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Measurement of dynamical dipole y-ray emission in the NV /Z-asymmetric fusion reaction
160 4 116Sn at 12 MeV /nucleon
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A new measurement of the dynamical dipole emission was performed in the system 'O + ''°Sn at
12 MeV /nucleon. These data, together with those measured at 8.1 MeV /nucleon and 15.6 MeV /nucleon on
the same system, provide the dependence of the dynamical dipole total emission yield on the beam energy. The
energy removed by preequilibrium charged particles emission was directly measured and this made possible the
direct estimation of the compound nucleus excitation energy. The experimental results show a weak increase of
the dynamical dipole total yield with beam energy and they are in agreement both in trend and in absolute values
with the predictions of the theoretical model based on the Boltzmann-Nordheim-Vlasov approach. The measured
y-ray angular distribution has a dipole character but with a strong quenching probably owing to the rotation of
the dipolar axis during the fusion and thermalization processes.
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I. INTRODUCTION

In heavy-ion fusion reactions, if the N/Z ratio between
projectile and target nuclei is different, a N/Z equilibration
process takes place. The related neutron-proton motion has
the feature of a collective oscillation and it is associated with a
y emission, the so-called dynamical dipole (DD) emission.
The total intensity yield of such emission depends on the
fusion dynamics and, in particular, on the symmetry term
of the equation of state (EOS) [1]. This parameter attracts
much interest in the scientific community because of its
implications beyond nuclear dynamics, namely neutron stars
or supernovae burning [2-8]. The sensitivity to the symmetry
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term of the EOS is expected to be larger in reactions with
exotic radioactive beams. However, this work shows that,
under selected experimental conditions, a good sensitivity is
expected also using stable beams.

The DD was predicted theoretically some years ago for
heavy-ion collisions as a collective mode in the fusion
process [6—12]. Its experimental evidence was found in both
fusion-evaporation and deep-inelastic reactions [13-20]. This
phenomenon is expected to depend both on the energy of the
projectile and on the size of the “static”” dipole moment D(0).
The latter is defined as

ro(A)” + A7)

N, N,
D)= =77,

, 1
77 (1)

where ro = 1.2 fm, and the indexes p and ¢ refer to the projectile
and the target of the reaction, respectively. In principle, one
could expect the DD total yield to increase with D(0). In fact,
for a fixed compound nucleus (CN), as the N/Z asymmetry
between projectile and target increases; i.e., as D(0) increases,
the charge flow in the fusion process becomes larger, leading to
a stronger total DD emission yield [21]. From the experimental
point of view, however, data [17,18] do not clearly confirm the
expected scenario. Moreover, the very few data available come
from different experimental setups, use different experimental
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techniques, and have large error bars. A systematic and detailed
study on the D(0) dependence would require the measurement
of the DD total emission yield in the same fused CN using
different projectile/target combinations with different N/Z
asymmetries. This will be possible only with the availability
of intense low-energy radioactive beams, namely with new
facilities as SPES [22] or SPIRAL?2 [23].

It is possible anyway to study the dependence of the DD
total yield on the beam energy with the presently available
stable heavy-ion beam facilities. Theoretically, one expects
that the DD emission develops mainly in the neck region
between projectile and target. As the dipole acceleration
increases with the beam energy, the DD emission should be
enhanced [21]. However, for high beam energies, the damping
related to fast processes like preequilibrium particles emission
and nucleon-nucleon direct collisions is expected to reduce
the N/Z asymmetry and the DD total yield. Experimentally,
the only data available, at different beam energies, at the
moment on DD total emission concern the fused compound
132Ce nucleus. In the work reported in Ref. [24], '32Ce
was formed via different reactions characterized by D(0) =
18-21 fm. The DD was observed to rise approximately
by a factor six as the beam energy increases from 6 to
9 MeV /nucleon and then to decrease by a factor two from
9 to 16 MeV/nucleon. Such a steep “rise-and-fall” trend,
however, cannot be reproduced by model calculations based
on the Boltzmann-Nordheim-Vlasov approach (BNV), which
predict a continuous but weak increase of the total yield for the
beam energy window 6—16 MeV /nucleon. This disagreement
still constitutes a puzzling open problem.

The same CN was studied by Corsi et al. [18], using the
same reaction, namely 160 4+ 168n  at two different beam
energies, 8.1 and 15.6 MeV /nucleon. In this case, D(0) is
equal to 8.6 fm. With only two points, however, nothing can
be said about the presence of the rise-and-fall trend observed
in Ref. [24].

In this work, we measured the DD total yield in the CN
132Ce via the reaction '°0 + ''%Sn at 12 MeV /nucleon. To-
gether with the data of Ref. [18], our results provide a complete
beam energy dependence in the range 8.1-15.6 MeV /nucleon
and constitute a second and important test for the trend of the
DD and the predictions of theoretical models.

In the next section the two experimental techniques used
to extract the DD total yield are discussed. The experimental
setup is described in Sec. II. Section III discusses the measure-
ment of the energy removed by preequilibrium particles. This
is a critical input to estimate the CN evaporation emission
obtained from statistical model calculations that has to be
subtracted from the experimental data to deduce the DD total
yield (discussed in Sec. IV). The comparison between the
experimental data and model predictions is presented in Sec. V.
Finally, the measured y angular distribution is discussed and
compared with theory in Sec. VL.

The measurement technique

The y rays from the preequilibrium DD emission lie in
the energy region between 10 and 22 MeV. In the same
region, one observes the statistical y decay of the giant dipole
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resonance (GDR) from the thermally equilibrated compound
nuclei, which has a dipole nature as the DD y-ray emission.

Experimentally, the previously measured DD total yield
was extracted using two different techniques [18,24]. Both
techniques require the measurement of the high-energy y-ray
emission from the same CN formed by two different reactions.
In one reaction the target-projectile combination is N/Z
asymmetric. In this case, both the DD and hot GDR emissions
are expected to be present in the energy range of 10-22 MeV.
The second reaction uses a N/Z symmetric target-projectile
combination and it is used as a “reference” case. It produces
an equal or similar CN at a very close excitation energy and
angular momentum as in the asymmetric reaction, but in this
case only the hot GDR contribution is expected to be present.

The techniques used to extract the DD yield in Refs. [18]
and [24] differ in the way the reference high-energy y-
ray spectrum is used. In Ref. [24], the measured reference
spectrum is subtracted from the asymmetric system spectrum.
This can be done only if the two compound nuclei are produced
at identical excitation energy and angular momentum distribu-
tion; otherwise, a systematic error in the DD total yield value
might arise. Therefore, the preequilibrium particle emission,
the compound angular momentum and the excitation energy
should be estimated a priori to choose the proper beam energy
and then verified experimentally during the data analysis.

In the technique used in Ref. [18], the reference high-energy
y-ray spectrum was reproduced by the statistical model (which
does not include DD emission). Then, the statistical model
was used to calculate the high-energy y -ray spectrum emitted
in the N/Z asymmetric fusion-evaporation reaction using the
same statistical and GDR parameters as for the reference case.
The difference between the measured y-ray spectrum in the
N/Z asymmetric reaction and the calculated one provides
the DD total emission. Because this technique requires the
knowledge of the preequilibrium energy loss owing to particle
emission, the emitted particles should be measured. Because
the reference spectrum is only used for tuning the calculations,
the CN mass A, the atomic number, the angular momentum,
and the excitation energy do not need to be exactly the same
for the symmetric and asymmetric reactions, unlike in the case
of Ref. [24]. In this work, this latter technique is used.

II. EXPERIMENTAL SETUP

The experiment was performed using the ALPI accelerator
of the Laboratori Nazionali di Legnaro. The reaction '°O
+ 116Sn = 132Ce* at 12 MeV/nucleon was produced. The
target of ''Sn was 0.5 mg/cm? thick. The experimental
setup used for this experiment is the GARFIELD-HECTOR
apparatus (very similar to the one used in Ref. [18]), which can
measure high-energy y rays, light-charged particles (LCPs)
and evaporation residues.

The Hector array [25] consists of eight large-volume
(approximately 14 x 18 cm) BaF, crystals used to measure
high-energy y-rays. The Garfield array [26] consists of AE-E
gaseous microstrips and CsI(T1) scintillation detectors lodged
in the same gas volume for the measurement of LCP. The
evaporated residues are detected in a wall of 32 Phoswich
detectors from the Fiasco array [27] placed at forward
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angles. These Phoswich detectors consist of three different
scintillation detectors: two organic scintillators and a CsI(T1).
Both the Garfield array and the Phoswich detectors use newly
developed digital electronics [28,29]. The experimental setup
was located inside the Garfield scattering chamber (a cylinder
of ~3 m diameter and 5 m length). All detectors operated in
vacuum (~107> mbar).

The calibrations of the Garfield detectors were performed
during dedicated measurements before the experiment. As
a normalization point, the elastically scattered beam on
a gold target was used during the present measurement.
This calibration and periodic checks performed during the
experiment allowed to control and correct for any possible gain
shift owing to electronics. The BaF, detectors were calibrated
using standard y-ray sources and the 15.1-MeV y rays from
the reaction d(''B,ny)'>C at beam energy of 19.1 MeV. The
intrinsic time resolution of BaF, (less than 1 ns) allowed
the background and neutron rejection by time-of-flight (ToF)
measurement. An electronic threshold of ~3 MeV was set on
the y-ray energies to reduce the acquisition dead time.

The trigger conditions consisted in the requirement of a
coincidence of signals between high-energy y -rays and fusion-
evaporation residues. In addition, scaled down counts from
the Phoswich, Garfield, and Hector detectors in single mode
were registered. In the analysis of the particle and y-ray data
an appropriate gate on the ToF vs energy loss in the first
scintillator layer of the Phoswich detector was set (indicated
by a black circle in Fig. 1) to select the fusion-evaporation
residues. A further condition on the BaF, ToF parameter made
it possible to better select the y rays coming from the target.
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FIG. 1. (Color online) The measured Phoswich ToF vs deposited
energy in the first scintillator layer of the Phoswich detectors
(indicated as GA). The black circle is the gate used to select the
evaporation residues. The matrix has the requirement of a coincident
high-energy y ray (E >5 MeV).
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FIG. 2. (Color online) The measured high-energy y-ray spectra
for the system '°0O + !'9Sp at 12 MeV/nucleon without (black
squares) and with the experimental conditions on y ToF (red dots)
and ToF and residues (blue triangles).

Figure 2 shows the measured high-energy y -ray spectra before
and after applying the experimental selection gates. The ToF
gate on BaF, removes neutrons (i.e., the “bump” between
5 and 10 MeV), background, and cosmic-rays events, while
the gate on residues selects the reaction channel removing
contaminations from other channels like, for example, fission.

The bremsstrahlung contribution, which can be estimated
from events at energy higher than 23-25 MeV contributes to
the total integral 10-22 MeV yield for less than 10%.

III. PREEQUILIBRIUM PARTICLE EMISSION

In the reaction '°0 + ''°Sn, the charged particle energy
spectra measured in coincidence with the evaporation residues
show the presence of preequilibrium particle emission. The
spectra of proton and « particles measured at various polar
angles are shown in Fig. 3.

It is important to stress that such LCP preequilibrium
emission is not related to the DD mechanism discussed in
the Introduction. In fact, its origin is not related to isospin
effects in the entrance channel of the reaction but simply to the
high projectile velocity, as discussed in Refs. [30-33]. When
preequilibrium particle emission occurs, the final excitation
energy of the compound system is lower than the expected
one for a complete fusion reaction, because the fast emitted
particles take part of the energy away. Therefore, it is very
important to take the amount of removed energy into proper
account, because it affects the results of the total DD yield.

Because no accurate prediction on the preequilibrium
particle emission energy loss can be provided by theory,
this should be measured experimentally. In this work, the
preequilibrium energy loss was deduced from the analysis
of the light charged particle energy spectra measured in the
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FIG. 3. (Color online) The a-particle energy spectra measured at different angles by the Garfield array. The continuous blue line indicates
the results of a moving source fit, where the spectra are fitted by a combination of two distributions: The first one (continuous red line) describes
the pre-equilibrium emission, while the second one (dashed black line) describes the particle statistical emission.

Garfield array, using the expression

Eloss = (K + Bp) M}" + (Ko 4+ Ba)My" + (K, + B,)M,",
)

where K is the kinetic energy, B represents the binding energy,
and M™E is the preequilibrium multiplicity. The subscripts p,
o, and n stand for proton, « particle, and neutron, respectively.

This procedure was already applied in Ref. [18]. The
experimental charged particle energy spectra were reproduced
by a moving source fit [34] including the two contributions
of the statistical and the preequilibrium particle emission.
The velocities of the thermalized source extracted from the
fit procedure is 0.58 cm/ns (« particles and proton energy
spectra fit give the same value). The “preequilibrium” source
extracted from the fit is 2.7 cm/ns for protons and 2.0 cm/ns
for o particles. The velocity of the thermalized source is the
same of that of the CN, while the velocity of the preequilibrium
source is intermediate between that of compound and that of
the projectile (4.8 cm/ns). The preequilibrium contribution, in
the fit, was based on the Watt distribution [35], successfully
applied in previous works (see, e.g., [30-32]). The preequi-
librium neutron multiplicity was instead estimated using the
theoretical model reported in Ref. [36]. As an additional cross
check, we compared the neutron multiplicity predicted by this

model with the values available in the literature [30], as shown
in Fig. 4. As can be seen, the calculated multiplicities are
consistent with the experimental data within the errors.

The estimated energy losses owing to preequilibrium emis-
sion are listed in Table I for proton, neutron, and « particles.

1.6 T
Lta M

141

 (Cabrera 2003:(30))

n_exj

e M %0 + ""%Sn (Fotina 2010:[36]) |

n_exciton_model

121 g
10 g
w L
s 0.8 i R
06 g
04} .
02} .

00 I 1 " 1 1 1 " 1
8 10 12 14 16
Energy [MeV/nucleon]

FIG. 4. (Color online) The neutron preequilibrium multiplicity
obtained from the model of Ref. [36] for the same reaction at different
beam energies (black points) is compared to the data available in
literature [30] (red squares).
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TABLE I. The second column reports the values of the preequi-
librium multiplicities extracted from data for protons and « particles
and from model for neutrons. The third column lists the values of
the average kinetic energy of the emitted particles. The last column
shows the contribution in the calculation of energy removed by
preequilibrium particle emission. Note that E loss is not the product
between ( Ey;,) and the multiplicity as the reaction Q values has to be
considered.

Emitted Preequilibrium (Exin) MeV) E loss (MeV)
particle multiplicity

Neutrons 0.45 4.3 6.8
Protons 0.18 14.8 3.7

o particles 0.13 21.7 2.8
Total 13.3

The total energy removed from preequilibrium emission is 13.3
+ 2.5 MeV. In the evaluation of the error bars, the uncertainties
coming from the theoretical model [36] for neutrons had a
predominant weight relative to the error coming from the
moving source fit procedure on the Garfield spectra for o
particles and protons (see Fig. 3).

The energy loss measured for 12 MeV /nucleon is consistent
with the values reported in Ref. [30,37]. This value is smaller
than the one obtainable from the parametrization of Kelly et
al. [38], who, however, did not measure it directly, but used
a linear interpolation between two measured points for the
reaction 80 + '®Mo. Once reconstructed, the energy removed
by preequilibrium particles, it was possible to estimate that the
excitation energy of the CN was E* = 142 MeV.

IV. STATISTICAL MODEL CALCULATIONS

As discussed in the previous sections, the statistical y decay
of the GDR and the DD pre-equilibrium emission have a
very similar energy interval and the same dipolar nature. To
disentangle the DD emission one has to estimate the statistical
y-ray spectrum and then subtract it to the measured one. The
signature of a DD emission is an excess of events, relative to
the “pure statistical” ones, in the energy region 10-22 MeV.

We performed statistical model calculations adjusting
the parameters to reproduce the y-ray spectra measured in
the reaction ®*Ni + %Zn at 300 (4.7 MeV /nucleon), 400
(6.3 MeV/nucleon), and 500 MeV (7.8 MeV /nucleon), as
discussed in Refs. [18,39]. Because the N/Z ratio in this
reaction is symmetric, no significant DD emission is expected.
Furthermore, owing to the low beam energy per nucleon, the
preequilibrium particle emission is very small.

For the reaction '°0 + ''°Sn at 12 MeV /nucleon, the CN
excitation energy is E* = 142 MeV. A smoothed triangular
spin distribution (extracted from Refs. [18,39] and from
statistical model cross section) with vertex at J = 58 A,
(J) = 42 h, and the inflection point at Jyex = 63 i was
used. The GDR was parametrized with a single Lorentzian
strength function centered at Egpr = 14 MeV and a value
of the energy-weighted sum rule corresponding to 100% of
the Thomas-Reiche-Kuhn sum rule. The used GDR width
was also extracted from the parametrization of Ref. [39],
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FIG. 5. The comparison between the total spectrum (triangles)
measured in the reaction 'O + !'®Sn at 12 MeV /nucleon and the
corresponding statistical model calculations (line). The calculations

were folded with the detector response function and normalized at
7-8 MeV.

namely, 10.2 MeV. The level density description was the
Reisdorf formalism of Ignatyuk [40,41]. The calculations were
folded with the response function of the BaF, array calculated
using the GEANT [42] libraries. Data and statistical model
calculations were normalized in the region 7-8 MeV.

Figure 5 shows the measured high-energy y-ray spectrum,
measured in the reaction 'O + '1°Sn at 12 MeV /nucleon,
compared to the corresponding statistical model calculations.
As expected, an excess of y rays in the energy region between
10 and 22 MeV is observed.

The energy loss of 13.3 & 2.5 MeV was used to deduce the
value of the DD yield at 12 MeV /nucleon, which is compared
to the values measured at 8.1 and 15.6 MeV /nucleon [18] in
Table II. The error bars of the DD total emission yield are
mainly attributable to the uncertainty in the estimation of the
value of the preequilibrium energy loss.

It can be seen from Table II that the measured DD total
yield shows a gradual increase with beam energy. Taking into
account the error bars, the trend could be also constant. In both
cases, the measured trend is different from the rise-and-fall
behavior reported in Ref. [24] for the same CN but using a
much more asymmetric reaction.

Unfortunately, because of the systematic experimental
uncertainties owing to the energy loss, it was not possible
to deduce the shape of the DD photon yield.

TABLE II. The values of the total DD yields for the reaction
160 4 1168n at different beam energies.

Beam energy (MeV /nucleon) DD total yield Reference
8.1 (3.6+£1.9) x 107* [18]
12 (4.6 £12) x 107 This work
15.6 (6.3£29) x 107 [18]
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V. THEORETICAL PREDICTIONS

To evaluate the amount of DD preequilibrium y emission
we used the BNV model, which describes the time evolution
of the nuclear one-body density in phase space [8]. The DD
emission is calculated applying the bremsstrahlung formalism
in the evolution of the collective dipole oscillation from
the beginning of the fusion process, when it arises, until
it is completely damped to a pure ‘“thermal” component,
around 200 fm/c after the collision occurred [21]. In this
way it is possible to calculate the whole contribution of the
preequilibrium dipole radiation to the photon yield [6] in a
consistent way.

The BNV equations were solved adopting the test particle
method: Each nucleon was associated to a given number of
test particles, to ensure a proper mapping of phase space. Each
BNV simulation described a reaction event for the chosen
projectile and target at fixed impact parameter and selected
beam energy. The used parameters (10 events per impact
parameter and 700 test particles) were chosen to minimize
the numerical uncertainties associated with the computational
technique using the available CPU power. In the code, the
neutron-neutron and the proton-proton cross sections were
parametrized as discussed in Ref. [43] and the neutron-proton
cross section reported in Ref. [44] was used. These cross sec-
tion parametrizations include in-medium effects and isospin,
energy, and angle dependence. Two different symmetry terms
of the EOS were compared. In particular, we used a “stiff”
(Lsymm = 72.6 MeV) and a “soft” (Lgymm = 14.5 MeV)
parametrization, where Lgn,m denoted the density derivative
of the symmetry energy evaluated at normal density.

Calculations were performed for the reaction '°0 4 '19Sn
at 8.1, 12, and 15.6 MeV /nucleon. The plot in Fig. 6 shows
the calculated total DD yield for the two parametrizations
of the symmetry term of the EOS as a function of different
impact parameters. The curves, shown for a beam energy of
8.1 MeV /nucleon, have a very similar behavior independently

7.0x10* . . . : : : : .
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FIG. 6. (Color online) The calculated DD total yield for the
reaction '°0 + ''°Sn at 8.1 MeV /nucleon as a function of the impact
parameter. The black squares refer to the stiff case while red dots
correspond to the soft parametrization of the symmetry term in the
EOS.
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FIG. 7. (Color online) The DD yield as a function of the beam
energy. The experimental data (blue diamonds) are compared to
the theoretical predictions of the BNV model for the stiff (black
squares) and the soft (red dots) parametrizations. The data at 8.1 and
15.6 MeV /nucleon are from Ref. [18].

on the beam energy and the reaction. The error bars come
from the estimation of the numerical uncertainties in the
calculations. It appears that for small impact parameters, there
is a 20%-30% difference between stiff and soft predictions.
For larger impact parameters the total yield decreases and the
relative difference between stiff and soft predictions tends to
decrease too. Figure 6 shows that it should be possible to
observe a sensitivity to Lgymn €ven using stable beams using
DD data by selecting low spins, for example with a multiplicity
filter (not present in the present experiment). It is important
to notice that the difference between the DD total yield in a
stiff or soft EOS scenario seems to be quite a general feature:
Indeed, it was found in the calculations for all used reactions
or beam energies.

All the calculations were performed in the impact parameter
interval relevant for the fusion process, b = 0-6.5 fm. The
results obtained for each impact parameter have been summed
and weighted according to the cross section associated with
CN formation. Note that a shift of 54 in the spin distribution
introduces only a change less than 5% in the total yield, which
falls within the error bar of our measurement. The results of
the BNV simulations compared to the experimental data are
shown in Fig. 7.

The plot shows that the BNV model predicts a weakly
rising trend as a function of the beam energy similar to the
one we found in the experimental data. Unfortunately, the
error bars do not allow any conclusion about the stiff or soft
nature of the EOS. It is, however, important to stress that
the main contribution to the error bars does not come from
either statistics or statistical model calculations but from the
uncertainty in the estimation of the preequilibrium particle
energy loss.

VI. ANGULAR DISTRIBUTION

From the experimental data it was also possible to extract
the DD y-ray angular distribution. This should have a dipole
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shape but, owing to the rotation of the dipolar axis along the
y emission process, it is expected to be quenched with respect
to a pure dipolar angular distribution. The angular distribution
was obtained using the formula

W(@) ~ 1 + ay P,(cosh), 3)

where P, is the Legendre polynomial P;(cosf) =
%[3 cos2(6) — 1] and a is a quenching factor.

To extract the angular distribution, we first normalized the
response of the BaF, at different angles on the 15.1 MeV
monochromatic emission produced in the reaction "B +
d = "2C + n. Before the extraction of the a, coefficient,
the statistical contribution in the spectra was subtracted. It is
important to remember that the measured angular distribution
includes also the GDR angular anisotropy, which in this
case is very small and both positive and negative [45,46].
From our data at 12 MeV /nucleon we measured a quenched
angular distribution with an a, value of —0.36, as shown
in Fig. 8. The obtained quenching factor a, turns out to be
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N —-=a,=-1
N
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5x10* - \, .
> \

= 4x10™*
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FIG. 8. (a) The measured DD y emission angular distribution
in the laboratory system (black squares). Data can be fitted by a
dipole distribution quenched by a factor a, = —0.36 (black line). The
theoretical model prediction for soft parametrization is shown as a
dotted line and for the stiff one as a dashed line. The dot-dashed line
represents a pure dipole angular distribution. (b) The measured DD
angular distribution compared with the theoretical expectation, for
impact parameter b = 2 and b = 4 fm, obtained in the soft case.
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FIG. 9. (Color online) Integral emission probability S(¢) calcu-
lated at b = 2 fm for the three different beam energies for the stiff
parametrization of the symmetry term of the EOS. The curves for the
impact factors 0, 4, and 6 fm, not shown, are very similar.

similar to the one measured for the 'O + ''°Sn reaction at
15.6 MeV /nucleon [18].

The BNV model predicts a quenching factor much larger
than the measured one. The model predicts that, during the
fusion process, the nucleus emits DD y rays while rotating and,
therefore, different orientations of the dipole axis contribute to
the angular distribution.

The difference between the measured quenching factor and
the one obtained from the BNV model seems to suggest an
instantaneous y-ray emission which catches a snapshot of the
dipole axis position while it is rotating. This hypothesis could
also explain the measured angular distributions present in the
literature [17,20]. A second possible origin of the discrepancy
between the measured and calculated quenching factor a;
could be associated with the weight attributed to each impact
parameter in the calculations. In fact, even though the integral
emission probability B(¢) (shown in Fig. 9 for the case b =
2 fm) has a very similar trend for different impact parameters,
the corresponding W (0) distributions are very different, as
shown in the bottom panel of Fig. 8. A better agreement with
data would be obtained attributing a lower weight to the large
impact parameters (b > 4 fm).

Theoretical calculations including fission channels and pro-
ducing a very detailed CN spin distribution for a fixed impact
parameter are needed to properly weight the contribution
to the measured y angular distribution at different impact
parameters.

VII. CONCLUSIONS

The DD emission in the reaction system '°O + '1°Sn at
12 MeV /nucleon was measured. This measurement, together
with the ones at 8.1 and 15.6 MeV/nucleon of Ref. [18],
provides the dependence of DD total yield on the projectile
beam energy. These data are quite homogeneous: In fact, the
reaction, the analysis technique and the experimental setup
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are the same. Unlike the results reported in Ref. [24] in the
case of a larger D(0) value, we did not observe a rise-and-fall
behavior, but a smooth increase of the DD yield as a function of
the beam energy, in agreement with the BNV predictions.
These results show that BNV approach seems to correctly
describe the integral observables of the fusion dynamics at
least in the case of small values of D(0). Unfortunately, the
experimental error bars do not allow any conclusion on the
symmetry term of the EOS (Lgymm). However, according to
the theoretical BNV calculations, there should be a large
difference in the DD total yield for different Lgymy even
using stable beams by selecting small impact parameters (low
angular momenta). Therefore, this work suggests how it would
be possible to test experimentally the symmetry term of the
EOS using available stable beams.

PHYSICAL REVIEW C 90, 014609 (2014)

The angular distribution was also measured and, even
though a quenching was observed, as predicted by the BNV
model, the experimental absolute value of a, turns out to be
much larger than the theoretical one.
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