
Statistical and preequilibrium g-ray emission in heavy ion reactions at 25 MeV/nucleon

F. Amorini,1,2 G. Cardella,3,* A. Di Pietro,1 P. Figuera,1 G. Lanzalone,1,2 Lu Jun,1 A. Musumarra,1,4 M. Papa,3 S. Pirrone,3

F. Rizzo,1,2 W. Tian,1 and S. Tudisco1,4

1INFN, Laboratorio Nazionale del Sud, Catania, Italy
2Dipartimento di Fisica e Astronomia, Università di Catania, Italy

3INFN, Sezione di Catania, Catania, Italy
4Dipartimento di Metodologie Fisiche e Chimiche per l’Ingegneria, Università di Catania, Catania, Italy

(Received 24 June 2003; published 30 January 2004)

We measuredg-ray spectra in coincidence with charged particles for the reactions40Ca+48Ca,46Ti at beam
energy of 25 MeV/nucleon. Events corresponding to reaction mechanisms from quasielastic to fusion were
observed. In fusion and in inelastic reactions an enhancement in theg-ray spectra is present in the energy
region around 10 MeV for the48Ca target with respect to46Ti data. The analysis of theg-ray spectra relative
to 48Ca and 46Ti targets shows the persistence of the GDR up to an excitation energy around
4−5 MeV/nucleon for the mass region around 60. This result was obtained by including, in the statistical
calculations, corrections due to the open decay channels, the mass dependence of the GDR parameters, and
isospin effects.
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I. INTRODUCTION

Theg-ray energy spectra produced in heavy ion collisions
carry detailed information on the excited systems populated
in nuclear reactions. Low-energyg-ray multiplicity [1], Gi-
ant Dipole Resonance(GDR) g decay [2], and nucleon-
nucleon bremsstrahlung[3], have been extensively studied in
order to extract such information. Recently it has been sug-
gested [4] to investigate throughg-ray spectra into the
liquid-gas phase transition of nuclear matter. During this
transition the nuclear matter cannot show a collective behav-
ior and before the transition occurs, the collective excitations
like the GDR should disappear. Therefore the detailed study
of GDR at very high excitation energy can be useful to un-
derstand the behavior of nuclear matter close to the liquid-
gas phase transition. Some measurements[5,6] show the
GDR disappearance at an excitation energysEcutof f

* d of about
2−3 MeV/nucleon, near the energy where the mixed liquid-
gas phase is claimed to appear for mass around 200[7]. We
studied systems around mass 60 populated through the reac-
tions 40Ca+48Ca,46Ti at 25 MeV/nucleon beam energy[8],
and we observed the presence of the GDR at excitation en-
ergies up to 4−5 MeV/nucleon, about two times more than
was previously measured. The difference in the limiting ex-
citation energy measured in our work with respect to the
previous ones agrees to the mass dependence of caloric
curves recently analyzed by Natowitzet al. [9]. They noted
in fact that the plateau of the caloric curve starts around
8 MeV/nucleon of excitation energy for mass between 30
and 60, whereas it is found around 4 MeV/nucleon for mass
above 100 a.m.u.

In this work we will discuss in a more complete and de-
tailed way the results concerning the study of the reactions
40Ca+48Ca,46Ti at 25 MeV/nucleon[8]. The two systems

with differentN/Z ratio were studied to search for a possible
dependence of the GDR limiting temperatures on theN/Z
ratios[10]. Furthermore, the study of these two systems was
also important to obtain complementary information on the
preequilibriumg-ray emission[11–18]. Such preequilibrium
effects, which are produced by the fast charge equilibration
in reactions betweenN/Z asymmetric projectile-target sys-
tems [16], can in fact affect the statistical analysis of the
spectra. In our case the46Ti targetsN/Z=1.09d has been used
as a reference system to evidence the preequilibrium effects
in the N/Z asymmetric40CasN/Z=1d+ 48CasN/Z=1.4d reac-
tion. We will discuss the evolution of such preequilibrium
emission for the different reaction mechanisms observed.
The results of preequilibrium analysis will be used to iden-
tify the energy region of theg-ray spectra where the statis-
tical analysis can be performed without problems. An error
analysis will complete this paper showing the confidence
level of our results. The paper is divided into four sections.
In Sec. II, we describe the experimental setup and results. In
Sec. III statistical calculations are presented together with
data analysis. Section IV is devoted to the conclusive re-
marks.

II. EXPERIMENTAL APPARATUS AND RESULTS

The experiment was performed at the Superconducting
Cyclotron of the Laboratori Nazionali del Sud(LNS) in
Catania. A 25 MeV/nucleon beam of40Ca was used imping-
ing on self-supporting 3 mg/cm2 thick targets of48Ca,46Ti
both 95% isotopically enriched. All the procedures concern-
ing the targets from the storage phase to the mounting in the
scattering chamber were realized under controlled atmo-
sphere to avoid oxidation.

We used the multidetector system TRASMA[19]. In this
apparatusg rays are measured by using 63 BaF2 detectors,
arranged in nine clusters of seven crystals each. These clus-
ters are positioned 25 cm far from the target at polar angles*Electronic address: Cardella@ct.infn.it
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of 45°, 90°, and 135°, and with azimuthal angles of 0°, 90°,
180°, covering a total solid angle of about 3 sr. The experi-
ments on the two targets were performed with the same ex-
perimental setup to allow a direct comparison of the data.

Detectors were calibrated during the experiment by using
low-energy standardg-ray sourcess88Y, 60Cod, and the
4.44 MeV g rays obtained by the241Am-9Be source. The
reliability of our energy calibration method around the GDR
energy has been checked in previous papers[20] by compar-
ing GEANT simulations with cosmic rays and the 1.51 MeVg
ray from p+ 12C reaction. Neutron subtraction was done us-
ing both time of flight and pulse shape information from
BaF2 detectors. The detector gain was checked by repeating
the calibration procedure several times during the experiment
and also by comparing(offline) the exponential slopes of the
spectra for the different runs. The comparison between the
calibration runs shows that the stability of the detectors was
better than 5%. Therefore the calibration uncertainty was less
than 1 MeV around 15 MeV.

Charged particles in coincidence with at least twog rays
were detected by using a forward angleDE-E hodoscope.
The first stagesDEd was an annular silicon strip detector
300 mm thick covering the wholef and a polar angular
rangeulab=3°−6°.This detector is divided into eight sectors,
each one segmented into nine strips. The second stage
(E) consists of eight CsI(Tl) detectors(one for each sector of
the silicon detector) 6 cm long with photodiode readout. The
silicon detector calibration was obtained using elastic scat-

tering and punching through energies. The CsI(Tl) detectors
were calibrated using again elastic scattering and the silicon
calibration through energy loss calculations. The known non-
linearity of the CsI(Tl) light response and its dependence
from the charge of impinging particles was taken into ac-
count by using a neural network approach[21].

A. Charged particle spectra

Fragments stopped in the annular silicon strip detector
were chargesZd identified by using a pulse shape analysis of
the signal[22,23]. Contrary to Refs.[22,23], in the present
case, ions were impinging on the detector from the junction
side. This allows a faster time response of the detectors thus
decreasing the problems with the coincidence measurements
of g rays, however a drawback is the larger identification
threshold obtained(around 6 MeV/nucleon). In Fig. 1(a) a
typical E “rise time” (rise time of the silicon detector signal
after the charge preamplifier) scatter plot is reported showing
the quality of the charge identification. Particles passing
through the silicon stage are identified with the standard
DE-E technique, see Fig. 1(b).

The velocity spectra of charge identified particles, pro-
duced in the reaction with the48Ca target, detected atulab
=3° and ulab=6° are reported in Fig. 2. The velocity was
evaluated from the detected energy assuming the mass of the
stable isotopes. Similar spectra were obtained also for the
46Ti case. The hole in the middle of the spectra is an artifact

FIG. 1. (Color) (a) Energy “rise-time” scatter plot for the reaction40Ca+48Ca at 25A MeV for particles stopped inside the silicon detector
(300 mm thick) The box indicates the selected region of evaporation residues.(b) DE-E scatter plot for particles producing a signal in the
CsI(Tl).
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due to the CsI(Tl) energy threshold. This hole separates two
different selection regions named in the following FAST
[particles of high energy detected also in the CsI(Tl) scintil-
lators] and SLOW(particles stopped in the silicon detectors).
In Fig. 3 the measured angular distribution for each charge,
obtained by summing FAST and SLOW contributions, is
shown. Looking at Fig. 2 and 3 we can follow the evolution
of the reaction mechanisms involved. A quasi-elastic contri-
bution, strongly forward peaked is observed near the projec-
tile charge(note that elastic peak is suppressed by the two-
fold g-ray coincidence requirement). More dissipative
reactions with a rather constant angular behavior can be ob-
served for charges far from the projectile one. The spectra of
Fig. 2 are cut at small velocity by the identification thresh-
old. In particular particles with center of mass(c.m.) velocity
sb=0.105d cannot be seen. Anyhow we can evaluate the
presence of such particles in Fig. 4(a) by looking at the rise-
time projection of the scatter plot of Fig. 1(a). In this picture
we note two bumps, the largest one, labeled as “dissipative
reactions,” includes the SLOW part of the velocity spectra of
Fig. 2, the smaller one, labeled “H.R.”(heavy residue), cor-
responds to the region enclosed in the squared box of Fig.
1(a). The energy projection of this region is peaked around
200 MeV, Fig. 4(b). From simple kinematic considerations,
supported also byGEMINI [24] calculations, we expect,
around this energy, H.R. produced in incomplete fusion re-
actions. This assignment is further confirmed by a work on
the 40Ca+48Ti reaction[25] at the same beam energy and by
constrained molecular dynamics calculations(CoMD) [26]
(dots with error bars). The fusionlike products are well sepa-
rated from dissipative reaction products as can be already

seen in Fig. 1(b). The quality of this separation can be evalu-
ated by performing a two Gaussian fit in Fig. 4(a). This fit
shows that the contribution of the tail of dissipative events
on the H.R. region is rather small(less than 5%) using a cut
at −40 in the rise time axis. This cut will be used in the
analysis of H.R. later.

B. g-ray energy spectra

In Fig. 5 are reported theg-ray multiplicity spectra mea-
sured at 90° for the40Ca+48Ca reaction in coincidence with
different type of particles. Such spectra are obtained by nor-
malizing the measured energy spectra to the number of par-
ticles detected for the particular cut used. The geometrical
solid angle of BaF2 detectors is taken into account to give the
absolute normalization. The effect of the experimental trig-
ger (a multiplicity 2 for g rays was required, thus strongly
suppressing low-multiplicity events) is also included. In the
four panels we compare the spectrum measured in coinci-
dence with H.R. and the other selections. The main differ-
ence in the spectra is observed in the high-energy region
where GDR and bremsstrahlung contributions dominate. As
a general trend we note that the SLOW selections show a
higher yield than the FAST ones, as expected, due to the
higher excitation energy available. The highest yield is ob-
served in coincidence with H.R. For such selection the fit
with an exponential function forg energies larger than
30 MeV (the bremsstrahlung region), gives an inverse slope
parameter of 9.2±1.0 MeV, in agreement with previous
measurements[29] at similar energies. The energy range of
our spectra is not large enough to observe the two slopes
evidenced in more recent studies[27,28].

The yield variation observed in Fig. 5 is better quantified
in Fig. 6 where the integrals of all the collected spectra for
energy higher than 30 MeV are reported(including also the
clusters at 45° and 135°). g rays of these energies are mainly
produced via nucleon-nucleon bremsstrahlung and their
emission probability can be related to the number of proton-
neutron collisions in the first stage of the reaction[3,5]. The
probability to generate suchg rays can be connected to the
overlap between the two reaction partners or to their impact
parameter. Attributing to theZ(15–17)FAST selection an av-
erage impact parameter around 7 fm(based on cross-section
considerations from the angular distribution of Fig. 3) and
using a simple geometrical model[3,5] we obtain, from the
measured yield, an average impact parameter of 2−3 fm for
the H.R. This average impact parameter is similar to that
obtained with CoMD calculations[26]. The large difference
(a factor 4 on average) between the yield observed with H.R.
and with SLOW selections, further confirms that different
reaction mechanisms contribute to the two regions.

A quite high multiplicity is observed in coincidence with
fast particles with charge from 6 to 9. This unexpected high
yield can be explained by assuming that this selection in-
cludes also projectilelike spectators of incomplete fusion
events.

C. Evidences for preequilibrium g-ray emission
and GDR decay

As reported in the Introduction, preequilibriumg-ray
emission has been observed in reactions between nuclei with

FIG. 2. Velocity spectra for the reaction40Ca+48Ca measured at
ulab=3° andulab=6° for different identified charges. The velocity is
obtained from the measured energy spectra assuming the mass of
the stable ions. The hole in the spectra is produced by the energy
threshold of CsI(Tl) detectors and separates the SLOW and FAST
selection regions as described in the text.
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a strong asymmetry in theN/Z ratio [11,12,14–16]. As soon
as projectile and target form a dinuclear system, in the very
first stages of the collision, nucleons begin to move in order
to equilibrate suchN/Z ratio. This motion of neutrons against
protons is similar to the commonly accepted picture of the
GDR excitation and its signature is the emission ofg rays in
the region between 8−12 MeV. Such energy is lower than
that of the standard GDR because the oscillation axis is ap-
proximately given by the sum of the two radii of the inter-
acting nuclei forming the dinuclear system. The ratio be-
tween theg-ray spectra collected for the two reactions can
evidence the presence of such preequilibrium effect. Such
ratios extracted for spectra collected at different angles and
for H.R., SLOW, and FAST selections are plotted in Figs. 7
and 8. In Fig. 8 we can see a clear enhancement in the spec-
tra around 10 MeV at all angles for the H.R. selection. A
similar trend but with larger error bars seems to be present

also for Z=18−20 SLOW selection. A rather flat behavior
with very small fluctuations can be seen forZ=10−14. The
different behavior observed for the various selections and the
presence of the enhancement at all angles confirms us that
the enhancement is not an artifact produced by gain shift or
other experimental problems. A strong enhancement is
present also for FAST selections(Fig. 8) particularly pro-
nounced forZ=15−17. It is interesting to note the energy
shifts of the enhancement with the angle. These shifts could
be explained as an evidence of Doppler shift effect even if
the energy position of the enhancement, extracted by the
spectra ratio, can be strongly influenced by the exponential
slope of the spectra. An attempt to extract the apparent Dop-
pler shift failed due to the lack of statistics which did not
allow a precise determination of the average position of the
enhancement for each angle(we got an error of about 40%
on the source velocity).

FIG. 3. Angular distributions of charge identified particles for
the reaction40Ca+48Ca.

FIG. 4. (a) Projection on the rise time axis of the scatter plot of
Fig. 1(a). The line is obtained by performing a two Gaussian fit of
the spectrum. The threshold for H.R. selection(line at rise time
=−40) is also shown.(b) Experimental energy spectrum of the H.R.
selection(full line). The histogram plotted as open point with error
bars is a calculation produced using CoMD[26].

FIG. 5. Comparison betweeng-ray multiplicity spectra mea-
sured at 90°, for the reaction40Ca+48Ca, in coincidence with H.R.
and the different FAST and SLOW selections of charged particles.

FIG. 6. High energysEù30 MeVd g-ray multiplicity measured
for the reaction40Ca+48Ca in coincidence with different charged
particle selections.
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To perform a good analysis of GDR we must concentrate
on the region of theg-ray energy spectra between 15 and
20 MeV. In this region the low statistics imposes to sum all
the g-ray spectra collected at different angles. This can be

done only performing a Doppler shift correction of the spec-
tra. However this correction is not simple for dissipative re-
actions where at least twog-ray sources are present, with
different velocity. Therefore we can perform the sum of the
doppler shifted spectra only for H.R. data mainly produced
in fusionlike reactions. For the Doppler shift correction in
this case we assume that theg-ray source moves with the
c.m. velocity, as expected for incomplete fusion reactions in
nearly symmetric systems[30,31]. In Fig. 9 we show the
g-ray multiplicity spectra in coincidence with H.R. for the
two targets obtained in this way. In such a figure, the pres-
ence of the GDRg-ray decay can be observed around
15 MeV. This is better evidenced by comparing the data with
a statistical model calculation obtained for the48Ca target
(full line) assuming zero strength for the GDRg decay(NO
GDR). We note a smaller yield in the GDR region for the
40Ca+46Ti reaction(full dots). This yield difference is better
evidenced in the inset of Fig. 9 where we plot the ratio be-
tween theg-ray spectra collected in the two measured reac-
tions. We clearly see in this ratio also the persistence of the
enhancement around 10 MeV in the reaction40Ca+48Ca
(open dots). The strength of the enhancement is similar to the
average strength observed in Fig. 7 for the different detection
angles. This means that the velocity of the source generating
the enhancement is near the c.m. velocity used to perform
the doppler shift correction.

III. STATISTICAL MODEL CALCULATIONS

We will concentrate our analysis on the reactions produc-
ing the H.R. selected as shown in Fig. 1. In this case, as
explained in Sec. II, we can assume that only one major
source ofg rays is present, produced in fusion or incomplete-

FIG. 7. Ratios between theg-ray energy spectra measured at
different angles in coincidence with SLOW and H.R. selections of
charged particles for the reactions40Ca+48Ca and40Ca+46Ti.

FIG. 8. Ratios between theg-ray energy spectra as in Fig. 7
measured in coincidence with different FAST selections of charged
particles.

FIG. 9. g-ray multiplicity spectra for the reactions40Ca+48Ca
(open dots) and40Ca+46Ti (full dots) measured in coincidence with
H.R. Full line is aCASCADE calculation assuming zero strength for
the GDR summed to the bremsstrahlung contribution(dashed line).
The calculation is folded with the detector response function. In the
inset we report the ratio of the two experimental spectra.
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fusion reactions. As observed in Fig. 5 in these reaction
mechanisms we have the population of systems with the
highest excitation energy between the investigated ones. This
allows the extraction of information on the limiting excita-
tion energy for collective motions in our systems.

A. Source characterization

In order to reproduce the GDRg-ray emission we have to
perform statistical model calculations and the first step for
such calculations is the source characterization. We detected
only the H.R. produced by the deexcitation of an incomplete
fused system. Many particles are emitted from this system
before the equilibrium is reached. It is therefore rather diffi-
cult to evaluate the excitation energy and mass of the equili-
brated compound nucleus. We used experimental data avail-
able in literature from Ref.[25] for a similar system40Ca
+ 48Ti at the same beam energy of 25 MeV/nucleon. The av-
erage mass of the equilibrated system formed was evaluated
in that work by adding the mass of the detected heavy resi-
due to the mass of evaporated particles. The multiplicity dis-
tribution of particles, detected in coincidence with heavy
residues, was obtained by analyzing their energy spectra and
angular distributions in order to separate preequilibrium and
statistical contributions. In the same way an average excita-
tion energy of 337±30 MeV after preequilibrium emission
was also evaluated. Correcting the48Ti results mainly for the
Q-value differences with respect to our systems, we obtained
average excitation energies of 354 MeV and 335 MeV for
48Ca and46Ti, respectively. We note that the excitation en-
ergy evaluation of Ref.[25] was performed assuming that
proton and the undetected neutrons carry away the same en-
ergy apart from Coulomb effects. This is consistent with our
following calculations that give energy spectra with very
similar slope for proton and neutrons. A mass of 62 was
assumed for both systems. A chargeZ=28 (29) was assumed
for the 48Ca s46Tid target system. Another approximation was
to assume an average spin of 29" for both systems computed
as 2/3 of their critical angular momentum. The assumed val-
ues are in agreement with calculations based on the CoMD
model [26]. Assuming a window of impact parameters with
average value around 4 fm that well reproduce the energy
spectrum of the heavy residue detected[see Fig. 4(b)], such
calculation predicts that the largest fragment coming out
from the reaction reaches an average mass around 60 after
the first 200−300 fm/c, Fig. 10.

The assumption of a defined excitation energy and mass
of the starting system is obviously a strong approximation.
One should also include in the calculations some fluctuations
of the source characteristics. Anyhow in the following we
will show that this error is small and it is not the major
source of uncertainties in our analysis.

B. Description of the high-energy statistical code

The most widely used code to compute statisticalg-ray
decay isCASCADE [32]. It is a code built to evaluate the
compound nucleus decay at relatively low excitation energy.
Due to this it considers as a default, apart fromg, only pro-
ton (p), neutron(n), and a-particle decays. These assump-

tions are correct for systems with low excitation energy
whereas it is well known that more complex fragments can
be evaporated at higher excitation energy[24]. In particular,
as shown in Fig. 11(a), we verified using theGEMINI [24]
code that for our excited systems the deuteron decay channel
is predicted to have a cross section larger than thea-particle
one. Even if this very high yield is not experimentally ob-
served in Ref.[25] and in Ref.[33] it has been shown that
statistical codes overpredict the yield of such channels, one
cannot neglect the contribution of these channels.

To see the effect of complex fragment emission on the
g-ray spectra we used the fourth particle decay option in
CASCADE. This option allows to compute the emission prob-
ability of a further particle different fromp, n, anda. Allow-
ing for the emission of another fragment we always observe
a modification of the GDRg-ray decay strength. This is
similar to the GDR suppression effect observed in Ref.[20]
due to energy conservation considerations. As can be seen in

FIG. 10. CoMD simulation showing the mass vs time evolution
of the largest fragment produced in the40Ca+48Ca reaction at
25 MeV/nucleon.

FIG. 11. (a) Light particle multiplicity computed with GEMINI
for the decay of a system having mass 62 and excitation energy of
354 MeV populated in the40Ca+48Ca reaction.(b) g-ray yield in
the GDR region computed usingCASCADE and different particles
used as fourth decay particle in the program(see text). Calculations
were normalized at 4 MeV to be consistent with the experimental
data analysis
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Fig. 11(b), the deuteron is the simplest particle that has a
large effect on theg-decay yield.(The total effect of a par-
ticular decay channel is due to the average excitation energy
subtracted by the particle in the decay chain weighted by its
decay probability.) In the case of deuterons we have one of
the largest differences because of the high decay probability.

The change in theg-ray yield can be better evaluated in
Fig. 12 where a standardCASCADE calculation(dashed line)
is compared with the one obtained using a deuteron as fourth
particle(full line). The same GDR parameters were used for
both calculations(GGDR=15 MeV,EGDR=16.8 MeV, see be-
low). The calculations are normalized to the data around
4 MeV in order to avoid problems due to the preequilibrium
effects in the region from 6 to 12 MeV. The difference in the
GDR region is better seen in the inset obtained dividing both
the experimental data and the calculations by the “NO-GDR”
calculation(dot-dashed line) already presented in Fig. 9.

Note that the bump around 20 MeV observed in the lin-
earized plot in the inset of Fig. 9 is produced by the sum of
CASCADE and bremsstrahlung terms in the “NOGDR” cal-
culation.

The excited systems considered have an average massA
=62. Following the suggestions of Ref.[35], we used an
isospin dependent[34] version of theCASCADE code with the
Reisdorf parametrization of the level density. The code was
slightly modified by increasing the number of daughter nu-
clei due to the length of the decay chain(20–30 nucleons can
be evaporated).

For such a long decay chain one should also account for
the GDR parameter changes along it. There is enough exci-

tation energy to populate the GDR along nearly all the decay
steps, and the mass of the effective source ranges from 60 to
less than 40 a.m.u. The ground state GDR systematics[2]
gives in this mass range a spread of the GDR centroid of
about 2 MeV, going from 18.2 MeV for mass 60 to
20.2 MeV for mass 40. This value is obtained by averaging
the two contributionsT,=T andT.=T+1, T being the iso-
spin of the level over which the GDR is built.

The energy difference between these components can be
high [DE=60sT+1d/A MeV [37]], DE=4 MeV has been
measured for mass 62[38]. In reactions with heavy ions,
generally, only theT,=T components is excited in the first
step due to isospin conservation. A GDR centroid around
16.8 MeV is reported by experimental studies at high exci-
tation energy both for masses 60 and 40[35,36]). In our
reaction theT. component of the GDR can be excited in
some decay steps, even if with low probability. In order to
use a general expression we decided to use the mass depen-
dence of the GDR centroid forT, levels given by Ref.[2],
but normalized to reproduce the 16.8 MeV value for mass
62. We used the Fallieros shift[37] to get theT. centroid
energy. The result of such improved calculations is shown as
dotted line in the inset of Fig. 12. With respect to the calcu-
lations with fixed EGDR=16.8 MeV (full line) we observe
that the effect of this adjustment is a rather small shift of the
curve towards higher energies. The large width used in fact
washes out the relatively small corrections of the GDR cen-
troid.

In all the above calculations we used a zero value for the
isospin mixing parameters. This assumption is justified by
the observed restoration of the isospin purity at high excita-
tion energy[39]. Calculations were also folded with the de-
tector response function computed withGEANT3, and in order
to account for the bremsstrahlungg rays, a decreasing expo-
nential function was added to theCASCADE results.

IV. LIMITING GDR EXCITATION ENERGY

In all CASCADE calculations presented up to now a GDR
width sGGDRd of 15 MeV was used. This is the largestGGDR

extracted from the fit with a single Lorentzian performed on
nuclei around mass 60 populated at high excitation energy
[40]. The same width was generally used along the decay
chain. We used the constantGGDR hypothesis assumed in the
standard systematics at high excitation energy. It is evident
from Fig. 12 that these calculations largely overestimate the
g-ray yield in the GDR region, therefore a GDR suppression
seems present. The simplest way to reproduce such suppres-
sion is to assume a GDR sharp cutoff with zero GDR
strength above a given excitation energy. We obtained the
best fit of the data assuming 260 MeV forEcutof f

* , i.e.,
4.7 MeV/nucleon(taking into account that the average mass
of the residue atEcutof f

* is reduced to 55 a.m.u.) see Fig. 13
(full line). In order to avoid the influence of the low-energy
preequilibriumg-ray emission evidenced in Sec. II, thex2

was evaluated in the energy range from 12øEgø25 MeV.
To be consistent with previous studies we used a GDR width
GGDR=15 MeV constant along the decay chain. On the other
hand, due to a strong spin dependence, this saturation width

FIG. 12. g-ray multiplicity spectrum for the40Ca+48Ca reaction
measured in coincidence with H.R. The lines areCASCADE calcula-
tions summed to the bremsstrahlung contribution, folded with de-
tector response function and normalized to the data at 4 MeV.
Dashed line is a standard calculation withEGDR=16.8 MeV and
GGDR=15 MeV. Full line is obtained using the same GDR param-
eters and including also the deuteron decay channel. The dotted line
is computed including the deuteron channel and assuming also a
mass and isospin dependence of the GDR centroid. The dot-dashed
line is the GDR zero strength calculation of Fig. 9 used to linearize
experimental data and calculations in the ratio shown in the inset.
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seems to be reached rather soon, around 100 MeV of excita-
tion energy[40], and the use of a GDR width dependence
from the excitation energy up to this energy decreases the
energy cutoff of only 20 MeV.

A more refined analysis with a smooth cutoff expression
is suggested in Ref.[41]. In this reference the GDR suppres-
sion is attributed to the impossibility to excite a GDR when
the particle decay time of a system is too short with respect
to the GDR excitation time. With this assumption the GDR
yield is decreased by a factorG↓/sG↓+Gevd whereG↓ is the
spreading width of the GDR andGev is the particle decay
width. UsingGev as computed byCASCADE, and varyingG↓
we obtain the best fit withG↓=6.5 MeV. It is hard to see any
difference between the curves obtained with such smooth
cutoff (dashed line in Fig. 13), and the one computed with
the sharp cutoff approximation(full line in Fig. 13). The
cutoff excitation energy can be evaluated in this case as the
energy whereG↓/sG↓+Gevd=1/2. We calculated this energy
for each decay chain withCASCADE, see Fig. 14, obtaining an
average excitation energy around 5.4 MeV/nucleon. Even in
this case, we used aGGDR constant along the decay chain.

For sake of completeness we discuss also another possible
way to explain the GDR strength saturation. One can obtain
this result also assuming aGGDR increasing with the excita-
tion energy. In this case the strength saturation is due to its
spread over a large energy range. After long discussions
[42–44] this hypothesis was rejected in Ref.[5] by the com-
parison with experimental data. However we tested also this
possibility as suggested again in Ref.[45]. In Ref. [46] the
increase of the GDR width is connected to the increase of the
particle decay width by the expressionGGDR=G↓+2* Gev.
Applying this recipe we obtained a poor agreement, dashed
line in Fig. 15, theg yield being largely overestimated. An-

other expression is suggested in Ref.[44] GGDR=4.8
+0.0026sE*d1.6 MeV. This expression follows the GDR
width behavior in the mass region of Sn isotopes. To better
reproduce the systematic at low excitation energy for mass
60, we modified this expression including a linear spin de-
pendencesGspin=0.06*E* MeVd saturated at 100 MeV(at
this energy the critical angular momentum of the system is
already reached). With this approximation, we obtain a yield
reduction with respect to the previous calculation, however,
we are still overestimating the experimental results, full line
in Fig. 15.

FIG. 13. g-ray multiplicity spectrum as in Fig. 11. The dot-
dashed line is the GDR zero strength calculation used to linearize
experimental data and calculations in the ratio shown in the inset.
Full line is a best fit of the data obtained assuming aGGDR

=15 MeV andEcutof f
* =260 MeV. The dashed line is obtained using

the smooth cutoff expression discussed in the text. The dotted line
is obtained assuming a mass of 70 a.m.u. for the source and
Ecutof f

* =260 MeV.

FIG. 14. Saturation excitation energy per nucleon for the reac-
tions 40Ca+48Ca (full line) and40Ca+46Ti (dashed line) as obtained
with the fit performed using the smooth cutoff approximation.

FIG. 15. g-ray multiplicity spectrum as in Fig. 11. The dot-
dashed line is the GDR zero strength calculation used to linearize
experimental data and calculations in the ratio shown in the inset.
The dashed line is obtained by increasing the GDR width with
excitation energy as in Ref.[46]. Full line is obtained following
Ref. [44] with modifications as explained in the text.
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The 46Ti data appear to be in agreement with the48Ca
observations even if a smallerEcutof f

* is obtained. In the hy-
pothesis of sharp cutoff we find the bestx2 at Ecutof f

*

=200 MeV. This result is obtained assuming a GDR strength
S=0.8 energy weighted sum rule(EWSR) (dashed line in
Fig. 16), larger strength values give unreasonably low cutoff
energies. Considering the average mass of the system at
200 MeV excitation energy(53 a.m.u.) we obtain Ecutof f

*

=3.8 MeV/nucleon. Using the smooth cutoff approximation
the best fit is obtained withG↓=5.2 MeV,S=0.8 EWSR, full
line in Fig. 16. In this case we have to use againS=0.8
EWSR in order to obtain reasonable values for theG↓ (in fact
a value larger than the ground state GDR width is expected).
The corresponding saturation excitation energy for the GDR
is plotted as dashed histogram in Fig. 14. We obtain approxi-
mately 4.7 MeV/nucleon.

The extracted limiting excitation energy does not depend
strongly on the mass and excitation energy adopted for the
initial sources. This is shown in Fig. 13 where we can also
compare the calculations usingEcutof f

* =260 MeV (full line)
with another calculation performed assuming mass 70 in-
stead of 62 a.m.u.(dotted line). This last calculation is
slightly shifted towards lower energies. In this case a larger
cutoff energy(around 280 MeV instead of 260) is necessary
to better reproduce the data. However, because of the higher
mass, the variation in terms of excitation energy per nucleon
is negligible. Similar small variations were also observed by
10% changes of the initial excitation energy. A larger error
comes from the bremsstrahlung estimation. On48Ca data a
change of the bremsstrahlung yield inside the error bars pro-
duces a variation of about 10% on the average limiting ex-
citation energy per nucleon. Due to the low statistics, the
bremsstrahlung evaluation for the46Ti target was not pos-
sible. We used the same exponential function as for the48Ca
data. This gives the systematic error estimated to be below
5% due to the different number ofn-p collisions.

A further improvement of the calculations could be ob-
tained if all available decay channels would be added toCAS-

CADE. This task will be the object of a future study. However
the insertion of other channels should give only second order
corrections. In fact other channels will decrease the decay
probability of g but also of deuterons. Due to the generally
lower decay probability of other decay channels[see Fig.
11(a)] we can say that part of their effect is already included
in the deuteron decay channel. Any additional decay channel,
in any case, would increase the energy cutoff extracted and
the maximum excitation energy per nucleon.

The same effect is expected for small contaminations of
dissipative reactions. In fact such contaminations withg rays
produced by lower excitation energy systems decreases the
detected GDRg-ray multiplicity (see Fig. 6). The fit of such
lower multiplicity spectra will give a cutoff excitation energy
lower than the real one.

We have also to observe that the smooth cutoff expression
used from Ref.[41] is in principle exact only for the first
decay step of a nucleus in which the GDR is not already
excited. Corrections to this expression should be used as sug-
gested in Ref.[47] for the whole decay chain. In the case of
48Ca only about two decay steps are on average necessary to
reach theEcutof f

* , however, the reduction factor of the smooth
cutoff could influence other decay steps. In Ref.[47] after
few decay steps the correction is dropped out because the
time of GDR excitation is compared with the lifetime of the
system obtained by summing the time of all decay steps.
Using such correction one should find a smaller value of the
saturation excitation energy but in any case higher than the
one obtained with the sharp cutoff expression.

The errors on the performed analysis are in summary
comparable to the dispersion of the results obtained with the
different hypothesis performed(sharp or smooth cutoff). Us-
ing the values obtained with the smooth cutoff approxima-
tion, we conclude that we observe a GDR saturation around
5.4±0.5 MeV and 4.7±0.9 MeV, respectively, for48Ca and
46Ti targets.

V. CONCLUSIONS

In this work we have shown the amount of information on
reaction mechanisms and on the status of the excited nuclear
matter that can be extracted by theg-ray spectra measured in
coincidence with charged particles in reactions at high beam
energy(at 25 MeV/nucleon). In more detail, the high-energy
g rays, mainly produced via nucleon-nucleon bremsstrah-
lung, have been used to verify the average impact parameter
of the reaction channel analyzed. From the comparison of
g-ray spectra produced in reactions with different values of
the N/Z ratio between projectile and target, we obtained the
evidence of the excitation of the so called “molecular dy-
namical dipole” observed for the first time in different final
reaction channels of a given collision. We also tested the
collective behavior of the excited nuclear matter by analyz-
ing the GDRg-ray decay.

Regarding this last point, an accurate work was necessary
in order to evaluate the statistical contribution at high exci-
tation energy and many effects were included. The limiting

FIG. 16. Same as Fig. 14, but for the40Ca+46Ti reaction. The
dashed line is the fit obtained at constantGGDR=15 MeV giving a
sharp cutoffEcutof f

* =200 MeV. The full line is computed assuming
a smooth cutoff as shown in Fig. 14.
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excitation energy observed here, around 5 MeV/nucleon, is
higher than previous measurements for mass 110(2.5
−3 MeV/nucleon) [5,6]. The excitation energy extracted is
close to the energy where signals of the liquid-gas phase
transition were claimed to be present[7], for systems around
mass 200. However, as emphasized in the Introduction, these
signals are sensitive to the mass of the system. Therefore the
observed difference is most probably the signature of this
size effect already observed in the caloric curve analysis[9].
A comparison with multifragmentation studies of small size
systems is necessary to better understand this point.

Another interesting aspect is the different GDR strength

extracted by fitting theg-ray spectra for the two reactions
analyzed. This difference is about 20% and could be con-
nected to the observed preequilibrium emission. Even if this
emission is more evident in theg-ray spectra around 9 MeV,
some contribution could be present also in the statistical
GDR region affecting the strength measurement. To this re-
spect although the46Ti data are characterized by a larger
statistical error, they probably give a better estimation of the
limiting GDR excitation energy. However, there is possible
also an isospin dependence of the limiting temperature justi-
fied by the isospin term of the nuclear matter equation of
state.
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