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And applications, Gen IV reactor need
non-thermic neutron induced fission data

AN

Shell effects damping

e Asymmetric fission for actinide driven by
deformed magicity at Z = 52 and 56

Increase of the excitation energy of

the fissioning system

Shell effects dampen
Dampen the asymmetric yield in fission

Highten symmetric yield

The goal is to
quantify this
damping




Plutonium 240 fissioning system
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Thermal neutron induced
fission

Schmitt et al (1984)
Naik et al (2022)

E* ~Sn =6.53 MeV

Monoenergetic-neutron
induced fission

Gindler et al (1983)
Tonchev et al (2025)

E*~Sn + En :[6.7;21.3]
MeV

Photofission

Naik et al (2011)

<E*>=7.6 MeV

Transfer at GANIL
SPIDER + VAMOS

Caamafio et al (2013)
Ramos et al (2026)

E* = [4;20]MeV

)

Our setup probes : finer E* resolution
than previous GANIL experiment.




Plutonium 240 fissioning system
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2- The setup



Experiment goals

e [sotopic fission yields as a function of the excitation energy of the fissioning

system (*Zparent ) POSt neutron evaporation : Y(A,Z,E).
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1.

2,

3.

The ingredients \

Produce the AZp. ont

Characterize the A Zp, ent in A Z and E*

|ldentify one of the fission fragment in A and Z




The setup
/ Transfer reactions \
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First use of this
setup (e850 exp)

June 2023
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Fission
fragments .

.. ®

Transfer NS

reaction ' ~"  Recoil
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VAMOS

» Yield in mass and
charge of fission
fragments Y(A,Z)

(PISTA N
Fissioning system

\/ (Eip0ap) = E )

EXOGAM

Gamma spectrometer
Excitation probability of recoil
E* sharing between FF 8




The setup

/ Transfer reactions \ VAYMIOds_ q
v ield In mass an
240Pu 241Pu 242P . .
[“’Be‘ *Be J‘] charge of fission
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14C
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Inverse kinematics and surrogate reaction

e Some of our fissioning systems of interest

are short-lived — Inverse kinematic enable
their study (?*'Pu ~ 14 years) /

e FF will be boosted allowing charge 20py || 241py || 242py
identification for the full distribution 1°Be ‘Be || ®Be—2a

e Access desired system through transfer T /
. +2p
reaction *+2p +1/
+a
12C

236y (n+235U), 24°Pu (n+23°Pu), 22Pu(n+2*'Pu) .

e |dentification of the light recoil — characterize
the fissioning system A and Z K /

e Angle and kinetic energy of the light recoil -

missing mass — E* of the fissioning system 238U + 12C — AZ + A

fiss recoil
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Inverse kinematics and surrogate reaction

e Some of our fissioning systems of interest

are short-lived — Inverse kinematic enable
their study (?*'Pu ~ 14 years) /
e FF will be boosted allowing charge 20py || 241py || 242py
identification for the full distribution 1Be Be || °®Be-2a
e Access desired system through transfer T /42
reaction *+2p +1% 2a is very well
236(n+235U), 240Py (n+23%Pu), 22Pu(n+2*'Pu) 'de"gﬂg?obrﬁg':]'STA
12¢ segmentation

e |dentification of the light recoil — characterize
the fissioning system A and Z K

e Angle and kinetic energy of the light recoil -

missing mass — E* of the fissioning system 238U + 12C — AZ + A

fiss recoil
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The setup

/ Transfer reactions \ VAYMIOds_ d
v ield In mass an
240Pu 241Pu 242P . .
[“’Be‘ *Be J‘] charge of fission
=Np | #oNp fragments Y(A,Z)
B B
236U p
14C
- Fission
o . fragments . (PISTA N

~
_ ~
~
K n s Q

Fissioning system
v A

Transfer N | v Z
reaction ""' Recoil " (EpBa) 2 E* )
28y @ 6 e EXOGAM
MeV/u ' Gamma spectrometer
; » Excitation probability of recoil

@- . E* sharing between FF 12
COLLOQUE GANIL




AE

PISTA
A CEA-DAM + GANIL collaboration

Particle Identification Silicon Telescope Array

e Silicon semiconductor

e 8 Highly segmented AE-E telescope.
e E*resolution ~ 750 keV(FWHM)

e High count rate

e 30-60° coverage

AE First stage

100 micrometer thick
Stripped front

91 horizontal strips
range : 0-60 MeV

E Second stage

e 1mm thick

e Stripped front

e 57 vertical strips
[ J

range : 0-200 MeV
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AE (MeV)

PID PISTA

Guillou, L. B. et al. Performances of the Particle-Identication
Silicon-Telescope Array coupled with VAMOS++ magnetic spectrometer.
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Guillou, L. B. et al. Performances of the Particle-Identication

Silicon-Telescope Array coupled with VAMOS++ magnetic spectrometer.
NIMA volume 1090 2026 + PhD Thesis of Guillou
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Silicon-Telescope Array coupled with VAMOS++ magnetic spectrometer.

Guillou, L. B. et al. Performances of the Particle-Identication -
NIMA volume 1090 2026 + PhD Thesis of Guillou
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The setup
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VAMOS++

VAriable MOde Spectrometer

-

Dipole
Bp selection

e
105 mm
X Target DPS-MWPC pair
Isobutane - 6 mbar
Z 0.5 pm Mylar entrance / exit

Not Io%

Mylar 0.5 pm Mylar2.4.um lonization chamber (IC)
T™MW1 TMW2 FPMW1 FPMW2 / 10 independent sections along z - CF,, 100 mbar
(X1, Y1, ) (X2, Y2u t2) Magnetic optics (X3 Y3, 1) (Xar Yar ta) / IC; +1C,
[ Q1/Q2 upstream 2 -
Beam
— e AN N NN\ N U N -
—L—
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y |

Xl

176.5 mm*

Focal-plane DPS-MWPC pair
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Timing cathode: 20 x 50 mm sections along X

H—/ v l\ﬂ_l
30 mm 60 mm 120 mm 100 mm

Section lengths [mm] - total active length: 700 mm

Width: 1 m - height: 15 cm - Frisch-grid readout /

Observable

e Magnetic rigidity Bp

Velocity vector

[ J
e Trajectory length
[ J

AE-E

Detector
e IC

e MWPC+

. AE-E -~ Z

IC: ToF + Bp + AE-E— A
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We get total identification of one of the
fission fragment from those observables.

18



VAMOS++

VAriable MOde Spectrometer

-
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Section lengths [mm] - total active length: 700 mm

Width: 1 m - height: 15 cm - Frisch-grid readout /
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e Magnetic rigidity Bp

Velocity vector

Detector

e IC
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e Trajectory length
[ J
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e MWPC+IC: ToF + Bp + AE-E . A

We get total identification of one of the
fission fragment from those observables.

19



VAMOS++ W
Charge distribution

e AE-E in IC of VAMOS
e Resolution AZ/Z =1.31 %
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VAMOS++

VAriable MOde Spectrometer

-

Not Io%
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We get total identification of one of the

fission fragment from those observables. 21



VAMOS++ %
Mass distribution

e Position + Timing + IC -> A
e Resolution AA/A=0.57 %
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VAMOS++

VAriable MOde Spectrometer

We measure the mass using the
following set of formulae
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3- Preliminary results



Preliminary result
Yield Z and A for averaged E*

/ Yield Z for 240 Pu
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Preliminary result
Yield Z wrt E*
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Preliminary result
Yield Z wrt E*

cea
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Preliminary result :
Yield Z wrt E*
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Preliminary result
Odd even staggering

e

0.1

e (Can see evolution of pairing
with E*

e Pairing strength damping
with E*

e Future study in collaboration
with D.Regnier

860

0.05

_ Z Yeven — Z Yodd

Y
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Preliminary result

Neutron excess

—=— Ex:[10.0,11.0] MeV

Ex: [11.0,12.0] MeV
155 —— Ex:[12.0,13.0] MeV
—=— Ex: [13.0,14.0] MeV
—=— Ex: [14.0,15.0] MeV

/ ——Ex [0SO MeV | ——— '\T\
. e Ex:[6.0.7.0] MeV _
e E™* goesin the heavy - EX[7.0,8.0] MeV -
16| . Ex: [8.0.9.0] MeV —
fragment e Ex:[9.0,10.0] MeV 2

<N>/Z

e Energy sharing

1.5 BN

e Beyond 11 MeV we e

b
start to see E* going S S N EO
to the light k ] J
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4- Conclusion
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Conclusion

Pu isotopes are probed using
inverse kinematic

State-of-the-art detector
setup VAMOS++ PISTA

Better resolution thanks to
PISTA

Energy sharing and shell
effect damping can be seen

Useful result for GenlV
reactor
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Outlook
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Normalized Yields (%)
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Tonchey, A. P., J. A. Silano, A. P. D. Ramirez, et al. Nuclear
Data Sheets 202 (June 2025): 12—-29.

Our setup probes : finer E* resolution
than previous GANIL experiment.




Previous experiment

Spider

GANIL Caen France
e Annular detector covering 30 to 47°
e E*resolution ~ 2.7 Mev (FWHM)
e 16rings of 1.5 mm

70 um Si AE

targetlike
recoil

e 16 sectors of 11° azimuthal range

e Angular resolution of about 1°
[1] M. Caamano et al. Phys. Rev. C 88 24605 (2013)

¥ e Lots of result [1 2 3] [2] C. Rodriguez-Tajes et al. Phys. Rev. C 89 024614 (2014)
' fission fragment =

12C target

[3] D.Ramos et al. Phys. Rev. C 97 054612 (2018)
238 beam

Shortcoming

Al collimator ° E* resolution

ahdl e Some light recoil are ill-identified

Rodriguez-Tajes, C., F. Farget, X. Derkx, M. Caamafio, O. Delaune, K.-H. Schmidt, E. Clém

.
approach for fission investigations ». Physical Review C 89, n° 2 (24 février 2014): 024614 o Iﬂf??é'??ée?ﬁil°'7" evC 8907 Z!&ma“cs A erpermentel L Cou ntl n g rate too IOW fo r n u CI ea r d ata
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https://doi.org/10.1103/PhysRevC.89.024614

PID Comparison

Spider

(Previous generation)
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PID Interpretation

Beam of 238U at ~6 Mev/A
—~ 1428 Mev

KE max of Be 8 : 200 Mev
VT2 4+ 2mT

T+m
22 By~ 0.23
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Work done on VAMOS

Enhancement of Z Resolution

Corrections on IC output :

e As a function of Xf and Yf for the two first
layer of the IC

e As a function of Yf for the later IC layer

e As a function of @f
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Work done on VAMOS

Enhancement of Z Resolution
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Work done on VAMOS

Mass calibration

Counts
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2. VAMOS++ Acceptance

Setting matching

e \We probe different Fission
Fragments with different
VAMOS rotation

VAMOS 15 d iti d 20 d ti
ﬂ N by e We need a way to merge the

Entries 7217210

Meanx 1854 data of different rotation

Mean y 1.224

Brho/BrhoO

Std Dev x 6.192
StdDevy 0.2128

e Thereis an overlap in phase
space

/We have to find a way to give each event\
a weight.

This weight should not induce a bias in
the yield for the experiment with more stat.

We'll give each event a weight depending
on it’s experiment and if it’s in the
K overlap zone /
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2. VAMOS++ Acceptance { ] /
Merged Tree

Setting matching

VAMOS 15 deg (positive) and 20 deg (negative)
hBrhoThetaAll I i
5 15 I'll use those to fill a new
i _ Mean x 8.54
% + Me:: y :,224 b ra n Ch
5 1ap ad StdDevx  6.192

StdDevy 02128 [-> OverlapWeIght ]

2023 2024

ool Lol by iy b by b Ly L e
= 10 12 14 16 18 20 22 24 26
Theta (deg)

2024

overlap
Waou = ——

overlap

With W_event different depending if the event
is from 2023 or 2024 44



2. VAMOS++ Acceptance { ] /
Merged Tree

Setting matching

VAMOS 15 deg (positive) and 20 deg (negative)
hBrhoThetaAll I i
5 15 I'll use those to fill a new
i _ Mean x 8.54
% + Me:: y :,224 b ra n Ch
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2024
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overlap

With W_event different depending if the event
is from 2023 or 2024 45



2. VAMOS++ Acceptance

PhiAcceptance

Azimuthal acceptance of vamos wrt
the beam axis.

Different for each polar angle and
rigidity

This should be flat for each theta
brho couple.

hPhiTheta_Brho_1.050

ta_Brho_
nies 4672747

For each theta brho possible in
VAMOS we create a contour, give a
weight inverse to the accepted
angle percentage covered

hFullAcceptance
13 hFullAcceptance
= Entries 5656 2

Mean x 15.64
Meany 1.0211
Std Dev x 3.235
StdDevy  0.08103 1

0.1

0.1

0.1

0.0

0.0

0.0
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2. VAMOS++ Acceptance

ThetaCmAcceptance

e This is the acceptance in the polar
angle of VAMOS

e There is a strong effect of the dipole

e There is a physical limit of where
can the fission fragment be
emitted.

Bpvs 6 A
lab hBrhoVsThetalLab

Entries
Mean x
Meany
Std Dev x
Std Dev y

1788157
17.63
1.18 |y
3.552

0.09144
601
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2. VAMOS++ Acceptance

ThetaCmAcceptance

e This is the acceptance in the polar
angle of VAMOS

e There is a strong effect of the dipole

e There is a physical limit of where
can the fission fragment be
emitted.

e To properly characterise it we take
only a polar angle range where all
the charge state of given nuclei are
accepted by VAMOS
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2. VAMOS++ Acceptance

ThetaCmAcceptance

e This is the acceptance in the polar

angle of VAMOS / Cos(8,,,)Lim for 2D method

e There is a strong effect of the dipole Y e

®  ThetaCm min limits

®  ThetaCm max limits

— Fit min (pol3)

=l Fit max (pol1)

e There is a physical limit of where
can the fission fragment be

o
I\I‘H\‘\I\‘\H‘HI‘H\‘HW\H‘HI‘H\

emitted.
e Torecover properly characterise it we -02
take only a polar angle range where B
all the charge state of given nuclei 08
are accepted by VAMOS 08
\1 8|0‘ ‘ 90 ‘1(‘)0‘ 110 120 130 140 ‘1‘50‘ ‘1‘60‘
e Then use an inversely proportional A

weight




