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Abstract. Over the past decade, inverse kinematics has been increasingly employed in experimental studies of
fission. This approach has yielded a wealth of new observables that can be obtained in single measurements,
enabling their analysis and correlations. One ongoing application of this technique involves a series of exper-
iments performed at GANIL using the variable-mode, large-acceptance VAMOS++ spectrometer. A recent
experiment focused on examining the survival of nuclear structure effects at high excitation energy in both fis-
sion and quasi-fission. The results of the study involved a full isotopic identification of fragments, as well as an
analysis of the elemental yields their relation to fission dynamics. The results indicate that fission and quasi-
fission involve different mechanisms, which could be exploited to distinguish between the two phenomena.

1 Introduction

Although both fission and quasi-fission lead to similar final
products, there are notable distinctions between these pro-
cesses. Firstly, fission comes from an equilibrated com-
pound nucleus, while quasi-fission does not. Additionally,
quasi-fission is significantly faster than fission [1]. Re-
searchers aim to identify observables that can differentiate
between the two phenomena, and the complete identifica-
tion of fragments offers new opportunities.

A prior experiment [2] demonstrated that in fusion-
induced fission of 2°Cf, structural effects may persist in
both the neutron-to-proton ratio of fragments and the total
kinetic energy, even at high excitation energies of approx-
imately 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 ef-
fects in both processes. The study of fusion-fission reac-
tions is critical for advancing our knowledge of nuclear
physics and has important practical applications such as
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nuclear energy production and nuclear waste management.
In this paper, preliminary results of 2>Db high-energy fis-
sion from 233U + ?’Al reaction are presented and discussed.
The isotopic-fission yields Y(Z, A), the elemental yields
Y(Z), the neutron excess and the velocity in center of mass
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, angles and positions before and af-
ter the magnets, and time of flight of those particles that
reach the end of the focal plane. The magnetic rigidity is
reconstructed using the positions and the angles at focal
plane, while the emission vector is measured with those at
the target position, before the spectrometer. Regarding the
fission fragments, the measured observables are: atomic
number (Z), mass number (A), and velocity vector. For the
fissioning system, Z, A, and its excitation energy (E*) are
obtained [5].

The VAMOS++ angular acceptance is Af=+7° and
A¢p=+10°. In this experiment, the spectrometer was used
in two settings of central magnetic rigidity (Bpg) and an-

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
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gle (Glab): Bp0=124 Tm, Glab:14°; and Bp():ll Tl’l’l,
6lap = 21.5°. Further details on VAMOS++ along with
typical performances for fission-fragment detection are
given in Refs. [6-8].

In this experiment, a U beam at 5.94 MeV im-
pinged on four different light targets (0.5 mg/cm? of °Be,
0.1 mg/cm? of "B, 0.5 mg/cm? of >*Mg, and 0.2 mg/cm?>
of ?7Al) to generate different fissioning systems (FS)
through transfer and fusion reactions. In the case of trans-
fer 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 [9]. Once
a FS is formed, it splits into two fission fragments (FF) and
one of them may be detected in VAMOS++.

Using inverse kinematics in fission experiments offers
several advantages. One of the key benefits is the higher
velocity of the FF in the laboratory frame, which facili-
tates their traversal of multiple detector layers. This, in
turn, provides access to a broader range of observables
that cannot be achieved through direct kinematics. Addi-
tionally, inverse kinematics allows for better control over
the reaction products, leading to more accurate measure-
ments and increased understanding of the fission process.
Finally, the use of inverse kinematics can also reduce the
effects of background noise, which can improve the overall
quality of the experimental results.

3 Results with the aluminium target

The compound nucleus produced in the reaction with the
Al target is 29Db with E* = 61.2 MeV. The properties of
this compound and its subsequent fission products provide
valuable insights into the fundamental physics of nuclear
fusion and fission reactions.

3.1 Fission yields

Isotopic-fission yields are derived using the procedure pre-
sented in Refs. [10, 11]. In this procedure, the fission
events are counted and weighted by various factors, in-
cluding the spectrometer acceptance, the angular and in-
trinsic efficiencies, and the relative normalisation between
settings. The procedure also includes the subtraction of
contamination from transfer-fission events. The resulting
isotopic-fission yields provide information about the dis-
tribution of fission products and can be used to study the
underlying process.

Figure 1 displays the isotopic yields of 2°Db as a func-
tion of the fragment mass, with each color representing a
different atomic number (Z) between Z = 30 and Z = 66.
In this and the rest of the figures of this document, the error
bars represent the statistical uncertainties; systematic un-
certainties range from 2% in the heavier fragments up to
10% in the lighter ones. The resolution in the identification
of atomic number is AZ/Z ~ 1/80, while the resolution in
mass identification is AA/A ~ 1/200.

The elemental yields Y(Z) can be calculated by
summing the contributions of each mass A: Y(Z) =
>4 Y(Z,A). The resulting elemental yields are displayed
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Figure 1. Isotopic fission yields Y(Z, A) of fusion-induced fission
of 25Db at E* = 61.2 MeV. Each colour line corresponds to one
element. Zr*°, Te*2, and Nd® are shown for reference.

in Fig. 2 and are compared to the predictions of the semi-
empirical code GEF [12] as well as a previous measure-
ment of a similar reaction [13]. In addition, an approxi-
mation of the quasi-fission distribution is shown in a solid
red line, which is obtained from the difference between the
yield and its complementary using the symmetry of the el-
emental fission yields. This approximation assumes that
the yield for a given element Y(Z) is equal to the yield of
its complementary element at Z.,,,, = Zps — Z, where Zrs
is the nuclear charge of the compound nucleus.
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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 (solid green line) and previ-
ous measurement from [13] (dashed blue line). The minimum
quasi-fission contribution is shown with solid red line.

The results reveal a non-symmetric distribution, which
is produced by to the restricted coverage of the centre-of-
mass (c.m.) angle of the experiment. This limited cover-
age is illustrated in Fig. 3, where the blue solid lines indi-
cate the angle restriction, and the dashed blue lines shows
the limits of mass identification (before neutron evapora-
tion). As mentioned earlier, there is a strong correlation
between the fragment mass and the c.m. angle. In this
case, the experimental coverage only includes the heavy-
fragment mass of quasi-fission, represented by the solid
red line circle in Fig. 3, while the corresponding light frag-
ments would be in the complementary c.m. angle, indi-
cated by the dashed red line circle, which is not covered in
this experiment.
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The Y(Z) distribution is in agreement with the previous
measurement [13], once the same restrictions are applied.
The comparison with the GEF model [12] shows an agree-
ment on the light-fragment part of the distribution. This
is because the fission component of the reaction is not af-
fected by the restriction in angular coverage.
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Figure 3. Experimental measurement [13] of fragment masses
before evaporation versus c.m. angle for the reaction 23U + 27Al
with the VAMOS++ limits in angle and mass (blue solid and
dashed lines, respectively). Red circles show approximately the
quasi-fission contribution to the reaction. The solid red line cor-
responds to the contribution accessible with VAMOS++.

3.2 Neutron excess

The fissioning system is excited before the saddle point
and will emit neutrons. Since the information on these
neutrons cannot be accessed directly in this experiment,
an estimation with the GEF code is used, resulting in
a FS average mass of (Aps)~262.4. Assuming a neg-
ligible proton emission, the pre-evaporation masses of
the fragments (A”) can be evaluated with this estimated
mass (Ags). The nuclear structure effects would appear
in the pre-evaporation step (at scission). The informa-
tion about the fissioning system at the scission point can
be obtained from the neutron excess after evaporation
and the fragment velocities in c.m. The neutron excess
(NYZ =[(ZaA-Y(Z,A)/(XaY(Z,A) - Z]/Z is shown
in Fig. 4 compared to GEF.

Since the fissioning system is highly excited, it can
emit neutrons before reaching the saddle point, leading to
a decrease in the effective excitation energy before the start
of the fission process. The calculations with GEF show a
smaller (N)/Z than what is measured; although the evo-
Iution as a function of Z is very similar. GEF predicts
a large number of emitted neutrons before scission, in-
cluding 2.4 pre-saddle neutrons, which could explain the
excess. However, there is no way to access information
on these neutrons due to current experimental limitations.
Further studies on neutron evaporation are necessary to ex-
plain this behaviour.
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Figure 4. Post-evaporation average neutron-excess (N)/Z of
265Db fission fragments as a function of fragment Z (black sym-
bols) and corresponding GEF predictions (solid red line).

3.3 Isotopic velocities

As both the laboratory frame (Viup, 614) and the fission-
ing system frame are measured, the c.m. velocity of the
fission fragments VIT can be determined on an event-by-
event basis, enabling access to fission dynamics. Figure
5 displays VL as a function of the fragment A with each
panel corresponding to one Z. Although the experimental
data agree well with GEF for Z > 40, there is a devia-
tion observed for the light fragments. The figure exhibits
a slight overestimation in GEF prediction, with the largest
deviations occurring in more neutron-rich isotopes.

4 Conclusions

The preliminary results presented were obtained with the
VAMOS++ setup, which allows for the measurement of
a variety of observables, including complete isotopic and
elemental yield distributions of the 2%3Db fissioning sys-
tem. The data analysis reveals a contribution from the
quasi-fission process in the elemental fission yields, which
is identified with the heaviest contribution of the quasi-
fission. This process can contribute to the observed frag-
ment mass distributions, and it is important to account for
it when studying heavy-ion reactions. Furthermore, the
neutron excess and isotopic velocity in the centre-of-mass
frame of the fission fragments are also reported.
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