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Published online: 6 March 2003 – c© Società Italiana di Fisica / Springer-Verlag 2003
Communicated by C. Signorini

Abstract. We report on the results obtained from the study of the 32S + 64Ni and 32S + 58Ni peripheral
reactions at incident energies Elab = 288 MeV and Elab = 320 MeV, respectively. High-energy γ-rays
were detected in an array of 8 seven-pack BaF2 clusters. Coincidence with complex fragments detected in
12 three-stage telescopes ensured the selection of peripheral reaction events. All of the relevant reaction
parameters were kept constant with the exception of the different initial dipole moment caused by the
different entrance channel charge asymmetry. While for quasi-elastic events no N/Z effect was observed in
the differential γ-ray multiplicities of the two reactions, for deep-inelastic events a larger dipole γ-ray emis-
sion occurs during the more N/Z asymmetric reaction. A theoretical interpretation based on a collective
Bremsstrahlung analysis of the reaction dynamics is presented.

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
Recently, a large interest has been devoted to the study
of the prompt dipole γ-ray emission associated with the
charge equilibration in heavy-ion collisions between part-
ners with different N/Z ratios. Various theoretical works
[1–4] predict that the dipole γ-ray emission in fusion reac-
tions should depend on the N/Z ratio difference between
the colliding ions and consequently on their initial dipole
moment:
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The process of dipole strength excitation in the case
of a net dipole moment in the entrance channel is differ-
ent from the thermal excitation of the dipole vibration
occuring in hot compound nuclei.

Experimentally, by studying fusion reactions differing
in the entrance channel charge asymmetry, an excess of
γ-rays emitted during the more N/Z asymmetric collision
was observed [5–7]. This excess can be considered as in-
dicative of pre-equilibrium dipole strength excitation.

Although theoretical works treating with the prompt
dipole γ-ray emission are concentrated mainly on central
heavy-ion collisions, in several experimental works [8–10],
where N/Z asymmetric deep-inelastic heavy-ion collisions
were studied, it was shown that dipole γ-rays are emitted
not only by the excited complex fragments created during
the collisions but also from the composite system before
fragmentation. In [11], by considering the results of [8–10],
it was indicated for the first time that the dipole γ-ray
emission from the dinucleus increases with the entrance
channel charge asymmetry.

The hypothesis of pre-equilibrium dipole strength exci-
tation in N/Z asymmetric peripheral heavy-ion collisions
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has been studied recently from a theoretical point of view
in [12,13] with results in good agreement with the exper-
imental findings of [8,10]. According to [13] an important
part of the dipole γ-ray emission from the intermediate
system created in the 32S + 74Ge deep-inelastic reaction
is associated with the charge equilibration process between
the colliding ions. It is predicted [13–15] and confirmed ex-
perimentally [10] that the dipole strength excited in such
an intermediate system is shifted towards lower energies
because of the high deformation of the emitting source.

Therefore, it seems reasonable to expect, also for the
dipole strength excited in the intermediate system of pe-
ripheral heavy-ion collisions, a dependence on the entrance
channel charge asymmetry. With the aim to investigate
this hypothesis explicitly, two reactions have been per-
formed: 32S + 58Ni and 32S + 64Ni at Elab = 320 and
288 MeV, respectively, where the initial dipole moment
changes from 3 fm for the almost N/Z symmetric sys-
tem 32S + 58Ni to 11.46 fm for the asymmetric one 32S
+ 64Ni [16]. The other relevant reaction parameters such
as the grazing angle, the grazing angular momentum and
the Coulomb barrier were kept constant. The total exci-
tation energy to be shared between the primary complex
fragments, in the hypothesis of pre-equilibrium particle
emission, was managed to be equal by choosing the appro-
priate region in the laboratory kinetic energy spectrum of
the detected light fragment. It has to be noticed that the
above quantities can be considered equal for both reac-
tions within the analysis uncertainties (see sect. 4).

The present paper is organized as follows: in sect. 2 the
experimental techniques are discussed, while in sect. 3 the
differential γ-ray multiplicities associated with the two re-
actions for different degrees of dissipation are presented.
In sect. 4, in order to isolate the γ-ray emission from the
composite system, the γ-ray spectra originating in the sta-
tistical decay of the primary complex fragments are calcu-
lated by using a statistical model code. In sect. 5, calcu-
lations, based on a classical Bremsstrahlung approach, of
the composite system dipole γ-ray emission are presented
and compared with the present experimental outcome. Fi-
nally, the conclusions are given in sect. 6.

2 Experimental methods

The reactions were performed by using the pulsed beam
of 32S provided by the superconducting heavy-ion linear
accelerator of the LNL (Laboratori Nazionali di Legnaro,
Padova, Italy), impinging on 380 µg/cm2 and 420 µg/cm2

thick 64Ni and 58Ni self-supporting targets, respectively.
The beam consisted of ∼ 2 ns wide bunches with a 200 ns
separation. The beam intensity was measured in a Faraday
cup shielded with lead and paraffin to reduce the back-
ground due to γ-rays and neutrons.

The γ-rays were detected by using 8 seven-pack clus-
ters of BaF2 scintillators of the TAPS standard situated
at 28 cm from the target and at the following (θ, φ) angles
with respect to the beam direction taken to coincide with
the Oz-axis: (90◦, 45◦), (70◦, 0◦), (120◦, 0◦), (90◦, 90◦),
(155◦, 180◦), (75◦, 180◦), (115 ◦, 180◦), (90◦, 135◦). The

total solid angle covered by the BaF2 detectors was 17%
of 4π sr. The BaF2 clusters were surrounded by a 3 mm
thick lead shield which reduced the counting rate due to
the low-energy γ-rays (Eγ ≤1 MeV) to 50% and stopped
the charged particles.

In this work, also the data of another experiment,
where the 32S + 58Ni reaction was studied at an incident
energy of 320 MeV, are considered to increase the statis-
tics. In that run, performed at the LNL, three seven-pack
clusters of BaF2 scintillators were situated at 28 cm from
the target and at the following (θ, φ) angles: (90◦, 45◦),
(90◦, 90◦) and (90◦, 135◦). The other experimental con-
ditions remained identical as previously. Then, the data
collected with the BaF2 scintillators situated at θ = 90◦
with respect to the beam direction of both experiments
concerning the 32S + 58Ni reaction are included in the
next section.

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 detector
and a CsI(Tl) scintillator. These detectors were described
in detail in [17]. 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◦. Their total solid angle was 0.144 sr.

Single peripheral events, where a particle detector was
hit, together with coincidence events between a particle
detector and at least one fired BaF2 scintillator were col-
lected during the experiment. A coincidence event was
accepted if the deposited energy in a BaF2 cluster was
greater than ∼ 5 MeV. The threshold of the BaF2 scintil-
lators was set at ∼ 100 keV. The coincidence request elim-
inated any cosmic-ray contamination of the γ-ray spectra.

The discrimination between γ-rays and neutrons was
performed by means of the 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 of 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 monitoring the stability of the peak corre-
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 performed by changing the gas pressure.

3 Ingredients and results of the analysis

In order to study the γ-ray energy spectra for peripheral
events, in the off-line analysis only γ-rays in coincidence
with secondary light fragments having atomic numbers
from 10 to 18 were considered. During the experiment,
the laboratory kinetic energy and the atomic number of
the secondary light fragments were obtained. In fig. 1 the
laboratory kinetic energy spectrum of the secondary frag-
ments having atomic number Z = 16 emitted at θ = 19◦
during the 32S + 64Ni (upper panel) and the 32S + 58Ni
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Fig. 1. Laboratory kinetic energy spectrum of the Z = 16
secondary fragments emitted at θ = 19◦ for the 32S + 64Ni
(upper panel) and the 32S + 58Ni (lower panel) reaction. The
arrows on the left hand side of the figure delimit deep-inelastic
events, while those on the right hand side quasi-elastic events.

(lower panel) reaction is reported. These energy spectra
have the shape typical of dissipative events with kinetic
energy up to the quasi-elastic peak.

In peripheral collisions one is able to follow the evolu-
tion of the dipole strength excitation with the degree of
kinetic energy dissipation or with the composite system
excitation energy and lifetime by selecting different zones
in the laboratory kinetic energy spectrum of the detected
secondary light fragments. In the present analysis two dif-
ferent zones are considered. The first zone is related to
fast quasi-elastic events (region between the arrows on the
right hand side of fig. 1) characterized by a small dissipa-
tion of kinetic energy and a small nucleon transfer, while
the second one (region between the arrows on the left hand
side of fig. 1) is related to deep-inelastic events correspond-
ing to slower reactions and larger energy dissipation.
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Fig. 2. Experimental γ-ray spectrum of the 32S + 64Ni (solid
lines) and of the 32S + 58Ni (dashed lines) reaction for quasi-
elastic (upper panel) and deep-inelastic (lower panel) events.
The crosses represent the difference between the γ-ray spectra
associated with the two reactions.

As laboratory kinetic energy of all the secondary light
fragments with the same atomic number, hitting each par-
ticle detector, was assumed the centroid of the considered
region of their laboratory energy spectra. The center-of-
mass kinetic energy of the primary light fragment was de-
termined from the one of the detected ejectile by taking
into account particle evaporation. The center-of-mass ki-
netic energy of the corresponding primary heavy fragment
was then deduced in the hypothesis of a binary reaction.
Finally, the center-of-mass kinetic energy in the exit chan-
nel for each fragmentation was inferred from that obtained
with each particle detector by taking into account the de-
tector experimental weight.

The total excitation energy shared between the pri-
mary fragments for each fragmentation can be written as

E∗ = Ein +Qgg − Eout , (1)

where Ein and Eout are the center-of-mass kinetic energies
in the reaction entrance and exit channels and Qgg is the
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Fig. 3. Experimental γ-ray spectrum of the 32S + 64Ni (solid
line) and of the 32S + 58Ni (dashed line) reaction obtained
with BaF2 scintillators situated at θ = 90◦ with respect to the
beam direction for deep-inelastic events. The crosses represent
the difference between the γ-ray spectra associated with the
two reactions.

ground-state Q value. In the case of pre-equilibrium light
particle emission, the total excitation energy decreases
from the value of eq. (1) by an amount ∆E taken away
from the pre-equilibrium particles (see sect. 4).

In fig. 2 is reported the exclusive differential γ-ray mul-
tiplicity associated with the 32S + 64Ni (solid line) and the
32S + 58Ni (dashed line) reaction, for different energy dis-
sipations. These spectra were obtained with all the γ-ray
and particle detectors and are presented in the laboratory
reference frame. εdet is the efficiency of the experimen-
tal apparatus. In the upper panel of the figure the spectra
for quasi-elastic reactions are presented, while in the lower
one the spectra related with more dissipative collisions are
shown (see the corresponding regions in fig. 1).

In the quasi-elastic and deep-inelastic case of fig. 2 the
spectra correspond to the same average total excitation
energy shared between the primary complex fragments
for both reactions. The average total excitation energy
was found to be ∼ 45 MeV for the quasi-elastic events
and ∼ 110 MeV for the deep-inelastic ones by taking into
account the pre-equilibrium emission of light particles as
described in sect. 4. In the same figure, the crosses repre-
sent the difference between the experimental differential γ-
ray multiplicities associated with the two reactions. From
fig. 2 one can see that the differential γ-ray multiplicities
corresponding to fast quasi-elastic events of the two re-
actions are identical within the error bars in the whole
energy region of interest (upper panel of fig. 2) while for
deep-inelastic events (lower panel of the same figure) a
difference appears in the range Eγ = 10–16 MeV with a
larger dipole γ-ray emission during the more N/Z asym-
metric reaction.

In fig. 3 the cumulative experimental differential γ-ray
multiplicity of the 32S + 64Ni (solid line) and the 32S+58Ni
(dashed line) reaction obtained with the BaF2 scintillators
at θ = 90◦ with respect to the beam direction together
with their difference (crosses) are presented for deep-
inelastic collisions. In this case as well, a clear difference
between the data can be seen in the same energy range.

From the above, it seems that for quasi-elastic col-
lisions, there is no difference within the error bars in
the dipole γ-ray emission between the two reactions in-
dependently of their entrance channel charge asymme-
try. However, by going towards slower, more dissipative
events, there are more dipole γ-rays emitted in the more
N/Z asymmetric reaction. The fact that for quasi-elastic
reactions no N/Z effect was observed in the data can
be attributed to the very short lifetime of the dinucleus
(t0 ∼ 10−22 s) as fragmentation occurs before complete
relaxation of the charge degree of freedom between the
colliding ions.

4 Evaluation of the complex fragment
statistical γ-decay

The γ-rays detected in coincidence with the complex frag-
ments originate in the γ-decay of the dinucleus before frag-
mentation as shown in [8–10] and in the statistical γ-decay
of the fragments. Before attributing the difference between
the γ-ray multiplicities associated with the two reactions
to the difference of the respective dinucleus γ-decay, one
has to evaluate and subtract from the experimental γ-ray
spectra the statistical γ-ray spectra of the complex frag-
ments emitted during the collisions.

In the following, only deep-inelastic events will be con-
sidered since only in this case a difference between the data
was observed.

The excited complex fragments can be treated as com-
pletely equilibrated nuclei and their γ-ray spectrum can
be calculated by using the statistical code CASCADE [18].

In this work, we recall briefly the main ingredients
of the statistical model calculations since a detailed de-
scription of such calculations can be found in [10]. In
the hypothesis of a binary fragmentation and of no pre-
equilibrium particle emission, the masses of the primary
complex fragments in coincidence with the considered ex-
perimental γ-ray spectrum are assumed to be roughly
equal to those of the entrance channel. Then, we limit
ourselves to calculate the statistical γ-ray spectrum of
the most probable fragmentation, i.e. of S-like and Ni-like
fragments.

For the present incident energies, Lgr = 127�, Lcf =
62� for the 32S + 64Ni reaction and Lgr = 129�, Lcf = 59�
for the 32S + 58Ni reaction, with Lgr and Lcf the grazing
angular momentum and the critical angular momentum
for fusion, respectively.

The entrance channel angular momentum �Li was

�Li = � [Lcf + 0.66 (Lgr − Lcf)] . (2)

According to the above relation �Li was 105� for both
reactions. The angular momentum �Lf transferred to the
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Table 1. Parameters used in the CASCADE code for the cal-
culation of the complex fragment statistical γ-ray spectra in
the hypothesis of no pre-equilibrium light particle emission.

Nucleus E∗ Spin EGDR ΓGDR SGDR a

(MeV) (� ) (MeV) (MeV) (TRKSR) (MeV−1)
32S 49 8 20 13 1 A/8
64Ni 86 21 16.5 12 1 A/8
58Ni 92 21 17 12 1 A/8

exit channel was obtained according to the sticking model
which is appropriate for deep-inelastic events. The parti-
tion of the total dissipated angular momentum, �(Li−Lf),
between the fragments was performed according to their
moment of inertia.

The composite system moment of inertia at the scis-
sion point was calculated in the same way as in [10]. The
total excitation energy shared between the primary frag-
ments in the assumption of a binary reaction and of no
pre-equilibrium light particle emission was determined as
described in sect. 3. The total excitation energy sharing
among the primary fragments was done proportionally to
their masses according to a thermal equilibrium hypoth-
esis at the fragmentation moment which is reasonable in
the case of deep-inelastic events. The corresponding ex-
citation energies and spins of the primary complex frag-
ments emitted in the two reactions are listed in table 1.

For the projectile-like fragment an isospin dependent
version of CASCADE [18] was used, while for the target-
like fragment the usual isospin independent version was
considered sufficient to describe its statistical γ-decay.
To our knowledge, there is no experimental information
on the GDR parameters in the 58Ni and the 64Ni com-
pound nuclei formed at the same initial conditions as in
the present work, i.e., the same excitation energy and the
same spin. Besides the data referring to the GDR built on
the ground state of 58Ni and the 60Ni [19], there are data
concerning the GDR decay of the hot equilibrated nuclei
63Cu [20] and 59Cu [21], formed at lower excitation energy,
E∗ = 77.4 MeV, than that of the present case and spin
extending up to Jcrit = 35� and Jcrit = 38�, respectively.
Then, for the calculation of the statistical γ-ray spectra
of the 58Ni and the 64Ni nuclei, the GDR centroid energy
and the GDR strength were assumed to be equal within
the errors to those quoted in [20,21], while the value of
the GDR width for both the 58Ni and the 64Ni nuclei was
taken to be intermediate between the values derived in
[20,21]. However, the results of the analysis do not change
by modifying the GDR parameters within ±0.5 MeV for
the centroid energy, ±1 MeV for the width and ±0.1 for
the strength. The parameters used in the statistical model
calculations are presented in table 1.

The theoretical γ-ray spectra were folded by the ex-
perimental set-up response function by using the code
GEANT3 [22]. The Doppler shift correction due to the ve-
locity of the fragments in the laboratory reference frame
was also considered as described in [10].

The dominant mechanism which feeds the γ-ray spec-
tra at energies larger than 20 MeV should be the nucleon-
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Fig. 4. Upper panel: experimental γ-ray spectrum of the
32S + 64Ni (squares) reaction, statistical γ-ray spectrum of the
fragments (solid line) in the hypothesis of no pre-equilibrium
particle emission and difference between the experimental and
the statistical γ-ray spectrum (circles) representing the dinu-
cleus γ-ray spectrum. The theoretical spectra are Doppler cor-
rected and folded with the experimental set-up response func-
tion. Furthermore, they are divided by a factor of 1.8. Data
and theoretical calculations are displayed in the laboratory ref-
erence frame. Middle panel: The same as in the upper panel
for the 32S + 58Ni reaction. Lower panel: percent difference
between the dinucleus γ-ray spectra associated with the two
reactions (see text).
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Table 2. Parameters used in the CASCADE code for the cal-
culation of the complex fragment statistical γ-ray spectra in
the hypothesis of pre-equilibrium emission of 2 nucleons.

Nucleus E∗ Spin EGDR ΓGDR SGDR a

(MeV) (� ) (MeV) (MeV) (TRKSR) (MeV−1)
32S 40 8 20 13 1 A/8

62Co 68 21 17.8 11 1 A/9
56Co 70 21 17.8 11 0.9 A/9

nucleon Bremsstrahlung [23]. At the present incident en-
ergy 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 18 MeV, its contribution
was neglected in the analysis.

In order to reproduce the absolute value of the experi-
mental γ-ray spectra the theoretical ones were normalized
by dividing them by a factor of 1.8 for both reactions.

Experimental and theoretical γ-ray spectra are pre-
sented in fig. 4. In the upper and middle panel of the figure
the squares correspond to the experimental γ-ray spectra
of the 32S + 64Ni and 32S + 58Ni reaction, respectively,
while the solid lines are the relative theoretical γ-ray spec-
tra of the fragments. Both data and calculations are dis-
played in the laboratory reference frame. From fig. 4, one
can see that the theoretical γ-ray spectra reproduce well
the experimental ones associated with the two reactions at
both low and high energies. However, as stated in [8–10],
the statistical γ-decay of the complex fragments under-
predicts the experimental γ-ray multiplicity in the energy
range from ∼10 to ∼18 MeV. The difference between the
experimental and the theoretical γ-ray multiplicity corre-
sponds to the γ-ray emission from the dinucleus before
fragmentation (circles of the upper and middle panel of
fig. 4). In the lower panel of the same figure the percent
difference is presented which corresponds to the difference
between the γ-ray spectra associated with the dinucleus in
the two reactions divided by the experimental γ-ray spec-
trum of the 32S + 58Ni reaction. The percent difference
can be written:

d∆γ

dEγ

/(
dMγ

dEγ

)
32S+58Ni

=

[(
dMγ

dEγ

)dinucleus

32S+64Ni

−
(
dMγ

dEγ

)dinucleus

32S+58Ni

]/(
dMγ

dEγ

)
32S+58Ni

.

From the percent difference of fig. 4 it is clear that even
after the subtraction of the complex fragment statistical
γ-ray spectra from the data, there are still more γ-rays
emitted in the more N/Z asymmetric reaction, i.e., more
γ-rays coming from the associated dinucleus.

The fact that the theoretical γ-ray multiplicities had to
be divided by a factor of 1.8 to reproduce the experimen-
tal ones indicates that the total excitation energy shared
among the fragments was too large. Indeed, according to
different experimental findings [24,25] at the present inci-
dent energies there is some pre-equilibrium particle emis-
sion which has to be taken into account in the calculation
of the total excitation energy.
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Fig. 5. The same as in fig. 4 in the hypothesis of pre-
equilibrium emission of a proton and a neutron. In this hy-
pothesis there is no normalization factor between data and
calculations.

If we use the empirical relation given in ref. [25] the
energy taken away from the emitted pre-equilibrium par-
ticles during the 32S + 64Ni and the 32S + 58Ni reaction
is found to be ∆E = 29 MeV and ∆E = 34 MeV, respec-
tively, by assuming the emission of one proton and one
neutron. Then, the most probable initial fragmentations
for the two reactions can be considered: 32S + 62Co and
32S + 56Co. The total excitation energy, lowered by the
energy lost in the pre-equilibrium emission of 2 nucleons,
by assuming always thermal equilibrium at the fragmenta-
tion moment, was shared between the primary fragments
according to their masses. The corresponding excitation
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Fig. 6. The same as in fig. 5 for data obtained with BaF2

scintillators situated at θ = 90◦ with respect to the beam di-
rection.

energies and spins of the primary complex fragments are
presented in table 2.

As previously, by using the code CASCADE, only the
statistical γ-ray spectra for the most probable fragmenta-
tion were calculated, i.e. of S-like and Co-like fragments.
The statistical model parameters used in the calculation
are given in table 2.

The used GDR centroid energy for the target-like frag-
ments, 56Co and 62Co, is in good agreement with the
ground-state systematics concerning the 59Co [19]. In this
case as well, all the theoretical γ-ray spectra were folded
with the experimental set-up response function and were
corrected for the Doppler effect due to the velocity of the
fragments.
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laboratory reference frame by using the spectra (circles) of:
upper panel: fig. 4; middle panel: fig. 5; lower panel: fig. 6.

By using the same symbols as in fig. 4, in fig. 5 the
data and the theoretical spectra are presented. The theo-
retical spectra were obtained assuming a pre-equilibrium
emission of 2 nucleons, therefore in the hypothesis of a
lowered total excitation energy. The experimental γ-ray
multiplicities are well reproduced by the theoretical ones
at low and high energies both in shape and in absolute
value without any normalization factor. However, also
in this case, the theoretical γ-ray multiplicity is lower
than the experimental one in the energy range from ∼10
to ∼18 MeV, the difference originating in the dinucleus
γ-ray emission (circles in the upper and middle panel).
The percent difference between the dinucleus γ-ray
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Fig. 8. System 32S +64 Ni at 10 AMeV. Impact parameter b = 1 fm, central collisions. Time evolution of: a) D(t) (in fm units);
b) DK(t) (in fm−1); c) D(t)/DK(t) correlation; d) Mass quadrupole moment (in fm2).

spectra associated with the two reactions is displayed in
the lower panel of the same figure. Also here, more γ-rays
are found to be emitted from the dinucleus during the
reaction with the larger initial dipole moment.

It is worth noting that by taking into account the pre-
equilibrium particle emission there is no need for normal-
ization of the theoretical γ-ray multiplicities to the ex-
perimental ones. Therefore, the lowering of the total exci-
tation energy caused from a pre-equilibrium light particle
emission is necessary to reproduce both the shape and the
absolute value of the data. In this hypothesis, the total ex-
citation energy shared by the complex fragments is equal
in the two reactions within the uncertainties of the model
used for the calculation (see table 2).

It was also checked that by modifying the GDR param-
eters used in the CASCADE calculations within±0.5 MeV
for the centroid energy,±2 MeV for the width and±0.1 for
the dipole strength, the difference between the γ-ray emis-
sion of the dinucleus in the two reactions does not vanish.

In fig. 6 the cumulative experimental γ-ray spectra ob-
tained with the BaF2 scintillators situated at θ = 90◦
with respect to the beam direction are displayed for both
reactions (squares) together with the calculated spectra
for this specific angle and in the hypothesis of a pre-

equilibrium emission of 2 nucleons (solid lines). The circles
represent the dinucleus contribution in the two reactions.
In the lower panel the percent difference between the din-
ucleus γ-ray spectra associated with the two reactions is
presented.

From what was shown up to now, a larger emission
of dipole γ-rays occurs during the more N/Z asymmet-
ric deep-inelastic reaction which cannot originate in the
γ-decay of the complex fragments. These dipole γ-rays in
excess are emitted from the corresponding dinucleus be-
fore fragmentation.

In fig. 7 the difference between the γ-ray spectrum of
the dinucleus created in the two reactions is presented in
the two hypotheses for the calculation of the total excita-
tion energy to be shared between the primary fragments.
In the upper (middle) panel of fig. 7 the difference ob-
tained without (with) pre-equilibrium particle emission is
displayed for the two reactions. In the lower panel is re-
ported the difference obtained with the BaF2 scintillators
situated at θ = 90◦ in the hypothesis of pre-equilibrium
particle emission.

The difference εdet*
d∆γ

dEγ
is attributed to the un-

equal initial dipole moment in the corresponding entrance
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Fig. 9. Like previous figure. Impact parameter b = 6 fm, semiperipheral collisions.

channels. If εdet*
d∆γ

dEγ
is integrated over the energy region

between 10 and 20 MeV by taking into account the detec-
tor efficiency we obtain the energy integrated multiplicity
of dinucleus dipole γ-rays caused by the initial dipole mo-
ment difference. We estimate ∆γ ∼ 1.4 · 10−4γ /decay
for the upper panel and ∆γ ∼ 1.2 · 10−4γ /decay for the
middle one.

Since in the hypothesis of pre-equilibrium particle
emission both the shape and the absolute value of the ex-
perimental γ-ray multiplicity spectra are reproduced, in
the following this hypothesis will be retained. All of the
spectra in the previous figures are displayed in the labo-
ratory reference frame. Then, in order to have the energy
integrated dipole γ-ray multiplicity of the composite sys-
tem in the reaction center-of-mass, the data and the cal-
culated statistical γ-ray spectra of the fragments should
be presented in the center of mass reference frame. Oth-
erwise, one can consider the difference obtained only with
the BaF2 scintillators situated at θ = 90◦ (lower panel of
fig. 7), where the Doppler-shift correction due to the ve-
locity of the composite system is negligible. In that case,
∆γ ∼ 3 · 10−4γ /decay.

The energy integrated dipole γ-ray multiplicity of the
dinucleus and that of the statistical part of the spectrum

coming from the decay of the complex fragments in the
two reactions, can be obtained by integrating the differ-
ential γ-ray multiplicity in the range Eγ = 10–20 MeV of
the corresponding quantities for θ = 90◦ and by taking
into account the detection efficiency.

In the case of the 32S + 58Ni reaction the energy
integrated dipole γ-ray multiplicity of the dinucleus is
(3 ± 1) · 10−4γ /decay, while that of the statistical part
is equal to (2.7±0.5) ·10−3γ /decay. In the case of the 32S
+ 64Ni reaction the energy integrated dipole γ-ray multi-
plicity of the dinucleus is (5.6 ± 1) · 10−4γ /decay, while
that of the statistical part is equal to (3 ± 0.5) · 10−3γ
/decay. Then, the ratio of the dinucleus/statistical part of
the γ-ray spectrum is of the order of 10% for the 32S +
58Ni reaction and 20% for the 32S + 64Ni one.

The masses of the intermediate systems created dur-
ing the two reactions differ by 6 nucleons. However, as we
have already pointed out in the introduction, the dipole
γ-ray emission of the dinucleus created in charge asym-
metric peripheral heavy-ion collisions corresponds essen-
tially to a dipole radiation during the charge equilibration
process. This kind of radiation depends on the absolute
value of charge which has to be shifted in order to restore
the (Nt+Np)/(Zt+Zp) equilibrium ratio of the composite



432 The European Physical Journal A

Fig. 10. System 32S +64 Ni at 10 AMeV. Power spectrum |D′′(ω)|2 (in c2 units): a) impact parameter b = 1 fm; b) b = 3 fm
(fusion dominance, see text); c) b = 5 fm; d) b = 7 fm (deep-inelastic dominance).

system [13], therefore it should not be influenced by such
a mass difference. We also note that the dinucleus dipole
collective mass, NZ/A, is changing only by less than 10%.
This quantity, through its square, is directly affecting the
pre-equilibrium emission probability (see next section). So
the net effect of the composite system mass difference can
be neglected for the dynamical dipole discussion.

5 Discussion and theoretical predictions

The dynamics of dissipative reactions is described in a mi-
croscopic approach based on semiclassical transport equa-
tions, where mean field and two-body collisions are treated
in a self-consistent way, see details in [3]. Realistic effective
interactions of Skyrme type are used. The numerical accu-
racy of the transport code has been largely improved in or-
der to have reliable results also at low energies, just above
the threshold for fusion reactions [3,4,26]. The resulting
physical picture is in good agreement with quantum Time-
Dependent-Hartree-Fock calculation [14]. In particular we
have studied in detail how a collective dipole oscillation
develops in the entrance channel [4].

First, during the approaching phase, the two partners,
overcoming the Coulomb barrier, still keep their own re-

sponse. Then a dinuclear phase follows when the conver-
sion of relative motion energy in thermal motion starts
to take place, mainly due to nucleon exchange. The com-
posite system is not thermally equilibrated and manifests,
as a whole, a large amplitude dipole collective motion. Fi-
nally thermally equilibrated reaction products are formed,
with consequent statistical particle/radiation emissions.

In the second (dinuclear) phase some pre-equilibrium
collective dipole radiation can be also emitted. We can
directly apply a Bremsstrahlung (“bremss”) approach [27,
15] to estimate this contribution.

The total photon emission probability from the dipole
mode oscillations, as given by the Bremsstrahlung for-
mula, can be expressed as [28] (Eγ = �ω)

dP
dEγ

=
2e2

3π�c3Eγ

(
NZ

A

)2

|X ′′(ω)|2 , (3)

where X ′′(ω) is the Fourier transform of the acceleration
X ′′(t) associated with the distance between the centers of
mass of protons (P ) and neutrons (N), X = Rp−Rn. A =
N +Z is the system mass. Thus, following the time evolu-
tion of the dipole mode along the fusion and deep-inelastic
dynamics, it is possible to evaluate, in absolute values, the
corresponding pre-equilibrium photon emission [15].
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Fig. 11. System 32S +64 Ni at 10 AMeV. Bremsstrahlung spectrum (solid lines) and the first-step statistical spectrum (dashed
lines): a) impact parameter b = 1 fm; b) b = 3 fm (fusion dominance, see text); c) b = 5 fm; d) b = 7 fm (deep-inelastic
dominance).

Now we focus on the dynamical dipole mode in the
entrance channel and we study the dependence of the pre-
equilibrium dipole oscillations on the centrality of the col-
lision. We look at the relative weight vs. the statistical
contribution.

We show results obtained from “ab initio” reaction
simulations for the system 32S(N/Z = 1) on 64Ni(N/Z =
1.28), at 10AMeV, in order to compare with the present
data [29].

From figs. 8, 9 we see how the dynamical dipole effect
depends on the impact parameter and related main reac-
tion mechanism, from b = 1 fm (fig. 8) where we have a
fusion dominance to b = 6 fm (fig. 9) where we get mostly
binary events. The plotted results represent an average
over several simulation events.

Panels a),b) show the time evolution of the dipole
moment in r-space, D(t) = NZ

A X(t), and in p-space,
DK(t) = Π/�, where Π = NZ

A (Pp

Z − Pn

N ), with Pp (Pn)
center of mass in momentum space for protons (neutrons),
is just the canonically conjugate momentum of the X co-
ordinate, see [4,15]. We choose the origin of time at the
beginning of the dinuclear phase. The nice “spiral” corre-

lation in panel c) clearly denotes the collective nature of
the mode. Finally in panel d) the mass quadrupole mo-
ment is reported, to indicate the main reaction process,
from oscillations to fusion (fig. 8d) to separation in deep-
inelastic collisions (fig. 9d).

From figs. 8, 9 we note that the “spiral-correlation”
starts when the initial dipole moment D(t = 0), the ge-
ometrical value at the touching point, is already largely
quenched. This is the reason why the dinucleus dipole
yield is not simply given by the “static” estimation but
the reaction dynamics has a large influence on it. In any
case in our simulations we have a much smaller collective
dipole dinuclear excitation for the more charge symmet-
ric system 32S + 58Ni, see [29]. Therefore, here we will
focus our study on the new interesting impact parameter
dependence of the pre-equilibrium dipole radiation for the
system with larger entrance channel charge asymmetry.

From figs. 8, 9 we clearly see that the dynamical dipole
is present even for dissipative binary collisions (deep in-
elastic) but the effect is decreasing with the centrality and
the amount of dissipation. The latter point can be quan-
titatively estimated from the power spectrum, Fourier
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Fig. 12. System 32S +64 Ni at 10 AMeV. Integrated pho-
ton multiplicities vs. centrality: Top: crosses, “bremss” con-
tribution (dinucleus); stars, first-step statistical. Bottom:
(bremss/stat) ratio.

transform of the dipole acceleration, plotted in fig. 10 for
increasing impact parameters.

From the Bremsstrahlung formula eq. (3) this quan-
tity directly gives the total photon emission probability
from the pre-equilibrium dipole mode, which is reported
in fig. 11.

In the same figure we show the first step statistical
spectrum (dashed lines). The latter is just the product of
the statistical γ-decay rate [30], times the mean lifetime of
the equilibrated source [15]. The properties (masses and
charges, excitation energies, angular momenta) of the pri-
mary hot sources (heavy residue or Projectile-like/Target-
like fragments) are directly extracted from the simulation
[29]. For the statistical GDR, the standard parameters
from systematics, including temperature dependence of
the width, are considered.

We note that, with increasing impact parameters,
while the pre-equilibrium spectrum is shifted towards
lower energies as a consequence of the larger dinuclear de-
formation, the statistical contribution is showing an oppo-
site trend, since for binary events we have a thermal GDR
emission from lighter systems.

Finally in fig. 12 we report the total photon multiplici-
ties integrated over the two resonance regions (see fig. 11),
of the dynamical dipole (crosses) and of the statistical
GDR (stars), respectively. In the same fig. 12 (bottom)
we present also the ratio between total pre-equilibrium
and total statistical (first step) multiplicities.

We remark that this calculation is completely
parameter-free and no normalization to data is performed.
The results are clearly showing the dynamical dipole emis-
sion in deep-inelastic reactions with charge asymmetry
in the entrance channel. Moreover we see an appreciable
agreement with the data for the absolute value of the inte-
grated “dinucleus” multiplicity, fig. 12 (top), as well as for
the ratio to the statistical part, of the order of 30–40% in
the deep-inelastic case. This is actually somewhat larger
than experiments, but only first-step statistical decays are
considered.

6 Conclusions

In this work the dependence of the pre-equilibrium dipole
γ-ray emission on the entrance channel charge asymmetry
in the 32S + 58Ni and 32S + 64Ni peripheral collisions has
been investigated. In these reactions, apart the entrance
channel charge asymmetry, the other relevant parameters
were kept constant. The energy spectra of the γ-rays de-
tected in coincidence with the complex fragments emit-
ted in the two reactions were compared with each other
for fast quasi-elastic and slower deep-inelastic collisions.
For quasi-elastic collisions the differential γ-ray multiplic-
ity for the two reactions was identical within the error
bars in the whole energy region of interest, while for deep-
inelastic collisions a difference appears in the energy range
Eγ = 10–16 MeV with the more N/Z asymmetric reaction
having the larger differential γ-ray multiplicity.

In order to isolate the dinuclear system contribution in
the total experimental γ-ray spectrum, calculations were
performed within the statistical model to evaluate the the-
oretical γ-ray spectrum originating in the statistical decay
of the primary complex fragments emitted during the re-
actions. The difference was still present in the same energy
range after the theoretical γ-ray spectra of the fragments
were subtracted from the experimental ones. According to
the conclusion drawn throughout the paper, this difference
comes from a larger dipole γ-ray emission from the dinu-
cleus created during the more N/Z asymmetric collision.
The absence of any difference between the data for quasi-
elastic events was associated with the short dinucleus life-
time, as fragmentation occurs before complete relaxation
of the charge degree of freedom between the colliding ions.

The theoretical analyses based on a collective
Bremsstrahlung approach [15] are qualitatively and quan-
titatively confirming the presence of a prompt dipole radi-
ation for the charge asymmetric system in all dissipative
collisions, from fusion to deep inelastic. For that system, a
good agreement is obtained between the theoretical abso-
lute value of the energy integrated dinucleus dipole γ-ray
multiplicity for an impact parameter b ∼ 6 fm (see fig. 12
(top)) and the experimental one.
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The collective dinuclear dipole emission is decreasing
with the centrality of the collision (see fig. 12) and there-
fore with the kinetic energy loss. This is not surprising
since the same mean-field dynamics is behind both effects,
dissipation and collective dipole mode. For very peripheral
reactions the dynamical radiation is rapidly disappearing
since the interacting system has no time to “organize” a
dinuclear mean field before separation.

Recently, a dependence of the prompt dipole γ-ray
emission on the incident energy was predicted [4,15] and a
range of incident energies was found, where the N/Z effect
becomes stronger. In the future, exotic beams could be of
great interest for the study of the dynamical dipole excita-
tion both on the entrance channel charge asymmetry and
on the incident energy by allowing to obtain large entrance
channel charge asymmetries. Since the prompt dipole γ-
ray emission is a cooling mechanism of the composite sys-
tem in fusion reactions its systematic study could be a
significant aid in the superheavy-element formation.

The authors would like to thank A. Vitturi and P. F. Bortignon
for stimulating discussions.
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