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Abstract. During the last decade, the use of inverse kinematics in the experimental study of fission is bringing
a wealth of new observables obtained in single measurements, allowing their analysis and their correlations. An
ongoing application of this technique is the basis of a series of experiments performed with the variable-mode,
large-acceptance VAMOS++ spectrometer at GANIL. A recent experiment has been focused on the survival of
the nuclear structure effects at high excitation energy in fission and quasi-fission. The full isotopic identification
of fragments, the fission dynamics and the ratio between the production of fragments with even and odd atomic
numbers, the so-called proton even-odd effect, are shown. The latter shows a different mechanism for fission
and quasi-fission that could be used to separate fission from quasi-fission.

1 Introduction

Both fission and quasi-fission processes have similar fi-
nal products. However, there are two remarkable differ-
ences between these processes. On the one hand, there
is an equilibrated compound nucleus in fission but not in
quasi-fission. On the other hand, quasi-fission is signif-
icantly faster than the fission process [1]. Experimental
data aim to find observables to separate the two processes.
The complete identification of fragments opens new possi-
bilities, such as the relative production of even- and odd-Z
fragments, the so-called even-odd effect.

In a previous experiment [2], fusion-induced fission
of 29Cf shows that structure effects may survive in the
neutron-to-proton ratio of fragments and in the total ki-
netic energy, even at excitation energies of the order of 40
MeV.

In 2017, the E753 experiment was performed at
GANIL using the VAMOS++ spectrometer to study the
fission and quasi-fission processes also at high excitation
energy, and analyse the survival of nuclear structure effects
in both processes.
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**e-mail: manuel.fresco@usc.es
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(https://creativecommons.org/licenses/by/4.0/).

In this document the data of 2°Db from 233U + 27Al
reaction are presented and discussed. The isotopic-fission
yields Y(Z, A), the elemental yields Y(Z), the even-odd ef-
fect, the averaged velocity and the neutron evaporation are
presented.

2 Experimental setup

VAMOS++ is a variable mode spectrometer [3, 4] com-
posed of a large magnetic dipole and two quadrupoles, and
a set of detectors at the focal plane that measure the energy,
energy loss, the angles and positions of those particles that
reach the end of the focal plane. The magnetic rigidity is
reconstructed using those positions and the angles at fo-
cal plane. The velocity vector is measured at the target
position, before the spectrometer. Regarding the fission
fragments, the measured observables are: atomic number
(Z), mass number (A), velocity vector, and kinetic energy.
For the fissioning system, Z, A, and its excitation energy
(E*) are obtained [5].

The VAMOS++ angular acceptance is A6=+7° and
A¢p=+10°. In this experiment, the spectrometer was used
in two different settings of central magnetic rigidity (Bpo)
and angle (O1,p): Bpo=1.24 Tm, 6,,,=14° and Bpp=1.1 Tm,
Glab = 21.5°. Further details on VAMOS++ along with
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typical performances for the fission-fragment detection are
given in Refs. [6-8].

In this experiment, a 28U beam at 5.9 AMeV impinged
on four different light targets to generate different fission-
ing systems (FS) through transfer and fusion reactions. In
the case of transfer or inelastic reactions, the target-like
recoil is measured with a silicon telescope placed around
the target. Fusion reactions are assumed when no recoil is
detected. See [9] for more details. Once a FS is formed,
it splits into two fission fragments (FF) and one of them
is detected in VAMOS++. The targets used in the ex-
periment were: 0.5 mg/cm? of °Be, 0.1 mg/cm? of "B,
0.5 mg/cm? of **Mg, and 0.2 mg/cm? of 2’Al, that corre-
spond to the following compound systems: 24’Cm, 4Bk,
262Rf, and 23 Db.

The advantage of using inverse kinematics is that it
provides higher velocity to the FF that allows them to tra-
verse several detector layers and to have access to a set of
observables that cannot be achieved with direct kinemat-
ics.

3 Results with the aluminium target

Preliminary results from fusion—fission with the alu-
minium target are reported here. As previously mentioned,
the compound produced is 2%Db with E* = 61.2 MeV.

3.1 Fission yields

Isotopic-fission yields were derived, following the pro-
cedure presented in Refs. [10, 11]. The isotopic-
fission yields are the result of counting the fission events,
weighted by spectrometer acceptance, the angular and
intrinsic efficiencies, the relative normalization between
both settings (G, = 14°, Gl = 21.5°) after the contami-
nation subtraction of transfer-fission events.

The error bars represented in the data are the statistical
uncertainties. The systematic uncertainties range from 2%
in the heavier fragments up to 10% in the lighter ones.

Figure 1 shows the isotopic yields of Db presented
as a function of the fragment mass. Each color corre-
sponds to one Z between Z=30 and Z=66. The resolution
in the atomic number identification is AZ/Z ~1/80, while
in mass is AA/A ~1/200.

The elemental yields Y(Z) can be evaluated for each
Z after summing the contribution of each mass: Y(Z) =
>4 Y(Z,A). The result is shown in Figure 2 together with
the prediction of the semi-empirical code GEF [12] and a
previous measurement [13] of a similar reaction. An ap-
proximation of the quasi-fission distribution, in solid blue
line, resulting from the subtraction of the GEF simulation
from the data.

The result shows a non-symmetric distribution of Y(Z).
This is explained with the restricted region of centre-of-
mass (c.m.) angle covered in this experiment. As ex-
plained before, there is a strong correlation between the
fragment mass and the c.m. angle. In this case, the exper-
imental coverage only includes the heavy-fragment mass
of quasi-fission, while the corresponding light fragments
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Figure 1. Isotopic fission yields Y(Z, A) of fusion-induced fission
of 2%Db at E* = 61.2 MeV. Each colour line corresponds to one
element. Zr*’, Te’, and Nd® are shown for reference.
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Figure 2. Elemental yield distribution Y(Z) of fragments from
265Db fusion-fission reactions (black points and solid black line)
compared with the GEF prediction (red line) and previous mea-
surement from [13] (dashed blue line). Quasi-fission approx-
imated distribution extracted from the difference between data
and GEF prediction (solid blue line).

would be in the complementary c.m. angle, not covered
here. The Y(Z) distribution is in agreement with the previ-
ous measurement [13], once the same restrictions are ap-
plied. The comparison with the GEF model [12] shows an
agreement on the light-fragment part of the distribution.
This is because the fission component of the reaction is not
affected by the restriction in angular coverage. Taking this
into account, the contribution of quasi-fission in the heavy
region is determined as the excess of yields concerning to
GEF.

3.2 Even-odd staggering in elemental yields

As stated, the current experimental setup provides access
to more observables than previous measurements [13].
The elemental yields Y(Z) allow to estimate the local even-
odd effect ¢ of the fission fragments. This can be defined
as the relative difference between the production of even-
Z and odd-Z fragments measured. The even-odd effect is
related with the energy dissipation and the transfer of pro-
tons between both fragments before scission. Although,
there are a number of prescriptions, we have chosen the
widely-used formula from Tracy et al. [14] to evaluate ¢ in
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this work:

=D”

o(Z+15) = 3

(In(Yp) — In(¥3) + 3 [In(¥2) — In(Y)]),

where Y; = Y(Z +i).

Figure 3 shows the experimental 6 compared with the
GEF prediction as a function of proton number of the frag-
ments.
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Figure 3. Measured even-odd effect 6 (black points and line)
compared with GEF (red line) as a function of Z.

According to previous measurements in 2°Cf [15], the
even-odd effect is close to zero at E* ~ 40 MeV. The large
number of broken pairs is almost equally distributed be-
tween the fragments, resulting in a similar production of
even- and odd-Z systems. The same beheaviour is ex-
pected in the experimental data at E* = 61.2 MeV. Figure
3 shows and even-odd effect compatible with zero for the
light fragments but not for the heavy ones.

This region with a non-zero delta coincides with the re-
gion where quasi-fission is identified in Figure 2, therefore
is reasonable to assign this non-zero ¢ to the presence of
quasi-fission. Concerning GEF, it seems to overestimate
probably due to an overestimation of the pre-saddle neu-
tron evaporation, which would reduce E* in the fissioning
system, and thus increase ¢. This result also hints at §
as another observable able to separate fission from quasi-
fission.

3.3 Fission dynamics

Since velocity and angles of fragments can be measured in
the laboratory frame (Viu, O1a) as well as that of the fis-
sioning system, the c.m. velocity of the fission fragments
VFE can be reconstructed on an event-by event basis, al-
lowing the access the fission dynamics. Figure 4 shows
VEE “as a function of the fragment A where each panel
corresponds to one Z. The experimental data are in good
agreement with GEF for Z > 40 but there is a deviation for
the light fragments. This deviation is also seen in Figure 5,
where the averaged velocity of the fragments is presented
as a function of Z. Both figures show a slight overestima-
tion of GEF prediction where the largest deviations appear
for the more neutron-rich isotopes.

The fissioning system is excited and may emit neutrons
before the saddle point, reducing the effective excitation

energy before beginning the dynamical fission process. In-
formation about these neutrons cannot be accessed with
the present experimental setup. The GEF code predicts
an average multiplicity of 2.4 pre-saddle neutrons. Also,
while the system could emit neutrons on the path from the
saddle to scission, reducing the excitation energy of the
fission fragments, at the scission point the fragment still
have large deformations and some intrinsic energy. This
energy is mainly released by neutron evaporation from the
fission fragments.

4 Conclusions

With the VAMOS++ setup, a collection of observables can
be obtained, including the complete isotopic and elemental
yields distributions. In this case, preliminary results of the
265Db fissioning system are shown.

The elemental fission yields show a contribution corre-
sponding to the quasi-fission process, and the odd-even ef-
fect for heavy fragments suggests a different mechanism of
nucleon exchange between pre-fragments in quasi-fission.
This observable seems to be a good candidate to separate
both processes.

Finally, the isotopic velocity in the centre of mass
frame of the fission fragments and the averaged velocity
for each Z are shown. This will allow access to new ob-
servables of the fission dynamics, such as the total kinetic
energy or the total excitation energy.
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Figure 4. Each panel shows the centre of mass velocity as a function of A for the different elements produced in fusion-fission of 265Db
(black points). The GEF prediction is shown by the red lines.
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