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This work presents the preliminary fragment distributions produced
through transfer-induced fission with a 232Th beam, which has been ac-
celerated for the first time at GANIL on a '2C target. The experimental
setup is described, as well as a newly implemented technique based on Ma-
chine Learning aiming at improving the resolution. The fragment mass and
charge distributions for fission of 244Cm and 234U at different excitation en-
ergies are shown to illustrate the capability of the setup and quality of the
results.
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1. Introduction

After the discovery of fission in 1939, the first theoretical model described
this phenomenon as a competition between the repulsive Coulomb interac-
tion and the attractive nuclear forces, making a liquid drop (LD) vary its
shape through time [1]. If one considers such a macroscopic model, only a
symmetric fission mode would be expected. However, since the early mea-
surements, the asymmetric fission has been observed; where the final system
is composed of a heavier and a lighter fragment. In order to fully understand
these observations, theoretical calculations need to include microscopic fea-
tures in the liquid drop model, like shell structure; and involve different
deformation parameters namely quadrupole and octupole deformations [2].

In order to constrain the models, measurements are centred around cor-
relations between the different observables on either the entrance channel
(the one concerning the fissioning system) or/and the exit channel (related
to the fission fragments and their de-excitation). In the beginning, mainly
the total kinetic energy and the mass of the fission fragments were obtained.
When the inverse-kinematics technique was introduced, the atomic number
of the fission fragments could be measured [3]. This was possible due to
the kinematic boost given by the heavier beam, which increases the kinetic
energy of the fission fragments and allows for the distinction between differ-
ent elements through the AE—FE method, for example. This technique was
introduced at GANIL through the VAMOS++ spectrometer, which permits
the isotopic identification of the fragments thanks to the trajectory recon-
struction [4].

After performing numerous studies with an ?**U beam and various tar-
gets [5], a new beam was used for the present experiment: 2*Th. This beam
became available at GANIL in 2024, and it was first accelerated at Coulomb
energies on a '2C target. This combination allowed us to populate several
fissioning systems through transfer reactions, such as 234U or 230Th, among
others. Thanks to this, it was possible to access an actinide region closer
to the known transition between symmetric and asymmetric fission [6]. Ad-
ditionally, the fissioning systems produced in this experiment allowed us to
study the shell closure at octupole deformation |7, 8] and its evolution along
the actinides.

2. Experimental setup

A beam of 232Th3%" was accelerated for the first time at GANIL and
transported to a '2C target at an energy of 6.06 MeV/A, and an intensity
of ~ 1 pnA. The used detection system is shown in figure 1, and it can be
divided into two categories: target position (inside the blue/black rectangle)
and focal plane detectors.
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Fig.1. (Colour on-line) Experimental setup of the VAMOS++ spectrometer. The
blue/black rectangle indicates the detectors in the target area.

2.1. Target position detectors

As the name suggests, these detectors were placed around the Carbon
target. On the one hand, PISTA (Particle Identification Silicon Telescope
Array) was introduced in order to measure the energy and angle of the
target-like ejectiles. This detector replaced the earlier used Si telescope
(SPIDER) [9]. The new highly striped silicon detector consists of 8 trape-
zoidal, 100 pm thick, horizontally striped AE detectors, followed by other
8 trapezoidal, 1 mm thick, vertically striped ¥ detectors. This combination
enables the isotopic identification of the carbon-like particle, emitted after
the multi-nucleon transfer reaction; as well as the determination of its lin-
ear momentum vector. Assuming a binary reaction, one can determine the
fissioning system and its excitation energy [9].

On the other hand, the VAMOS++ spectrometer was placed at 20°
with respect to the beam direction to detect one of the fragments emitted
in the fission. A pair of Dual Position Sensitive Multi-Wire Proportional
Counter (DPS-MWPC) detectors (labelled TMW1-2), with dimensions of
40 x 61 mm? and 65 x 93 mm?, were placed in front of its entrance. These
detectors were designed to operate at low pressure (6 mbar of isobutane in
this case), being able to determine the X and Y positions, and to provide
a fast time signal for every fission fragment before entering the VAMOS++
spectrometer [10]. This information is used to determine the velocity vector
of a given fission fragment. Even though other detectors were present in the
target position, they will not be presented here.

2.2. Focal plane detectors

In order to identify the atomic number of the nuclei, a highly segmented
Ionization Chamber (IC) was located at the end of the particle trajectory,
filled with CF4 gas at a pressure of 100 mbar (figure 2). Three different
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segment sizes are present in the ionization chamber: 4 sections of 3 cm (0-3),
2 sections of 6 cm (4-5), and 4 last sections with a total length of 12 cm
each (6-9). This feature permits to perform numerous AE—E combinations,
thus improving the detector resolution for extracting the Z number.

For the mass identification, another pair of DPS-MWPCs (labelled
FPMWO-1) was placed before the IC (figure 2). In this case, each detector
was 1 m large in the dispersive axis of VAMOS (X) and 16 cm long in the
perpendicular axis (Y'). Both detectors were placed in a common 6 mbar
isobutane gas volume separated by 17.75 cm and surrounded by two Mylar
windows (0.6 yum and 2.4 pm thick). A total of 992 vertical wires (X posi-
tion) and 160 horizontal wires (Y position) provide the position of the fission
fragment at each Multi-Wire. In addition, the central cathode was divided
into 20 segments (known as Multi-Wire number) in order to reduce the ca-
pacitance, providing a time signal every 5 cm. The combination of two X or
Y values can be used to extract the polar and azimuthal angles (6 and ¢).

IC

Z axis FPMWO FPMW1
TMWIZ II I || \ll
Tﬁrge‘ Q1 Q2 DIPOLE
0/1]|2|3] 4 |5 6 7 8 9
L
Reconstruction path (1) AE Residual E

Fig.2. The set of detectors used for the fission-fragment identification of
VAMOS++ spectrometer. The different IC sections are depicted alongside the
number of wires in the Focal Plane Multi-Wire detectors (FPMW).

3. VAMOS-++ identification

One of the biggest strengths of VAMOS++ is its mass resolution, due
to its feature of being able to reconstruct the particles’” magnetic rigidity
(Bp). The idea is to extract the fragment hit positions of both Focal Plane
(FP) detectors (zp and z1) and the relatives angles, to obtain the Bp and
Flight Path (1) of the given fission fragment using the reconstruction of its
trajectory through the spectrometer [11]. These parameters, combined with
the Time-of-Flight (ToF), are used to extract the mass-over-charge ratio of
the fission fragment. The ToF was computed with the time signals of the
first FPMW and first TMW, which are separated by 7.741 m

Bp _ p _ ymuv _ ’V(Amu)(/ﬁc) — 3.107 x é % 57, (3_1)

q q eQ Q

where A indicates the mass number, () the charge state, v the Lorentz factor,
and B the velocity relative to the speed of light.
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This indicates that the position resolution of the Multi-Wires will ulti-
mately have a strong impact on the mass resolution. Therefore, new methods
to improve the position reconstruction can be very useful.

3.1. Machine Learning technique to improve the position resolution

Due to the design of the DPS-MWPC, every time a nucleus passes
through the gas, a signal is generated in several position wires (figure 3 (a)).
This permits to have a higher position resolution than the wire separation,
using the mean of the distribution. During the past years, a hyperbolic se-
cant (S) fit has been performed to the charge distribution; as it has been
proven to have a better performance than the weighted average method

(WA) [12].
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Fig.3. (a) Charge distributions of three different fission events impinging on

FPMWO. (b) A Lorentzian fit performed to a charge distribution from (a), re-
moving the maximum amplitude peak.

In principle, with the proper calibration of the wires, the S-method
should not give any problem. However, during this experiment, a significant
amount of charge distributions presented a maximum value higher than the
expected one, even reaching saturation for some events. This feature made
the fitted position value biased by a specific wire, diminishing the resolution
capability of the detection system. To restore the resolution of the MWPCs,
the wire corresponding to the maximum charge amplitude must be removed
before performing the fit, as depicted in figure 3 (b). The main drawback of
this technique is that one needs to perform the fit on an event-by-event basis,
for each of the FPMWs. This is not only memory-consuming, but it signif-
icantly slows down the computation process. Here is where the Machine
Learning method enters into play.

For this task, the ROOT library TMultiLayerPerceptron(T-MLP) [13] was
employed. For the input nodes, the charge amplitudes of the 4 wires located
at the left and right of the maximum charge were chosen; having a total
of 8 data points to represent the distribution. To generalize, all the distri-
butions were centred around the maximum amplitude wire. The designed
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architecture had a first hidden layer with 5 nodes, a second hidden layer
with 3 nodes, and an output neuron — corresponding to the mean. In the
training phase, this mean was obtained by performing the Lorentzian fit
of the charge distribution without the maximum charge peak, as shown in
figure 3 (b).

As it can be seen in figure 4 (a), the maximum-less Lorentzian fit removes
the pixelization on the angle. Regarding the reconstructed A/Q, a worsening
in 67 resolution has a larger impact at larger MW numbers (figure 4 (b));
agreeing with what is stated in [11]. The observed reconstruction performed
with the neural network appears to correct this effect, improving the detector
resolution. On top of that, this method reduces the execution time by
a factor of 4 compared to the standard fitting procedure; and it also enables
to use of up to 10% more events than the hyperbolic secant method, as it is
less sensitive to the missing wires.
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Fig.4. (Colour on-line) (a) Comparison of the 6 angle obtained between the
hyperbolic secant (blue/grey dashed), weighted average (black dot-dashed), and
Machine Learning (red/light grey solid) methods. (b) Comparison of the A/Q

computed for the Multi-Wire section number 16, between the hyperbolic secant
method (blue/black dashed) and the ML method (red/grey solid).
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3.2. Mass, charge state, and atomic number reconstruction

Once the A/Q is obtained, the different charge states of the fragments
need to be computed to properly retrieve its mass. To begin with, the
kinetic energy of the fragment is calculated as a weighted sum of the charge
deposited in the different IC sections (IC;), which can be converted into
mass using Einstein’s relation

9
E
E = aixICi—>AIC:—
Zi:(] 931.494(y — 1)

= Q= (Mic/(A/Q)) - (3.2)

Then, knowing that the ) needs to have an integer value, the charge states
are computed with the A/Q resolution; which is better than the initial IC
resolution. Lastly, the mass of the fission fragment is recovered
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A
0
Concerning the Z value, the charge deposited in the first 5 sections of the

IC was used as the AFE, whereas the remaining 5 sections constituted the
residual energy (see figure 2).

Qint = {(Mlc/(A/Q) + O.5)J = A= Qint X (3.3)

4. Preliminary results

Some preliminary results from the ongoing analysis are presented here.
Figure 5 (a) is a clear indication of the capabilities of the new PISTA detec-
tor. The figure shows the isotopic separation of different target-like nuclei,
which enables a proper distinction between different fissioning systems. By
choosing two different systems (?**Cm and 23U), it is possible to observe
the evolution between a more symmetric fission into a highly asymmetric
one, as depicted in figure 5 (b) in terms of the mass distribution of the fis-
sion fragments. This occurs not only due to the different properties between
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Fig.5. (Colour on-line) (a) AE-E relation obtained with the PISTA detector,
showing the PID capability. (b) Mass distribution of the fission fragments for
244Cm (red/grey solid) and 234U (blue/black dotted). The selection of the fission-
ing system has been obtained using the PISTA detector. (¢) Atomic number distri-
bution of the fission fragments for low (red/light grey dotted), medium (green/grey
solid), and high (blue/black dashed) excitation energy of 234U.
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both mother nuclei, but it is primarily due to the higher excitation energy
of the fissioning system formed in fusion, compared to the one in transfer.

Furthermore, by gating on the fissioning system excitation energy (E*)
reconstructed from the PISTA observables, the fragment properties can also
be obtained as a function of excitation energy. This is shown in figure 5 (¢),
which presents the Z distribution for the fission of 234U at three E*. The
distribution reveals a clear even—odd staggering effect (the even-Z elements
are produced more than the odd ones), which is a known indication of the
pairing effect. It is observed that this correlation decreases with the increase
of the excitation energy of the system, as there is more intrinsic energy avail-
able to break the pairs. Lastly, an increase of production in the symmetric
region is evidenced for higher E*, another sign of the vanishing of shell
effects.

5. Conclusions

We have shown the preliminary results of a recent experiment, mainly
the fission fragment distributions obtained with a 232Th beam impinging
on a '2C target. We have also introduced a new technique to improve the
mass resolution based on Machine Learning. This method is still under
development and is expected to further improve the resolution when applied
to all the DPS-MWPCs present in the detection system. Finally, the great
capabilities of PISTA are demonstrated, which, combined with the high
resolution of VAMOS, offer a great setup for addressing open questions in
the understanding of the fission process.
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