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Evidence of dynamical dipole excitation in the fusion-evaporation of the “°Ca + '>*Sm heavy system
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The excitation of the dynamical dipole mode along the fusion path was investigated for the first time
in the formation of a heavy compound nucleus in the A ~ 190 mass region. The compound nucleus was
formed at identical conditions of excitation energy and spin from two entrance channels: the charge-asymmetric
40Ca+"52Sm and the nearly charge-symmetric **Ca +'*Sm at Ey, = 11 and 10.1 MeV /nucleon, respectively.
High-energy y rays and light charged particles were measured in coincidence with evaporation residues by
means of the MEDEA multidetector array (Laboratori Nazionali del Sud, Italy) coupled to four parallel plate
avalanche counters. The charged particle multiplicity spectra and angular distributions were used to pin down
the average excitation energy, the average mass, and the average charge of the compound nucleus. The y-ray
multiplicity spectrum and angular distribution related to the nearly charge-symmetric channel were employed to
obtain new data on the giant dipole resonance in the compound nucleus. The dynamical dipole mode excitation in
the charge-asymmetric channel was evidenced, in a model-independent way, by comparing the y-ray multiplicity
spectra and angular distributions of the two entrance channels with each other. Calculations of the dynamical
dipole mode in the *’Ca +'52Sm channel, based on a collective bremsstrahlung analysis of the reaction dynamics,
are presented. Possible interesting implications in the superheavy-element quest are discussed.
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I. INTRODUCTION compound nucleus. This preequilibrium radiation carries out
relevant information about the first stages of the collision
and constitutes a powerful probe to get insight into: (a) the
reaction dynamics and, particularly, on the charge equilibration
mechanism; (b) the density dependence of the symmetry
energy in the nuclear matter equation of state (EOS) at
densities lower than the saturation one, where the DD is

active. Furthermore, it has been proposed as a possible fast

During the early stages of a charge-asymmetric heavy-ion
collision the charge equilibration can be reached through
incoherent exchange of nucleons between the colliding ions
or through the excitation of a collective dipole oscillation
along the symmetry axis of the highly deformed composite
system, the dinucleus. This is the so-called dynamical dipole

(DD) mode or preequilibrium giant dipole resonance, foreseen
in various theoretical works [1-9]. The charge equilibration
mechanism between the reaction partners is influenced by
different parameters like charge and mass asymmetry, impact
parameter, collision energy, and mass of the colliding ions. If
the collective dipole mode develops in the entrance channel,
preequilibrium y radiation can be emitted during the dinuclear
phase of the reaction in addition to that coming from
the statistical giant dipole resonance (GDR) excited in the
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cooling mechanism of the composite system on the way
to fusion, favoring the compound nucleus survival against
statistical fission and, thus, the formation of a superheavy
element [8,10].

Experimentally, the DD excitation and subsequent y
decay has been observed in deep inelastic [6,11,12] and
fusion-evaporation heavy-ion collisions [12-20]. In some
of the above-cited works dealing with fusion-evaporation
experiments this has been reached by employing a model-
independent method, the so-called difference technique, that
consists in (a) forming the same compound nucleus at identical
conditions of excitation energy and spin from two entrance
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channels, a nearly charge-symmetric and a charge-asymmetric
one, and (b) obtaining the difference between the y-ray
spectra of the two channels for fusion-evaporation events.
The resulting difference showed an excess of yield in the
more charge-asymmetric channel, ascribed to a preequi-
librium effect, namely the DD excitation. Following the
Bohr hypothesis, if the y spectra were related to the sole
compound nucleus decay, they would have been independent
of the entrance channel and no extra yield would have been
observed.

Besides the fact that the observation of a y -ray excess in the
channel with the higher charge asymmetry denotes by itself
a preequilibrium phenomenon, further proofs of its prompt
nature were given in our previous works [15-18]. In those
experiments the DD excitation was investigated in a '**Ce
composite system, formed through the 32305 +!1%0-%Mo and
36:40 Ar 496927y fusion-evaporation reactions at incident ener-
gies Ejp = 6, 9, and 16 MeV /nucleon. The DD y radiation
was isolated by means of the difference technique previously
described. By studying the energy spectrum of the DD
y-ray multiplicity and its angular distribution, the following
results were obtained from this campaign of measurements.
(i) The DD centroid energy was found to be lower than
that of the ground-state GDR, indicating a high deformation
of the emitting source [15,17,18]. This was in agreement
with theoretical predictions for an oscillation along the
symmetry axis of a deformed dinuclear shape during the early
moments of the reaction, when complete equilibrium is still
not achieved [3,4,6,8-10,21]. (ii) The observed anisotropy of
the DD y-ray angular distribution with respect to the beam
direction was found to be larger than that corresponding
to emission of statistical GDR y rays from a rotating hot
compound nucleus. This was interpreted as the signature of a
preferential oscillation axis of the DD triggered at the early
stage of the fusion path along an axis that has not rotated
much on the reaction plane during the DD lifetime [17,18].
Also this observation was in agreement with calculations
done for low-impact parameters leading to fusion-evaporation
events [21]. (iii) The DD excitation function showed a “rise and
fall” behavior with a maximum at Ej, = 9 MeV /nucleon. Al-
though calculations obtained in the framework of a Boltzmann-
Nordheim-Vlasov (BNV) transport model suggested a similar
behavior [8], the “rise and fall” trend with incident energy was
predicted to be smoother than that found in the data [18].

A second campaign of experiments was performed to probe
the DD excitation in the same composite system, '*>Ce, formed
through an entrance channel with a larger mass asymmetry and
a lower charge asymmetry than previously: the '°0 +!1%Sn
reaction at Ej,, = 8.1, 12, and 15.6 MeV /nucleon [19,20]. In
this campaign a different method was used: The DD radiation
was extracted by subtracting the y-ray multiplicity spectrum
of the compound nucleus, calculated by means of the statistical
model code CASCADE [22], from the '°0 +!'%Sn experimental
y spectrum. The CASCADE calculation used in the comparison
was tested with a near-symmetric reaction, leading to the same
compound nucleus '*Ce.

By comparing the results of the two campaigns with each
other and with the theoretical predictions, a rather complex
scenario emerged that called for further investigation to clarify
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different aspects related to the DD excitation. On the one hand,
calculations, while being able to describe the phenomenon
and absolute values of some observables, are not able to fully
reproduce the existing experimental findings [18,19]. On the
other hand, few experimental results exist reporting on the
DD y multiplicity and on its angular distribution, which can
be directly compared with calculations. These elements called
for more experimental efforts to disentangle the influence of
each reaction parameter on the DD features and to provide
severe constraints to the theoretical models.

In the present work we give evidence for the first time of DD
excitation in a heavy dinucleus in the A ~ 190 mass region,
by isolating its prompt y radiation in fusion-evaporation
events. To that end, as in our previous works [15-18], we
use here the difference technique by employing two reactions:
the charge-asymmetric “°Ca+'>Sm and the nearly charge-
symmetric BCa+'*Sm at Ep = 11 and 10.1 MeV /nucleon,
respectively. The multiplicity spectra and angular distribution
of the light charged particles detected in coincidence with the
evaporation residues are used to determine the average mass,
average charge, and average excitation energy of the compound
nucleus and to ensure us that the same compound nucleus at
identical conditions is formed in the two reactions. First, we
examine the y-ray multiplicity spectrum and y-ray angular
distribution of the nearly charge-symmetric channel for evap-
oration events to obtain information on the statistical GDR
in the highly excited compound nucleus. Then, by comparing
the y-ray multiplicity spectra and angular distributions of the
two reactions with each other, we evidence the preequilibrium
component originated from the DD excitation in the dinucleus
of the charge-asymmetric system. The extracted DD y-ray
multiplicity spectrum and angular distribution are compared
with the theoretical ones, obtained in the framework of a BNV
transport model based on a collective bremsstrahlung analysis
of the reaction dynamics [8,21]. The observation of DD y
radiation in the evaporation channel of such a heavy composite
system, heavier than those studied so far, could have interesting
implications in the superheavy-element quest.

The paper is organized as follows. In Sec. II the exper-
imental techniques are presented. The analysis results are
discussed in Sec. III: in part A the light charged particles data
are used to define the compound nucleus mass, charge, and
excitation energy; in part B the multiplicity spectra and angular
distributions of the y rays are examined. In Sec. III B 1 the
spectrum of the nearly charge-symmetric channel is analyzed
in the framework of the statistical model while in Sec. III B 2
the preequilibrium y-ray component is extracted in the charge-
asymmetric channel. The y-ray angular distributions of both
entrance channels and of the DD are shown and discussed in
Sec. III B 3. The BNV calculations are compared with the
experimental findings in Sec. IV, where also a discussion of
the obtained results is done. Finally, in Sec. V, conclusions
and perspectives are given.

II. EXPERIMENT

In Table I, we summarize the entrance channel and
compound nucleus relevant quantities for the studied reactions.
The entrance channel dipole moment D(¢ = 0) is given by the
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TABLE I. Reaction, incident energy, entrance channel dipole moment D(¢ = 0), and mass asymmetry A. Compound nucleus CN¢r and
its excitation energy E&y for complete fusion. CN, E* refer to the compound nucleus after preequilibrium particle emission as derived from
the charged-particle spectra analysis in Sec. IIL.A. The excitation energies were calculated at midtarget position. Jp,— is the critical angular
momentum at which the fission barrier vanishes for the complete fusion compound nucleus and in parentheses for the compound nucleus after

preequilibrium particle emission [24].

Reaction o D(t =0) A CNcr Elg CN E* J5,—0
(MeV /nucleon) (fm) MeV) MeV) (h)
“ca+12Sm 11.0 30.6 0.22 192pp 258.75 189Hg 219.6 + 6.8 74 (76)
BCca+'*Sm 10.1 53 0.18 192pp 257.49 18Hg 220.5 + 6.6 74 (76)
relation The combination of this last information with the energy one

D(t = 0) = ZZ|Rz(1 = 0) — Ry(1 = 0)|

ro(A)” + A7)
=T a4 A%

77 M

N, N,'

Rz and Ry being the center-of-mass coordinates of pro-
tons and neutrons, respectively. A = A, + A, is the mass
of the composite system, N =N, + N, (Z=Z2Z,+ Z;) its
neutron (proton) number while the subscripts p and ¢ refer
to the projectile and target, respectively. For the D(t = 0)
calculation, ry = 1.2 fm was used to deduce the B}lcl?gr
of the two reactions was very similar. The '**Hg compound
nucleus was formed after preequilibrium particle emission at
identical excitation energy in both reactions, as demonstrated
in Sec. IIT A, and with the same spin distribution according
to PACE2 [23] calculations. The critical angular momentum for
the compound nucleus formation, J B,=0> is shown in Table I
and corresponds to the angular momentum where the fission
barrier vanishes [24].

The “°Ca (*Ca) pulsed beam, provided by the Supercon-
ducting Cyclotron of the Laboratori Nazionali del Sud (Italy),
impinged on a 1 mg/cm? thick self-supporting '>2Sm (***Sm)
target enriched to 98.4% (93.8%). The “°Ca (**Ca) beam
consisted of bunches with a 120-ns separation and with a
bunch standard deviation of o = 1.6 (1.2) ns. Beam current
was about 1 nA for both reactions.

The y rays and the light charged particles were detected by
using the 180 barium fluoride (BaF,) modules of the MEDEA
experimental apparatus installed at Laboratori Nazionali del
Sud (Italy), that covers the polar angular range between 6, =
30° and 6j,, = 170° and the full range in the azimuthal angle
¢ (for more details see Ref. [25]). The crystals are arranged in
eight rings, each of them located at a fixed angle. The MEDEA
ball has an inner radius of 22 cm and covers a total solid angle
of 3.7m sr. The apparatus operates under vacuum inside a
large scattering chamber to allow a simultaneous detection of
y rays and light charged particles. Only seven among the eight
rings were used in the present experiment, positioned at 6}, =
51.5°, 68.1°, 82.8°, 97.1°, 111.9°, 128.5°, and 159.7°.

The photomultiplier output of each BaF, module was split
into four differently weighted signals. One was used for timing,
two for energy integration in two different dynamical ranges
(about 30 and about 200 MeV full scale, respectively), and
one to integrate the BaF, fast light emission component.

radii. The entrance channel mass asymmetry A=

allows us to obtain a shape analysis of the BaF, signal. The
discrimination between y rays, light charged particles, and
neutrons was performed by combining this pulse shape anal-
ysis with a time-of-flight (TOF) measurement, between each
BaF, detector and the radiofrequency signal of the cyclotron.

An example of the discrimination of y rays from neutrons
and charged particles is shown in Fig. 1. Panel (a) shows the
bidimensional plot of fast component vs total energy for a BaF,
at 6, = 51.5° in the low-gain energy range for the reaction
40Ca+12Sm. For the same detector, panel (b) displays the
bidimensional plot time of flight vs total energy, while panel (c)
illustrates the latter plot only for events included in the contour
of panel (a). By applying therefore a contour in panel (a), an
unambiguous discrimination between y rays, protons, and o
particles is achieved. Low-energy neutrons (£, < 20 MeV),
giving the same pulse shape as y rays, are separated from y
rays by the TOF measurement, as can be seen in panel (c) of
Fig. 1 [26]; high-energy neutrons (E, > 20 MeV), giving a
pulse shape similar to the proton one, are separated from the
y rays in the fast component vs total energy plot [27]. Thus,
the y rays retained in the analysis are obtained by applying
both the contours shown in panels (a) and (c). The same
procedure was applied for the high-gain energy range for y
rays and for the light charged particles by using the appropriate
contours.

The energy calibration of the y-ray detectors was ob-
tained by using the composite sources of **! Am +°Be (E, =
4.43 MeV) and **Pu+1C (E, = 6.13 MeV) and the 15.1-
MeV y rays from the p + '2C reaction at E » =25 MeV.
The charged particle calibration was deduced from the y
calibration as described elsewhere [28]. The time stability
of the energy calibration was checked during the experiment
by monitoring after each run the stability of the peak
corresponding to a radioactive source.

The fusion-evaporation residues were detected by four
parallel-plate avalanche counters (PPACs) located symmet-
rically around the beam direction at 70 cm from the target in
an annular configuration. The PPACs were centered at an angle
Oy = 7° with respect to the beam direction, subtending 7° in 6
and covering a total solid angle of 0.089 sr. PACE2 calculations
show that the evaporation residue angular distribution has a
maximum at 6y, = 4.5° and extends up to 6j,p = 16° for both
reactions. That ensures us that we selected experimentally the
same evaporation residues in both reactions (about 70% of
the whole evaporation residue cross section), avoiding thus
any difference that could influence our results on the DD.
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FIG. 1. (a) Fast component vs total energy and (b) time of flight
vs total energy bidimensional plots obtained for a BaF, in the ring
centered at 0),, = 51.5° in the low-gain energy range for the reaction
40Ca+128m; (c) time of flight vs total energy of the same detector
is shown for events included in the contour of panel (a). The y rays
retained in the analysis are obtained by applying both of the contours
shown in panels (a) and (c).
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The PPACs provided the TOF signal with respect to the
radiofrequency signal of the cyclotron and the energy loss
(AE) of the reaction products. Panel (a) of Fig. 2 presents the
energy loss AE vs time of flight bidimensional plot, obtained
with one of the PPACs for the “°Ca +-'°>Sm reaction. A TOF
calibration was achieved by considering the distance between
the elastic peaks observed during runs characterized by fixed
delays in the radiofrequency signal, when the electronic
threshold of the AE signal was suitably lowered. The locus
at small TOF and low AE (marked with the number 1 in the
figure) indicates events where the projectile was elastically
scattered by the target. These events are discarded by the
electronic threshold of the PPACs to reduce the acquisition
dead time. The locus characterized by higher AE and longer
TOF (marked with the number 2) corresponds to peripheral
events going from the elastic peak of the projectile (low
AFE) to the elastic peak of the target nucleus (highest AE)
and/or fission events. The region with the longest TOF (marked
with the number 3) corresponds to the evaporation residues.
Panel (b) of Fig. 2 displays the velocity distribution of the
evaporation residues that were retained in the analysis. The
arrows correspond to the average velocity of the distribution,
Ven and to the center-of-mass velocity V., , which is the
complete fusion value of V¢ for full linear momentum
transfer.

Downscaled single PPAC events together with coincidence
events between a PPAC and at least one fired BaF, scintillator
were collected during the experiment. A coincidence event
was accepted if the deposited energy in a BaF, detector was
greater than ~5.5 MeV for y rays. The coincidence request
eliminated any cosmic-ray contamination of the y-ray spectra.

III. ANALYSIS AND RESULTS

The experiment was designed in such a way to form the
same compound nucleus at identical excitation energy from
the two entrance channels by taking into account incomplete
fusion events [29]. These events are characterized by emission
of preequilibrium light particles that reduces the compound
nucleus average mass, average charge, and average excitation
energy and cannot be discarded in the TOF spectrum of
the reaction products because they have overlapping velocity
distributions with those of the complete fusion events [30].

In the present work, the average excitation energy, the
average mass, and the average charge of the composite system,
after preequilibrium particle emission, were evaluated by
studying the energy spectra of the light charged particles
detected in coincidence with evaporation residues, while the
preequilibrium neutron emission was estimated from our
proton data and from existing neutron emission studies (see
Ref. [31] and references therein).

A. Light charged particle spectra

The laboratory proton and «-particle multiplicity spectra
obtained with BaF, scintillators centered at polar angles
51.5° < By < 159.7°, in coincidence with the evaporation
residues, are reported in Figs. 3 and 4, respectively.

These spectra were analyzed by means of a moving
source fit in which the particles were assumed to be
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FIG. 2. (a) Energy loss AE vs time of flight bidimensional plot obtained with one of the PPACs for the “’Ca+'Sm reaction. The
numbers indicate different physical processes (see text). The evaporation residues are marked with the number 3. (b) Velocity distribution of
the evaporation residues retained in the analysis. The arrows correspond to the average velocity of the distribution, V¢, and the center-of-mass
velocity V. m., which is the complete fusion value of V¢ for full linear momentum transfer. In the figure, the velocity is not corrected for the
energy loss of the evaporation residues in the target.
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FIG. 3. (a), (c) Laboratory proton multiplicity spectra obtained at various angles in coincidence with the evaporation residues. For both
reactions the angles are (from top to bottom) 51.5°, 68.1°, 111.9°, 128.5°, and 159.7°. The solid lines show the result of the simultaneous fit
with two sources described in the text. (b),(d) Laboratory proton multiplicity spectra at two angles. The solid lines are the result of the fit with
two sources. The dashed and dotted lines represent the intermediate-velocity source and the slow source components, respectively.
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emitted isotropically from two moving sources: a slow source
describing the statistical evaporation from the hot compound
nucleus and an intermediate-velocity (between the compound
nucleus and the projectile velocity) source related to the
preequilibrium particles emitted by the composite system
before thermalization.

The energy distribution of the evaporated particles was
parametrized, in the source rest frame, adopting a surface-type
Maxwellian distribution given by

d2M Msl (E - Ec)
= " (E-E)exp| ————2|, ()
dQdE ), 4nT? Tq

while the distribution of the preequilibrium particles was taken
to be that for volume emission from a thermal source:

d*M Mg (E - E.)
= E_E. exp|l——— | 3
(deE)im 27 T2 eXp[ T ] )

int

where E is the particle energy, E. is the Coulomb barrier
for particle emission, 7; (i is for sl or int) is the apparent
source temperature, and M; is the multiplicity of the particles
emitted from the M; source. Both Maxwellian distributions
were transformed in the laboratory reference frame using the

relation

d*M | Emw d*m @
dQdE )., V E' \dQdE)._;’
where the particle energy E’ in the source reference frame is
given by

E' = Epy + Eg — 2 v Enap Escosglaba (5)

where E; is the energy of a particle moving with the source
velocity, assumed to be parallel to the beam axis and 6}, is the
observation angle of the particle.

The evaporative source velocity was fixed to the value vg =
0.937 cm/ns and 1.028 cm/ns for the system *’Ca+'>>Sm
and *8Ca+'*Sm, respectively and was derived from the
average value of the evaporation residue velocity distributions
Ven [see panel (b) of Fig. 2] correcting for the energy loss
in half thickness of the target. We observed that the same
Coulomb barrier values could be employed to fit the particle
spectra. We used E. =6 and 14 MeV for protons and o
particles, respectively. We remark that the sensitivity of the
fit to reasonable changes of the Coulomb barrier values is
small. The remaining five parameters were considered as free
variables in the fitting procedure.

The result of the simultaneous fit is shown with solid lines
in panels (a) and (c) of Figs. 3 and 4 for protons and « particles,
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TABLE II. Multiplicities, temperatures, and velocities of the slow and of the intermediate-velocity sources extracted from the moving
source fit for protons emitted during the “*Ca +'32Sm and **Ca +'**Sm fusion-evaporation reactions.

Reaction E.(MeV) vy (cm/ns) My Tg (MeV) Vine (cm/ns) My Tine MeV)
0Ca+"2Sm 6 0.937 2.254 £ 0.052 2.860 + 0.026 1.730 £+ 0.058 0.786 £ 0.060 5.141 £ 0.089
BCa+'"Sm 6 1.028 1.772 £ 0.057 2.866 + 0.028 1.843 £ 0.071 0.693 £ 0.062 5.008 £+ 0.104

respectively. The relative contributions of the two sources are
reported in panels (b) and (d) of the same figures for a backward
and a forward angle, with the slow (intermediate-velocity)
source component represented with a dotted (dashed) line. The
parameters extracted from the fit, multiplicity, and temperature
of the slow source and multiplicity, temperature, and velocity
of the intermediate-velocity source are reported in Tables II
and III for protons and o particles, respectively. The quoted
uncertainties correspond to the change in a parameter that
increases x> by 1, with all the other parameters fixed at their
optimum values.

To evaluate the average energy taken away by preequi-
librium neutrons, not detected in the present experiment, we
assumed that their energy spectra were very similar to the
proton ones, apart from the Coulomb barrier. Then the average
kinetic energy of a preequilibrium neutron was taken to be
that of a preequilibrium proton minus the Coulomb barrier
while the preequilibrium neutron multiplicity was deduced
by that of preequilibrium protons multiplied with the N/Z
ratio of the compound nucleus. The adopted preequilibrium
neutron multiplicity is in agreement within errors with neutron
emission studies performed at similar center-of-mass incident
energy above the Coulomb barrier [31].

The values of average kinetic energy, binding energy, and
energy lost for each pre-equilibrium particle are given for
the “°Ca+'2Sm and **Ca+'*Sm reactions in Tables IV
and V, respectively. The average excitation energy of the
composite system after pre-equilibrium particle emission
E* = Ecn. + Qgg — Elost, With E¢ . the energy available in
the center-of-mass reference frame, Q,, the reaction ground
state Q value, and Ejo the total energy lost, was deduced
to be E* = (219.6 +6.8) MeV for the **Ca+"2Sm and
E* = (220.5 + 6.6) MeV for the **Ca+'*Sm reaction (see
Table I). The average total mass and average total charge
lost in each reaction were found to be AA =3.2+0.6
and AZ = 1.5 £ 0.2 for the **Ca +'32Sm system and AA =
3.4+0.5and AZ = 1.6 + 0.2 for the *Ca+'*Sm one. We
considered, thus, that two units of charge and three units of
mass were carried away from the initial composite system,
leading to the '®°Hg nucleus in both reactions (see Table I).
The average total momentum removed from the system was
obtained by taking the product of the preequilibrium particle
momentum with its multiplicity and then summing over
particle types. This allowed us to derive the linear momentum

transfer along the beam direction that was ~97% in both
reactions.

Summarizing the above results we deduce that, on average,
the same compound system '®Hg with the same excitation
energy was formed, giving us confidence that any difference
between the y-ray spectra and y-ray angular distributions of
the two reactions is an entrance channel effect.

B. y-ray spectra

Before a study of the y-ray spectra can be performed, the
incoherent bremsstrahlung component considered to originate
primarily in neutron-proton (np) collisions and dominant for
E, > 30 MeV, must be evaluated and subtracted from the
data. An equal bremsstrahlung component is expected for
the 4**¥Ca +152144Sm reactions because of their very similar
beam energy and size of the reaction partners and of the same
temperature of the composite system [32,33]. This is confirmed
by the data of the two reactions, which are equal within errors
for £, > 20 MeV.

The np bremsstrahlung component was deduced by fitting
simultaneously the center-of-mass y-ray multiplicity spectra
of the two reactions at different polar angles in the energy range
30MeV < E, < 40 MeV. The fit was performed assuming an
exponentially decreasing behavior in the nn center-of-mass
system of the type

d*M u E, ©
= €X _—
dQdE, 0XP\ T,

and an emitting source moving with 0.5vpeym [34]. The
coefficient M, and the inverse slope E, were obtained from
a best fit to the data. The inverse slope was found to be
Ey = (7.6 £2.2) MeV. In Fig. 5 we display the high-energy
portion of the center-of-mass y-ray multiplicity spectra of the
two reactions (obtained with detectors centered at polar angles
from 51.5° to 128.5°), in coincidence with the evaporation
residues along with the result of the fit. It is worth noting that
the bremsstrahlung component at the present incident energy
is small in the energy range of interest: it accounts for 13% of
the total yield at £, = 20 MeV and for 1.3% at E,, = 10 MeV.

1. Charge-symmetric reaction: Statistical GDR

The bremsstrahlung-subtracted y-ray spectrum of the
nearly charge-symmetric reaction, *3Ca +'#*Sm, is expected

TABLE III. As in Table II for « particles.

Reaction E.(MeV) vy (cm/ns) My Tg (MeV) Vit (cm/ns) My Tine MeV)
“0Ca+2Sm 14 0.937 2.070 &+ 0.100 3.870 & 0.052 1.607 + 0.126 0.343 + 0.075 6.261 +0.243
BCa+'"Sm 14 1.028 2.568 £ 0.099 3.595 £ 0.047 1.860 + 0.088 0.443 £ 0.059 6.502 £ 0.160
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TABLE IV. Average kinetic energy E;, binding energy Eying, preequilibrium particle multiplicity Mi,, and average energy lost Ej for the

40Ca42Sm reaction.

Particle E, (MeV) Eping MeV) M Eiost = Min[Ex + Epina] (MeV)
Proton 13.71 £ 0.13 3.56 0.786 £+ 0.060 13.57 £ 0.95
Neutron 7.71 £0.13 10.56 1.055 +0.250 19.27 £ 4.53
o 23.39 +0.36 —5.00 0.343 £0.075 6.31 £1.28

to be adequately described by the statistical y spectrum of the
compound nucleus decay, calculated with the code CASCADE.
This holds because the DD y radiation in this channel is
expected to be negligible, its initial dipole moment being
very low. From the comparison of the “*Ca +!**Sm data with
CASCADE calculations, new information can be obtained on the
statistical GDR in the highly excited '3Hg compound nucleus
and in its evaporation daughters.

Before presenting our results, in the following we summa-
rize the existing data on the GDR properties for neighboring
heavy nuclei. The ground-state GDR centroid energy, width,
and strength for a nucleus of mass A ~ 190 are expected to
be: EGDR,gs ~ 14 MeV, FGDR,gs = 5-6 MeV, and SGDR,gs /Z 1
in units of the E'1 energy-weighted sum rule (EWSR) [35,36].
The study of the GDR y decay from excited nuclei in this
mass region was limited so far to lower excitation energies
than presented here, and it was mainly performed with the
aim to investigate superdeformed nuclear shapes predicted by
calculations. These calculations, done for a '"°Pb nucleus,
spherical in its ground state, predicted a prolate superdeformed
minimum at 7 =0 MeV and J = 304 with deformation
parameter B = 0.6. The prolate minimum washed up at
T > 1 MeV where a phase transition to a noncollective
oblate shape was expected to occur (see Refs. [37,38] and
references therein). Heavy-ion fusion experiments probed the
nuclear shape of 2%°Pb isotopes at temperatures extending up to
1.5 MeV and spins extending up to 447 in evaporation [39,40]
and 50# in fission events [38]. The above temperature refers
to that of nuclear states upon which the GDR was built
averaging over the particle decay steps for which y decay with
E, > 10 MeV was significant. These works, in agreement
with theoretical predictions, suggested a spherical-to-prolate
nuclear shape transition at a spin value of 14/-18A that
persisted at a temperature of 1.3 MeV. In fact, for temperatures
upto T ~ 1.3 MeV, two Lorentzian components and a prolate
deformation with B ~ 0.3, were necessary in the CASCADE
calculation to reproduce the GDR y strength function while at
T = 1.5 MeV, a single Lorentzian component, with Egpr =
13.8 MeV and I'gpr = 9 MeV, was found to be adequate [39].

Another fusion experiment was performed to investigate
the shape of '°’TI isotopes formed at excitation energies up

to 71.6 MeV and maximum value of the compound nucleus
spin distribution equal to 497 [41]. The GDR centroid energy
needed to explain the y strength functions was found to be
Ecpr = 13.5 MeV, compatible with the ground-state value,
the width of the distribution I'gpr ~ 8 MeV, while the mean
nuclear deformations were found to be 8 ~ 0.25. In that work,
no definite conclusions were drawn on the type of the nuclear
deformation.

Besides fusion experiments between heavy ions, an «o
scattering experiment on a 2%®Pb target was employed to
study the GDR y decay from the excited 2**Pb nucleus. The
o scattering method populated highly excited nuclear states
of the target nucleus at low angular momenta, making it
possible to isolate the evolution of the GDR properties with
temperature [42]. It was found that the GDR width increases
continuously with the temperature in a range varying from 1
to 1.6 MeV, where it takes a value of 8 MeV, much larger than
the ground-state value of 4 MeV (for the reevaluation of the
temperatures of the nuclear states on which the GDR was built
see Ref. [43]). The width increase was ascribed to the nuclear
shape thermal fluctuations.

In the present work, we evaluated the statistical y-ray
emission in the nearly charge-symmetric channel by means
of the CASCADE code for a '®Hg compound nucleus formed
at excitation energy E* = 220.5 MeV. The spin distribution of
evaporation and fission events was derived from a PACE2 calcu-
lation performed for the above-mentioned compound nucleus
and by using a level density parameter a = A/9.5 MeV ™.
The evaporation cross section was found to be 132 mb,
corresponding to a critical spin Jegigevap = 45k in the sharp
cutoff approximation. The statistical fission cross section
was found to be 242 mb and accounts for the remaining
part of the compound nucleus formation cross section up
to the Jp,—o value where the fission barrier vanishes. The
Jerivevap value given by PACE2 is in good agreement with
estimations of the critical angular momentum for evaporation
residue products owing to fission competition for a compound
nucleus with charge Z ~ 80 [44] and with the evaporation data
of the neighboring systems **Ca+'3*Sm [45], 3Si +'7Er,
and YF+"8Ta [46]. In the CASCADE calculation we used
a triangular spin distribution with a critical value equal to

TABLE V. Same as in Table IV for the **Ca +'**Sm reaction.

Particle E; MeV) Eying (MeV) Min Eiot = Min[Ex + Epina] (MeV)
Proton 13.51+£0.16 3.56 0.693 + 0.062 11.83 £0.98
Neutron 7.51+0.16 10.56 0.930 + 0.250 16.81 +4.48
o 23.75+0.24 —5.00 0.443 £ 0.059 831 £1.18
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FIG. 5. High-energy range of the center-of-mass y-ray multi-
plicity spectra, obtained with detectors centered at polar angles from
51.5° to 128.5°, in coincidence with the evaporation residues for
the “°Ca +'32Sm (solid squares) and the BCa+'"Sm (open circles)
reaction. The solid line represents the bremsstrahlung component
determined from the simultaneous fit of the data, as described in the
text.

45h and a diffusivity parameter 2A. The above distribution
results in an average spin of the compound nucleus for
evaporation events 7CN,evap = 31h and a corresponding av-
erage temperature TCN_MP = 3.2 MeV, calculated from the

. =2 . .
relation (E* — E,o) = aTCN’evap, E.. being the rotational

energy for 7CN,evap and a nuclear level density parameter
a=A/9.5MeV~!.

It is well known that a is of primary importance for the
statistical y spectrum. Different measurements have shown
that (a) a decreases with increasing excitation energy from a
value A/8—A/9MeV~! toavalue ~A/13 MeV~! [47] and (b)
the use of an energy-independent level density parameter lower
than A/8 MeV~' or the use of a modest energy dependence
makes it possible to explain equally well charged-particle
evaporation spectra relative to compound nuclei with various
masses [48-50]. The same holds also for statistical y-ray
spectra that have been successfully analyzed by using both
approaches. Although many works have been dedicated to the
study of the level density parameter, uncertainties still remain
concerning it. Thus, in the following, we consider different
prescriptions in the CASCADE calculations.

(i) The CASCADE approach proposed by Puhlhofer [22], by
using a constant level density parameter a = A/9.5 MeV ™!
in the “high-energy” region, E* 2 20 MeV. To obtain the
sensitivity of our results, a second calculation was done with
a=A/11 MeV~! because this choice produced the best
description of both proton and a-particle spectra for a '*>TI
compound nucleus when using an energy-independent level
density parameter approach [48].

PHYSICAL REVIEW C 93, 044619 (2016)

(i) The semiempirical level density prescription of Reis-
dorf [51] with the ansatz of Ignatyuk [52] that reflects the
nuclear shell structure at low excitation energy and its smooth
melting away at high excitation energy. In this approach, a has
an asymptotic value A/9.4 MeV~' for a compound nucleus
with A = 189.

(iii) The prescription proposed by Charity [50] that
considers (a) a level density parameter, d.s, depending on
excitation energy and mass and (b) an additional slow energy
dependence like that given by the Ignatyuk expression [52]
for the disappearance of the shell effects with the inclusion
of a term depending on the nuclear spin. This approach
was already used in the literature to reproduce charged
particle [50] and y-ray spectra [53]. For a mass A =
189, def varies from A/7.3 MeV~! at low temperature to
A/9.9 MeV~!at T = 3.2 MeV (according to Equation (15)
of [50]).

(iv) The parametrization suggested by Ormand ef al. in
Ref. [54], who proposed a level density parameter, renormal-
ized by small amplitude (quantal) fluctuations of the nuclear
surface. In this approach, a varies from A/8.6 MeV~! at low
temperature to A/10.6 MeV~! at T = 3.2 MeV. In addition,
shell effects on the level density at low energy were taken into
account by using the Ignatyuk ansatz [52].

For the CASCADE calculation using the prescriptions (ii),
(iii), and (iv), we modified the level density part of the
code [22] according to Ref. [55] and we calculated the thermal
energy and the shell and pairing corrections to the liquid drop
mass as described in Ref. [55]. Moreover, in all approaches,
the Myers droplet model mass formula [56] with the inclusion
of the Wigner term was employed for obtaining the binding
energy of the spherical liquid drop without shell and even-odd
correction. Finally, in all CASCADE calculations the GDR
strength function was taken to be a single Lorentzian curve
throughout the decay cascade.

The resulting statistical y spectra obtained with the previ-
ously described prescriptions of the level density parameter
are displayed in Figs. 6 and 7, together with the data. In the
left-hand side of these figures we report the center-of-mass
bremsstrahlung-subtracted y -ray multiplicity spectrum of the
48Ca 4-'*Sm reaction (symbols), taken with detectors at polar
angles from 68.1° to 128.5°, together with the theoretical
spectrum (line) obtained with the code CASCADE and folded
with the response function to y rays of the considered BaF,
rings [57]. The error bars of the data include both the
statistical uncertainties and the errors owing to the subtraction
of the bremsstrahlung radiation. To approximately remove the
exponential behavior of the spectrum reflecting the nuclear
level density energy dependence and to compare on a linear
scale the data with the fitted E1 absorption cross section,
oabs(E, ), we divided both data and theoretical y spectrum by
the theoretical y spectrum and multiplied by the E'1 absorption
cross section used in the CASCADE calculation. The resulting
linearized spectra are shown in the right-hand side panels of the
figures. In Fig. 6 we present calculations by using the Puhlhofer
approach witha = A/9.5MeV~! (top)anda = A/11 MeV~!
(bottom). In Fig. 7 we display the calculations by using the
Reisdorf approach (top), the Charity approach (middle), and
the Ormand approach (bottom).
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FIG. 6. (a) Center-of-mass bremsstrahlung-subtracted y-ray multiplicity spectrum of the charge-symmetric reaction **Ca +'**Sm, obtained
with detectors centered at polar angles from 68.1° to 128.5°, in coincidence with evaporation residues (symbols). The line represents the
statistical y-ray spectrum calculated with the code CASCADE and folded with the response function of the considered BaF, rings. The CASCADE
calculation was done by using the Puhlhofer prescription for the level density parameter and witha = A/9.5 MeV ™! in the “high-energy” region.
(b) The linearized plot obtained by dividing the spectra shown in panel (a) by the CASCADE spectrum and multiplied by the E'1 absorption cross
section, oaps(E, ), used in the CASCADE calculation. The parameters of o,,5(E) ) are presented in the first row of Table VI. Panels (c) and (d) are
as (a) and (b), respectively, obtained by using @ = A/11 MeV ™! in the “high-energy” region. The corresponding parameters of ows(E,) are

presented in the second row of Table VI.

The GDR parameters, corresponding to the ous(E,),
that were used to reproduce our y spectra in the different
prescriptions of the level density parameter are presented in
Table VI. Anuncertainty of 10/ in the Jeri¢ evap value and 7 MeV
in the compound nucleus excitation energy does not affect
our results on the GDR parameters by more than the quoted
ITOrS.

By examining the different cases and looking at Figs. 6
and 7, we observe that all the considered prescriptions
describe reasonably well the data, except for the Ormand
prescription that fails essentially in the high-energy region.
This prescription, used successfully in previous works [18,58]
to reproduce y-ray spectra originating from compound nuclei
in the A ~ 130 mass region, seems to give a too-rapidly
varying level density parameter, overpredicting thus the
experimental spectra at high energies. The best description
of the data in the whole energy range of interest is reached
by using the Puhlhofer approach with @ = A/9.5 MeV~! or
the Reisdorf approach that results in a similar value of the

level density, nearly constant throughout the whole decay.
With the a = A/11 MeV~! choice we obtain a centroid
energy that is 11% lower than that of the ground-state value,
indicating probably that this choice is not the most appropriate
in our case. In the Charity approach, we present here the
calculation including the spin term in the melting out of the
shell effects (see Eq. (12) of [50]); however, the exclusion of
such a term does not influence much the results. If the spin
term is not included, we extract the following parameters:
Ecpr = 14.0 MeV, I'gpr = 11.0 MeV, and Sgpr = 1.25 E'1
EWSR. As a final comment, we notice that in both the Charity
and the Ormand approaches where an energy-dependent a is
used, the extracted GDR width is lower than by using a constant
(or nearly constant) a in the decay cascade.

Even if we obtain the best results with the a =
A/9.5 MeV~! choice of the Puhlhofer approach or with the
similar a value of the Reisdorf approach, we do not have
strong physical arguments to choose the most appropriate
prescription. Then we consider in the following the average of
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FIG. 7. (From top to bottom) The same as in Fig. 6 with the parameters of o,,s(E, ) presented in the third, fourth, and fifth rows of Table VI.
Panels (a) and (b) correspond to the Reisdorf approach, (c) and (d) to the Charity approach, and (e) and (f) to the Ormand approach.

the extracted GDR parameters from all approaches considering
them on the same foot. The average is shown in the last row
of Table VI.

To compare our results with previous ones on the same
basis, we evaluated the average values of mass A, charge
Zz f» temperature T r» and spin J r of the nuclei in the decay
cascade following GDR y-ray emission. These quantities
are displayed in Table VI. The average temperature of the
nuclear states upon which the GDR is built was obtained from

the relation E r= aT;, with E r= E, — E.ot — Egpr being

E;, the average nuclear excitation energy minus the energy
lost by particle evaporation and E;, the rotational energy
calculated for J ;. The level density parameter was taken to
bea=A /9.5 MeV~'. The weighted average of the above
quantities was performed over all nuclei in the decay cascade
emitting y rays with E, = Egpg, using the code CASCADE
with GDR parameters extracted in the Puhlhofer approach (see
first row of Table VI). An uncertainty of Ak = £1.5 MeV,
where k = A/a, introduces an error of £0.20 MeV in the
determination of the T  value.
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TABLE VI. GDR parameters extracted with different prescriptions of the level density. The associated errors are +0.3 MeV for the centroid
energy, £0.5 MeV for the width, and £0.05 of the £1 EWSR for the strength. The average result of the above GDR parameters is shown in the
last row. Average values of mass A s, charge Z ;, temperature T ;, and spin J ; of the nuclei in the decay cascade following emission of GDR
y rays, obtained with a CASCADE calculation and a = A/9.5 MeV ™! in the Puhlhofer approach (for details, see the text).

Ecpr TGpr SGpr Level density parameter Ay Zy 7./- T F
(MeV) MeV) (E1 EWSR) (h) MeV)
13.5 12.8 1.01 Puhlhofer (A4/9.5 MeV™!) 181 78 28 2.33
12.5 12.0 1.04 Puhlhofer (A/11 MeV™!)

14.0 12.3 1.03 Reisdorf

14.25 10.5 1.08 Charity

13.2 10.5 0.96 Ormand

13.5 11.6 1.02 Average GDR parameters

From our results on the average GDR parameters we note
the following.

(i) The centroid energy, Egpr = 13.5 MeV, is in agree-
ment with the ground-state value Egprgs Within 4%
and consistent with previous experimental results and
theoretical predictions [59-62].

(i) The width, I'gpr = 11.6 MeV, increases with the nu-
clear temperature and/or the excitation energy, if com-
pared with the results obtained for Pb isotopes: 9 MeV
at 7 = 1.5 MeV and similar spin distribution [39]
and 8 MeV at T ~ 1.6 MeV and much lower average
spin [42]. The extracted width is, moreover, in good
agreement with the 11.2 MeV value derived by means
of the phenomenological relation (4) of Ref. [43],
which describes the width behavior as a function of
temperature, spin, and mass in the framework of the
thermal fluctuation model. The following values were
used in the phenomenological relation: I'prgs =

5.5MeV, T = 2.33 MeV, J ; = 28A. The width in-
crease suggests an increase of the nuclear deformation.
By making use of the universal linear relation between
the GDR width and the mean nuclear quadrupole
deformation derived in the framework of the thermal
fluctuation model [63], a mean deformation parameter
of B ~ 0.4-0.5 is obtained from our data. The lower
and higher B value corresponds, respectively, to the
lower and higher GDR width shown in Table VI.

(iii) The strength exhausted by the GDR was found
to be Sgpr & 1 E1 EWSR, in agreement with the
ground-state value for nuclei in this mass region. Thus,
no y-ray emission cutoff in the CASCADE calculation
was needed to reproduce the data in the GDR
energy region. Such GDR y-ray suppression was
observed for energies above E* ~ 2 MeV /nucleon
for compound nuclei with mass A ~ 130 [18,58],
~ 2.2 MeV/nucleon for A ~ 110 [58,64,65], and
~ 5 MeV /nucleon for lighter nuclei A = 60-70 [12],
denoting a mass dependence of the limiting excitation
energy for the collective motion. This dependence is
very similar to the mass dependence of the limiting
temperature that nuclei can sustain before undergoing
multifragmentation, as observed from the analysis

of the nuclear caloric curves for nuclei in different
mass regions [47]. In that work, the excitation energy
per nucleon at which a limiting temperature was
reached for masses 180 < A < 240 was found to be
2-2.5 MeV /nucleon. As in the present work, the com-
pound nucleus was formed at E* = 1.2 MeV /nucleon,
our result evidences the persistence of collective
motion at the considered excitation energy. Assuming
that there could be a link between the disappearance
of the GDR collective motion and a liquid-gas phase
transition, this result is in agreement with what we
would expect from the nuclear caloric curve study.

2. Charge-asymmetric reaction: Preequilibrium y emission

It has been demonstrated in the previous sections that
the only difference between the studied entrance channels
concerns their charge asymmetry and that the associated
bremsstrahlung-subtracted y-ray spectra can be safely com-
pared with each other. Because the same compound nucleus
was formed at identical conditions, if one considers only
the statistical decay of the compound nucleus, extensively
presented in Sec. III B 1, the spectra of the two channels
should be identical.

In panel (a) of Fig. 8 we display the center-of-mass
bremsstrahlung-subtracted y-ray multiplicity spectra of the
two reactions, obtained with detectors centered at polar
angles from 51.5° to 128.5°, in coincidence with the evap-
oration residues. The solid (dashed) line represents the
charge-asymmetric *°Ca+'2Sm (nearly charge-symmetric
*Ca +'**Sm) reaction. The symbols in panel (b) correspond
to their difference. In panel (c) is presented the percent
difference between the data, i.e., the ratio of the difference
and the spectrum of the **Ca +'**Sm reaction. The data show
an excess of y rays in the range E, = 8-15 MeV in the
charge-asymmetric channel. This excess can only be related to
the DD excitation in the composite system of the *°Ca +'°2Sm
reaction because of its larger charge asymmetry. The DD y
spectrum [symbols in panel (b)] can be reproduced well by
means of a Lorentzian curve folded with the response function
of the considered BaF, rings [57] [solid line in panel (b)]. The
extracted characteristics, centroid energy Eppexp, and width
I'bp.exp are given in Table VII.
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FIG. 8. (a) Center-of-mass bremsstrahlung-subtracted y-ray multiplicity spectra, obtained with detectors at polar angles from 51.5° to
128.5°, in coincidence with evaporation residues. The solid (dashed) line represents the charge-asymmetric “°Ca+'3Sm (nearly charge-
symmetric “3Ca +'**Sm) reaction. (b) The symbols correspond to the difference between the experimental spectra of panel (a), i.e., the DD
y-ray spectrum. The solid line is a Lorentzian curve folded with the response function of the considered BaF, rings with characteristics
described in the text and presented in Table VII. (c) Percent difference between the data, i.e., ratio of the difference shown in panel (b) and the
spectrum of the *3Ca +!**Sm reaction shown in panel (a).

Because the DD centroid energy reflects the emitting source 3. y-ray angular distributions
deformation, it is interesting to compare it with the centroid en-
ergy of the ground-state GDR, Egpg gs. We notice that Epp exp
is 3 MeV lower than Egpgr g, indicating a high deformation of
the emitting source during the DD y emission. This result is in
excellent agreement with expectations for a dipole oscillation

The center-of-mass bremsstrahlung-subtracted y -ray angu-
lar distribution with respect to the beam direction of the two
reactions, corrected for the detection efficiency, was fitted with
a Legendre polynomial expansion,

along the symmetry axis of a deformed dinucleus during M, (E,.0y) = Mo(Ey){1 + Qa2ax(Ey) Po[cos(0))]},  (7)
the early moments of the reaction [3-10] and with previous  where a, is the anisotropy coefficient and Q; is an attenuation
experimental works on lighter systems [10,13,15,17,18]. factor for the finite y-ray counter which, for the present

TABLE VIIL. The centroid energy Eppcxp and width I'ppy, of the Lorentzian curve that describes the experimental DD y-ray spectrum
shown in panel (b) of Fig. 8. Experimental energy- and angle-integrated DD yield M, ppx, corrected for the detection efficiency. The cited
error on the DD yield includes uncertainty in integration over angle and BaF, scintillator efficiency. A 7-MeV difference in the compound
nucleus E* between the two reactions (see Table I) would introduce an additional error of 0.3 x 1073, The DD parameters obtained from
BNV calculations with an asystiff EOS (in parentheses the values with an asysoft EOS) are shown in the following columns: centroid energy
Epp s, width I'pp 1, and yield M, pp . The impact parameter window considered for the calculation of the theoretical DD parameters is taken
from O up to the b, value indicated in the last column.

EDD,cxp (MCV) l—‘DD,cxp (MCV) My,DD,cxp EDD,th (MCV) l—‘DD,th (MEV) My,DD,Ih bmax (fIIl)

11.0+03 35405 [1.240.2] x 107 8.3(9.8) ~4(4) 3.15(4.20) x 1073 2
3.08(4.04) x 1073 3
2.86(3.50) x 1073 4
2.23(2.81) x 1073 6
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geometry, was found to be 0.98 [66]. The detection efficiency
of the BaF, ring centered at the polar angle 6, was deduced
from its response function [57]. The coefficients Mo(E, ) and
ax(E, ) were obtained from a best fit of the data.

In panels (a) and (b) of Fig. 9 we show the energy
dependence of the a, coefficient in bins of 1 MeV. For the
nearly charge-symmetric system **Ca +'**Sm, a, is expected
to have an energy dependence characteristic of statistical GDR
y decay from a deformed hot rotating nucleus. We recall here
that we do not expect DD y radiation in this channel, the
initial dipole moment being very low. In the case of an oblate
shape rotating noncollectively, as should be in the present
case, the two low-energy GDR components (along the two
longer axes of the nuclear shape) should have a minimum
a, ~ —0.25 (stretched dipole transitions AJ = =£1), while the
upper-energy GDR component (along the shorter axis) should
have an a, ~ 0.5 (unstretched dipole transition AJ = 0). For
a detailed discussion, see, for instance, Ref. [67]. However, the
overlap of the split GDR components because of their finite
width, the nuclear shape thermal fluctuations, and the fluctu-
ations of the orientation of the angular frequency vector with
respect to that of the density distribution, as predicted by the
fluctuation theory of a heated rotating liquid drop [68], render
the angular distribution of GDR y rays more complex and
modify the value of the relative a,. Measured a, were found to
be smaller in absolute value than those described previously
for statistical GDR y decay from excited nuclei, depending on
the nuclear excitation energy and on the nuclear spin.

Our data confirm the above considerations. In the low-
energy side of the GDR (E, <13 MeV), the charge-
symmetric reaction data in panel (b) of Fig. 9 show a minimum
a, = —0.12, while on the high-energy side, the a, coefficient
has a slightly positive value with large error bars. The low-
energy part a, is significantly attenuated (in absolute value)
with respect to the a, ~ —0.25 value expected for a stretched
dipole transition. As explained previously, this attenuation
is ascribed to the orientation fluctuations of the compound
nucleus angular frequency vector with respect to that of the
density distribution. The attenuation becomes more important
at low rotational frequencies, as in the present case, where
o = 0.3-0.35 MeV for the involved heavy nuclei that emit
GDR y radiation. It has to be noticed that, while orientation
fluctuations of the angular frequency vector are very important
to describe the GDR y-ray angular distribution, they do not
influence the GDR y strength function that depends mainly
on the large amplitude thermal fluctuations of the nuclear
shape [68]. Our result on the statistical GDR a, coefficient,
though at higher excitation energy, is in agreement with that
obtained for Tl isotopes at an excitation energy of 60 MeV
and a compound nucleus average spin of 24% [41], where
large orientation fluctuations of the spin vector were needed
to explain the observed near isotropy across the GDR region.
Furthermore, it is compatible with the experimental findings
of Ref. [69] for a W nucleus formed at 7 = 1.4 MeV and
average spins ranging from 34# to 55h.

The comparison between the a, coefficient of panels (a)
and (b) of Fig. 9 shows a larger a, absolute value for
the charge-asymmetric reaction in the DD energy region,
indicating a more anisotropic y-ray angular distribution. In
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panel (c) we show the y-ray angular distribution of the two
reactions integrated over energy from 9 to 15 MeV and
corrected for the detection efficiency (symbols), where the
DD obtains its maximum value [see the percent difference
between the y spectra of the two reactions in panel (c) of
Fig. 8]. From a best fit to the data, shown with a solid
(dashed) line for the *°Ca+'>?Sm (**Ca +'**Sm) reaction,
we obtain a, = —0.13 £0.03 (a, = —0.06 &+ 0.02) for the
0Cca+152Sm (*Ca+'*Sm) reaction. By using the same
argument as previously for the spectra, the observed difference
in the y-ray angular distribution of the two systems can only be
ascribed to entrance channel effects, namely the DD excitation.

In panel (d) of Fig. 9 we display the angular distribution
of the difference between the data of panel (c). This is the
DD y-ray angular distribution, energy integrated from 9 to
15MeV. The DD y-ray angular distribution provides important
information, because it is a sensitive probe of the fusion
dynamics and of the DD lifetime. Indeed, the amount of
anisotropy, if present, is related to the interplay of the rotation
angular velocity of the dinuclear system during the prompt
DD emission and the instant at which this emission occurs.
For a more extended discussion, see Refs. [17,18,21]. From
the figure we note that the DD y-ray angular distribution is
very anisotropic around 90° and it can be reproduced well by
using an anisotropy coefficienta, = —1 (solid line) that results
in an angular distribution of the sin? (6,) form of emission from
a dipole oscillation along the beam axis (solid line).

We recall here that the DD oscillation is expected to
occur along the symmetry axis of the dinuclear system
which, for near-central collisions, forms a relatively small
angle with the beam axis at the very early moments of
its formation. In the present experiment where evaporation
residues are considered, the maximum angle between the DD
oscillation axis and that of the beam at the early moments
of the dinuclear system formation is ~10° for an interaction
radius of R =10.6 fm (rp = 1.2 fm was considered) and
a maximum impact parameter for evaporation by,,x ~ 2 fm.
In the case of a larger mean inclination of the axis of the
DD oscillation, because rotation has taken place meanwhile,
we would expect a widening of the angular distribution
with respect to 90°. This means a more isotropic angular
distribution like that shown with the dotted line in Fig. 9(d),
obtained by using an a, = —0.25. According to the previous
considerations, the observed large anisotropy proves the
preequilibrium nature of the DD y emission, in agreement with
our previous result for a composite system in the '*Ce mass
region [17,18].

The DD y yield integrated over angle and over energy
from 9 to 15 MeV was obtained from the best fit to the data,
shown in panel (d) of Fig. 9, by using a, = —1 (solid line in
the figure). To have the yield, M, ppxp, integrated from 8 to
21 MeV and to compare it with existing results integrated in
the same energy range, we made use of the Lorentzian curve
that reproduces the experimental DD y-ray spectrum [shown
in panel (b) of Fig. 8] to recover the factor between the two
integrals: from 9-15 MeV to 8-21 MeV. M, ppexp and the
associated error are shown in Table VII.

We can compare the present result with those obtained in
our earlier works, where colliding systems leading to a '*>Ce
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FIG. 9. Energy dependence of the a, coefficient for (a) the **Ca+'32Sm and (b) the “*Ca+'**Sm system. (c) 9 MeV < E, <15 MeV
y-ray angular distribution of the “*Ca +'>2Sm (solid symbols) and “*Ca +'**Sm (open symbols) reactions, corrected for the detection efficiency.
The solid and dashed lines represent a fit of the data with a Legendre polynomial expansion (a, coefficients given in the text). (d) Angular
distribution of the difference between the data of the two reactions appearing in panel (¢), i.e., DD y-ray angular distribution energy-integrated
in the interval 9 MeV < E, < 15 MeV (symbols). The solid line is the result of a fit of the DD angular distribution with a Legendre polynomial
expansion by using a, = —1, the dashed line is a fit with a, = —0.84 obtained within the BNV framework with the asystiff choice, and the
dotted line shows the fit with an a, = —0.25. All the quantities are in the center-of-mass reference frame.

compound nucleus were studied at various Ej,, ranging from
6 to 16 MeV /nucleon by employing the difference method
technique (see, for instance, Fig. 15 of Ref. [18]). Those
colliding systems correspond to a similar mass asymmetry
but to a lower compound nucleus mass and to a lower
initial dipole moment than that of the “°Ca +'>2Sm reaction
studied here. We notice that the DD yield extracted in the
40Ca+'52Sm reaction at Ep, = 11 MeV /nucleon, does not
increase as expected with the initial dipole moment, because
it is similar to the yield obtained in the 328 +'®Mo reaction
at Ej,, =9 MeV/nucleon. However, as already claimed in
the Introduction, the DD yield is influenced by the interplay
of several factors including beam energy, impact parameter,
mass asymmetry, mass of the colliding ions or competition
with other reaction mechanisms. It seems therefore, that some
other reaction parameter counteracts the expected DD yield
increase with the initial dipole moment. This point is further

discussed in the next section, where possible explanations and
some suggestions are presented.

IV. BNV CALCULATIONS AND DISCUSSION

Several theoretical models were used to investigate the
properties of the DD excitation [3-9,21]. In particular, cal-
culations within a BNV transport model, based on a collective
bremsstrahlung analysis of the entrance channel reaction
dynamics [8,21], were widely adopted to describe the DD y
decay. This last one is the approach we have chosen to use here
to describe how the DD develops in the charge-asymmetric
channel “*Ca+'2Sm at 11 MeV /nucleon. The evolution of
the dinuclear system along the fusion path, including the
isovector degrees of freedom, is described self-consistently
by the behavior of the one-body distribution function for
protons and neutrons, f,(r,p,t), f.(r,p,?), as ruled by the
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density-dependent mean field. In the transport simulations no
free parameters were used and for the potential part of the
symmetry energy two different density parametrizations were
tested: the asysoft and the asystiff EOS. For the asysoft EOS,
the symmetry energy has a weak density dependence close to
the saturation, with an almost flat behavior at subsaturation
densities. For the asystiff EOS choice, the interaction part of
the symmetry term displays a linear density dependence. For
details in the calculations, see, for instance, [21] and references
therein. To reduce the numerical noise, we run ten events for
each set of macroscopic initial conditions and the displayed
quantities are the averages over this ensemble.

We summarize in Table VII the DD parameters extracted
with the asystiff EOS choice (in parentheses those obtained
with the asysoft one are given): centroid energy Epp i,
width I'pp g, and yield M, ppm. The yield was obtained
by integrating over angle and over energy in the resonance
region for each impact parameter and by summing over
the impact parameters with the corresponding geometrical
weights. The impact parameter window considered for the
calculation of Epp, I'pp,m, and M, pp is taken from O up
to the bpyax value indicated in the last column of Table VII.
Values for by« = 2 fm, shown in the first row, are associated
with the most central collisions and, thus, with evaporation
events that are of interest in the present work. For comparison
purposes, the yield was calculated also for higher impact
parameters: up to 3 fm that corresponds approximately to
Jp,=0, the maximum spin for compound nucleus formation
(second row), and up to 4 and 6 fm in the third and fourth row,
respectively.

The centroid energy Eppg was deduced from the power
spectrum of the dipole moment for evaporation events. We
notice here that the centroid energy obtained within an
identical theoretical framework, but exciting the GDR mode
from the ground state of 192pp as described in [70], was located
at Egprm = 10.9 (12.4) MeV for the asystiff (asysoft) choice.
A shift of the DD centroid energy (see Table VII) of around
2.6 (2.6) MeV to lower values with respect to that of the GDR
is a clear indication that the DD y emission took place when
the system was still elongated along an axial-symmetry axis,
i.e., before shape equilibration [71]. This result is in good
agreement with our experimental finding. The width I'pp ,
was derived from a fit of the dipole moment obtained from the
numerical calculations with an oscillating damped function
and agrees also with the experimental one.

By averaging over impact parameters up to b,y = 2 fm, the
anisotropy coefficient of the DD y rays was found to be equal
to a, = —0.84 (—0.82) with the asystiff (asysoft) choice. This
value results in a very anisotropic angular distribution that is
compatible (within errors) with the experimental one, as can
be seen by the dashed line in panel (d) of Fig. 9. As mentioned
previously, such an a, value indicates a preferential oscillation
axis of the DD, triggered at the early stage of the fusion path,
along an axis that has not rotated much on the reaction plane
during the DD lifetime.

By looking at the theoretical DD yield obtained with
both EOS choices, we notice that it overpredicts significantly
the data, well outside the experimental uncertainties. The
theoretical yield is still larger than the experimental one
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even if we consider integration up to 6 fm that is a too-
high impact parameter for fusion evaporation to occur. For
such high-impact parameters, moreover, the theoretical DD
angular distribution becomes much more isotropic, no longer
compatible with our results.

BNV calculations reproduced better the DD yield for
colliding systems leading to the '*2Ce composite system
and having lower initial dipole moment than that of the
40Ca+1528m reaction [18]. In that case, the data were found
to be in good agreement with calculations at incident energies
of 6 and 16 MeV /nucleon, while the experimental yield at
9 MeV /nucleon differed by at most 40% from the calculated
one. In the case of the *°Ca +'°2Sm reaction, the disagreement
is not understood in the framework of the BNV model. The
results of the present work suggest that BNV calculations do
not take into account some aspects of the reaction dynamics
which could inhibit the preequilibrium y-ray emission. An
ingredient neglected in the present calculations is the defor-
mation of the '3Sm target ground state that could influence
the DD excitation mechanism.

By examining other theoretical models in the literature, it is
worth noticing that time-dependent Hartree-Fock calculations
coupled to the phonon model [4] foresee a lower DD y yield
with increasing the mass of the colliding ions, attributed to
the fact that reactions with light nuclei are less damped than
those involving more nucleons. However, some comments
about the phonon model [1,2] results are in order. The DD
y yield obtained within this model is systematically below the
bremsstrahlung evaluation, as has been shown in Ref. [8]. This
is related to the uncertainties in the estimation of the number
of preequilibrium GDR phonons present when the compound
nucleus is formed, overcome by the bremsstrahlung method [8]
that we used for comparison in the paper. Thus, while
the phonon model results could suggest a better agreement
with our data, the above-mentioned uncertainties make this
theoretical prediction less accurate than that obtained with the
bremsstrahlung approach. It is clear, therefore, that further
investigation is needed from both the theoretical and the
experimental sides to shed light on the origin of the observed
discrepancy between data and BNV calculations.

The observation of the DD preequilibrium y radiation
for the first time in the fusion-evaporation decay channel
of a heavy composite system encourages in exploring the
possibility to use it as a fast cooling mechanism in fusion
reactions. At low excitation energy, relevant for the formation
of superheavy elements, this could increase significantly
the compound nucleus survival probability against fission,
favoring the formation of evaporation residues that can be
studied via their subsequent o decay and spontaneous fission.
In hot fusion reactions [72], which is one of the two employed
experimental approaches to synthesize superheavy elements,
the compound nucleus is formed at excitation energy of
30-60 MeV, where statistical fission largely dominates over
neutron evaporation. Nonetheless dissipative effects may
retard fission [73], assisting cooling of the nucleus. Such
dissipative effects were observed in studies of pre-scission
neutrons [74] and pre-scission GDR y rays [75] from hot
heavy systems. In this context, cooling through emission
of preequilibrium DD y radiation in charge-asymmetric hot
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fusion reactions could allow the composite system to reach
the statistical phase with a lower excitation energy, resulting
in a larger superheavy-element formation probability.

The scenario outlined above was investigated theoretically
in Ref. [10] for the ?®*Hs (Z = 108) nucleus formed in the
124Xe +!*1Xe charge-asymmetric reaction at E* = 54 MeV.
An enhancement of the total survival probability of the com-
pound nucleus against fission owing solely to the charge asym-
metry in the entrance channel of a factor six was obtained. This
estimation was done in the framework of a “hybrid” statistical
model of the compound nucleus decay. The preequilibrium
y-ray emission was externally introduced while the fission
width evolution was calculated with the diffusion model for
fusion-fission dynamics described in Ref. [76]. From an
experimental point of view, to verify a potential usefulness of
the DD y radiation in the superheavy-element formation, we
considered it mandatory, first of all, to investigate its existence
in fusion-evaporation events of systems heavier than those
studied previously. Our data prove that the DD survives in
such a heavy system and decays emitting preequilibrium
y-rays, though with a lower multiplicity than predicted in the
framework of BNV calculations. A lower multiplicity implies
a lower enhancement of the compound nucleus survival
probability owing to the entrance-channel charge asymmetry
(see Eq. (24) of Ref. [10]). Nevertheless, the enhancement still
exists, allowing us to consider that the experimental findings
of this paper provide, even if higher incident energies and
still-too-low masses were investigated, the first experimental
data useful to this aim.

V. CONCLUSIONS

In conclusion, we searched for the DD y radiation in fusion-
evaporation events for the first time in a composite system
heavier than those studied so far, in the A ~ 190 mass region.
Two reactions, differing in the charge asymmetry between the
colliding ions, were employed to form the same compound
nucleus at identical initial conditions: the charge-asymmetric
*0Ca +'>2Sm and the nearly charge-symmetric “*Ca 4-'*Sm.
The multiplicity spectra and the angular distribution of the
light charged particles emitted in these reactions were used
to determine the average mass, average charge, and average
excitation energy of the compound nucleus.

First, we presented new results on the y decay of the
GDR thermally excited in the 'Hg compound nucleus
formed at E* = 220.5 MeV and in its evaporation daughters
by studying the y-ray multiplicity spectrum and the y-ray
angular distribution relative to the nearly charge-symmetric
reaction. The y spectrum was analyzed in the framework
of the statistical model, implementing various prescriptions
of the level density parameter in the CASCADE code. We
extracted a GDR centroid energy that is in agreement with
the ground-state value and a width that increases with the
temperature of the nuclear states on which the GDR is built.
Moreover, no cutoff in the GDR y-ray emission was needed
to reproduce our data, in agreement with expectations for this
mass region at excitation energy E* = 1.2 MeV /nucleon.
The angular distribution of the statistical GDR y rays
showed a small anisotropy around 90° with respect to
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that of a stretched dipole transition, denoting a rather large
attenuation of the anisotropy coefficient. This was attributed to
orientation fluctuations of the nuclear spin vector that become
important at low rotational frequencies, as in the present
case.

By comparing the y-ray multiplicity spectra and y-ray an-
gular distributions of the two studied reactions with each other,
we evidenced the DD excitation in the composite system of the
more charge-asymmetric channel in a model-independent way.
We extracted the spectrum and angular distribution of the DD y
decay by subtracting the data of the charge-symmetric channel
from those of the charge-asymmetric one. The centroid energy
of the DD y spectrum was found to be 3 MeV lower than that of
the ground-state GDR, while the DD y -ray angular distribution
was much more anisotropic than that of the GDR in the hot
compound nucleus. These results indicate that (i) the DD y
emission took place during the early moments of the reaction
when the system was still elongated along the symmetry axis,
i.e., before shape equilibration; (ii) the DD oscillation axis
had not rotated much with respect to the beam direction in
the reaction plane, resulting in a very anisotropic angular dis-
tribution. Both elements indicate that such a radiation occurs
in a preequilibrium phase of the composite system lifetime.
The lowering of the experimental DD centroid energy with
respect to that of the ground-state GDR and the experimental
DD width and angular distribution were found to be in good
agreement with the theoretical ones obtained by employing a
BNV transport model, based on a collective bremsstrahlung
analysis of the reaction dynamics. However, the theoretical DD
yield overpredicted the data, suggesting that BN'V calculations
do not take into account some aspects of the reaction dynamics
and calling for further investigation to clarify this aspect.

Finally, we discussed the possibility to use the DD preequi-
librium y emission as a cooling mechanism of the composite
system along the fusion path, before reaching the equilibrium
phase. This could increase the formation probability of
the compound nucleus when very heavy colliding ions are
involved. The present work makes it possible to take a step
forward in the study of superheavy-element formation, demon-
strating that the DD y radiation survives in heavy composite
systems, though with a lower multiplicity than predicted
with BNV calculations. To predict evaporation residue cross
sections by taking into account the isospin degree of freedom,
an appropriate theoretical model is needed together with data
on the DD energy- and angle-integrated multiplicity in heavy
composite systems formed under various reaction conditions.
Besides the superheavy-element question, the DD prompt
radiation emitted in radioactive-ion-beam-induced reactions,
along with well-tested theoretical models, will allow us to
probe the density dependence of the symmetry energy in the
equation of state at nuclear densities lower than the saturation
one, where the dynamical dipole mode is active [21].
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