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The fission process CGANGL

Unestable competition between
surface tension (Nuclear force)
. and repulsion (Coulomb) leads to
deformation and split of a heavy
' nucleus into 2 fragments
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Bohr, N., & Wheeler, J. A. (1939). The mechanism of nuclear fission. Physical Review, 56(5), 426.
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energy of the system at a
given deformation
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e Explain asymmetric fission

in actinides

e Presence of new discrete

energy levels 1
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The PES cannot be directly measured => observables related to it



FISSION PROBABILITY

Fission observables: fission probability GANGL
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Cramer, J. D., & Britt, H. C. (1970). Fission studies of thorium, uranium, and plutonium isotopes with (t, pf) reactions. Physical Review C, 2(6), 2350.
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Fission observables: fission probability GANGL
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The PES cannot be directly measured => observables related to it

After forming a fissioning system, the nucleus can decay through
various channels: n-, y- emission, fission, ...

- No fission probability below the fission barrier

- The peaks represent resonances in the PES pocket
The PES shapes and barrier penetrability calculations are used to
extract barrier heights:
Nucleus Ref E hw E B.. ‘hik. E hw. E_-E
Wy el l§ MY UMD B wel ey
Theory:
2hog,, a 6.5 = 2.5 - - 5.3
e 5.8 % 2.7 = & 5.6
c 5.2 - 9.3 1.8 - 5.5
Experiment:
240
Pu f 6.05 1.00 2.95 2.35 1.20 5.55

Cramer, J. D., & Britt, H. C. (1970). Fission studies of thorium, uranium, and plutonium isotopes with (t, pf) reactions. Physical Review C, 2(6), 2350. 2
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Back, B. B., Britt, H. C., Garrett, J. D., & Hansen, O. (1972).
Subbarrier fission resonances in Th isotopes. Physical Review
Letters, 28(26), 1707.

w



Fission observables: yields CGANL

The probability of producing a fission fragment with
agivenA, Z, N, etc. :

N(Z,A)
ZZ,A N(Zv A)

Y(Z,A) =200 -
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The probability of producing a fission fragment with a Fission-Fragment Symmetric-Yield to Peak-Yield Ratio
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Moller, P, & Randrup, J. (2015). Calculated fission-fragment yield systematics in the region 74< Z<
94 and 90< N< 150. Physical Review C, 91(4), 044316. 4
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: : 0.2 0.4 0.6 0.8
givenA, Z, N, etc. : Asymmetric . . Symmetric
N(Z, A) .
Y (Z,A) =200 -
ZZ,A N(Z,A) N 20
g
Two groups of asymmetric fission: § &
1) n-deficient sub-Pb -> governed by Z ~36 < 80
&
70 1
90 100 110 120 130 140 150

Neutron Number N

Moller, P, & Randrup, J. (2015). Calculated fission-fragment yield systematics in the region 74< Z<
94 and 90< N< 150. Physical Review C, 91(4), 044316. 4



Fission observables: yields CGANL

The probability of producing a fission fragment with a Fission-Fragment Symmetric-Yield to Peak-Yield Ratio
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The probability of producing a fission fragment with a Fission-Fragment Symmetric-Yield to Peak-Yield Ratio
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Ramos, D., Caamario, M., Farget, F., Rodriguez-Tajes, C., Audouin, L., Benlliure, J., ...
& Schmitt, C. (2018). Isotopic fission-fragment distributions of U 238, Np 239, Pu 240,
Cm 244, and Cf 250 produced through inelastic scattering, transfer, and fusion
reactions in inverse kinematics. Physical review C, 97(5), 054612.

Normalized Yield

Moller, P, & Randrup, J. (2015). Calculated fission-fragment yield systematics in the region 74< Z<
94 and 90< N< 150. Physical Review C, 91(4), 044316. 4
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Fission observables: yields

The probability of producing a fission fragment with a
given A, Z, N, etc. :

N(Z, A)
ZZ,A N(Zv A)

Y (Z, A) = 200 -

“2Th mass yields exhibit more asymmetric fission
than 2%°U at low excitation energy (6.64 MeV)

Physics A, 556(1), 88-106.
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Piessens, M., Jacobs, E., Pommé, S., & De Frenne, D. (1993). Mass and kinetic energy distributions for the photofission of 232Th with 6.44 to 13.15 MeV bremsstrahlung. Nuclear
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Piessens, M., Jacobs, E., Pommé, S., & De Frenne, D. (1993). Mass and kinetic energy distributions for the photofission of 232Th with 6.44 to 13.15 MeV bremsstrahlung. Nuclear
Physics A, 556(1), 88-106.



Anomaly explanation: third barrier
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Mobller, P, & Nix, J. R. (1974). Calculation of fission barriers. In Physics and chemistry of fission, 1973.
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A third fission barrier was proposed to
explain these anomalous observations
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A third fission barrier was proposed to
explain these anomalous observations

The ratio between the height of the
second and third barrier depends on
(N,Z) of the fissioning systems
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A third fission barrier was proposed to
explain these anomalous observations

The ratio between the height of the
second and third barrier depends on
(N,Z) of the fissioning systems
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Experiment:
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Back, B. B., Britt, H. C., Garrett, J. D., & Hansen, O. (1972). Subbarrier fission resonances in Th isotopes. Physical

Review Letters, 28(26), 1707.
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A third fission barrier was proposed to
explain these anomalous observations

The ratio between the height of the
second and third barrier depends on
(N,Z) of the fissioning systems

\

Only for N = 146 (in these calculations)

(1) The observed height difference
would be E_-E_ instead of E-E |



Anomaly explanation: third barrier GANGL
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A third fission barrier was proposed to
explain these anomalous observations
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reproduced by the semi-empirical
model (GEF) when the third barrier is

Schmidt, K. H., Schmitt, C., Heinz, A., & Jurado, B. (2024). Identifying and overcoming deficiencies of nuclear data on included
the fission of light actinides by use of the GEF code. Annals of Nuclear Energy, 208, 110784. 6
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e What structural effects (proton/neutron) drives this anomaly ?
e How do they vary with excitation energy?

e Isitjustan anomaly? (2) The mass yields are better

reproduced by the semi-empirical model
(GEF) when the third barrier is included

Schmidt, K. H., Schmitt, C., Heinz, A., & Jurado, B. (2024). Identifying and overcoming deficiencies of nuclear data on
the fission of light actinides by use of the GEF code. Annals of Nuclear Energy, 208, 110784. 6
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Experimental technique: inverse-kinematics g niL
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Experimental technique: inverse-kinematics g niL
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#32Th beam of 6 MeV/u impinging on a "*C target.
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Experimental setup GAN
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232Th beam of 6 MeV/u impinging on a '%C target.
Produce fissioning systems through fusion (***Cm),
transfer reactions (10+ systems like 224U, 2°Th, 238py,
... )and inelastic scattering (**2Th))
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Experimental setup GAN

232Th beam of 6 Me\/u impinging on a '“C target.

Produce fissioning systems through fusion (***Cm) ,
transfer reactions (10+ systems like “**U, °°Th, #**Pu,
... )and inelastic scattering (***Th)

e [Beam-like at high E* => fission fragments

° recoil => Correlated to the

fissioning nucleus
FF

232TH
FF

12C
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Experimental setup GAN

Carbon-like particle identified by PISTA: 8 AE - E segmented silicon telescopes => (E, 0)

Bégué—Guillou, et al. (2026). Performance of the
Particle-Identification Silicon-Telescope Array coupled with the
VAMOS++ magnetic spectrometer. Nuclear Instruments and Methods

in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 1090, 171671.

FF

232TH
FF

12C




PISTA: Entrance channel information CANIL

Bégué—Guillou, et al. (2026). Performance of the e
Particle-Identification Silicon-Telescope Array coupled with the

VAMOS++ magnetic spectrometer. Nuclear Instruments and Methods H ; H H

in Physics Research Section A: Accelerators, Spectrometers, 1 ) What is the fissioni ng SyStem that was formed (Z’A)

Detectors and Associated Equipment, 1090, 171671.
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PISTA: Entrance channel information CANIL

Bégué—Guillou, et al. (2026). Performance of the e
Particle-Identification Silicon-Telescope Array coupled with the

VAMOS++ magnetic spectrometer. Nuclear Instruments and Methods H ; H H

in Physics Research Section A: Accelerators, Spectrometers, 1 ) What is the fissioni ng SyStem that was formed (Z’A)

Detectors and Associated Equipment, 1090, 171671.
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PISTA: Entrance channel information CANIL

Bégué—Guillou, et al. (2026). Performance of the e
Particle-Identification Silicon-Telescope Array coupled with the

VAMOS++ magnetic spectrometer. Nuclear Instruments and Methods 1) What is the fissioning System that was formed (Z, A)

in Physics Research Section A: Accelerators, Spectrometers,

Detectors and Associated Equipment, 1090, 171671. 2) What is the excitation energy (E*)
é _
S 16000 —
o) B
&) L
qa 14000_— 232Th
) -
S 12000 — 234
g -
= -
Z. 10000 — .
- Energy and linear momentum
S50 = conservation, assuming binary
- reaction
6000 —
- Reconstruct the E* of the
diibiE— fissioning system event-by-event
~ with a resolution of o ~ 500 keV
2000|— .'
0 L | | el | ! ! I o | L |
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Experimental setup CGANGL

Need to identify a fission fragment mass event by event
The mass of the fragments is high for good resolution through a Energy vs Time-of-Flight (ToF) identification

232TH
FF

12C

10



VAMOS ++ : Exit channel information CANGL

Need to identify a fission fragment mass event by event
The mass of the fragments is high for good resolution through a Energy vs Time-of-Flight (ToF) identification
Use a magnetic spectrometer => mass resolution depends on magnetic rigidity (Bo) an Tol resolution

VAMOS: A Dipole, a Wien Filter (not used) and a pair of Quadrupoles

FOCAL PLANE: FF
FPMW 0-1 + 21,

Possible to rotate: Use the spectromete
at different configurations
Bo = p/g —Unique for one nucleus of a given velocity and charge state (q)

10



VAMOS ++ : Ionization Chamber

The kinetic energy (E. ) of the fragment is
proportional to the mass and the velocity (Y)

Through a minimization method, scale the
contribution of each IC section for every time section

E. =2a*IC +Db
n i i 0

Ki

Ac = Exin /Yyamos™1)

The A . is not enough (~1%) for our goal :
Q=A_/(AQ)

39



fragment charge state (
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Mass over charge ratio ( A/Q)
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Fission fragment identification: A GANIL

x10°
& — St . .
S 600 — — T~ configuration
S - —— 2" configuration
= =
S 500/
L L
S -
= ~
> 400/ — Average resolution of AA/A ~ 1/234 = 4.27 %,
3oof— || M Tff
- H0Ae
200 — il
- I i
i ik
— I 1 (I | [
100 — ’ i1
— |
- |
0 | | | | | |

80 100 120 140 160

Mass number of the fission fragment (A) )



Number of counts

Fission fragment identification: Z
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AZIZ ~ 1/86 =1.16 %
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Fission fragment isotopic identification CANGL
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Elementa

Elemental yield (Y(Z)) [%]
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Elemental yield (Y(Z2)) [%]

Elemental yields of »>*Th CANiL

1 T 1 I T T T | 1T T 1T | T T 1 T T T L | 1T T T I L

L — U (74MeV) — 240 (23 MeV) -
- —— P Np (7.5 MeV) 20Cf (46 MeV) A
20 — **Pu (10.7 MeV) —

—— €849 experiment

[l
S

Normalized Yield

—— GEF (7.2 MeV, 6 #)

Fragment Z

Ramos, D., Caamario, M., Farget, F., Rodriguez-Tajes, C., Audouin, L.,
Benlliure, J., ... & Schmitt, C. (2018). Isotopic fission-fragment distributions of
U 238, Np 239, Pu 240, Cm 244, and Cf 250 produced through inelastic
scattering, transfer, and fusion reactions in inverse kinematics. Physical
review C, 97(5), 054612.

Proton number of the fission fragment (Z) 13
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Elemental yield (Y (Z)) [%]
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Elemental yields of >**U as a function of E*

Elemental yield (Y (Z)) [%]
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Elemental yields ratio as a function of E*
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Elemental yields ratio as a function of E GANIL
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Neutron excess of 224U as a function of E*

) [%]

post.

Post-evaporation neutron excess (<N>/Z

1.58

1.56

1.54

1.48

1.46

1.44

mim m mm m m

x

x

x

= 6.3 MeV
=8 MeV
=10 MeV
=11.9 MeV
= 13.8 MeV
= 15.8 MeV
=17.7 MeV

Number of counts / 0.2 MeV

30000

25000

7

20000 /
7

E
15000 -~

10000~ [

L7
5000 —f

45

Proton number of the fission fragment (7))

50

95

60

Y
Excitation energy of **U

16 18

20
(MeV)

59



Elemental yields of 230Th
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Neutron yields of **°Th
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Neutron yields of ***Th
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Neutron yields of **’Pa
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Neutron yields of **U
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Mass yields of 236y CAN
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Entrance channel information CGANiL

Nuclear forces Motion in collective space

1) What is the fissioning system that was formed (Z,A)?
2) What is the probability of fissioning for a given
excitation energy?

XH HI oy
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Entrance

> 0.9

Copyright: N. Sehunck 102 1019 10718 10-14- 107 >ps

0.8

0.7

0.6

0.5

P.(E*)

0.4

—+— C. Rodriguez-Tajes et al. (2014) 2C(***U ?*°Pu)'’Be

0.3 _I_ PISTA 2C(**U2*Pu)'°Be

0.2

= = Bjornholm et al. (1980) Fission Barrier (first and second chance)

IIIIIIIIIIIIIlIIII|IIII|IIII|IIII|IIII|IIII|IIII

0.1

1 1 |: I 1 1 1 I 1 1 1 I 1 1 1 l l:l 1 l 1 1 1 I 1

0 2 4 6 8 10 12 14 16
E* (MeV)

PhD thesis of Lucas Bégueé-Guillou .




Entrance channel information CGANiL

1)
2)
3)

What is the fissioning system that was formed (Z,A)
What is the excitation energy (E*)
What is the probability of fissioning for a given

e

xcitation energy?
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Excitation energy distributions

—— Bjornholm et al. (1980) Fission Barrier
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Experimental setup: VAMOS++

Concept basis

Simulations of trajectories propagating particles through
the spectrometer from the target until the focal plane.

Particles with different B¢ and entrance coordinates (F;
8,,¢,) will travel a different path (I) and arrive at different
position (x.,0,) at the Focal Plane (FP)

[7] Rejmund, M., & Lemasson, A. (2025). Seven-dimensional trajectory reconstruction
for VAMOS++. Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment, 1076, 170445.

Target Q1 Q2 DIPOLE ~. FP

Z axis

Simulation distance: 7.6 m

CGAN
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Experimental setup: VAMOS++

Concept basis

Simulations of trajectories propagating particles through
the spectrometer from the target until the focal plane.

Particles with different B¢ and entrance coordinates (FI
8,,¢,) will travel a different path (I) and arrive at different
position (x.,0,) at the Focal Plane (FP)

[7] Rejmund, M., & Lemasson, A. (2025). Seven-dimensional trajectory reconstruction
for VAMOS++. Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment, 1076, 170445.

Target Q1 Q2 DIPOLE ~. FP

Z axis

Simulation distance: 7.6 m

CANIL
Experimentally

A pair of Multi-Wire Proportional counters (MWPC) at the target
determine the entrance coordinates and start time (t)

A pair of MWPCs at the exit determine the focal plane
coordinates and 20 stop times (t)

From measured positions, we extract the Bp and | of a fragment
Combining it with the ToF (t_-t), we get the velocity and M/Q:

V=DIT=> By
M/Q = Bo/(3.107*5*Y)
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Experimental result: M/Q CAN
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Experimental setup: Ionization Chamber CANGL

The kinetic energy (E. ) of the fragment is
proportional to the mass and the velocity (Y)

L
//’/ Through a minimization method, scale the
// contribution of each IC section for every time section
4/
Z
R e e e SRR b EEROE RREEE EKin_= 2a”IC. + b,
Mic = Exin /(¥yamos™1)
: 40 _
9 g : P s| 4bblilo The M . is not enough (~1%) for our goal :

Q=M J/(MQ)
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Experimental result: Q

fragment charge state (Q)
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Experimental result: Q and M

fragment charge state (Q)
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Experimental result: Q and M GAN

state (Q)
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CANIL
Experimental result: Q and M T
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Fission fragment identification: A

FWHM(A)/A from Multi-Gaussian fit (%o)

CGAN

4 = 4.27 %o
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Fission fragment identification: Z

from Multi-Gaussian fit (%)
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Experimental identification confirmation CAN
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The fission process CANGL

Unestable competition between
surface tension (Nuclear force)
and repulsion (Coulomb) leads to
deformation and split of a heavy
nucleus into 2 fragments

The potential energy surface
(PES) represents the energy
of the system at a given

400 deformation

More complex PES can be
calculated for 2, 3, etc.
deformation parameters
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The fission process CANGL

Unestable competition between
surface tension (Nuclear force)
and repulsion (Coulomb) leads to
deformation and split of a heavy
nucleus into 2 fragments

The potential energy surface
(PES) represents the energy
of the system at a given
deformation

More complex PES can be
calculated for 2, 3, etc.
deformation parameters

\

The possible paths the system
can have through the surface
define the probabilities of the final
configurations of the fragments
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Fission observables: yields

The probability of producing a fission fragment with
agivenA, Z, N, etc. :

N(Z, A)
ZZ,A N(Za A)

Y(Z, A) =200 -

230Th elemental yields also show this evolution as a
function of excitation energy

elemental yields Y(Z) [%]
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CANIL

Sewe

', E, ~14.5 MeV
F7NY E, ~8MeV

32 33 34 35 36 37 38 39 40 41
nuclear charge (7)

42 43

Chatillon, A., Taieb, J., Alvarez-Pol, H., Audouin, L., Ayyad, Y., Bélier, G., ... & Weick, H. (2020). Evidence for a new compact symmetric fission mode in light thorium isotopes.

Physical Review Letters, 124(20), 202502.
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Fission observables: yields

The probability of producing a fission fragment with
agivenA, Z, N, etc. :

N(Z,A)
ZZ,A N(Z7 A)

Y(Z, A) =200 -

232Th elemental yields also show this evolution as a
function of excitation energy

elemental yields Y(Z) [%]

THORIUM ANOMALY (2)
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nuclear charge (7)

Chatillon, A., Taieb, J., Alvarez-Pol, H., Audouin, L., Ayyad, Y., Bélier, G., ... & Weick, H. (2020). Evidence for a new compact symmetric fission mode in light thorium isotopes.

Physical Review Letters, 124(20), 202502.
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Neutron excess @ 7 £ 1 MeV CAN
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Yield (%)

Elemental yields of 234U
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GANiL

Yield: Y(Z,A) = 200 * N(Z,A) / Zi N(Zi ,Ai)
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E 1.  Choose your fissioning system
- 2. Get the Z from VAMOS
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Fission fragment proton content (2)




Yield (%)

Elemental yields of 234U

GANiL

Yield: Y(Z,A) = 200 * N(Z,A) / ¥ N(Z,,A.)

1, Choose your fissioning system

2, Getthe Z from VAMOS
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Fission fragment proton content (2) 86



Yield (%)

Elemental yields of 234U
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Fission fragment proton content (Z)
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Yield (%)

Elemental yields of 234U
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Spectrometer acceptance

GANiL
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Spectrometer acceptance

Detector

Direct measurement

FF

FF

GANiL

232Th

20°
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Spectrometer acceptance

Detector

CGAN

232Th
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Spectrometer acceptance GANiL
We need to account for the trajectories that were not
measured due to the different kinematics of the particle
!;" ‘ 232TH

o | _
L" |I_F ’ F

)‘” - "I "I
t/.d.

Detector
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From identification to acceptance: ¢ range

5=0.98 and 6, = 0.325
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O : Relative magnetic rigidity with
respect to the central value

8, : polar angle in the laboratory frame

Get the ¢ range for a given & (Bgo/Bo,.)

Fission fragments are emitted isotropically:

f¢ = 21 /(¢ range)

93



From identification to acceptance: ¢ range
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From identification to acceptance: ¢ range  GANiIL
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From identification to acceptance: cos(3 ., Jrange
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From identification to acceptance: cos(3 ., )range GANiIL
—~ 2
3 2r P
=X - r p—
S 18 9///,, 1Eg
S 16 Mo (2=42) a’J/ 140
1.4 = — 120
1.2 100
11—
— 80
0.8
— 60
0.6
— 40
04—
0.2 f— 20
()_; | | | |_1| 5| | | | _|1 | | | I_O|-5| | | | |O | | | | O|5 | | | | ‘ll | | | | 1 |5 | | | | O




From identification to acceptance: cos(?
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