymmetric heavy-ion colli-
sions emerged as a likely explanation [11-15].

To study nuclear systems far from equilibrium, pe-
ripheral reactions between heavy ions appear immediately

to be the best candidate. The possibility to excite the
dipole states of the composite system formed in such re-
actions was first suggested in studying the complex frag-
ment charge distribution as a function of the total kinetic
energy loss [16] while theoretically the enhancement of
the E1 transitions was examined by deriving molecular
sum rules [17]. Furthermore, from the study of the dissi-
pative excitation functions it was shown that the too small
number of final effective channels contributing to the dis-
sipative cross section could be understood if considering
a selective excitation of doorway states of the dinuclear
system like the dipole ones [18].

In this framework we have started a research program
based on the study of heavy-ion deep inelastic reactions.
In previous works [19, 20], where the γ-rays were detected
in coincidence with the complex fragments emitted in the
35Cl +64Ni and 35Cl +92Mo reactions, we evidenced that
the energy spectra of the γ-rays cannot be completely
explained by the fragment statistical decay. In these pa-
pers the excess of cross section with respect to that of
the calculated spectra was attributed to the γ-decay of
the composite system GDR, the so-called pre-equilibrium
GDR.
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In the present paper the GDR excitation in the charge
asymmetric 32S + 74Ge reaction at incident energy of 320
MeV will be presented. The statistics of this experiment
is greatly enhanced with respect to the previous ones al-
lowing an analysis of the data in two different ways : a)
within the framework of the statistical model, where vari-
ous approaches were tested in order to verify the obtained
results; b) by studying the γ-ray fragment angular corre-
lation.

In Sect. 2 we present the experimental methods, in
Sects. 3, 4 and 5 the γ-ray energy spectra and the analysis
within the statistical model framework, while in Sects. 6
and 7 we study the γ-ray fragment angular correlation.
The conclusions are presented in Sect. 8.

Before describing the experimental methods and the
data analysis, it is useful to clarify the term “pre-equilibri-
um dipole strength” often appearing in the text. From a
phenomenological point of view, in the early stages of a
heavy-ion deep inelastic collision a highly deformed system
is created, the dinucleus or intermediate system, which
under the influence of a high Coulomb and centrifugal
barrier breaks up into two masses similar to those of the
colliding ions. Its lifetime depends on the collision impact
parameter and spans from 1·10−21s to 5·10−21s for frag-
mentations near and far from that of the entrance channel
respectively [21]. During this time the various degrees of
freedom proceed towards relaxation, some among them
never attaining complete equilibrium. For instance, the
shape of the intermediate system remains highly deformed
up to fragmentation. That implies a treatment of the γ-ray
emission from the dinucleus different from that of a com-
pletely equilibrated system. Roughly speaking, the γ-ray
spectrum originating from the intermediate system cre-
ated in a charge asymmetric collision should contain a pre-
equilibrium dipole component and an equilibrium dipole
one with respect to the dipole moment relaxation (∼10−22

s). In the case of charge symmetric collisions only the equi-
librium component should be present. However, according
to the previous discussion, both dipole components are of
pre-equilibrium character with respect to the shape relax-
ation and/or other degrees of freedom. By pre-equilibrium
dipole strength in this work we shall mean dipole strength
excited in a nucleus prior to its complete equilibration. In
order to avoid confusion, we note that in the existing bib-
liography the term pre-equilibrium GDR is mainly used to
describe the dipole component existing at the beginning
of a charge asymmetric collision.

Since in the present reaction there is a relatively
large entrance channel charge asymmetry ∆

[(
N
Z

)
targ

−(
N
Z

)
proj

]
= 0.31, both contributions could exist though

it is not possible to isolate them experimentally.

2 Experimental methods

The reaction was performed by using the 320 MeV pulsed
beam of 32S provided by the superconducting heavy-ion
linear accelerator of the Laboratori Nazionali di Legnaro

Fig. 1. Experimental set up

(Italy), impinging on a 500 µg/cm2 thick 74Ge target. The
beam consisted of ∼2 ns wide bunches with a 200 ns sepa-
ration. The beam intensity was measured in a Faraday cup
shielded with lead and paraffin to reduce the background
due to γ-rays and neutrons.

The γ-rays were detected by using 6 seven-pack clus-
ters of BaF2 scintillators of the TAPS standard situated
at 30 cm from the target and at the following (θ, φ) angles
with respect to the beam direction taken to coincide with
the Oz axis: (72.5◦, 180◦), (90◦, 90◦), (90◦, 0◦), (112.5◦,
180◦), (132.5◦, 0◦), (152.5◦, 180◦). The total solid angle
covered by the BaF2 detectors was 11% of 4π. The scintil-
lators were surrounded by a 3 mm thick lead shield which
reduced the counting rate due to the low-enegy γ-rays
(Eγ ≤ 1 MeV) to 50% and stopped the charged particles.

The reaction products were detected and charge iden-
tified by means of an array of 12 three-stage detectors
each consisting of a gas ionization chamber, a silicon de-
tector and a CsI(Tl) scintillator. This array was described
in detail in [22]. The fragment detectors were placed at
35 cm from the target in the forward hemisphere with re-
spect to the beam direction, covering the angular range
between 11◦ and 37◦ and including the laboratory grazing
angle θgr = 14.6◦. Their total solid angle was 0.144 sr.
The experimental set up is shown in Fig. 1.

Coincidence events between a particle detector and at
least one fired BaF2 scintillator were collected during the
experiment. An event was accepted if the deposited energy
in a BaF2 cluster was greater than ∼5 MeV. The threshold
of the BaF2 scintillators was set at ∼100 keV. The coin-
cidence request eliminated any cosmic ray contamination
of the γ-ray spectra.

The discrimination between γ-rays and neutrons was
performed by means of a measurement of the time of flight
relative to the beam burst.

The energy calibration of the γ-ray detectors was ob-
tained by using the sources 60Co, 88Y and the compos-
ite sources of 241Am +9Be and of 238Pu +13C. The time
stability of the energy calibration was verified during the
experiment by controlling the stability of the peak corre-
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Fig. 2. Laboratory kinetic energy spectrum of the Z = 16
fragments emitted at θlab = 14◦ and 19◦. The events having
energies included by the arrows were accepted in the analysis

sponding to a radioactive source. The energy calibration
of the Si detectors was performed by using the elastic scat-
tering of 32S on various targets and the punch-through of
the α particles, while the energy calibration of the ioniza-
tion chamber was made by changing the gas pressure.

3 Results and ingredients of the analysis

In order to study the γ-ray energy spectra for inelastic
events which do not lead to quasifission or fusion-fission,
in the off-line analysis only γ-rays in coincidence with sec-
ondary fragments having charge between 10 and 18 were
considered. Furthermore, fast quasi-elastic reactions were
discarded. That was performed by selecting in the lab-
oratory kinetic energy spectra of the detected fragment
events with exit channel energies included in the dissipa-
tive bump. An example of such a selection is shown in
Fig. 2 where the laboratory kinetic energy spectrum of
the Z = 16 fragments emitted at θlab = 14◦ and 19◦ is
presented. The events having kinetic energies situated be-
tween the arrows were accepted in the analysis.

In Fig. 3 the resulting cumulative γ-ray spectrum is re-
ported with the points. The γ-rays mainly originate from
the excited primary fragments but emission from the in-
termediate system prior to fragmentation is also expected
according to results for other systems [19, 20]. From these
γ-ray sources only the complex fragments can be taken as
completely equilibrated nuclei and their γ-ray spectra can
be calculated within the statistical model framework. In
the following, the most important ingredients necessary
for the statistical model calculation will be presented.

Since the mass of the ejectile was not measured, the ini-
tial fragment masses were deduced by choosing the most
probable isotope of each element following the Qgg sys-
tematics. The angular momentum ~Lf transferred to the
exit channel was obtained according to the sticking model

Fig. 3. The points in the three panels represent the cumula-
tive experimental γ-ray spectrum while the lines correspond
to the best fit curves of the data obtained by using the sta-
tistical model code CASCADE and by changing the following
parameters: a) Solid line: Calculation performed in the equal
temperature limit with a total excitation energy decreased by
20 MeV and with a level density parameter a = A/8. Dashed
line: As the solid line but the total excitation energy was taken
without any subtraction. b) Solid line: Identical to the solid line
of a). Dashed line: Calculation performed in the equal temper-
ature limit with a total excitation energy decreased by 20 MeV
and with a temperature dependent level density parameter ac-
cording to [36]. c) Solid line: Identical to the dashed line of
a). Dashed line: Calculation performed in the hypothesis of an
equipartition of the excitation energy between the fragments,
with a total excitation energy taken without any subtraction
and by using a level density parameter a = A/8

which is appropriate for deep inelastic events [23]:

~Lf = ~Li
J

(J + J1 + J2)
(1)

with J and Ji the moment of inertia of the intermediate
system and of the ith fragment respectively. The entrance



278 M. Sandoli et al.: Pre-equilibrium dipole excitation and γ-ray fragment angular correlation in the 32S + 74Ge reaction

channel angular momentum ~Li was taken equal to:

~Li = ~ [Lcf + 0.66 (Lgr − Lcf )] (2)

Lgr being the grazing value and Lcf the critical value for
fusion-evaporation. The partition of the total dissipated
angular momentum, ~(Li-Lf ), between the fragments was
performed according to their moment of inertia. In the
present experiment Lgr = 144~, Lcf = 58~ and Li = 115~.

The most probable exit channel center of mass kinetic
energies corrected for particle evaporation can be decom-
posed according to the following equation:

E out =
Lf (Lf + 1)

2µR2
+ VC(R) (3)

with R being the distance between the two charge centers,
µ the reduced mass of the composite system and VC(R) =
e2Z1Z2
R the Coulomb barrier at R. The (3) is valid when the

radial velocity at this point can be neglected. In this way a
distance R is defined outside of which the relative motion
is subject to the conservative forces only. We can deduce
R from the Coulomb repulsion of the primary fragments
following the Viola systematics [24]. In the present case the
separation of the charge centers at the scission moment is
estimated to be R = 13 fm.

The distance R was used to obtain the moment of in-
ertia of the composite system at the scission point and to
calculate Lf from the sticking condition (1). In this calcu-
lation the fragments were considered as axially symmetric
rigid spheroids with symmetry axis length 2ai and per-
pendicular axis length 2bi. Then, their moments of inertia
were approximated as following [25]:

Ji
~2

=
Mi

1972

{
2 + 0.2R2

i

[(
ai
bi

) 4
3

+
(
bi
ai

) 2
3
]}

(MeV )−1

(4)
Ri = 1.22A1/3 being the sharp-surface radius of a sphere
having the same volume as that of the rigid spheroid and
Mi the fragment mass. The ratio a/b of the fragment semi-
axes was adjusted to give the correct experimental exit
channel kinetic energies. It is worthnoting that the large
deformation of the fragments at the scission point, nec-
essary to reproduce the exit channel kinetic energies, dis-
appears after their separation and their deformation is
defined by their angular velocity according to the theory
of the liquid drop.

To deduce the total excitation energy E∗ of the pri-
mary fragments in the assumption of a binary reaction by
knowing the laboratory kinetic energy and the charge of
the detected secondary projectile-like fragments a proce-
dure was used in which the particle evaporation was taken
into account. The total excitation energy can be written:

E∗ = Ein + Qgg − Eout (5)

where Ein and Eout are the center of mass kinetic energy
in the reaction entrance and exit channel and Qgg is the
ground state Q value.

The excitation energy sharing among the primary frag-
ments was done proportionally to their masses according
to a thermal equilibrium hypothesis at the fragmentation
moment. Such a choice should be reasonable as only deep
inelastic events were considered in the analysis, however,
in order to estimate the induced uncertainty different con-
siderations will be made in the following.

For the present reaction the total center of mass en-
ergy is equal to Ein = 223 MeV and the most probable
excitation energy shared between the primary fragments
is found to be E∗ ∼140 MeV. In the scenario of thermal
equilibrium for masses between A = 23 and 83, the frag-
ment excitation energy ranges from 22 to 118 MeV, the
spin from J = 4~ to 29~ and their temperature lies be-
tween 2.8 and 3 MeV.

The γ-ray spectrum of each considered fragmenta-
tion was calculated by using the code CASCADE [26, 27].
While for the target-like nuclei (A ∼74) the usual isospin
independent version was considered sufficient to describe
their statistical decay, for the projectile-like nuclei (A
∼32) an isospin dependent version [28] was used. In these
calculations the isospin mixing was neglected since for nu-
clei with similar mass it was found to be small [28].

In the statistical calculations for the projectile-like
fragments the GDR centroid energy was taken to be lower
than that of the ground state GDR [29] since in heavy-
ion collisions only the T< = Tz component of the GDR is
populated. The centroid energy expected for the T< dipole
component was calculated according to the relations given
in [30, 31]. The total GDR strength found to be exhausted
in (γ, n) and (γ, p) reactions was supposed to be exhausted
by only the T< dipole component in the present reaction
according to the results of Kicinska-Habior et al. [32, 33].

However, for the target-like fragments the GDR cen-
troid energy was taken to be equal to that of the ground
state (g.s.) GDR. The reason for that is to be found in
their g. s. GDR characteristics. For example, the g. s. GDR
resonance excited in the 74Ge is well fitted in [29] by us-
ing two lorentzian curves with strength ratio S2/S1 = 18.2
and with an energy separation of ∆E = 2.5 MeV. In the
case of a GDR splitting due to the isospin, a ratio S2/S1

= S>/S< ∼0.1 is expected and a separation of the dipole
components ∆E ∼5 MeV [30, 31, 34, 35]. The comparison
shows that the ground state GDR splitting is a nuclear
deformation effect rather than an isospin one. The same
stands for all nuclei in this mass region (A ∼74).

The fragment GDR width was taken from the exist-
ing systematics [2, 3, 4, 8, 10, 27, 32, 33]. Experimentally
it was observed that the GDR width increases with in-
creasing the nuclear excitation energy up to a value where
a saturation of the width occurs. For isotopes of Sn the
experimental relation which reproduces the evolution of
the width with the excitation energy E∗is [3]: ΓGDR = Γ0

+ 0.0026*E1.6 with Γ0 the ground state GDR width. For
masses near 100 and 136 the width saturation has been
observed at E∗/A ∼1.2 MeV [4]. In the present paper,
we used a GDR width given at the considered excitation
energies from the above experimental relation, saturating
at an excitation energy E∗ = (1.2 A) MeV and with the
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ground state value Γ0 obtained from the photoabsorption
data [29]. The width was kept constant throughout the
decay chain of each primary fragment.

Another important element of the calculations con-
cerns the level density parameter which unfortunately is
not well known at high excitation energies. Since its influ-
ence on the calculated spectra could be important, in the
analysis two different approaches were tested: a constant
level density parameter a = A/8 and a temperature de-
pendent one. For the temperature dependent level density
parameter the following formula [36] was used:

a(T ) =
A
[
1 + 0.4 exp

(
−T 2

9

)]
k

(6)

The exponential temperature dependence of a is due
to small amplitude quantal fluctuations of the nuclear sur-
face. The coefficient k reflects nuclear surface large ampli-
tude thermal fluctuations and it is relatively stable with
the mass, the angular momentum and the temperature of
the nuclei. To give an example, its value ranges from 11.3
to 11.6 for masses 67 < A < 83, spins 20~ < J < 29~
and temperatures 0 < T < 2 MeV. From the (6) we de-
duce a = A/8.4 at T = 1 MeV and a = A/10 for T = 3
MeV. The level density parameter saturates for tempera-
tures T ∼ 5 MeV at the value a = A/k. As it was shown in
[27], the use of a temperature dependent a rather than of
a ∼ A/8−A/9 causes an increase of the extracted nuclear
temperature and influences the γ-ray spectrum.

The Isoscalar and Isovector Giant Quadrupole Reso-
nances (ISGQR and IVGQR) of the fragments were also
taken into account [37, 38], however their influence is quite
small in the energy range between Eγ = 6 and 22 MeV.
For the emission of magnetic dipole radiation a constant
strength ξ was used with an energy dependence ξJ =
E2J+1
γ which is the basic energy dependence for single par-

ticle transitions [39]. All the theoretical γ-ray spectra were
folded by the experimental set up response function by us-
ing the code GEANT3 [40].

The Doppler shift correction due to the motion of
the fragments in the laboratory reference frame was also
considered. As it was impossible to perform an event by
event treatment because of the ambiguity of the γ -ray
source, the reverse procedure was followed by transform-
ing in the laboratory frame the statistical γ-ray spectra of
the fragments initially calculated in their respective cen-
ter of mass. To this aim, the calculated γ-ray spectrum in
coincidence with each fragment detector and each BaF2

cluster was determined separately and then the total γ-
ray spectrum relative to each fragment was obtained by
summing all the individual spectra with the experimental
weight of the corresponding particle detector. The cor-
rection was performed by using the following equations:
sin θcm = sin θlab

γ(1−β cos θlab)
, Ecm = Elabγ(1− β cos θlab)

d2σ(θcm,Ecm)
dEcmdΩcm

=
d2σ(θlab,Elab)
dElabdΩlab

γ(1− β cos θlab) (7)

γ =
1√

1− β2
, β =

v

c

where θlab and θcm are the angles between the γ-ray di-
rection and the velocity vector v of the emitting source
in the laboratory and in the source center of mass frame
respectively. It was found that the Doppler shift correc-
tion is negligible for the cumulative γ-ray spectrum as
a consequence of the fact that the distribution of the an-
gles between particle and γ-ray detectors was symmetrical
around 90◦.

Among the different mechanisms which may feed the
γ-ray spectra at energy Eγ > 20 MeV the nucleon-nucleon
bremsstrahlung should be the dominant one [41]. At the
present incident energy it represents no more than 15% of
the γ-ray cross section at Eγ = 20 MeV. As it affects in a
small way the energy region between 10 and 15 MeV we
have neglected its contribution in the analysis.

Since no information exists on the relative cross sec-
tion of the initial fragmentations, we have deduced those
mainly contributing to the cumulative γ-ray spectrum in
the following way: the two experimental γ-ray spectra ob-
tained in coincidence with final projectile-like fragment
charges varying from zfin = 10 to zfin = 14 and from
zfin = 15 to zfin = 18 were considered separately. Then,
these spectra were fitted, by means of a least square pro-
cedure, over the whole energy range of the data, by using
a linear combination of the cross section of the feeding ini-
tial fragmentations. In the fitting procedure, the weight of
the statistical spectrum associated with each feeding frag-
mentation was free while all other parameters used in the
CASCADE code were kept constant. In order to take into
account the exponential nature of the γ-ray spectra we
have minimized the χ2 divided by the number of counts
at each energy bin.

4 Comparison of the data with statistical
model calculations

In all panels of Fig. 3 the experimental cumulative γ-ray
spectrum is shown with the points and the different cal-
culations with the lines. Each calculated cumulative γ-ray
spectrum corresponds to the best fit of the data regard-
ing the relative weight of the initial fragmentations and to
a fixed choice of the parameters used in the CASCADE
code. In Sect. 3 we have described the initial choice of
these parameters, then, in the following we are discussing
only the value of those which will be changed, the other
remaining constant as described in Sect. 3. Among the cal-
culated γ-ray spectra corresponding to different choices of
the statistical model parameters, the one having the min-
imum χ2 divided by the number of counts at each energy
bin in the energy range between Eγ = 6 MeV and Eγ =
20 MeV will be indicated later in the text.

The dashed line of Fig. 3a corresponds to a calculation
performed by using in the code CASCADE a constant
level density parameter a = A/8 throughout the decay
chain. The data are well fitted at both low and high energy,
however between 10 and 15 MeV the theoretical spectrum
underestimates the γ-ray yield. If, instead of a = A/8,
another constant value of the level density parameter is
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used, like a = A/9, A/10, A/11, the quality of the fit at
this energy region worsens.

The fit becomes slightly better at low energies if, in
addition to the use of a = A/8, 20 MeV are subtracted
from the total excitation energy E∗ shared between the
fragments (solid line of Fig. 3a). A small amount of this
energy could be explained by the deformation of the frag-
ments. To give an example, the fragments of mass A1 =
31 and A2 = 75 for spins J = 7~ and 26~ respectively
should have oblate noncollective shapes with equilibrium
deformations βeq = 0.07 and βeq = 0.16 [42] and rota-
tional frequency at the equilibrium configuration ωrot =
1.3 MeV. To obtain the equilibrium deformation of the
fragments which minimizes the free-energy F at temper-
ature T and rotational frequency ωrot, we assumed that
at T ∼2.5 - 3 MeV the shell corrections included in F are
small and the nuclei behave like a liquid drop. The cor-
responding total deformation energy of the fragments is
found to be Edef = 3 MeV, too small with respect to 20
MeV. A valid reason for decreasing the total excitation
energy by 20 MeV could be the emission of a particle or
γ-ray prior to the composite system fragmentation. What
is important to notice is that both calculations, with and
without any energy subtraction, underestimate the exper-
imental γ-ray yield between 10 and 15 MeV. To ensure
ourselves that this γ-ray excess with respect to the sta-
tistical calculations is real and does not reflect some bias
in the statistical model parameters, different hypotheses
were examined.

By keeping the total excitation energy decreased by 20
MeV and by using a temperature dependent level density
parameter [36] (dashed line of Fig. 3b) the γ-ray excess
with respect to the calculation gets even larger than it
did previously. For comparison the solid line of Fig. 3a
was also reported in Fig. 3b.

The GDR width of the fragments was varied in order to
verify whether the quality of the fit can be improved. For
γ-ray energies larger than 10 MeV the target-like fragment
spectrum dominates. By changing the target-like fragment
GDR width from Γ = 11 MeV up to Γ = 15 MeV, we do
not significantly improve the fit while with a larger width,
the high energy part of the data can be no more repro-
duced. Furthermore, the variation of the GDR centroid
energy for both the target and the projectile-like frag-
ments within ±1 MeV and of the GDR strength within
± 0.1 TRK does not change the results. The same holds
if the spin of the fragments was changed within ±2~ and
±5~ for the projectile-like and the target-like fragment
respectively.

Another parameter which could introduce uncertainty
is the excitation energy sharing between the primary frag-
ments. By looking at the existing bibliography one can
see that recent papers [43-46] converge that for partially
damped events the excitation energy is equally partitioned
between the fragments while for more relaxed ones the en-
ergy partition tends to become proportional to the frag-
ment mass ratio. In the previous calculations an equal
temperature of the fragments was assumed. In order to
estimate the uncertainty due to this hypothesis, calcu-

lations were also made by assuming an equipartition of
the excitation energy for fragmentations similar to the en-
trance channel one and E∗PLF = 0.6E∗tot for those with a
larger amount of transferred nucleons according to recent
results on the excitation energy sharing [46]. The result
is shown by a dashed line in Fig. 3c, while the solid line
in the same panel (identical to the dashed line of Fig. 3a)
corresponds to a partition proportional to the mass ratio.
In both calculations the total excitation energy of each
fragmentation was taken without any subtraction and a
constant level density parameter a = A/8 was used. The
difference of these two curves is small in the energy range
of interest, i.e. between 10 and 15 MeV, mainly consist-
ing in a displacement of the γ-ray excess towards smaller
energies. Although none of these energy sharing limits is
realistic, the system should be nearer to the equal temper-
ature limit as far as deep inelastic events are concerned.
Then, as the results on the γ-ray excess are not much
altered by this choice the hypothesis of an equal temper-
ature of the fragments was maintained.

To summarize, the previous attempts to fit the entire
experimental γ-ray spectrum by changing the statistical
model parameters showed that, although we are able to
reproduce the data at both low and high energies, the
fit drops in the range between 10 and 15 MeV where all
calculations underpredict the γ-ray yield (see the different
curves of Fig. 3). We recall that some difference between
data and calculations at energies larger than 20 MeV is
due to the nucleon-nucleon bremsstrahlung γ-ray emission
which was not taken into account in the analysis. The
evidenced γ-ray excess in the range between 10-15 MeV
can be better seen in both panels of Fig. 4b where the
ratio between the data and the calculations is displayed
by the points. To obtain this ratio, in the left-hand side of
the Fig. 4b the calculation presented with a dashed line
in the Fig. 3a was used while in the right-hand side the
calculation corresponds to the solid line of the Fig. 3a.

5 Discussion I

A similar fit of the data was also obtained in [19, 20] where
the observed γ-ray excess was attributed to the γ-decay
of a dipole oscillation present in the dinucleus during the
sticking time.

In a deformed non rotating system the dipole reso-
nance splits in three components corresponding to vibra-
tions along the three principal axes, with energies inversely
proportional to the associated axis length. For a collec-
tively rotating prolate shape the Coriolis forces and the
transformation from the internal to the laboratory frame
cause a further splitting of the dipole resonance which is
proportional to ωrot [47]. In the case of a non collectively
rotating oblate shape the final result in the laboratory
frame is the same as for ωrot = 0 [47]. As for heavy sys-
tems with A ∼100, ωrot lies between 1 and 1.5 MeV such a
splitting can be considered small and so can be neglected.

In the present case the high energy part of the exper-
imental γ-ray spectrum is well accounted for by only the
statistical spectra of the fragments. Then, the γ-ray excess
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Fig. 4. a) Cumulative experimental γ-ray
spectrum (open symbols), statistical spectrum
of the fragments (dashed line) and their dif-
ference (filled symbols). The dot-dashed line is
a calculation representing the dinucleus γ-ray
spectrum and is obtained as described in the
text. The solid line corresponds to the sum of
the dinucleus γ-ray spectrum and that of the
fragments. Left hand-side column: the statis-
tical γ-ray spectrum is identical to that dis-
played by the dashed line in Fig. 3a. Right
hand side column: the statistical spectrum cor-
responds to that displayed by the solid line
in Fig. 3a. b) Ratio of the cumulative experi-
mental γ-ray spectrum and the statistical one
(points). The solid line corresponds to the sum
of the dinucleus γ-ray spectrum and that of the
fragments divided by this latter

evidenced in the range between 10 and 15 MeV should
correspond to the low energy dipole oscillation along the
symmetry axis of the dinucleus in the direction of the col-
lision. The above result does not exclude the existence of
some dipole strength at high energies but it indicates that
such a strength should be much less than that observed at
Eγ = 12 MeV, rendering its extraction difficult as at high
energies the GDR of the fragments dominates. At first
sight the fact that only the low-energy dipole component
is observed appears to be strange but a possible expla-
nation could be searched in the entrance channel charge
asymmetry. According to recent papers [12, 15], if there
is an asymmetry in the N/Z degree of freedom between
the colliding ions, a ”direct” dipole mode is present at t
= 0, in the collision direction, associated with the charge
equilibration between the ions occuring during the first ∼
200 fm/c. Along the shorter axes of the composite system
dipole oscillations can exist after ∼10−22 s which is the
time necessary for the GDR to be excited. Therefore, it
is likely that the low energy dipole component associated
with the oscillation along the rotating maximum elonga-
tion axis of the composite system is significantly larger
than the higher energy components. However, this point
will be further discussed in Sect. 7.

Since at the moment no appropriate model exists for
describing the GDR γ-ray emission from systems far from
complete equilibrium as is the case of the composite sys-
tem formed in heavy-ion deep inelastic scattering, the ev-

idenced γ-ray excess cross section σpre(Eγ) was approxi-
mated by the following expression:

σpre(Eγ) = N ′
∑
i

fi(Eγ) exp(−cEγ) (8)

where N′ is a normalization factor and fi(Eγ) is the
strength function of the ith dipole component in a hot
nucleus:

fi(Eγ) = 2.09× 10−5NZ

A

SiΓiE
4
γ

Γ 2
i E

2
γ + (E2

i − E2
γ)2

(9)

Ei, Γi and Si being respectively the energy, the width
and the fraction of the TRK energy weighted sum rule
(EWSR) exhausted from the ith dipole component. The
exponential function in (8) is an approximation used in
the statistical γ-ray emission for taking into account the
ratio between the nuclear level density of the final and
initial nuclear state:

ρ(Efin)
ρ(Ein)

∝ exp(−cEγ) (10)

In the case of a non statistical emission the level density
dependence on Eγ could be different. Then, the above pro-
cedure should be considered as a fit to the data and the
extracted parameters should be taken with caution. The
curve of (8) was folded by the experimental set up response
function using the code GEANT3 [40].
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The γ-ray excess, although present in all cases (see
Fig. 3), shows some differences depending on the theoret-
ical γ-ray spectrum of the fragments used for the compar-
ison. To give an idea, in Fig. 4a two of the four calculated
statistical γ-ray spectra are reported with the dashed lines
as explained previously for the Fig. 4b. The open symbols
of Fig. 4a correspond to the cumulative experimental γ-
ray spectrum while the filled symbols represent the differ-
ence between the data and the relative fragment statistical
γ-ray spectrum. The dot-dashed line is the result of the
above procedure using the (8) and corresponds to the din-
ucleus γ-ray spectrum. The solid line results from the sum
of the statistical γ-ray spectrum of the fragments and the
dinucleus γ-ray spectrum and reproduces well the data in
the whole energy range. The ratio of Fig. 4b is also well
described when dividing this sum by the respective statis-
tical γ-ray spectrum of the fragments.

The parameters in (8) used for the case presented on
the left-hand side column of the Fig. 4 (no excitation en-
ergy subtraction) are : E1 = 12 MeV, Γ1 = 3 MeV, c =
1/3 (MeV)−1. In the case of 20 MeV subtraction from the
total excitation energy (right hand-side column of the fig-
ure) the centroid energy shifts down to E1 =11 MeV, the
width becomes Γ1 = 2.5 MeV while the ratio between the
data and the relative theoretical γ-ray spectrum does not
change as can be seen from Fig. 4b.

Since using the latter theoretical γ-ray spectrum of the
fragments we obtain the best fit of the data (cf. Fig. 4),
in the following we will retain this calculation and the as-
sociated parameter set : E1 = (11± 1) MeV, Γ1 = (2.5±
0.5) MeV, c = 1/3 (MeV)−1. The uncertainty of the sta-
tistical model parameters was also taken into account in
the errors.

The extracted resonance energy is in a good agreement
with the oscillation energy ED of a dipole having as ma-
jor semi-axis length the sum RS of the colliding ion radii
calculated according to the empirical formula:

ED ≈
78(

A
1/3
1 +A

1/3
2

) MeV = 10.6 MeV (11)

with A1 and A2 being the masses of the colliding ions. It
is interesting to note that the deduced low-energy com-
ponent width is comparable with its ground state value,
Γi = Γ0

(
Ei
16

)δ
with Ei being the energy of the ith dipole

component, δ ∼1.8 and Γ0 = 6 MeV the ground state
value of the GDR width built on a spherical nucleus of
mass A = 106. That is another common element with the
results published in [19, 20]. A similar observation can also
be found in [7].

A detailed discussion on the GDR width can be found
in [20, 48] so in this paper we recall briefly its main as-
pects. As known, the GDR width increases with the nu-
clear excitation energy because of the GDR coupling with
the quadrupole surface degrees of freedom. The nuclear
equilibrium deformation increases with spin, thus result-
ing in a larger GDR width [49-51]. On the other hand,
while at zero temperature the deformation is determined
by the quadrupole shape parameters β and γ which mini-
mize the potential energy, at finite temperature there is a

distribution of deformations caused by the nuclear surface
thermal fluctuations which also contributes to the broad-
ening of the GDR width [52, 53].

In the case of deep inelastic collisions it was shown
[20, 48] in the framework of the Strutinsky model [54, 55]
that there is a strong selection of the reaction initial an-
gular momentum resulting in a limitation of the number
of deformations that the system experiences. Moreover,
the width broadening due to the nuclear surface thermal
fluctuations should be reduced in the case of a system far
for shape equilibrium due to the limitation of the defor-
mations that the system can explore without undergoing
fragmentation. Then, the GDR width should reflect a lim-
ited number of deformations around a central value of β.
The fact that the composite system deformation is ex-
pected to be large should render the dipole components
rather separated from each other with respective widths
comparable to those of the ground state.

6 The γ-ray fragment angular correlation

An alternative method to investigate pre-equilibrium
dipole γ-rays emitted from hot and rotating systems, im-
mune to the uncertainties of the statistical model param-
eters, consists in the study of the γ-ray fragment angular
correlation. The center of mass double differential cross
section for detecting in coincidence a γ-ray and a com-
plex fragment b in a peripheral heavy-ion collision can be
written [56]:

d2σ

dΩγdΩb
∝ dσ

dΩb

W (kγ)
4π

(12)

where the angular correlation function W( kγ) is the rela-
tive probability of the γ-ray being emitted in the direction
kγ :

W (kγ) = W (θ, φ)

=
∑
k

Ak0Pk(cos θ) + 2
∑
k

∑
q>0

[(ReAkq) cos(qφ)

−(ImAkq) sin(qφ)]Ckq(θ, 0) (13)

with θ and φ the center of mass polar angles of the γ-ray
momentum kγ with respect to some set of axis, Pk(cosθ)
the Legendre polynomial of degree k and Ckq is related to
the associated Legendre functions:

Ckq(θ, 0) = (−)q
[

(k − q)!
(k + q)!

]1/2

P qk (cos θ) if q ≥ 0

The coefficients Akq are constructed so that A00 = 1.
In the present case we choose as quantization axis, Oz

// ka× kb, ka and kb being the incident particle and the
detected projectile-like fragment momenta which deter-
mine the reaction plane. The total angular momentum J
of the created composite system is equal to the vector sum
of the entrance channel spin S and of the ingoing orbital
angular momentum Lo: J = Lo + S. As S is zero and Lo is
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perpendicular to the reaction plane, J coincides with the
quantization axis. In the hypothesis of parity conservation
and of no interference between opposite parity γ-ray emit-
ting nuclear states, in the γ-ray fragment angular correla-
tion function only even order k terms with q = 0 survive.
The same holds even when more initial nuclear states are
present at the considered excitation energy provided that
the decaying system is equilibrated. In that case, accord-
ing to the Bohr theorem, the hypothesis of the absence
of phase correlations between the nuclear states requires
that interference terms between different reaction ampli-
tudes vanish when averaging over initial states. Then, (13)
reduces to:

W (θ) =
∑
k even

Ak0Pk(cos θ) = 1 +
∑

k even≥2

akPk(cos θ)

(14)
ak = Ak0

On the contrary, if the system is not equilibrated and op-
posite parity initial states interfere, also odd order k terms
and terms with q 6= 0 enter the angular correlation.

The maximum order of the Legendre polynomials in
(14) is given from the condition k ≤ 2Lmax with Lmax the
maximum angular momentum of the contributing radia-
tions. At the γ-ray energies of interest here, 8 MeV < Eγ
< 16 MeV, the electric dipole radiation (E1) dominates
and the development in (14) could stop at the term of or-
der k = 2. In the high spin limit and for statistical γ-ray
emission the coefficient a2 becomes:

m = ±1 −→ a2 ≈ 1/2

m = 0 −→ a2 ≈ −1

with m the projection of the dipole photon angular mo-
mentum on the spin axis. Dipole transitions with m = 0
are called unstretched transitions and correspond to Jin =
Jfin, Jin and Jfin being the initial and final state spins,
while the transitions with m = ±1 are called stretched
transitions and correspond to Jin = Jfin ± 1. Then, in
the case of a spherical nucleus the angular distribution of
statistical high energy γ-rays should be nearly isotropic as
the final states are averaged over spin and the final state
level density is a linear function of the nuclear spin. But
if the system is deformed, an anisotropic emission of the
high energy γ-rays is expected due to the energy split-
ting caused by the deformation. The resulting anisotropy
depends on the deformation type (prolate or oblate), on
the deformation magnitude and on the orientation of the
symmetry axis with respect to the rotational axis.

For a prolate shape rotating collectively, as should be
the case for the dinucleus formed in a peripheral collision,
the symmetry axis is perpendicular to the rotational axis
which in our case coincides with the quantization axis.
Then, the low energy dipole component which corresponds
to a vibration along the symmetry axis of the system cor-
responds to an m = ±1 dipole transition with respect to
the rotational axis while the high energy dipole ones are
associated with vibrations along the two short axes and
are an equal mixture of m = 0 and m = ±1 transitions. In

the case of a non collectively rotating oblate shape the ro-
tational axis coincides with the symmetry axis. Then, the
low energy dipole components which correspond to vibra-
tions along the two axes perpendicular to the rotational
axis are associated with m = ±1 dipole transitions while
the high energy dipole component corresponds to a vibra-
tion along the symmetry axis and then it is associated
with an m = 0 dipole transition.

In the present experiment the γ-ray fragment angular
correlation was measured by using the BaF2 clusters in
coincidence with different fragment detectors. The exis-
tence of anisotropy in the γ-ray emission can be seen in
the ratio of the experimental γ-ray spectra obtained at
different angles with respect to the rotational axis. Such
a ratio is displayed by the points in the left-hand side
column of the Fig. 5. Due to the lack of measurements of
singles deep inelastic events, the experimental γ-ray yields
were normalized at Eγ = 7 MeV to the statistical spec-
trum of the primary complex fragments, calculated for
the considered angles. The theoretical spectrum is cor-
rected for Doppler shift according to (7), folded by the
experimental set-up response function and presented in
the same figure by the lines. All the cross sections and
angles are expressed in the reaction center of mass. The
fact that a part of the anisotropy should have its origin in
the fragment γ-ray emission was taken into account in the
theoretical spectra (lines in Fig. 5) by introducing in the
code CASCADE the angular distribution of the fragment
dipole γ-rays with respect to the rotational axis. To this
aim, the angle dependent strength function of the dipole
components is deduced from the (9) and (14):

fi(θ, Eγ) = fi(Eγ)[1 +Q2a2P2(cos θ)] (15)

with a coefficient a2 for stretched and unstretched dipole
transitions equal to that expected in the high spin limit,
valid in the case of deep inelastic heavy-ion collisions. Q2

is an attenuation factor for the finite γ -ray counter as-
sumed here to have axial symmetry [57]. For the present
geometry Q2 is found to be 0.94. Moreover, fluctuations
of the nuclear orientation relative to the rotation axis are
neglected.

In these calculations only the fragmentation 75As +
31P was considered since it was found to largely contribute
to the γ-ray spectrum. The projectile-like fragment, 31P,
was assumed to be spherical since its equilibrium deforma-
tion is expected to be small (βeq ∼0.07) and furthermore
the T< dipole component centroid energy is expected to
be high enough (E< = 19 MeV) not to influence the re-
sults. The target-like fragment 75As at J ∼26~ is expected
to have an oblate non collective shape with an equilibrium
deformation βeq ∼0.16. The resonance parameters corre-
sponding to the above deformations are : E< = 19 MeV,
Γ = 11.3 MeV, SGDR = 1 for the 31P and E1 = 15.8 MeV,
Γ1 = 10 MeV, E2 = 19 MeV, Γ2 = 10 MeV, S1GDR/S2GDR

= 2 for the 75As. The sum of the above lorentzian curves
used for the 75As can be simulated by a single lorentzian
function with a centroid energy of 16.83 MeV and a width
of 11 MeV. This latter allowed us to obtain a good fit of
the angle integrated experimental γ-ray spectrum in the
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Fig. 5. Left-hand side column: the experimen-
tal γ-ray anisotropy (points) and the theoreti-
cal one calculated for the equilibrium deforma-
tion of the primary complex fragments (solid
lines) and corrected for the Doppler shift. The
data collected at angles θ and (180◦-θ) were
added and presented as σ(θ, Eγ) (cf. text).
Right-hand side column: Difference between
the same γ-ray yields as in the left-hand side
column corrected for the post-fragmentation
contribution from the primary fragments (cf.
text). All quantities are in the reaction center
of mass

analysis performed within the statistical model framework
(cf. Sect. 4).

From Fig. 5, one can see that the anisotropy ob-
served at Eγ = 10 - 15 MeV cannot be explained by the
anisotropic γ-ray emission calculated for the equilibrium
deformation of the primary complex fragments. In the ap-
proximation that it is exclusively due to the target-like
fragment anisotropic γ-ray emission one can calculate the
deformation needed to reproduce the data.

By using the same ingredients as previously, it was
shown that both the γ-ray yields at 45◦ and 90◦ and
the anisotropy are reasonably reproduced by using for the
75As a collective prolate deformation β = 0.47 or an oblate
non collective one of β = 0.5. In Fig. 6 the data obtained
at 45◦ and 90◦ (two upper panels) and their ratio (lower
panel) are reported with the points. The solid lines cor-
respond to the statistical calculations made by assuming
an anisotropic γ-ray emission from the 75As, considered
to have a prolate deformation β = 0.47 and to rotate col-
lectively, the dashed lines correspond to an oblate non
collective shape with β = 0.5 and the dotted lines to the
equilibrium deformation. The resonance parameters used
for obtaining the solid line are : E1 = 13 MeV, Γ1 = 6
MeV, E2 = 19 MeV, Γ2 = 10 MeV, S2GDR/S1GDR = 2
and for the dashed line : E1 = 14 MeV, Γ1 = 6 MeV, E2 =
22 MeV, Γ2 = 10 MeV, S1GDR/S2GDR = 2. The ratio of
the statistical γ-ray spectra calculated at 45◦ and 90◦ in
the different hypotheses is shown by the lines in the lower
panel of the Fig. 6.

At the considered temperature, T ∼2.5 MeV, the
target-like fragment can have a large most probable de-
formation because of the thermal fluctuations of its nu-

clear surface. However, according to the fluctuation theory
[52], the γ-ray angular distribution data do not evidence
its most probable deformation but a deformation which is
smaller and approximately equal to the deformation of the
equilibrium shape. That occurs because the enhancement
of the a2 parameter due to the thermal shape fluctua-
tions is counteracted, especially for oblate shapes, by the
suppression due to orientation fluctuations, so that the ob-
served a2 is an indirect indication of the equilibrium shape.
With the above analysis, where orientation fluctuations
have not been taken into account, the deduced target-like
fragment deformation, βeq ∼0.5, required to reproduce the
experimental anisotropy is too large compared with its ex-
pected equilibrium deformation of βeq ∼0.16. An equilib-
rium deformation of βeq ∼0.5, extracted from the γ-ray
angular distribution data, results in a larger most proba-
ble nuclear deformation which is quite unexpected for the
target-like fragment at the present experimental condi-
tions. Therefore, we conclude that the observed anisotropy
cannot originate exclusively in the target-like fragment
anisotropic γ-ray emission.

7 Discussion II

While for the 75As and fragments in this mass region it is
difficult to conceive such a large equilibrium deformation,
for the intermediate system this is normally expected.
Then, a way to obtain a γ-ray anisotropy at Eγ ∼12 MeV
is by considering also the pre-equilibrium dipole emission
from the deformed intermediate system.

To this aim, the experimental γ-ray energy spectrum
measured at an angle θ relative to the rotational axis can
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Fig. 6. Data obtained at 45◦ and 90◦ (points) in the center
of mass and statistical γ-ray spectra calculated for the same
geometry in the hypothesis of a prolate collective shape of the
target-like fragment with β = 0.47 (solid lines), oblate non
collective with β = 0.5 (dashed lines) and for the equilibrium
deformation (dotted lines). Lower panel: experimental γ-ray
anisotropy (points) and theoretical one calculated in the above
hypotheses. The data collected at angles θ and (180◦- θ) were
added and presented as σ(θ, Eγ) (cf. text)

be written as the sum of two terms:

σexp(θ, Eγ) = σpre(θ, Eγ) + σpost(θ, Eγ) (16)

with σpre(θ, Eγ) the contribution coming from the decay
of the intermediate system dipole oscillation and σpost(θ,
Eγ) the post-fragmentation contribution due to the statis-
tical γ-decay of the excited primary fragments. The latter
can be evaluated for the equilibrium deformation of the
fragments, introducing in the code CASCADE the angle
dependent dipole component strength function given by
(15) and taking into account the correction for the Doppler

Fig. 7. Difference between the center of mass γ-ray yield col-
lected at angles θ = 2.5◦ and 177.5◦

shift. All quantities in (16) are in the reaction center of
mass.

The center of mass energy dependent angular corre-
lation of the dipole γ-rays emitted from the intermediate
system can be written:

σpre(θ, Eγ) = σ0,pre(Eγ)[1 +Q2a2(Eγ)P2(cos θ)] (17)

The fact that (17) is used for describing the dinucleus
contribution is justified from the comparison between the
data collected at the same azimuthal angle and at center of
mass polar angles θ = 2.5◦ and 177.5◦. We remind that in
a charge asymmetric system a part of the dipole photons
should be emitted at the first moments of the dinucleus
creation when the coherence of the reaction amplitudes is
expected to be still strong. This assumption along with
the existence of opposite parity nuclear states at the con-
sidered excitation energy imply an asymmetric center of
mass γ-ray fragment angular correlation around θ = 90◦
which results in a difference between the γ-ray yields mea-
sured at angles θ and (180◦- θ). As the difference, reported
in Fig. 7, is found to be almost zero within the error bars,
(17) can be applied for the γ-rays originating from the din-
ucleus. Actually, it is not clear whether the above result is
simply due to the low statistics of the measurement or it
is indeed the case. If confirmed, it could mean that most
of the dipole photons are emitted at a moment when the
degree of equilibrium attained from the dinucleus, though
not being complete, is sufficient for the coherence between
the reaction amplitudes to be lost.

Therefore, by using the (17) the difference between
two experimental γ-ray spectra collected at different an-
gles and corrected for the post fragmentation statistical
contribution can be written:

σexp(θ1, Eγ)− σexp(θ2, Eγ)
−σpost(θ1, Eγ) + σpost(θ2, Eγ)

= ∆(θ1, θ2, Eγ) (18)

∆(θ1, θ2, Eγ) = σpre(θ1, Eγ)− σpre(θ2, Eγ)
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Fig. 8. σ0,pre(Eγ) and a2(Eγ) for the pre-equilibrium dipole
strength (points). Upper panel: the line is a simulation of the
dinucleus dipole strength by using the (20). Lower panel: the
solid (dashed) line represents a calculation of the a2(Eγ) in
the hypothesis of a prolate collective (oblate non collective)
shape of the dinucleus and by using the (21) with the same
parameters as for the curve of the upper panel

Two of the differences ∆(θ1,θ2,Eγ) are shown in the
right-hand side of the Fig. 5 along with the corresponding
anisotropy (left-hand side column). All the differences ob-
tained by combining different pairs of γ-ray and fragment
detectors were fitted by means of a least square procedure
by using the equation:

∆(θ1, θ2, Eγ) =
σ0,pre(Eγ)[Q2a2(Eγ)P2(cos θ1)

−Q2a2(Eγ)P2(cos θ2)] (19)

The extracted dipole strength σ0,pre(Eγ) and the
anisotropy a2(Eγ) are displayed by the points in Fig. 8.

In order to obtain informations on the pre-equilibrium
dipole strength features, σ0,pre(Eγ) and a2(Eγ) were si-
multaneously reproduced by using the sum of three
lorentzian curves multiplied by an exponential function
and corrected for the experimental set up response func-

tion, as presented in Sect. 5:

σ0,pre(Eγ) = N ′
∑
i

fi(Eγ) exp(−cEγ) (20)

a2(Eγ) =
0.5f1(Eγ) + 0.5f2(Eγ)− f3(Eγ)∑

i fi(Eγ)
(21)

N′ is a normalization factor and fi(Eγ) is given by (9).
In (21) orientation fluctuations of the spin axis are ne-
glected. The parameters which best reproduce the above
quantities are : EGDR,low = 12.5 MeV, ΓGDR,low =
4 MeV, EGDR,high = 19 MeV, ΓGDR,high = 8 MeV,
SGDR,low/(SGDR,tot) = 0.88, c = 1/3 (MeV)−1. The in-
dices ”low” and ”high” refer to the dipole strength con-
centrated at the respective energies.

For reproducing a2(Eγ) we have two choices: a collec-
tively rotating prolate shape (solid line of Fig. 8)

E1 = 12.5 MeV, Γ1 = 4 MeV,

E2 = E3 = 19 MeV, Γ2 = Γ3 = 8 MeV,

S1GDR/(SGDR,tot) = 0.88

or an oblate non collective configuration (dashed line of
Fig. 8):

E1 = E2 = 12.5 MeV, Γ1 = Γ2 = 4 MeV,

E3 = 19 MeV, Γ3 = 8 MeV,

(S1GDR + S2GDR)/(SGDR,tot) = 0.88

From Fig. 8 it can be seen that a2(Eγ) is better repro-
duced in the hypothesis of a collective prolate shape. The
deformation extracted from the dipole component energies
is βeq ∼ β = 0.5 according to the following formula:

E2

E1
= 0.911d+ 0.089 (22)

β =
δ

0.95
δ =

d− 1
d1/3

We remind that the deduced deformation should be near
to that of the equilibrium shape, therefore, the real most
probable deformation of the decaying system must be
larger than the obtained value. Both the deformation value
and the shape of the decaying system are consistent with
those expected for the dinucleus created in a deep inelastic
heavy ion collision. Furthermore, the data are well repro-
duced with dipole component widths given by the ground
state GDR data relation : Γi = Γ0

(
Ei
16

)δ
with Ei the en-

ergy of the ith component, δ ∼1.8 and Γ0 = 6 MeV the
width of the GDR built on the ground state of a spherical
nucleus having mass A = 106.

The dipole strength parameters extracted from the
angular correlation data analysis agree quite well with
those obtained in the statistical model framework, espe-
cially when considering the total excitation energy of the
primary complex fragments without any subtraction (cf.
Sect. 5). Furthermore, both analyses indicate that a sig-
nificant part of the total dipole strength excited in the
dinucleus is concentrated at low energy.
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8 Conclusions

In this work we have studied the pre-equilibrium dipole
emission from the intermediate system formed in the 32S
+74Ge deep inelastic reaction. The energy spectra of the
γ-rays detected in coincidence with the complex fragments
were analysed in the framework of the statistical model.
From this analysis it was shown that the statistical γ-ray
spectra of the fragments do not fully reproduce the data
since they underestimate the experimental γ-ray yield in
the energy range between 10 and 15 MeV. Furthermore,
in the same energy region the experimental γ-ray frag-
ment angular correlation evidences a strong anisotropy
which, according to the fluctuation theory [52], is indica-
tive of the equilibrium deformation of the decaying nu-
cleus. The analysis pointed out that the experimental γ-
ray anisotropy is consistent with an equilibrium deforma-
tion of βeq ∼0.5 resulting in a larger most probable defor-
mation of the nucleus. Such an exotic shape is quite un-
expected for the complex fragments while it is reasonable
for the intermediate system produced in a peripheral col-
lision. Therefore, the γ-ray excess evidenced in the data
with respect to the calculated statistical spectra of the
fragments and the associated anisotropy were attributed
to a dipole emission from the highly deformed composite
system prior to fragmentation.

To further support this hypothesis, the center of mass
energy dependent angular correlation for the dinucleus γ-
rays was expressed as a Legendre polynomial series and
the differences between the experimental γ-ray yields col-
lected at different angles with respect to the nuclear spin
direction were fitted by means of a least square method.
This procedure allowed to extract the strength and the
anisotropy of the dinucleus dipole emission as a function
of the γ-ray energy. From their analysis a set of pre-
equilibrium GDR parameters (energy, width, strength)
was determined which is fully consistent with that ob-
tained in the framework of the statistical model.

Both analyses indicate a high concentration of the
dipole strength at Eγ ≈12 MeV. Recent theoretical papers
[11-15] suggest that the entrance channel charge asymme-
try could determine a dipole moment which, at the very
early stages of the collision, could enhance the strength
of the low energy GDR component of the intermediate
system. The γ-radiation emitted during these early mo-
ments comes from a pre-equilibrium stage when phase co-
herence between different reaction amplitudes should still
be strong. In that case and if opposite parity initial nuclear
states are present at the considered excitation energy, the
center of mass γ-ray fragment angular correlation with re-
spect to the nuclear spin direction should be asymmetric
around θ = 90◦ resulting in a difference between the γ-
ray yield collected at angles θ and (180◦- θ). Due to the
limited statistics of the single γ-ray detector cluster in the
present experiment, the size of the error bars do not allow
the exclusion of a symmetric angular correlation. Further
investigation will be devoted to measure γ-ray angular
distributions with a statistical uncertainty low enough to
evidence any existing, even small, asymmetry. In this way
it should be possible to understand whether and to what

extent the dinucleus γ-rays originate from a rather ”di-
rect” process determined by the entrance channel charge
asymmetry as suggested by the dipole strength concentra-
tion at low energy.

In the future, exotic beams could be of great interest
for the study of the ”direct” dipole excitation by allowing
to obtain significative entrance channel charge asymme-
tries ∆(N/Z). In experiments where composite systems
are formed with different ∆(N/Z) while keeping constant
other reaction parameters, a direct comparison of the as-
sociated γ-ray spectra and angular correlations measured
with high statistics should allow us to disentangle the dif-
ferent hypotheses.

The authors would like to thank L. Caiazzo for his assistance
during the set up of the experimental apparatus.
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