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Experimental campaign at 
FIPPS with a 235U active 
target 1



FIPPS spectrometer at ILL
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First experiment with an active target at FIPPS

• Gamma–ray spectrometer made of 16 HPGe clover detectors

• with BGO shielding around IFIN HPGe detectors

• 108 neutrons/s/cm2

• Collimation : 1.5 cm diameter beam



235U Active target
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Cible active

1. Supports en Aluminium

2. PTFE

3. Fenêtres de saphir (0,2mm)

4. Cadre en PTFE de la cible

5. Feuille réfléchissante

Cible active U-235
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• Solution de U-235 diluée dans un scintillateur liquide (CEA/DAM)
• Fenêtre de saphir (Al2O3) 
• Photomultiplicateur  Tag fission

Cible

Miroir

Photomultiplicateur

F. Kandzia et al. EPJA 2020

1. Supports et vis en aluminium.
2. Cadre en PTFE
3. Fenêtres en saphir
4. Support centrale en PTFE.
5. Cadre en PTFE avec feuille de mylar aluminisée.

U-235 dissolved in a liquid scintillator
(deuterated toluene, naphthalene, PBBO, HDEHB) 

Fission fragments stopped in liquid
Light signal used to tag fission events

F. Kandzia et al. EPJA 2020

Photomultiplier



235U Active target
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2.44  1010 fission events
97.8 % of the events > threshold are fission events
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Data from the experimental campaign on FIPPS

• 39 days – 9095 runs of 5 minutes 

• 2.44 x 1010 fission events

• Data from 60 (54) HPGe crystals (no addback) – BGO signals not used

• Gamma-ray Spectra, Coincidence 𝛾𝛾 Matrices, 𝛾𝛾𝛾 cubes

• in coincidence with fission (fission tag > 1100) à “Prompt” data 

• in veto with fission (no fission tag or fission tag < 1100) à “Delayed” data

• Calibration : 152Eu source + 27Al(n,g) from target support

Thomas Materna - Isotopic fission yields with FIPPS
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Prompt gamma data : 
motivations and first results 
on fission yields2
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Study of the fission process via the cascade of prompt gamma-rays
• find the spin distribution of the fragments

• understand the sharing of the total excitation energy

• comparison to FF de-excitation code FIFRELIN

Evaluate the possibility of extracting absolute independent Y(A,Z)
• access to heavy fragments

• yield of 132Sn

Thomas Materna - Isotopic fission yields with FIPPS

Motivations for prompt gamma analysis
O. LITAIZE AND O. SEROT PHYSICAL REVIEW C 82, 054616 (2010)

assuming that the cross section of the inverse process of
compound nucleus formation is constant. The center-of-mass
neutron energy ϵ is a random variate that can be easily
sampled from this distribution since it is an Erlang distribution
Er(α,β), which is a particular case of a γ distribution defined
by

fX(x) =

⎧
⎨

⎩

xα−1e−x/β

βα%(α) for 0 ! x < ∞ and α > 0,β > 0

0 elsewhere,

where %(n + 1) = n!, α = 2, and β = T . The algorithm
consists of sampling and summing two (because α = 2)
independent exponential random variates as referred in [17].
The temperature T in Eq. (19) is the temperature of the
residual nucleus after neutron emission and not the temperature
of the compound nucleus before emission ([27,28]) so T =
T (A − 1, Z,E∗),

T (A − 1, Z,E∗) =

√
E∗(A,Z) − Sn

a(A − 1, Z)
, (20)

where Sn is the neutron separation energy.
When a neutron is emitted with an energy ϵ in the center-

of-mass frame, the excitation energy of the residual nucleus
becomes

E∗(A − 1, Z) = E∗(A,Z) − Sn − ϵ. (21)

After each neutron emission (isotropic in the center-of-mass
frame), the transformation in the laboratory frame is performed
using kinematic relations accounting for the FF recoil.

D. Excitation energy limit of the neutron evaporation process

The neutron evaporation ends when the excitation energy
is lower than a given energy limit. In a first step we can simply
consider the neutron separation energy Sn as a lower limit and
then the residual excitation energy is available for deexcitation
through γ rays. It will be shown in Sec. III that this crude
approximation leads to an overestimation of the total average
prompt neutron multiplicity ν compared to experimental data.
A higher energy limit is therefore required in order to reach a
more consistent ν value. We must consider that the fission
fragment is a rotating nuclei and consequently we add a
rotational energy in addition of the neutron separation energy
of the ground state,

E∗
lim = Sn + Erot. (22)

The collective rotational energy is approximated by the
rotating liquid-drop model. In such a macroscopic model, the
rotational energy of a fission fragment is given by

Erot = h−
2
J (J + 1)

2J
, (23)

where J stands for the total angular momentum and J
stands for the moment of inertia. These excited states have
a minimum energy for a given angular momentum and
correspond to the so-called yrast line under which no state is
available. This formulation of the rotational energy is used in
Eq. (12) for the partitioning of the excitation energy after

Sn
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FIG. 2. Schematic representation of the evaporation of the fission
fragments in the (E∗, J ) plan. Primary fragments dissipate excitation
energy E∗ through neutron emission until E∗ < Sn + Erot while
secondary fragments dissipate energy through γ rays.

full acceleration. In a quantum-mechanical description, spher-
ical fission fragments cannot exhibit collective rotation and
Eq. (23) is no longer valid. This has a negligible impact on
the results that will be presented in Sec. III because spherical
FF have a low initial excitation energy and they cannot emit
as many neutrons (configuration near magic shells) no matter
what the considered excitation energy limit is [Sn or Sn(J )].
Under these simple assumptions the neutron evaporation
occurs when the excitation energy is higher than the neutron
separation energy above the yrast line:

E∗ > Sn(J ) where Sn(J ) = Sn + Erot(J ). (24)

When the condition given by Eq. (24) is no longer satisfied,
γ deexcitation can start. First, statistical transitions of low
multipolarities (E1 and M1) carry away a large amount of
excitation energy and second, discrete γ rays from yrast bands
occur. The γ deexcitation is not yet implemented and will be
studied in future developments; nevertheless, the remaining
excitation energy needed for γ emission is obviously available.
Figure 2 shows a typical deexcitation process in a (E∗, J )
plan. Primary fragments stop emitting neutrons when the final
state (E∗, J ) is lower than E∗

lim = Sn(J ). These secondary
fragments dissipate the remaining excitation energy and
angular momentum by γ -ray transitions.

Accounting for Erot in this excitation energy limit favors
the γ deexcitation at high spin and therefore allows us to
simulate the n/γ competition as already suggested by Grover
and Gilat [29].

1. Fission fragment angular momentum

The primary fission fragment angular momentum involved
in Eq. (23) is sampled from a probability of states from [30]:

P (J ) ∝ (2J + 1) e−(J+1/2)2/B2
, (25)

where B is almost equal to the root mean square value
of J + 1

2 . The best agreement with experimental data (see
Sec. III) is achieved by considering as input data: B = 6h−

054616-4

sets of experimental data for most of the elements within
∼20%. However, large differences are observed in Mo and
Sn, where the present dataset does not show the deviation
by 600% with respect to the models reported in Ref. [30].
Figure 3(b) shows the average neutron excess for the

fission fragments after neutron evaporation, which is
defined as the average number of neutrons of each element
divided by its atomic number, as a function of the atomic
number. The dashed lines correspond to spherical closed
shells N ¼ 82 and Z ¼ 50. The effect of these closed shells
is clearly observed in the neutron excess of the heavy
fragments, where the amount of neutrons of the fragments
is locally enhanced due to the double magicity of 132Sn.
The present data and the GEF calculations exhibit a very
good agreement in the region of Sn. The data from γ
spectroscopy show significant fluctuations. Both Mo and
Sn show a clear reduction of their mean neutron excess with
respect to the present data. This is in contradiction with the
expected increased neutron evaporation, which is mainly
for the heavy fragment [41] due to the additional excitation
energy of the present data (þ2 MeV). Consequently,
the neutron excess should be reduced as compared to the
γ-spectroscopy data. This opposite behavior suggests an
experimental bias in the measured isotopic distribution
from γ spectroscopy for neutron-rich isotopes.
Figure 4 shows the evolution of the yield for Sn frag-

ments from the fission of uranium as a function of the

atomic mass of the fissioning system. The Brownian shape-
motion model with random walks on 5D potential-energy
surfaces [42] predicts a continuous increase of the yield for
Sn for heavier fissioning systems in the isotopic chain
of uranium for initial excitation energy around ∼1 MeV
above the fission barrier. Similar values are also obtained
using the GEF code. The data from both γ-spectroscopy
measurements strongly disagree with these predictions,
whereas the present data together with previous direct
isotopic measurements for the fission of 238U [25,26] follow
the trend and values predicted by the models. The large
deviation of the fission yield for Sn obtained from γ-γ
coincidences [30] can be seen from Fig. 4. The fission yield
obtained from single γ spectroscopy [40] also has a large
deviation, even if the reported value is closer to the present
data and fission models.
The comparison performed in this work between the

present data from neutron-transfer-induced fission and data
from neutron-capture-induced fission might be affected by
the different populations of angular momentum in both
processes. Recent experimental results obtained from
radiative neutron-capture processes and from surrogate
reactions showed a strong enhancement of the γ-emission
probability induced by the surrogate reaction with respect
to the direct reaction [43], which was attributed to a larger
angular momentum populated in the former reaction.
However, this behavior was not observed in fission, where
neutron-induced and transfer-induced fission showed sim-
ilar probabilities [20] and fission-fragment distributions
[26]. Small variations due to angular momentum were
also predicted by theoretical models. The metropolis
walk method combined with shape evolution, based on

FIG. 3. Elemental fission yields and average neutron excess of
fission fragments: (a) Normalized yield as a function of the
atomic number. Present data (open circles) are compared with
results of the GEF (v. 2018=1.1) [39] (blue line) and with data
from γ spectroscopy [30] (green triangles). (b) Average neutron
excess of fission fragments as a function of atomic number.
Spherical closed shells Z ¼ 50 and N ¼ 82 are indicated by
dashed lines.

y

FIG. 4. Fission yields for Sn: Evolution of yields for Sn as a
function of atomic mass of the fissioning system for the isotopic
chain of uranium. Results of direct isotopic measurements
obtained in this work and from Refs. [25,26] (open circles)
are compared with a model based on the Brownian shape-motion,
on 5D potential-energy surfaces [42] (dashed line), and with the
GEF code (v. 2018=1.1) [39] (solid line). Data from γ-spectros-
copy measurements of Ref. [30] (triangle) and Ref. [40] (square)
are also included; in the last case, they are obtained from the
complementary fragment.

PHYSICAL REVIEW LETTERS 123, 092503 (2019)

092503-4

Wilson et al. PRL 2017
Fotiades et al. PRL 2019

Ramos et al., PRL 123, 092503 (2019) 

Quelques éléments de fission

Rendements de fission
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Rendements connus souvent avec
une erreur relative > 10 %

FIPPS : nouvelle méthode pour la
mesure des rendements, en
espérant de meilleures incertitudes
�! bonne maîtrise des sources
d’incertitudes

Mattéo Ballu Soutenance de stage de Master Avril - Septembre 2022 12 / 37
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Method for extracting fission yields 

from 𝛾𝛾 matrix from 𝛾𝛾𝛾 cube

𝑌 =
∑𝑁!(𝐸")
𝑁#"$$"%&$

=
1

𝑁#"$$"%&$
𝑁!! 1279,297 	×
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𝑁!(1279)

+	…
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Mesure des rendements 

𝑌(𝑍𝐴𝑋) =
σ𝑖 𝑁𝑖(𝐸𝛾)
𝑁𝑓 × 𝜀(𝐸𝛾)

𝑁𝑓:𝑁𝑜𝑚𝑏𝑟𝑒 𝑑𝑒 𝑓𝑖𝑠𝑠𝑖𝑜𝑛

𝑁𝑖(𝐸𝛾): 𝑁𝑜𝑚𝑏𝑟𝑒 𝑑𝑒 𝑟𝑎𝑦𝑜𝑛𝑠 𝑔𝑎𝑚𝑚𝑎

𝜀 𝐸𝛾 : 𝐸𝑓𝑓𝑖𝑐𝑎𝑐𝑖𝑡é à 𝑢𝑛𝑒 é𝑛𝑒𝑟𝑔𝑖𝑒 𝑑𝑜𝑛𝑛é𝑒

Rendement isotopique indépendant de l’U-235 : 

• Somme de tous les rayons gamma tombant sur l'état 
fondamental

• Normalisé par rapport au nombre total de fissions

Partial level scheme from ENSDF for 248Cm(sf)
with intensities from PRC 65, 017302
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Figure 3.2 – Spectre des rayons gamma prompts des données FIPPS, en noir, comparé avec une
simulation FIFRELIN, en rouge. L’axe des ordonnées a été normalisé au nombre total de fission. Les
paramètres et modèles de la simulation FIFRELIN utilisée ici sont ceux indiqués dans le tableau 1.1.
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entre 2 transitions du 134Te.
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Method for extracting fission yields

from 𝛾𝛾 matrix from 𝛾𝛾𝛾 cube

𝑌 =
∑𝑁!(𝐸")
𝑁#"$$"%&$

=
1

𝑁#"$$"%&$
𝑁!! 1279,297 	×

𝑁!(1279)
𝑁!(297)

1 +
𝑁!(2465)
𝑁!(1279)

+	…

• Hypothesis : the cascade in one fragment does not depend on the other fragment
• Absolute efficiency of the spectrometer : 152Eu + 27Al(n,g)
• Corrections for 

• dead time : 2.3 %
• internal conversion : BRICC
• summing effect : FIFRELIN + GEANT4 : 13 – 18 %
• possible contaminations of the peaks : FIFRELIN
• direct production of the ground state : FIFRELIN
• isomeric state (if lifetime > coincidence time window)

• Main difficulty : fitting precisely the peaks !
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Mesure des rendements 

𝑌(𝑍𝐴𝑋) =
σ𝑖 𝑁𝑖(𝐸𝛾)
𝑁𝑓 × 𝜀(𝐸𝛾)

𝑁𝑓:𝑁𝑜𝑚𝑏𝑟𝑒 𝑑𝑒 𝑓𝑖𝑠𝑠𝑖𝑜𝑛

𝑁𝑖(𝐸𝛾): 𝑁𝑜𝑚𝑏𝑟𝑒 𝑑𝑒 𝑟𝑎𝑦𝑜𝑛𝑠 𝑔𝑎𝑚𝑚𝑎

𝜀 𝐸𝛾 : 𝐸𝑓𝑓𝑖𝑐𝑎𝑐𝑖𝑡é à 𝑢𝑛𝑒 é𝑛𝑒𝑟𝑔𝑖𝑒 𝑑𝑜𝑛𝑛é𝑒

Rendement isotopique indépendant de l’U-235 : 

• Somme de tous les rayons gamma tombant sur l'état 
fondamental

• Normalisé par rapport au nombre total de fissions

Thomas Materna - Isotopic fission yields with FIPPS
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Result for independent Y(A,Z)
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132Sn 
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Le cas du 132Sn
Diagramme des niveaux connus de Sn-132 avec les transitions pour  
Cm-248(sf, f)

𝑁 𝛾1
𝜀1

+ 𝑁 𝛾2
𝜀2

+ 𝑁 𝛾3
𝜀3

𝑁𝑓
1 + 𝛼Y(Sn-132) =

FIPPS :         Y(Sn-132) = 0.102 ± 0.005

ENDF B-VIII : Y(Sn-132) = 0.59 ± 0.02

Vérifié avec les gamma retardés

→ Ecart d'un facteur 6

FIPPS après correction : Y(Sn-132) = 0.52 ± 0.04

Intérprétation d’après FIFRELIN: 
• 66% directement produits à l’état fondamental
• 14% directement produits à l’état fondamental après émission neutron

 80% sans émission de rayons gamma

𝑌 =
𝑁! 4041 + 𝑁! 4416 + 𝑁!(4352)

𝑁"#$$#%&$
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132Sn

𝑌 =
𝑁! 4041 + 𝑁! 4416 + 𝑁!(4352)

𝑁"#$$#%&$

Y  =  0.107 (5) % with FIPPS

∼ 5 - 7 times smaller 
than ENDF/B-VIII : Y = 0.59 (2) % 
or     JEFF 4.0 :      Y = 0.73 (16) %

132Sn

132Sn 132Sn
133Sb

131Sn

Pierre Herran PhD result
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132Sn

𝑌 =
𝑁! 4041 + 𝑁! 4416 + 𝑁!(4352)

𝑁"#$$#%&$

FIFRELIN simulation (CGCM + BSFGM + EGLO) 

66 % of the GS directly populated by fission
14 % of the GS populated directly after neutron emission

-> 80 % with no emission of gamma

Most of the excitation energy goes to the fission partner
of 132Sn because 132Sn is doubly magic 
and there is no excited level below 4 MeV in 132Sn
à 132Sn produced mostly in its ground state at fission

Y  =  0.107 (5) %  with FIPPS

∼ 5 - 7 times smaller 
than ENDF/B-VIII : Y = 0.59 (2) %
or     JEFF 4.0 :      Y = 0.73 (16) %

Pierre Herran PhD result
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Delayed gamma data : 
motivations and first results3
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• Context of the reactor antineutrino anomaly

• Detection of anomalies in the beta decay intensities or in fission yields

• Test of a phenomenological model of the beta strength function able to 

correct Pandemonium effect

Thomas Materna - Isotopic fission yields with FIPPS

Motivations
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Method on 90Kr decay

Expected 𝛾𝛾 coïncidences per fission

   =  Ycum(90Kr) . Ig (E1) . Pg (E2)

   =  0.0472 * 0.39 * 100/123

   =  0.0149 (12)
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Method on 90Kr decay

2D fit

Data

Expected 𝛾𝛾 coïncidences per fission

   =  Ycum(90Kr) . Ig (E1) . Pg (E2)

   =  0.0472 * 0.39 * 100/123

   =  0.0149 (12)

 

Measured 𝛾𝛾 coïncidences per fission

   =  Ngg (E1, E2) / Nfissions

     = 0.0210 (5)

à Ratio  '()$*+(,
(-.(/0(,

 = 1.4 

Mattéo Ballu PhD results
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Delayed gamma-ray results
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Result for 90Kr decay

Expected 𝛾𝛾 coïncidences per fission

   =  Ycum(90Kr) . Ig (E1) . Pg (E2)

   =  0.0484 * 0.39 * 100/123

   =  0.0153 (14)

Measured 𝛾𝛾 coïncidences per fission

   =  Ngg (E1, E2) / Nfissions

     = 0.0210 (5)

à Ratio  '()$*+(,
(-.(/0(,

 = 1.4 (1)
 

à GS feeding ≃ 3 (9) % 

Compatible with MTAS measurement at HRIBF 
by A. Fijałkowska et al., PRL 119,052503 (2017)
found GS feeding of 7(1) % instead of 29(4) %

à 53 (3) %

à 89 (5)%

à 3 (9)%

Mattéo Ballu PhD results
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Absolute Independent Fission Yields with prompt gamma
• Possible but not applicable for all the nuclei
• Many corrections

Sn-132 mostly produced at ground state in agreement to FIFRELIN 
assumptions for the sharing of excitation energy

Delayed gamma-ray coincidences are promising to find anomalies in the 
cumulative fission yields or delayed gamma intensities
• Need cleaner data : another active target with no sapphire, no electronic problems
• Automatize the analysis : ML methods for 2D fitting   

Thomas Materna - Isotopic fission yields with FIPPS

Conclusions & Perspectives
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Compound
nucleous
creation

Scission into
two

fragments

Prompt
neutrons

evaporation

Prompt
gamma

emission

Beta and
delayed neutron

and gamma
emission

time [s]

Prompt
gamma

Delayed
gamma I Gamma prompts émis part les

fragments de fission
I Gamma retardés émis au

cours de la décroissance �

Intérêts de la spectroscopie
gamma
I sonder les propriétés

intrinsèques des fragments
I comparer les simulations de la

désexcitation des noyaux
I données nucléaires :

rendements

Mattéo Ballu Contexte physique June 15, 2025 3 / 29
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235U Active target
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Cible active

1. Supports en Aluminium

2. PTFE

3. Fenêtres de saphir (0,2mm)

4. Cadre en PTFE de la cible

5. Feuille réfléchissante

Cible active U-235

Page 3

• Solution de U-235 diluée dans un scintillateur liquide (CEA/DAM)
• Fenêtre de saphir (Al2O3) 
• Photomultiplicateur  Tag fission

1. Evènements de fission
2. Décroissance béta
3. Fission ternaire
4. Pile-up électron-électron
5. Pile-up fission-électron
6. Pile-up électron-fission
7. Pile-up fission-fission

2.44  1010 fission events
97.8 % of the events > threshold are fission events

Disposition : Titre et contenu
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Tag fission
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partie beta : Gauss + N exp(-L0 E-L1 E2)

fission binaire : double-shouldered GaussExp

fission ternaire : double-shouldered GaussExp

nb de fissions = ∫଴
ଵ଴଴଴଴ 𝑓𝑖𝑠𝑠௕௜௡ + 𝑓𝑖𝑠𝑠௧௘௥௡ 𝑑𝐸

nb de fissions au-dessus du seuil  
= ∫ଵଵ଴଴

ଵ଴଴଴଴ 𝑓𝑖𝑠𝑠௕௜௡ + 𝑓𝑖𝑠𝑠௧௘௥௡ 𝑑𝐸

binary
fission

ternary
fission 
+ pile-up

beta

threshold

(1) binary fission, (2) beta, (3) ternary fission
(4) 𝛽𝛽 pile-up (5,6) fission-𝛽 pile-up 
(7) fission-fission pile-up



Result for independent Y(A,Z)
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Delayed 
gamma-ray 
results
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Results for 132Sn cumulative yield
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Ycum(132Sn) = Y(132Sn) + Ycum(132In) 

= 0.999 Y(132Sn)
Disposition : Titre et contenu
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Le cas du 132Sn
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Yc(Sn-132) = Y(Sn-132) + Yc(In-132) 
≃ 0.999 Y(Sn-132)

N𝛾𝛾(899, 340.5) = Nfissions . Yc . I𝛾(899) . 𝜀(899, 340.5) . 𝛼deadtime

 FIPPS : Yc(Sn-132) = 0.61(4) %

incertitude dominée par I𝛾 = 45(3)

132Sn

132Sb
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• Classical method of fitting 2D and 3D 𝛾-ray peaks is not satisfactory 
(gating, background gating, subtractions, 1D fitting)

• Fitting peaks in 2D is better but time consuming and requires initial values 

• Find a way to automatize the analysis or help fitting

à Machine Learning

Thomas Materna - Isotopic fission yields with FIPPS

ML method - Motivations
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ML method - First testsExample of a synthetic 2d-histogram

Requirements
I closely imitate experimental

data
I cover the space of possible

histograms

Figure: Example of a synthetic 2D-histogram

Mattéo Ballu Automatic analysis tool based on ML December 11, 2024 10 / 22

Convolutional Neural Network (UNET)
Production of 1 million synthetic 2D histograms 
(40 x 40 keV2) for training
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Mattéo Ballu PhD results
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ML method - First tests

Input Target

Prediction Difference

°2.0 °1.5 °1.0 °0.5 0.0 0.5 1.0 1.5 2.0

Relative deviation (%)

0.0

0.5

1.0

1.5

2.0

2.5
Model : U-Net
Loss: MSE
N = 2000

Distribution of the relative deviation

Using U-Net

Using fit

First results on 2D histograms with 
a single peak 

First results on 2D histograms with many 
peaks

Mattéo Ballu PhD results



Disposition : Titre seul

Thomas Materna - Isotopic fission yields with FIPPS

Dependence of the main cascade with the fission 
partner - EXILL results 

100Zr

6+

4+

2+

0+

A spin distribution that does not 
vary with the excitation energy is 
not very consistent with the data.

There is no visible strong 
dependence of the cascade 
with the fission partner.

Michal Rapala PhD result
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Dependence of the main cascade with the fission 
partner – other EXILL results 193 A.1. Experimental results - EXILL data analysis
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Figure A.3: Evolution of �-transition intensities in 92Kr with Ba mass number obtained
from the EXILL experiment data. Lines show the fits with the constant function.
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A.1.3 142Ba

The level scheme of 142Ba can be seen in Figure 3.12. The optimal scaling factor
f�=1.05 (Figure A.4) is close to the one found in the 100Zr analysis (f�=1.15 for
Rmax

T =1.23, see Section 5.4.2). The reduced f� (thus reduced initial spin) causes over-
feeding of the low-spin excited states (J  6) thus intensities of the �-transitions in
this spin region are too high. A good example are the ground state band transitions at
475.0 keV and 631.1 keV. General agreement between the EXILL experimental results
and the FIFRELIN simulation results is good (�2 = 31.5, see Figure A.4, reduced
�2 = 7.9).

Scaling factor
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2 χ
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Figure A.4: �2 value containing �-transitions: 359.7 keV, 475.3 keV, 631.5 keV,
693.4akeV in 142Ba, for the FIFRELIN simulations with different scaling factor values
(f�). The �2 was calculated according to Equation 5.1. Models and free parameters set
used in the simulations: EGLO photon strength functions, CTM level density model,
BSFG spin cut-off model, Rmin

T = 0.75, Rmax
T = 1.23.
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Figure A.5: Evolution of �-transition intensities in 142Ba with Kr mass number obtained
from the EXILL experiment data. Lines show the fits with the constant function.

197 A.1. Experimental results - EXILL data analysis

E�

(keV)
Elevel

i

(keV)
Elevel

f

(keV) Transition
I�

248Cm
data

EXILL
data

FIFRELIN
data

298.8 3155.7 2857.0 6+1 ! 5�1 51(6) 27(2) 51(1)
677.7 2604.1 1926.3 4�1 ! 3(�)

1 43(4) 42(2) 31.7(7)
767.3 3923.0 3155.7 7�1 ! 6+1 28(2) 38(2) 14.8(5)
837 837.0 0.0 2+1 ! 0+1 286(20) 319(11) 194(3)

1009.8 3155.7 2146.0 6+1 ! 4+1 34(3) 39(2) 33.9(7)
1089.4 1926.3 837.0 3(�)

1 ! 2+1 83(6) 77(2) 53(1)
1308.9 2146.0 837.0 4+1 ! 2+1 100 100 100

Table A.4: Relative intensities (I�) of the �-ray transitions (keV) in 94Sr, normalized
to the 4+1 ! 2+1 transition (1308.9 keV). 248Cm data comes from [RU+09]. The fission
partner of 94Sr for the EXILL data measured with the new analysis technique (EXILL
data) was 140Xe. [RU+09] results were obtained from spectra doubly gated in 94Sr on
different �-ray peaks. Models and free parameters set used in the simulations: EGLO
photon strength functions, CTM level density model, BSFG spin cut-off model, Rmin

T

= 0.75, Rmax
T = 1.23, f� = 1.8.

Figure A.7: Evolution of �-transition intensities in 94Sr with Xe mass number obtained
from the EXILL experiment data. Lines show the fits with the constant function.

APPENDIX A 198

A.1.5 140Xe

Figure A.8: Level scheme of 140Xe from [Ham+97].

Figure A.9: Evolution of �-transition intensities in 140Xe with Sr mass number obtained
from the EXILL experiment data. Lines show the fits with the constant function.

92Kr with Ba
94Sr with Xe

142Ba with Kr

140Xe with Sr

There is no visible strong 
dependence of the cascade 
with the fission partner.

Michal Rapala PhD result
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Angular momentum of the fission fragents - EXILL 
results O. LITAIZE AND O. SEROT PHYSICAL REVIEW C 82, 054616 (2010)

assuming that the cross section of the inverse process of
compound nucleus formation is constant. The center-of-mass
neutron energy ϵ is a random variate that can be easily
sampled from this distribution since it is an Erlang distribution
Er(α,β), which is a particular case of a γ distribution defined
by

fX(x) =

⎧
⎨

⎩

xα−1e−x/β

βα%(α) for 0 ! x < ∞ and α > 0,β > 0

0 elsewhere,

where %(n + 1) = n!, α = 2, and β = T . The algorithm
consists of sampling and summing two (because α = 2)
independent exponential random variates as referred in [17].
The temperature T in Eq. (19) is the temperature of the
residual nucleus after neutron emission and not the temperature
of the compound nucleus before emission ([27,28]) so T =
T (A − 1, Z,E∗),

T (A − 1, Z,E∗) =

√
E∗(A,Z) − Sn

a(A − 1, Z)
, (20)

where Sn is the neutron separation energy.
When a neutron is emitted with an energy ϵ in the center-

of-mass frame, the excitation energy of the residual nucleus
becomes

E∗(A − 1, Z) = E∗(A,Z) − Sn − ϵ. (21)

After each neutron emission (isotropic in the center-of-mass
frame), the transformation in the laboratory frame is performed
using kinematic relations accounting for the FF recoil.

D. Excitation energy limit of the neutron evaporation process

The neutron evaporation ends when the excitation energy
is lower than a given energy limit. In a first step we can simply
consider the neutron separation energy Sn as a lower limit and
then the residual excitation energy is available for deexcitation
through γ rays. It will be shown in Sec. III that this crude
approximation leads to an overestimation of the total average
prompt neutron multiplicity ν compared to experimental data.
A higher energy limit is therefore required in order to reach a
more consistent ν value. We must consider that the fission
fragment is a rotating nuclei and consequently we add a
rotational energy in addition of the neutron separation energy
of the ground state,

E∗
lim = Sn + Erot. (22)

The collective rotational energy is approximated by the
rotating liquid-drop model. In such a macroscopic model, the
rotational energy of a fission fragment is given by

Erot = h−
2
J (J + 1)

2J
, (23)

where J stands for the total angular momentum and J
stands for the moment of inertia. These excited states have
a minimum energy for a given angular momentum and
correspond to the so-called yrast line under which no state is
available. This formulation of the rotational energy is used in
Eq. (12) for the partitioning of the excitation energy after

Sn
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FIG. 2. Schematic representation of the evaporation of the fission
fragments in the (E∗, J ) plan. Primary fragments dissipate excitation
energy E∗ through neutron emission until E∗ < Sn + Erot while
secondary fragments dissipate energy through γ rays.

full acceleration. In a quantum-mechanical description, spher-
ical fission fragments cannot exhibit collective rotation and
Eq. (23) is no longer valid. This has a negligible impact on
the results that will be presented in Sec. III because spherical
FF have a low initial excitation energy and they cannot emit
as many neutrons (configuration near magic shells) no matter
what the considered excitation energy limit is [Sn or Sn(J )].
Under these simple assumptions the neutron evaporation
occurs when the excitation energy is higher than the neutron
separation energy above the yrast line:

E∗ > Sn(J ) where Sn(J ) = Sn + Erot(J ). (24)

When the condition given by Eq. (24) is no longer satisfied,
γ deexcitation can start. First, statistical transitions of low
multipolarities (E1 and M1) carry away a large amount of
excitation energy and second, discrete γ rays from yrast bands
occur. The γ deexcitation is not yet implemented and will be
studied in future developments; nevertheless, the remaining
excitation energy needed for γ emission is obviously available.
Figure 2 shows a typical deexcitation process in a (E∗, J )
plan. Primary fragments stop emitting neutrons when the final
state (E∗, J ) is lower than E∗

lim = Sn(J ). These secondary
fragments dissipate the remaining excitation energy and
angular momentum by γ -ray transitions.

Accounting for Erot in this excitation energy limit favors
the γ deexcitation at high spin and therefore allows us to
simulate the n/γ competition as already suggested by Grover
and Gilat [29].

1. Fission fragment angular momentum

The primary fission fragment angular momentum involved
in Eq. (23) is sampled from a probability of states from [30]:

P (J ) ∝ (2J + 1) e−(J+1/2)2/B2
, (25)

where B is almost equal to the root mean square value
of J + 1

2 . The best agreement with experimental data (see
Sec. III) is achieved by considering as input data: B = 6h−

054616-4
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primary fragments with lower spin than postulated in 
FIFRELIN, closer to the statistical most probable spin of 
the nuclei according to their level density

Michal Rapala PhD result
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Angular momentum of the fission fragents - FIPPS 
very preliminary results
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Figure 5.59 – Valeur du �2 réduit pour les transitions de la bande principale � de neuf fragments de
fissions pour des simulations FIFRELIN avec différentes valeurs de scaling factor.
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Figure 5.59 – Valeur du �2 réduit pour les transitions de la bande principale � de neuf fragments de
fissions pour des simulations FIFRELIN avec différentes valeurs de scaling factor.
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Figure 5.59 – Valeur du �2 réduit pour les transitions de la bande principale � de neuf fragments de
fissions pour des simulations FIFRELIN avec différentes valeurs de scaling factor.
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