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Ø Just a bit about our research facilities at JRC

Ø Cross-section measurements at JRC

Ø Fission-fragment yield measurements
Ø A little bit of ternary fission?

Ø Is there an (n, gf) process in 235U(nRR, f) and 239Pu(nRR, f)

Ø Systematic PFGS characterisation
Ø Isomer-to-prompt yield ratios

Ø The shape isomer in 237U
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Cross section measurements @ JRC

Ø CHARPU : 239Pu cross section complementing n_TOF capture and fission 
experiments, 36225/2/2021-1-RD- EUFRAT-GELINA (for more details, listen to Adrian 
Sanchez Caballero later today)

Ø 241Pu capture and fission cross sections @GELINA (for more details, listen to Aline 
Cahuzac following Adrian’s talk)

Ø MENPHIS #1 & #2: 240,242Pu(n,f) cross-section measurement in the threshold region, 
37362/1/2026-1-RD- EUFRAT-MONNET (for more details about the 242Pu campaign, 
listen to Salma El Hessak, high noon on Thursday)
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Cross section measurements @ JRC
Ø EPIC : 238, 242,240Pu fission cross section measurements 700 keV up to 25 MeV (3%)
Ø Sample preparation at large numbers by our TP-group 

Ø Test beam-time at FP16@7m reported to Sep.’26 due to malfunctioning of GELINA

PND2-3 [Setups for cross sections]: EPIC 9

The fission chamber

Samples are produced at JRC-Geel Scheme of the fission chamber

PND2-3 [Setups for cross sections]: EPIC 9

The fission chamber

Samples are produced at JRC-Geel Scheme of the fission chamber

stolen from: A. Chatillon et al., P(ND)2-3 : Perspectives on Nuclear Data for the Next Decade (2026)
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VERDI and 248Cm(sf) post-neutron FF yields 

Ana M. Gomez L., A. Al-Adili, …, S. Oberstedt, Eur. Phys. J A (2025) 61:51 
Ana M. Gomez L., S. Oberstedt …, A. Al-Adili, 1083 (2026) 171061 
Ana M. Gomez L., S. Oberstedt, …, A. Al-Adili, Phys. Rev C (submitted)

Optimization of the fission-fragment TOF 
spectrometer VERDI 2.0

Ø transition to digital DAQ (ADQ36)
Ø optimization: PA and waveform analysis
Ø calibration of 32 time & energy channels

Ø 248Cm(sf): direct measurement of IFY 
Ø 248Cm(sf): ternary fission with VERDI

Ø more details just after this presentation
Ø PhD thesis of Ana M. Gomez L. (UU) 



7

VERDI,  248Cm(sf) and some ternaries 

Ana M. Gomez L., S. Oberstedt, A. Oberstedt …, A. Al-Adili, confirmation of experimental results pending 
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np fluctuations and the (n, gf) process

Figure 1. Fluctuations in the average neutron multiplicity as a
function of the incident neutron energy in 239Pu(n,f). Experi-
mental data from Refs. [1–3].

electrodes and scintillation detectors on disk for offline
analysis. The incident neutron energy is determined via
the time-of-flight technique. The main experiment was
performed with GELINA operating at 800 Hz repetition
frequency. With the incident neutron flight-path length of
8.81 m, the lowest neutron energy accessible in this mea-
surement is 0.26 eV. To avoid overlap of low energy neu-
trons from a former electron beam pulse, a Cd filter with
an areal density of 0.7 g/cm2 was placed in the beam.

2.1 Fission Fragment Detection

The tPIC is used for determination of fission fragment
masses and energies. In principle, the detector is a twin
Frisch grid ionization chamber. However, the standard an-
ode plates are replaced by position sensing readout elec-
trodes. The detector was developed at JRC-Geel and is
described in detail elsewhere [10]. The fission target con-
sists of a thin layer (29.95 µg/cm2 Pu) of PuF4 on a back-
ing of gold covered polyimide. The fission target is placed
in a hole in the common central cathode. The very thin
target and backing allows for both of the fission fragments
from a binary event to escape and ionize the gas on either
side of the cathode plate. Fission fragment energies and
masses are determined via the double-kinetic-energy (2E)
technique. For the purpose of calibration, we have used
data collected with GELINA operating at 50 Hz repeti-
tion frequency. This allows the selection of thermal neu-
tron induced fission in the time of flight spectrum, which
has well known characteristics. During the 50 Hz run the
Cd-filter was removed from the beam. As counting gas
pure CH4 is used. The choice of this counting gas is mo-
tivated by its high drift velocity compared to the P-10 gas
mixture, which is more commonly used with this detector
type. The high drift velocity helps reducing the effect of
pile-ups present due to the high alpha activity of the 239Pu
target. Further pile-up correction and rejection based on
digital wave-form analysis was also performed.

As stated above, fission fragment masses and ener-
gies are determined via the 2E technique which requires
prior knowledge of the average number of neutrons emit-
ted ν(A). As initial assumption we have used the evaluated
data on ν(A) from Wahl [11] and the parametrization

ν(A, T KE) = ν(A)

1 +

T KE(A) − T KE
[
ν(A) + ν(Acn − A)

]
Esep


 (1)

where Esep = 8.6 MeV/n is the average energy necessary
to emit a neutron [12]. The analysis was later repeated us-
ing the results for ν(A) and Esep = 9.02 MeV/n derived
from the data. No significant changes in the results were
observed between the two analyses; hence no further iter-
ation was made. For the case when a neutron coincidence
is required, an additional correction to the fragment energy
according to Gavron [13] is applied. The pulse height de-
fect of the counting gas is corrected for as described in
Ref. [14], with parameters adjusted to reproduce known
values of the average light and heavy fragment masses
[15] and TKE [16] from 239Pu(nth,f). The over-all mass-
resolution of the present experiment is 4 u (FWHM), it was
determined by comparing the obtained mass distribution in
thermal neutron induced fission with high resolution data
from Geltenbort et al. [15].

2.2 Prompt Neutron Detection

For the purpose of studying correlations between neutrons
and fission fragments it is necessary to know the neu-
tron detection efficiency as a function of the energy of
the prompt neutrons. In order to determine this, a dedi-
cated measurement with a 252Cf source placed inside the
ionization chamber was performed. The prompt fission
neutron spectrum (PFNS) emitted in the spontaneous fis-
sion decay of 252Cf is known with an accuracy of about
1-3% in the energy range 0.15 to 11 MeV, and is consid-
ered as a neutron standard. Hence, by forming the ratio
of observed and evaluated PFNS (ENDF/B.VII-1) for this
decay the neutron detection efficiency can be determined.
The 252Cf source was deposited on a thin (220 µg/cm2) Ni
foil, and had an activity of about 3300 fissions/s. The 252Cf
measurement was performed under the same experimental
conditions as the 239Pu(n,f) measurement, except for the
incident neutron beam, which was not present. When de-
termining the PFNS no selection of fission fragment emis-
sion angle is made. In fact, for this purpose only the signal
from the tPIC’s central cathode is used as a fission trigger,
with a threshold adjusted to discriminate against α-decay.
The very thin targets used for the measurements and the
large solid angle of acceptance of the fission fragment de-
tector ensures that the PFNS is unperturbed by this selec-
tion.

3 Results and Discussion

In Fig. 2 the average neutron multiplicity per fission as a
function of TKE is compared to data from Tsuchiya et al.
[17]. As expected from energy balance considerations, a

2
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• Constant νp (En): χ2/ndf = 47.4/30 

• Fluctuating νp (En) supported by positive 
linear correlation with literature data 

Howe : ρ = 0.48±0.18 

Reed : ρ = 0.29±0.22 
235U (nRR,f)

⤇ np fluctuations observed in 235U and 239Pu
⤇ suspected that this could be due to the (n, gf) process

Ø 1st step: Y(A*, TKE; np)
Ø 2nd fission mode analysis to quantify impact of 

Y(A*, TKE) changes
Ø 3rd obtain np and spectrum

Ø HPRL-ID 99 (np, En < 5 eV) and HPRL-ID 9 (PFGS, En,RR)
Ø experimental part of Candisse Daire’s PhD thesis

APRENDE:  REsonance neutron MUltiplicity in FiSsion, WP 2, Task 2.2, SUBTASK 2.2.3

SCINTIA
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3.2. Analysis of fission fragment data

The direct experimental fission fragment observables are
the energies deposited as ionization of the chambers
counting gas and the orientation of the fission axis in space.
The energy deposited in the counting gas is related to
the energies of the fission fragment after prompt neutron
emission by correcting for angular dependent energy loss
in the target and backing foil and pulse height defect
in the counting gas. The energy scale was calibrated to
the recommended literature value TKE = 170.5 MeV [17]
using the measured thermal neutron induced fission data.
The fission fragment mass and kinetic energy before
neutron emission is obtained by means of the well
established double kinetic energy (2E) technique, which
relates the masses m∗

1,2 and energies E∗
1,2 before neutron

emission in a binary fission event

m∗
1,2 = mcn ·

E∗
2,1

E∗
1 + E∗

2
, (3)

where mcn = 236 is the mass number of the compound
nucleus undergoing fission. Under the assumption of
isotropic emission from fully accelerated fragments, the
energies before E∗ neutron emission are related to the
energies E after neutron emission according to

E∗ = E · m∗

m∗ − ν(m∗, TKE)
, (4)

where ν is the number of neutrons emitted by the fragment.
The dependence of ν on mass and TKE can only be derived
from the data once the 2E-analysis is completed. As initial
assumption we have used the evaluated data on ν(m∗) from
Wahl [18] and the parameterization

ν(m∗, TKE) = ν(m∗) + ν(m∗)
ν(m∗) + ν(mcn − m∗)

· "TKE,

"TKE = TKE(m∗) − TKE
Esep

, (5)

where Esep = 8.6 MeV/n is the average energy necessary
to emit a neutron [19]. The analysis was later repeated
using the results on ν(m∗) and Esep = 8.51 MeV/n
derived from the data. No significant changes in the
results were observed between the two analyses. In the
2E-technique the main contribution to the mass resolution
is the correction for the neutron evaporation. In this work
the mass resolution is 5–6 u (FWHM), determined by
comparing the measured thermal mass yield to data from
Ref. [20].

3.3. Analysis of fission fragment and neutron
coincident data

To arrive at average neutron multiplicities per fragment
the coincident data was treated according to the procedure
outlined in our work on 252Cf(sf) [21]. The measured
properties of the prompt neutrons are transformed into the
rest frame of the fully accelerated fragment. A selection
of events where the neutron is emitted with an angle
ϑc.m. ≤ 90◦ in the fission fragment rest-frame is made.
Corrections for the recoil energy imparted to the fission
fragment by the detected neutron [22] and detection of
neutrons originating from the complementary fragment are
made.
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Figure 4. Average TKE as a function of incident neutron energy
for given resonance or resonance group in the range up to
45 eV (top), the dashed line refers to the thermal value. Neutron
multiplicity for the same resonances or resonance groups relative
to the weighted average neutron multiplicity (bottom). The red
points highlight strong resonances in the fission cross section
of 235U.

4. Experimental results & discussion
The data presented in this contribution stems from the first
campaign of the experiment and represent ∼25% of the
expected final number of events. The second campaign
finished recently and the analysis of data from this
campaign is still not in it’s final stage. A third campaign
is planned for the second half of 2016.

4.1. Fission fragment properties and neutron
multiplicity in the resolved resonance region

The top panel of Fig. 4 shows the average TKE as
a function of incident neutron energy in the range up
to 45 eV. Each point corresponds to either a single
resonance or resonance group. The red points highlight the
strongest resonances in the fission cross section of 235U.
A clear fluctuating behavior exceeding the experimental
uncertainty is observed, which confirms the findings in
Ref. [3]. However, the statistical significance is improved
in the present work leading to a clearer picture of the
energy dependent changes compared to the earlier work.
The lower panel of Fig. 4 shows the neutron multiplicity
for a given resonance or resonance group relative to the
weighted average neutron multiplicity. Again, the strongest
resonances are highlighted in red. At the present stage
of data collection no statistically significant fluctuation of
the neutron multiplicity from resonance to resonance is
observed.

The fluctuating behavior of the TKE can be understood
when examining the fission fragment mass distributions. In
Fig. 5 the difference in mass yield compared to thermal
neutron induced fission is shown for a gate around the
resonances at 19.3 eV, the same difference is shown also
for the sum of data in between resonances. The 19.3 eV
resonance’s mass distribution shows a sizable increase in
yield in the region AH ∈ (125, 135) u. In this mass region
TKE(A) is at its maximum, which explains the apparent
increase in TKE for this resonance when integrating
over the mass distribution. Contrary to the strongly mass
dependent TKE(A), the average neutron multiplicity per
fission is only weakly dependent on mass split. However,
in the mass region AH ∈ (125, 135) u the average neutron

3

235U (nRR,f)
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Figure 5. Difference in mass yield to the thermal neutron induced
fission of the 19.3 eV resonance (top) as well as for selection of
data between the resonances (bottom). The dashed lines shows
the data smoothed over two mass units, drawn to guide the eye.
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Figure 6. The average neutron multiplicity per fragment as a
function of the fragment mass from this study compared to data
from Refs. [23,24] and the evaluation by Wahl [18].

multiplicity per fission shows a pronounced minimum (cf.
Sect. 4.2). Hence, the increased yield in this mass region
should have an impact also on the total neutron multiplicity
per fission for certain resonances.

4.2. Correlations between neutron multiplicity
and fission fragment properties

The results presented in this section represent data summed
over fissions induced by neutrons in the energy range
between 0.3 eV and 60 keV, the mean neutron energy that
induce fission is 1.6 keV.

The average neutron multiplicity as a function of
the fragment mass is shown in Fig. 6. For comparison
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Figure 7. The average neutron multiplicity per fission as a
function of the heavy fragment mass from this study compared to
data from Refs. [23,25]. The dashed red line indicates the mean
multiplicity per fission extracted from the data.
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Figure 8. Dependence of prompt neutron multiplicity per fission
on the fragment TKE obtained in this study, compared to data
from Refs. [23–26]. The data of Ref. [24] has been re-binned for
better clarity of the figure. The full black line is a linear least
squared fit to the data from this study, which corresponds to an
inverse slope of −∂TKE/∂ν = 11.86 MeV/n. The dotted black
line is the result obtained by folding the present data set with a
gaussian TKE resolution function with σ = 8.2 MeV.

experimental data from Refs. [23,24] and the evaluation
from Ref. [18] is also show in the figure. The general shape
is reproduced in this work, however the minima around
mass number ∼80 u for the light fragments and ∼130 u
for the heavy fragments appear more pronounced in the
present data. The average neutron multiplicity per fission
is shown as a function of the heavy fragment mass in Fig. 7.
A pronounced minimum close to heavy fragment mass
AH ∼132 u observed. The shape of the present data agrees
very well with the data from Maslin et al. [25], although
the absolute values are ∼5% lower.

In Fig. 8 the average neutron multiplicity per fission is
plotted as a function of the fragment TKE. As expected,
a close to linear dependence is observed, except for at
low TKE. A least square fit, indicated by the full black
line in Fig. 8, results in −∂TKE/∂ν = 11.86 MeV/n.
This value is substantially lower than the values
16.7–18.5 MeV/n determined in earlier studies, performed
at thermal incident neutron energies [23–26]. This inverse
slope is closely related to the energy cost to emit a
neutron (although it should not be directly interpreted
as this quantity [19]). It is not expected that the small
increase in the excitation energy of the compound nucleus

4

O (1%)
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np fluctuations and the (n, gf) process
235U(nRR,f; Ip = 3-,4-)

Experimental Program 
Results of Correlation Analysis
Done for 235U to show correlations between FF characteristics and neutron multiplicity : 

12

If TKE decreases, AH increases

AH and TKE are correlated

If TKE decreases, the nucleus is more deformed and  ν
P
 increases

 ν
P
 is correlated to both AH and TKE

 
Ø In 235U(n,f) the np(En,RR,f) fluctuations are essentially due to fluctuations in Y(A*, TKE)
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Figure 1. Fluctuations in the average neutron multiplicity as a
function of the incident neutron energy in 239Pu(n,f). Experi-
mental data from Refs. [1–3].

electrodes and scintillation detectors on disk for offline
analysis. The incident neutron energy is determined via
the time-of-flight technique. The main experiment was
performed with GELINA operating at 800 Hz repetition
frequency. With the incident neutron flight-path length of
8.81 m, the lowest neutron energy accessible in this mea-
surement is 0.26 eV. To avoid overlap of low energy neu-
trons from a former electron beam pulse, a Cd filter with
an areal density of 0.7 g/cm2 was placed in the beam.

2.1 Fission Fragment Detection

The tPIC is used for determination of fission fragment
masses and energies. In principle, the detector is a twin
Frisch grid ionization chamber. However, the standard an-
ode plates are replaced by position sensing readout elec-
trodes. The detector was developed at JRC-Geel and is
described in detail elsewhere [10]. The fission target con-
sists of a thin layer (29.95 µg/cm2 Pu) of PuF4 on a back-
ing of gold covered polyimide. The fission target is placed
in a hole in the common central cathode. The very thin
target and backing allows for both of the fission fragments
from a binary event to escape and ionize the gas on either
side of the cathode plate. Fission fragment energies and
masses are determined via the double-kinetic-energy (2E)
technique. For the purpose of calibration, we have used
data collected with GELINA operating at 50 Hz repeti-
tion frequency. This allows the selection of thermal neu-
tron induced fission in the time of flight spectrum, which
has well known characteristics. During the 50 Hz run the
Cd-filter was removed from the beam. As counting gas
pure CH4 is used. The choice of this counting gas is mo-
tivated by its high drift velocity compared to the P-10 gas
mixture, which is more commonly used with this detector
type. The high drift velocity helps reducing the effect of
pile-ups present due to the high alpha activity of the 239Pu
target. Further pile-up correction and rejection based on
digital wave-form analysis was also performed.

As stated above, fission fragment masses and ener-
gies are determined via the 2E technique which requires
prior knowledge of the average number of neutrons emit-
ted ν(A). As initial assumption we have used the evaluated
data on ν(A) from Wahl [11] and the parametrization

ν(A, T KE) = ν(A)

1 +

T KE(A) − T KE
[
ν(A) + ν(Acn − A)

]
Esep


 (1)

where Esep = 8.6 MeV/n is the average energy necessary
to emit a neutron [12]. The analysis was later repeated us-
ing the results for ν(A) and Esep = 9.02 MeV/n derived
from the data. No significant changes in the results were
observed between the two analyses; hence no further iter-
ation was made. For the case when a neutron coincidence
is required, an additional correction to the fragment energy
according to Gavron [13] is applied. The pulse height de-
fect of the counting gas is corrected for as described in
Ref. [14], with parameters adjusted to reproduce known
values of the average light and heavy fragment masses
[15] and TKE [16] from 239Pu(nth,f). The over-all mass-
resolution of the present experiment is 4 u (FWHM), it was
determined by comparing the obtained mass distribution in
thermal neutron induced fission with high resolution data
from Geltenbort et al. [15].

2.2 Prompt Neutron Detection

For the purpose of studying correlations between neutrons
and fission fragments it is necessary to know the neu-
tron detection efficiency as a function of the energy of
the prompt neutrons. In order to determine this, a dedi-
cated measurement with a 252Cf source placed inside the
ionization chamber was performed. The prompt fission
neutron spectrum (PFNS) emitted in the spontaneous fis-
sion decay of 252Cf is known with an accuracy of about
1-3% in the energy range 0.15 to 11 MeV, and is consid-
ered as a neutron standard. Hence, by forming the ratio
of observed and evaluated PFNS (ENDF/B.VII-1) for this
decay the neutron detection efficiency can be determined.
The 252Cf source was deposited on a thin (220 µg/cm2) Ni
foil, and had an activity of about 3300 fissions/s. The 252Cf
measurement was performed under the same experimental
conditions as the 239Pu(n,f) measurement, except for the
incident neutron beam, which was not present. When de-
termining the PFNS no selection of fission fragment emis-
sion angle is made. In fact, for this purpose only the signal
from the tPIC’s central cathode is used as a fission trigger,
with a threshold adjusted to discriminate against α-decay.
The very thin targets used for the measurements and the
large solid angle of acceptance of the fission fragment de-
tector ensures that the PFNS is unperturbed by this selec-
tion.

3 Results and Discussion

In Fig. 2 the average neutron multiplicity per fission as a
function of TKE is compared to data from Tsuchiya et al.
[17]. As expected from energy balance considerations, a

2
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239Pu (nRR,f)

O (5%)

239Pu(nRR,f; Ip = 0+,1+)
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4.5 CORRELATIONS ENTRE LES OBSERVABLES DE FISSION

Comme évoqué dans la Figure 2, on peut distinguer des contributions des processus (n, f) et (n, �f) dans les
résonances selon la valeur du spin. Nous allons donc étudier les corrélations entre A, TKE et ⌫p pour les résonances
0+ et 1+ (les plus importantes).

Tout d’abord, les Figures 17a et17b montrent, come attendu, une forte corrélation entre la masse et l’énergie cinétique
des fragments dans toutes les résonances.

(a) Corrélation entre AH et TKE pour les résonances 0+. (b) Corrélation entre AH et TKE pour les résonances 1+.

FIGURE 17 – Corrélations entre les caractéristiques en masse et TKE des fragments de fission.

4.5.1 Résonances de spin J = 0+ : sans (n�, f)

(a) Corrélation entre ⌫p et A. (b) Corrélation entre ⌫p et TKE.

FIGURE 18 – Corrélations entre ⌫p et les caractéristiques des fragments pour les résonances 0+.
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D’après les Figures 18a et 18b les corrélations entre la multiplicité moyenne des neutrons prompts et les caracté-
ristiques en masse et énergie cinétique sont plus faible que dans le cas de l’235U(n, f). La corrélation principale est
entre ⌫p et TKE. Toutefois, le mode principal de fission est S2, caractérisé par une énergie cinétique totale plus faible.
L’effet de cette corrélation est donc limité.

4.5.2 Résonances de spin J = 1+ : (n�, f) attendu

(a) Corrélation entre ⌫p et A. (b) Corrélation entre ⌫p et TKE.

FIGURE 19 – Corrélations entre ⌫p et les caractéristiques des fragments pour les résonances 1+.

En se focalisant sur les résonances de spin J = 1+, les corrélations entre ⌫p et A/TKE sont beaucoup plus faible que
dans les résonances J = 0+. Ainsi, dans ces résonances, il est certain que les fluctuations en masse et en énergie
cinétique des fragments ne peuvent pas expliquer les fluctuations de la multiplicité des neutrons prompts de fission.

5 RÉSULTATS PRÉLIMINAIRES AVEC CIBLE MULTI-COUCHES

5.1 DISCRIMINATION ↵-FRAGMENTS ET N-� : PULSE SHAPE DISCRIMINATION (PSD)

5.1.1 Discrimination ↵-FF pour les cathodes

Le 239
Pu émet des alphas qui sont détectés par les cathodes. Il est donc important de pouvoir les discriminer des

fragments de fission. Pour cela, nous avons commencé par comparer un spectre de cathode avec une simulation de
l’énergie déposée dans le gaz par les fragments de fission effectuée avec GEANT4 (Figure 20).
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np fluctuations and the (n, gf) process

SCINTIA

Introduction

Why does ν(En) fluctuate? 
• 239Pu – strongly fluctuating influence of (nγ,f) 

• pre-fission photon <Eγ> ~ 1 MeV : less energy for neutron emission 

• Anti-correlation between ν and Mγ 
• Difference according to resonance spin 

0+ : <Γf> ~ 2 eV : weak ν-fluctuations 
1+ : <Γf> ~ 30 meV : strong ν-fluctuations

239Pu(n,f)

• 235U – not clear? 

• No established correlation of ν and resonance-spin 
• No established correlation of ν and resonance Γf 
• Fluctuating properties of fission fragment Y(A,TKE) 

• Need for accurate ν(A,TKE)
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Outlook: Resonance νp in 239Pu(n,f)

5 cm

Eres (eV) Γf (meV) Exp. stat. Unc (%)

27.29 2.8 5
35.49 3.5 2.3
41.46 6.4 0.9
44.53 4.4 0.9
50.14 5.0 0.6
82.77 5.2 1.1

• To identify resonant fluctuations in νp statistical  
accuracy below 1% at resonances required  
 Capote, HPRL, request ID 99H 

• Modifications to experimental setup 
• New compact fission chamber 
• 28 mg 239Pu => Increased fission rate × 48 
• Addition of 4 × LaBr3 detectors for γ-ray 

• At resonances most likely to exhibit observable (nγ,f) effect  
expected statistical accuracy ~1%  

   Lynn et al., Phys. Rev. C97 (2018) 064601 

• In region En<5 eV expected stat. accuracy >1%

Ø Competition between (n,f) and (n,gf) reaction
Ø (n,gf) => emission of a g ray before the saddle point is passed
Ø g-ray energy of the order of 800 keV (≈ 0.1 n) 
Ø 1+ resonances possess small Gf !

Ø 12 239Pu layers (≈ 28 mg)
Ø GELINA @ 400Hz, L = 8.81 m

Disposition : Vide

❑ Possible correlation between the FF 
characteristics mass and TKE (total kinetic 
energy) with the prompt neutron multiplicity

❑ Competition between (n,f) and (n, γf) 
processes:

❑ Possible impact of the spin of the 
resonance (1+ most likely) on the (n, γf) 
process

Figure from C. De Saint Jean, R. McKnight, NEA/WPEC, Report 
NEA/NSC/WPEC/DOC(2014)34(2014) 

6

6

Context
Origin of the νP fluctuations

J. E. Lynn, P. Talou and O. Bouland, Phys. Rev. C97 (2018) 064601

E. Leal-Cidoncha, G. Noguere, O. Bouland and O. Serot, EPJ Web of Conferences 211 
(2019) 02004

C. De Saint Jean, R. McKnight, NEA/WPEC, Report 
NEA/NSC/WPEC/DOC(2014)34(2014)
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5.1.2 Discrimination n-� pour les détecteurs à neutrons

Des mesures avec une source d’AmBe émettant à la fois des � et des neutrons ont permis d’optimiser les paramètres
utilisés pour calculer le PSD. Sur les figures PSD en fonction du Pulse height, deux branches sont visibles (neutrons
en haut et � en bas). En fittant la sépration entre ces deux parties, on peut obtenir une fonction qui permet de couper
les données pour ne conserver que les neutrons ou que les �. Pour faire cela, on utilise la projection sur l’axe Y des
figures de PSD qui peut être fittée par deux gaussiennes. On conserve la valeur moyenne des valeurs centrales des
gaussiennes comme valeur de séparation entre � et neutrons. En effectuant cela tout les 15 bins par exemple ici, on
obtient plusieurs points de séparations qu’il est ensuite possible de fitter par une fonction exponentielle décroissante
pour obtenir la Figure 22 :

f(x) = A ⇤ eBx + C (8)

FIGURE 22 – Figure de PSD d’un détecteur EJ301 mesuré avec une source d’AmBe. Le fit permettant le filtrage est
visible en rouge.

La Figure 23 montre un PSD sans filtrage des données. On constate que lors des mesures, la quantité d’évènements
est nettement supérieure et des problèmes tels que le pile up ou l’activation de l’environnement rendent les spectres
très bruités. Malgré la fonction pour couper les � et les neutrons, il est nécessaire pour l’analyse d’utiliser d’autres
critères pour filtrer les évènements.

DES/IRESNE/DER/SPRC/LEPh-NT-DL-2025-000X

Ø 22 fast-neutron detectors (EJ301, stilbene, …
Ø 4 LaBr3 detectors (76 mm × 76 mm )
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Examples of 𝛼 / FF discrimination : 
Simulation and Pulse Shape Discrimination 
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Experimental Program 
Preliminary Results
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np fluctuations and the (n, gf) process

region of interest

black filters
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np fluctuations and the (n, gf) process

----- 0+

----- 1+

----- thermal  

Y(1+)/Y(0+) 

Ø g-ray energy of the order of about  800 keV (≈ 0.1 n) 

End of March’26
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np fluctuations and the (n, gf) process

Ø g-ray energy of the order of about  800 keV (≈ 0.1 n) 
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np fluctuations and the (n, gf) process

Ø g-ray energy of the order of about  800 keV (≈ 0.1 n) 

Ø Data taking needs to continue until end of 2026, at least, depending on GELINA’s performance
Ø (n,gf) => the inclusion of g-ray detectors into SCINTIA turns out to be a successful approach
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Prompt and isomeric g-rays in fission
ü Research initiated from HPRL (2011): observed excess g-heating for 235U, 239Pu

ü Average prompt fission g-ray characteristics: 235U(nth,f), 239,241Pu(nth,f), 252Cf(sf)
ü 252Cf(sf) – fission-fragment correlated characteristics: Mg(A), Mg(TKE)
ü 252Cf(sf) – isomeric g-ray decays (T1/2)

ü 252Cf(sf) – time-dependence of g-ray emission until about 30 µs after fission: 132Te

⤇ Systematic investigation of PFG characteristics of spontaneously fissioning isotopes

Ø 242,244,246,248Cm, 250,252Cf, 242,244Pu (average PFG characteristics)
Ø time-dependent g-ray emission
Ø Isotopic fission-fragment identification => isomer-to-prompt ratio

⤇ Part of this large programme is subject to Alan Danilo’s PhD thesis !
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Prompt and isomeric g-rays in fission
⤇ upgrade to VESPA 2.0

Ø new detector frame 
Ø variable detector configuration
Ø 28+ g-ray detectors
Ø DAQ (1GS, 2Vpp)
Ø clean FGIC for calibration at sample position
Ø g-energy calibration range (32 keV – 9 MeV)
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Prompt and isomeric g-rays in fission
ü Measurements finalized: 242,246,248Cm (non-spec), 248Cm(spec), 252Cf (spec)
ü First emission spectra obtained for 246,248Cm
ü Emission spectra for 242Cm and 252Cf (as reference) due
ü Principle isomers (134Te, 136Xe) identified
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Prompt and isomeric g-rays in fission
ü Data taking with 252Cf (spec) ongoing
ü Mass reconstruction started
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Prompt and isomeric g-rays in fission
ü Correlation with g-rays following (è isomeric yield ratios)

(1 – 5) µs(50 – 500) ns

PhD thesis of Valentin Piau (CEA Cadarache), 19 Oct’22
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Landscape of shape isomers32
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F i g . 1 . Pa r t o f t he nuc l ea r cha r t i nd i ca t i ng t he ha l f l i ves o f pr esen t l y known shape i some r s ( f rom Re f . [ 1 ] ) .

60
N

nuc l e i t he shape i some r cou l d be f ound t o decay t hrough t he f i ss i on channe l as we l l as
by de l ayed y - em i ss i on t o t he ground s t a t e i n t he f i r s t po t en t i a l we l l . The l a t t e r decay
mode dom i na t es f or i ns t ance i n 236U [2] and 238U [3] .

Some yea r s ago t he de l ayed y - decay o f 233Th was i nves t i ga t ed f o l l ow i ng a 232Th

(d , p ) - r eac t i on [4 , 5] i n orde r t o sea r ch f or shape i some r i c decay i n t he 233Th compound
nuc l eus . I n con t r as t t o a (d , p ) - r eac t i on a h i gh r eso l u t i on neu t ron - cap t ur e expe r i men t
o f f e r s t he poss i b i l i t y t o se l ec t i ve l y exc i t e poss i b l e quas i - c l ass - H s t a t es , wh i ch shou l d
d i r ec t l y popu l a t e t he shape i some r i c s t a t e v i a y - decay. Th i s process shou l d t hen be
de t ec t ab l e v i a de l ayed y - y - co i nc i dences be t ween a y - quan t um f rom t he cascade w i t h i n
t he second po t en t i a l we l l ( y2) and a y - quan t um f o l l ow i ng i some r i c decay t o t he norma l
ground s t a t e ( yd ) as shown i n F i g . 2 . Be l ow an i nc i den t neu t ron ene rgy o f abou t 50 keV
no f i ss i on mode i n 233Th has been obse r ved ye t [7] .

The y - y - co i nc i dence expe r i men t was pe r f ormed a t t he l i nac - based neu t ron t i me - o f -
f l i gh t spec t rome t e r GEL I NA o f t he I ns t i t u t e o f Re f e r ence Ma t e r i a l s and Measur emen t s

o f t he JRC . The e l ec t ron l i nea r acce l e r a t or was ope r a t ed w i t h a bur s t w i d t h o f abou t
1 ns ( FWHM) and a r epe t i t i on r a t e o f 800 Hz . For t he measur emen t a samp l e o f 207 g
o f na t ur a l t hor i um was used . I n orde r t o have a good t i m i ng r eso l u t i on t oge t he r w i t h
a good r a t i o o f gamma t o neu t ron sens i t i v i t y f our BaF2 sc i n t i l l a t or s we r e used f or t he
de t ec t i on o f y - r ays f rom neu t ron cap t ur e i n t he t hor i um samp l e . The expe r i men t a l se t up
has a l r eady been desc r i bed i n mor e de t a i l e l sewhe r e [6] . For each even t t he f o l l ow i ng
da t a we r e measur ed ;

S. Oberstedt, J.P. Theobald et al., Nuclear Physics A 573 (1994) 467-485  
S. Oberstedt, J.P. Theobald et al., Nuclear Physics A 578 (1994) 31-44 

Ø Decay half-life, T1/2,SI
Ø Branching ratio, GSI,f /GSI,g

Ø Intermediate structure in sub-threshold 
fission, EII (and EIII)

Ø Y(A*, TKE)SI

Ø Together with barrier parameters from 
cross section data

➠ Image of the potential energy landscape 
between GS and saddle point
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“Odd” uranium isotopes …

236fU

Ø Experimental half-lives “quite discrepant”

o 236fU: either  ≈120 ns or ≈ 70 ns
o 238fU: ≲ 200 ns and ≈ 280 ns

Ø Discovery of first odd-U shape isomers very recent (2005)

Ø Extreme range of half-life estimates for odd (and odd-odd) isotopes
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“Odd” uranium isotopes …

ØExtreme range of half-life estimates for odd(-N) isotopes
Ømost favourable case is 235fU: T1/2 = (1 – 11) ms

Ø 238fNp : T1/2 = 1 µs – 10 s

same period of time, the estimated number of background events from the spontaneous 
fission of 234U (T1/2 = 1,5·1016 y) is about 6.  

Under these circumstances the experiment is feasible and allows the determination of the 
half-life of the shape-isomeric ground state.  

During two weeks the number of prompt fission events amounts to about 6·106, which 
allows to deduce the population probability of the shape isomer. 

From both, the half-life and the population probability, the parameters of the outer fission 
barrier may be estimated. 
 
Detailed count rate estimates and experiment parameters: 
 
All count rate estimates are based on a neutron-flux at En ≈ 1 MeV and a distance sample-
detector of 4 cm:  

Φn = 8·106 /s/cm2

 
The neutrons will be produced in a 
7Li(p,n)7Be reaction, where a lower limit of 
10µA for the proton current is assumed. 
 
In the following it means: 
1 d of irradiation corresponds to 16 h of  
proton beam effectively. Accordingly, 
2 weeks of irradiation = 12 d or 192 h. 
 
 
Experimental details: 
� Single-sided IC with Frisch-grid 
� M(234U) = 1.36 mg, target diameter D = 3.0 cm, N(234U) = 3.5·1018 
� Continuum sub-threshold fission cross section  σnf > 0.1 b  
� Resonant sub-threshold fission cross section  σnf (En = 0.85 MeV) ≈ 1.1 b 
� Piso ~ 10-4 (probably further enhanced through coupling between class-I and class-II 

states) 
� duty cycle of NEPTUNE set to 30% (100 Hz, ON = 3 ms, OFF = 7 ms) according to the 

range of the predicted half-life between 1 ms and 10 ms 
� average integrated detection efficiency within time interval is about 50% (in the most 

favourable case about 70%) 
 
Estimated count rates taking into account a duty cycle of 30%: 
� (dc/dt)prompt  = N(234U) · (σnf)res · Φn · 0.30 

= 9.2 / s = 5.3·105 / d  = 6.4·106 / (2 weeks) 
� (dc/dt)iso   ≈ N(234U) · Piso · (σnf)res · Φn · 0.30 · 0.50 

= 27 / d   = 320 / (2 weeks) 
 

In summary, since (dc/dt)iso ≈ 320 / (2 weeks) and, with T1/ 2 (SF 234U) = 1.5·1016y,  (dc/dt)SF ≈ 6 / (2 
weeks), we conclude that the suggested experiment is feasible. 
 
 
Team members and tasks: 

 

A. Oberstedt, M. Öberg and M. Gawrys:  experiment set-up and measurements 

S. Oberstedt (local contact):  scientific and technical support 
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ØNEPTUNE@100Hz: T1/2,f = 1 µs – 5 ms

Øhighly-enriched 236U sample: 99.973%

Ø level density ratio: EII = 2.2(2) MeV
ØT1/2,g /T1/2,f =  9.9 (Wagemans 1990)

ü T1/2 ≈ (0.11 ± 0.06) ms
ü PSI < (1.8 ± 0.7) × 10-7

ü set of consistent barrier parameters for 237U deduced (manuscript due to submission)

237fU  :  recent achievement
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SI landscape a bit different …
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Shape isomer research (MONNET)

Ø 238U(n,n’) method qualification (data analysis)

Ø 236U(n,n’) shape isomer T1/2 verification 
(target soon on its way back from n-TOF)

Ø 233U(n,n’) odd-A isotope (target available)

VESPA++

Ø 250Cf(sf), 242,244Pu(sf)
Ø average PFGS characteristics

⤇ finalizing PFGS systematics

Ø DoD spectroscopic target characterization

Ø VESPA@MONNET (next generation)

Available facilities @ JRC

GELINA (ELISA, GAINS, …
MONNET (now with HIBL and fast Rabbit)
VESPA++ 2.0
SCINTIA
VERDI

SCINTIA

Ø Continuation of data-taking until 
end of 2026, at least!

Ø Unfolding of measured g-ray 
spectra

Ø Analysis of the neutron spectra 
for 0+ and 1+ resonances

Ø 233U(nRR,f; Ip = 2+,3+), what about 
np (ERR)

Ø high fission cross section

Ø Y(A, TKE) available?

Ø high-quality spectroscopic targets 
achievable?

Future projects and activities

VERDI

Ø whatever will require a PhD 
student for extended period



30

Ana M. Gomez L., Ali Al-Adili
Department of Physics and Astronomy, Uppsala University (SE)
Norwegian Nuclear Research Centre (NNRC)

Dennis Renisch, Christoph Düllmann, Christoph(er) Sirleaf
Department of Chemistry - TRIGA Site, Johannes Gutenberg University Mainz (DE)

C. Fontana, W. Geerts, D. Lewis, C. Paradela D., G. Sibbens, D. Vanleeuw, M. Vidali,
European Commission, JRC Geel G.6 

Andreas Oberstedt
Extreme Light Infrastructure - NP, ``Horia Hulubei" National Institute for R&D in Physics and Nuclear Engineering (RO)

Candisse Daire, Alan Danilo, Olivier Litaize, Olivier Serot
CEA, DES, IRESNE, DER, SPRC, LEPh, Cadarache center (FR)

Valentin Piau
Subatech, CNRS/IN2P3, IMT-Atlantique, Nantes University (FR)

Alf Göök
Department of Physics and Astronomy, Uppsala University, Box 516, 751 20 Uppsala, Sweden 

Acknowledgment of their contributions to



31

♪♫♬ Thank you very much ♪♫♬
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