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Outline

q Introduction
• Neutron-induced reactions
• The n_TOF facility

q Overview achievements 2018 - 2026
• capture and fission on 233U
• level densities and strength functions of 234,236,238U
• simultaneous capture and fission of 241Pu (APRENDE)
• neutron capture of 87Sr
• x-Megas (ANR project)
• optical-fiber based neutron detector (APRENDE)

q Outlook for the coming years
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Introduction: Nuclear Data
q Nuclear Data are at the intersection of 

• low-energy nuclear physics and 
• applied nuclear science and technology

q Physical quantities related to properties of atomic nuclei and their interactions with other particles. 
Includes:   • cross sections, • angular distributions, • particle multiplicities, • fission yields, • decay data, 
• nuclear level densities, • photon strength functions, • others

q Experimental data feed experimental databases for reactions (EXFOR) and structure (XUNDL)

q In combination with theoretical models, they are used as input for evaluated nuclear data, 
reactions: JEFF (Europe), ENDF/B (USA), JENDL (Japan), others
structure:  ENSDF
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Nuclear Data

General 
purpose

Evaluated
Nuclear Data 

Library

for example:
JEFF

JENDL
ENDF/B
BROND
CENDL

Measurements

Models
Theory

Evaluation
Validation

Applications

• reactors,
GEN IV

• safety
• criticality
• fuel cycles
• design 
• transmutation
• ADS
• dosimetry
• health
• fusion
• nuclear structure
• astrophysics

UsersProducers
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Neutron-induced reactions, nuclear data
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• Eur. Phys. J. Plus 133  (2018) 440
• NuPECC LRP2024
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Neutron induced nuclear reactions
nuclear,

direct reactions
nuclear, compound 
nucleus reactions
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Compound neutron-nucleus reactions
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RRR (resolved resonance region)
R-matrix links resonance parameters 
to cross section, no predictive models

URR (unresolved resonance region)
average cross sections, average parameters
predictive/prescriptive models 
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CERN accelerator complex



Disposition : Titre et contenu

Frank Gunsing     CSTD, Saclay, 2026-06-01  9

CERN accelerator complex

n_TOF facility:
a pulsed white 
neutron source
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n_TOF at CERN
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n_TOF at CERN

experimental
area 1 (EAR1)

Pb spallation 
target

flight path length 185 m

beam dump 
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Eur. Phys. J. Plus 131 (2016) 371

irradiation station (NEAR)

http://link.springer.com/10.1140/epjp/i2016-16371-4
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Spallation target n_TOF at CERN 

protons
Pb

phase I target
2001-2004

Single water volume
coolant and moderator

Pulsed white neutron source:
• 20 GeV/c protons
• neutrons from spallation
• 7 ns rms pulse width
• frequency 1 pulse/2.4 seconds
• separate cooling and moderation
• flight path length EAR1: 185 m, since 2000
• 
• @source: 7x1012 protons/pulse
• @source: 2x1015 neutrons/pulse 
• @EAR1: 5.105(capture) – 5.107(fission) neutrons/pulse

Main features:
• Large energy range available (0.01 eV – 1 GeV)
• Favorable signal to noise ratio for capture 
on radioactive isotopes (actinides, fission products)
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Spallation target n_TOF at CERN 

Pulsed white neutron source:
• 20 GeV/c protons
• neutrons from spallation
• 7 ns rms pulse width
• frequency 1 pulse/2.4 seconds
• separate cooling and moderation
• flight path length EAR1: 185 m, since 2000
• flight path length EAR2:  20 m, since 2014
• @source: 7x1012 protons/pulse
• @source: 2x1015 neutrons/pulse 
• @EAR1: 5.105(capture) – 5.107(fission) neutrons/pulse

Main features:
• Large energy range available (0.01 eV – 1 GeV)
• Favorable signal to noise ratio for capture 
on radioactive isotopes (actinides, fission products)

protons
Pb

phase II-III target
2009-2018

Moderator separated
from water coolant 

neutrons
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Spallation target n_TOF at CERN 

Pulsed white neutron source:
• 20 GeV/c protons
• neutrons from spallation
• 7 ns rms pulse width
• frequency 1 pulse/1.2 seconds
• separate cooling and moderation
• flight path length EAR1: 185 m, since 2000
• flight path length EAR2:  20 m, since 2014
• @source: 7x1012 (--> 8x1012) protons/pulse nominal
• @source: 2x1015 neutrons/pulse nominal
• @EAR1: 5.105(capture) – 5.107(fission) neutrons/pulse

Main features:
• Large energy range available (0.01 eV – 1 GeV)
• Favorable signal to noise ratio for capture 
on radioactive isotopes (actinides, fission products)

phase IV target,
N2-cooled
since 2021

Only moderator 
contains water

protons

neutrons

Pb

neutrons
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Spallation target n_TOF at CERN 

ref: EDMS 2378651

Al-6082-T6 supporting structure
(anti-creep and N2 cooling channels)

150 mm50 mm

5.4 kW (average)
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n_TOF nuclear data measurements

phase I phase II phase III phase IV LS
3
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0
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Irfu-DPhN at n_TOF CERN, 2018-2026

q LS2 (2019-2020)
• installation new Pb spallation target
• commissioning

q Finishing PhD theses
• 2019 M. Bacak, Capture and fission of 233U
• 2020 J. Moreno Soto, Photon strength functions of n + 234U, 236U, and 238U

q Phase IV data taking (2021-2026)
• neutron capture and fission of 241Pu,   PhD A. Cahuzac (since 2023)
• neutron capture of 87Sr

q ANR project (together with JRC-Geel) 2021-2026
• XY Micromegas
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PhD M. Bacak 2019
co-tutelle TU-Wien

19

233U(n,g) and (n,f) with TAC

q Simultaneous capture and fission measurement of 233U (fission tagging)

q Development compact fission chamber ø9 cm 

q Dedicated fast electronics developed at CEA-DAM/DIF

q Samples produced at JRC-Geel, total mass 46.5 mg
14 samples mounted in 4π total absortion calorimeter (TAC)

<latexit sha1_base64="mNvI8PPiPMwzZALB57dNKwP9SmI="></latexit>

233U 234U 235U 236U 238U

99.9361 0.04965 0.00124 0.00025 0.0128

Isotopic composition (mass fraction %)
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233U(n,g) and (n,f) with TAC
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233U(n,g) and (n,f) with TAC

• M. Bacak et al. NIMA 969 (2020) 163981
• M. Bacak et al. in progress
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234U, 236U, 238U(n,g) with TAC data: re-analyzed for 
photon strength functions and level densities 

n
• simulate gamma decay cascades with
  code DICEBOX(C)
• key ingredients: 
 – level densities
 – photon strength functions
• simulate detector response (GEANT4)
• compare simulations with experiment

PhD J. Moreno Soto 2020 
DRF and DES

BaF2 crystals
nominal:
e = 100%
Ω = 4π 
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234U, 236U, 238U(n,g)
photon strength functions and level densities 

J. Moreno Soto et al. Phys. Rev. C 105.2 (2022)

Observables from TAC data:
   • gamma multiplicity
   • gamma-ray spectra (singles)
   • sum energy spectra
as function of neutron energy
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234U, 236U, 238U(n,g)
photon strength functions and level densities 

J. Moreno Soto et al. Phys. Rev. C 105.2 (2022)

J. MORENO-SOTO et al. PHYSICAL REVIEW C 105, 024618 (2022)
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FIG. 9. Comparison of experimental and simulated sum-energy and MSC spectra for all three nuclei with the MGLO (k = 1.8,
T = 0.3 MeV) model. The label “γ -ray energy” refers to the deposited energy in any crystal.

of the experimental spectra is achieved with a different scis-
sors mode shape; see Table I of the Supplemental Material
[35]. With increasing k the strength in the scissors mode
region is shifted more to the higher-energy resonance. As a
result, based on our data we are unable to decide if the actual
E1 PSF follows the exact form of the Brink hypothesis.

The results are virtually the same also with the CT NLD
parametrization from Ref. [45]. In conjunction with the
MGLO E1 model, the energy dependence of the NLD close
to that given by the CT model gives satisfactory results. In
reality, we performed a limited number of tests also with other
E1 models combined with BSFG and HFB [46] NLD models
(mentioned in Sec. IV B); see the Supplemental Material [35].
We have never reached an agreement as good as that presented
in this section. The tabulated HFB values are in principle
subject to an additional energy-dependent normalization. We
adopted the normalization available in TALYS 1.95 [56] and
different normalizations have not been addressed in this work.

C. Sensitivity of our data

The absence of a good statistical criterion for a descrip-
tion of the agreement between simulations and experiment
(together with the trial-and-error basis of the method) does
not easily allow an accurate determination of parameter uncer-
tainties. Despite this fact it should be stressed that the spectra,
especially for m = 2 and 3, are very sensitive to the positions
of the SC peaks. The resonance energies are thus the same in
all the model combinations yielding a good agreement with
experimental data and are determined with an accuracy better
than 0.1 MeV.

We performed tests in which we withdrew one or the other
resonance of the double-resonance SC; see Fig. 10 and anal-
ogous figures in the Supplemental Material [35]. From the
results we can conclude that the bump around 2 MeV in m =
3, 4 MSC spectra is significantly populated by the two-step
cascades via the lower-energy SC followed by a (not neces-
sarily statistical) low energy third (and fourth) step, while the

middle part of m = 2 MSC spectra also by two-step cascades
via the higher-energy SC. This implies that the sensitivity to
the parameters of the lower-energy SC is mostly given by the
shape of m = 3, 4 MSC spectra, while the parameters of the
higher-energy SC are mostly determined by the m = 2 MSC
spectra. We mention that, although a satisfactory description
of the sum-energy spectra for 235U (see the Supplemental
Material [35]) was achieved when removing the higher-energy
SC, the m = 2 MSC spectrum clearly indicates that the energy
makeup of the cascades contributing to the m = 2 MSC spec-
trum is not correct. Hence the good match of the sum-energy
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FIG. 10. Comparison of experimental MSC spectra for
234U(n, γ ) (left) and 238U(n, γ ) (right) with simulations in which
one of the double-resonance SC was withdrawn. The simulations
are labeled with the kept SC resonance. The m = 4 MSC spectra are
not shown as they exhibit the same behavior as the m = 3 ones. The
label “γ -ray energy” refers to the deposited energy in any crystal.

024618-10

q Many model combinations tried for best match experimental data: 
LD à ~CT      PSF à strong M1 component, scissors mode
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241Pu capture and fission
q Initial contours of this project started in 2021

q Main motivations
o Fissile isotope produced in nuclear reactors

o Impact on the loss of reactivity with burnup

o Only one existing capture measurement (Weston and Todd 1978)

q Challenges
o Production and characterization of 241Pu samples (b–, T1/2 = 14 y)

o Development of compact fission tagging detectors for high count rates

o Measurements both at n_TOF (EAR1 and EAR2), and at JRC-GELINA 
in short time span (build-up to 241Am)
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241Pu capture and fission
q Search for suitable sample material, including sample preparation, lead to JRC-Geel.

Raw  legacy material from the 1970s available.

q A complex chemical sequence of purification to remove 241Am, then 237Np, and then residual 
uranium, was performed at JRC-Geel in collaboration with CEA DAM/DIF. 

q Design of new compact fission chamber, using fast electronics developed at DAM/DIF

q New PhD student: A. Cahuzac (on leave from DGA) since 2023
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241Pu capture and fission: samples
q Sample production, starting once the decades-old raw material was identified

o 2022: assessing the condition of the material

o 2023: initial Pu-Am separation and characterization

o 2024: Pu-Np separation and characterization (in collaboration with CEA/DAM)

o 2025: Pu-U separation and characterization 

q Just before the experiment mid 2025:
o final Pu-Am separation and characterization

o sample production by molecular plating 

o sample mounting in fission chamber

o detector transport from JRC to CERN

no g

~no g

Eg = 149 keV

Eg = 60 keV

a few gs

Eg = 312 keV
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q Final Pu samples: 8 deposits of 30 mm diameter of 241Pu (54% enrichment), 
total mass 241Pu 5.9 mg, (total Pu 10.9 mg)

q Isotopic composition (mass fraction %) from JRC mass spectroscopy 

q Activity
• 23 GBq from b– decay to 241Am
• 33 MBq from  a decay mainly from 238Pu, 240Pu and 241Am 
• 5 MBq increase per month from ingrow 241Am

q In addition, 2 highly enriched reference 235U samples (7.8 mg), produced and characterized at 
JRC-Geel (on loan from PTB-Braunschweig)

30

241Pu capture and fission: samples

<latexit sha1_base64="g3x1iWuCM0qVGyIUxd/aKrt//Bc="></latexit>

238Pu 239Pu 240Pu 241Pu 242Pu

0.09 6.0 23.0 53.7 17.2
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241Pu fission chamber

Post

25 février 2026

Les défis expérimentaux des réactions nucléaires sur le plutonium-241
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Département de Physique Nucléaire

Institut de recherche sur les lois fondamentales de l'Univers



LE DÉPARTEMENT LABORATOIRES INFORMATIONS PRATIQUES PUBLICATIONS NOUS REJOINDRE

Grâce à une collaboration étroite entre plusieurs laboratoires de pointe, une avancée majeure a été réalisée dans l’étude du plutonium-241. Les équipes du JRC-Geel ont réussi à
fabriquer des échantillons de plutonium spécifiquement enrichis en Pu, un isotope clé pour la production d’énergie nucléaire mais complexe à manipuler. En parallèle, le
Département de Physique Nucléaire (DPhN) et le Département d’Électronique, des Détecteurs et d’Informatique pour la Physique (DEDIP) de l’Irfu, en partenariat avec le Service
de Physique Nucléaire (SPhN) de la DAM/DIF, ont conçu et validé des détecteurs innovants capables de supporter un taux de comptage extrêmement élevé. Ces instruments,
conçus pour résister à un bruit de fond α et β intense — avec une activité β du Pu atteignant 23 GBq et une activité α totale ( Pu, Pu, Am) dépassant 34 MBq —, ont
permis de mener des campagnes expérimentales ambitieuses au CERN et au JRC-Geel en 2025 et début 2026.

Les données recueillies, actuellement en cours d’analyse, fourniront des mesures précises des sections efficaces de capture et de fission du Pu. Ces résultats contribueront à
améliorer les données utilisées par les physiciens du Service de physique des réacteurs et du cycle (DES/IRESNE), améliorant ainsi la fiabilité des simulations neutroniques.

Ces mesures sont réalisées dans le cadre de la Collaboration n_TOF et de l’Accord de Collaboration CEA-JRC pour la sûreté nucléaire, avec le soutien du projet NACRE de NEEDS[1], et des projets
européens APRENDE[2], EUFRAT[3] et EURO-LABS[4].
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Motivation

Le plutonium contribue à la production d’énergie dans les réacteurs nucléaires. En particulier en fin de cycle, à haut taux de combustion, c’est-à-dire
lorsque la majeure partie de  U a été consommée, la production d’énergie repose sur les deux principaux isotopes fissiles du plutonium ( Pu
et  Pu). La quantité de plutonium disponible en fin de cycle dépend des sections efficaces des réactions de capture (soit, pour  Pu  : n +  Pu -
>  Pu + γ) et de fission (n +  Pu -> fragments de fission + γ). La quantité finale de  Pu dans le combustible usé est également importante car
le  Am produit par décroissance radioactive β- ( Pu ->  Am + e  + ν) est un déchet radiotoxique problématique pour le retraitement.

Les sections efficaces du  Pu sont particulièrement mal connues en raison de difficultés inhérentes à son étude expérimentale. D'une part du fait de sa
courte demi-vie (14 ans) qui induit une forte émission d’électrons générant un bruit de fond significatif lors des mesures. D’autre part en raison de la
présence inévitable d’autres isotopes du plutonium à l’origine d’un intense rayonnement α (par exemple  Pu ->  U + α) qui va également générer un
bruit de fond dans les détecteurs. En outre, le  Am issu de la décroissance du  Pu est à la fois un émetteur α et à l’origine de réactions de capture
parasitant les mesures. Toutes ces difficultés font que la section efficace de capture du  Pu en particulier n’a été mesurée qu’une seule fois, par le
laboratoire américain d’Oak Ridge [Weston], ce qui est plutôt rare pour un isotope de cette importance. L'Agence de l’OCDE pour l'Énergie Nucléaire
recommande donc d'améliorer la précision des sections efficaces de capture et également de fission du  Pu [HPRL]. Pour répondre à ce besoin
plusieurs défis devaient être relevés.
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Figure 1 : Montage des échantillons de plutonium dans le détecteur
(FICH-Pu241) en boîte à gants au JRC-Geel.

Les échantillons

Le premier défi consistait à fabriquer des échantillons de plutonium enrichi en  Pu (Figure 1). Le
Centre Commun de Recherche de la Commission Européenne à Geel en Belgique (JRC-Geel)
dispose d’un savoir-faire unique et de matériaux rares hérités de la production d’anciens
échantillons, notamment une solution de plutonium enrichie en  Pu dans les années 70. Cette
solution a été purifiée pour en retirer les éléments produits par décroissances radioactives
successives, d’abord l’américium ( Am), puis le neptunium ( Np) en collaboration avec le centre
francilien de la division des applications militaires du CEA (DAM/DIF) et enfin l’uranium résiduel pour
éliminer toute interférence lors des mesures par spectrométrie de masse.  Il a été possible de
récupérer une douzaine de mg de plutonium, dont les mesures par spectrométrie de masse ont
permis de révéler l’isotopie actuelle  :  Pu (0.1%),  Pu (6%),  Pu (23%),  Pu (54%),  Pu
(17%). Les échantillons ont ensuite été fabriqués par électrodéposition sur de fines feuilles
d’aluminium et caractérisés par spectroscopie α pour déduire précisément leur masse.
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Les détecteurs

Le second défi était le développement de détecteurs supportant un taux de comptage élevé. Le
DPhN et le DEDIP (Irfu) en collaboration avec le SPhN (DAM/DIF) ont développé et testé des
détecteurs capables de supporter le bruit de fond α et β important des échantillons. Dans ces
derniers, l’activité β du  Pu est de l’ordre de 23 GBq, tandis que les principaux émetteurs α
( Pu,  Pu et  Am) des échantillons ont une activité totale de plus de 34 MBq. Le détecteur doit
également disposer d’une bonne résolution en énergie pour permettre la séparation entre les
signaux des fragments de la fission induite sur le  Pu et ceux du bruit de fond radioactif, en
particulier les particules α. La solution adoptée est dans la continuité des travaux réalisés en
collaboration avec DAM/DIF [Taïeb, Bacak]. Une chambre à fission multi-plateaux contenant
plusieurs échantillons a permis de répartir le taux de comptage sur plusieurs voies électroniques
équipées de préamplificateurs spécifiques minimisant la largeur des signaux et donc les
empilements. Une contrainte supplémentaire est la compacité de cette chambre à fission qui doit
prendre place au centre d’un calorimètre 4π  à absorption totale (TAC) et servir à identifier les
événements provenant des réactions de fission (voir le principe de la mesure dans le Fait Marquant
correspondant [FM]). Trois chambres à fission ont été fabriquées par l’Irfu, la première pour les
échantillons de plutonium (FICH-Pu241), la deuxième pour ceux d’uranium enrichis en  U (FICH-
U235) servant de référence pour la mesure de la section efficace de fission, et la dernière sans
échantillons pour mesurer le bruit de fond des neutrons diffusés dans le calorimètre. Les chambres
ont été testées au DEDIP, puis validées en condition d’usage, d’abord au CEA DAM/DIF avec un
dépôt de  Cf fissionnant spontanément, ensuite sous faisceau de neutron au JRC-Geel avec des
échantillons de  U (Figure 2).

 

241

238 240 241

241

235

252

235

Figure 2 : Validation sous faisceau de neutron au JRC-Geel du détecteur
FICH-U235 contenant les échantillons d’uranium-235.

Figure 3 : Dispositif expérimental pour la prise de données sur l’aire
expérimentale 1 de n_TOF au CERN. Le faisceau de neutrons
matérialisé par une flèche jaune traverse successivement les moniteurs
de référence (SiMon, LMFC, FICH-U235) avant d’atteindre les
échantillons de plutonium (FICH-Pu241) placés au centre du
Calorimètre à Absorption Totale (TAC).

La prise de données

Le troisième défi était de planifier et réaliser, dans une fenêtre de six mois pour minimiser la
contamination en  Am, d’abord la fabrication des échantillons de plutonium et leur transport, puis
l’enchaînement des campagnes expérimentales au CERN et au JRC-Geel.

La phase expérimentale est un succès. Les données collectées lors de la première mesure au
CERN sur l’aire expérimentale 1 de n_TOF en utilisant le TAC (Figure 3) vont permettre de
déterminer les sections efficaces de capture et de fission du  Pu, ainsi que les principales
caractéristiques des photons  γ  émis lors de ces réactions. La mesure sur la deuxième aire
expérimentale de n_TOF, qui dispose d’un flux de neutrons très élevé à plus basse énergie, va
compléter la mesure de la section efficace de fission dans le domaine thermique. Quant à la mesure
de la section efficace de fission réalisée auprès de GELINA au JRC-Geel, elle va permettre de
consolider les résultats, et en particulier les incertitudes, en utilisant une source de neutrons
différente.
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Les données sont en cours d’analyse et les résultats seront discutés avec les physiciens du  Service de physique des réacteurs et du
cycle (DES/IRESNE) pour améliorer les données de  Pu utilisées dans les codes de simulations.

Ces mesures sont réalisées dans le cadre de la Collaboration n_TOF et de l’Accord de Collaboration CEA-JRC pour la sûreté nucléaire, avec le soutien

du projet NACRE de NEEDS
[1]

, et des projets européens APRENDE
[2]

, EUFRAT
[3]
 et EURO-LABS

[4]
. Une partie de ces travaux est réalisée dans le

cadre de la thèse de doctorat de Aline Cahuzac, ingénieure de l’armement mise à disposition par le Ministère des Armées.

Contacts DPhN : E. Berthoumieux, A. Cahuzac, E. Dupont, F. Gunsing

[1]
 NEEDS – Nucléaire, énergie, environnement, déchets, société ; https://needs.in2p3.fr

[2]
 APRENDE – Addressing PRiorities of Evaluated Nuclear Data in Europe ; https://aprende-project.eu

[3]
 EUFRAT – Open access to JRC Research Infrastructure ; https://joint-research-centre.ec.europa.eu/open-access-jrc-research-infrastructures

[4]
 EURO-LABS – EUROpean Laboratories for Accelerator Based Sciences ; https://web.infn.it/EURO-LABS
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241Pu experiments
q New in-house design compact fission chamber

o Transparent to neutrons and gammas, fission tagging inside TAC 4π calorimeter

o Fast pre-amps, developed at CEA/DAM, can handle high count rate

o Good (enough) energy resolution for a-fission fragment separation

o Two identical stacks of 4 ionization chambers, gap 3 mm low pressure (300 mb)

o 8 241Pu samples and 8 independent acquisition channels

o Fission chamber tested 
• Off-beam with 252Cf source at CEA-DAM/DIF
• In-beam at JRC-Geel (235U)

q Three real experiments performed, including auxiliary measurements
o n_TOF EAR1 (L=185 m) in 2025 (>0.1 eV)
o n_TOF EAR2 (L=20 m) in 2025 (thermal region)
o JRC-Geel (L=10 m) early 2026 (RRR)

2 PB raw data
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241Pu experiment at n_TOF EAR1

neutrons

SiMon n-flux 
monitor

241Pu fission chamber
235U fission chamber 2x

TAC (open) 
gamma-ray 
detector
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241Pu experiment at n_TOF EAR1

neutrons

241Pu fission 
chamber

TAC (open) gamma-ray 
detector n

235U fission 
chamber x2
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241Pu experiment at n_TOF EAR1
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241Pu experiment at n_TOF EAR1
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241Pu experiment at n_TOF EAR1

fission chamber respons to neutrons TAC response to 88Y calibration source

PhD A. Cahuzac



Disposition : Titre et contenu

Frank Gunsing     CSTD, Saclay, 2026-06-01  38

241Pu experiment at n_TOF EAR1
fission response capture response (M>2)

240Pu

242Pu

241Pu
241Pu (+239Pu)

A. Cahuzac et al. proc. ND2025
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241Pu experiment at n_TOF EAR2

A. Cahuzac et al.
proc. ND2025

6

241Pu fission chamber

neutrons

gamma-ray detectors
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241Pu experiment at JRC-Geel

A. Cahuzac et al.
proc. ND2025

neutrons

241Pu fission chamber
235U fission chamber

235U fission chamber
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Measurement of 87Sr(n,g)

figure from Palmerini et al. 
doi.org/doi:10.3847/1538-4357/ac1786

• Neutron capture cross section for:

- astrophysical s-process

- 87Rb/87Sr cosmochronometer
T1/2 87Rb is 49 Gy

• Both need accurate capture cross 
sections

• Standard n_TOF cross section 
measurement with C6D6 detectors.

• Allocated: 2.4.1018 protons in  
EAR1 for the cross section

• Allocated: 1.1018 protons in 
EAR2 for test g-spectroscopy

Rauscher (2012). The reasons for this have been discussed in
some detail in Busso et al. (2021). Rates for weak interactions
as a function of temperature and density are assumed from the
work by Takahashi & Yokoi (1987). The ensemble of the
above choices will be indicated as our standard (ST) case.

For the various nuclei discussed in this work considerable
uncertainties are still present and are outlined in what follows.
With the aim of clarifying some crucial points of the s-process
path for which new measurements would be important, we
shall consider a series of possible local modifications to the
input data, as suggested by the comparison with either the
presolar grain data or the average solar system inventory of
purely s-process isotopes. The results of computations made
using sets of parameters modified ad hoc to improve the fit to
experimental SiC data will be referred to as models of version
2 (v2).

3.1. The Branching Points at 84Kr and 85Kr

Several nuclei, produced by neutron captures near the magic
neutron number N= 50, remarkably depend more or less on the
operation of the crucial branching points of the s-process chain
at 85Kr and at its parent 84Kr (see Figure 4, and e.g., the paper
by Walter et al. 1986). A recent discussion of this and other
branching points on the main component in the light of
parameterized AGB models was presented by Bisterzo et al.
(2015). In the K1 repository, the 30 keV recommended cross
section for 84Kr is 33.1 mb. This compares very well with the
data listed on the BNL site being close to a sort of average of
them. The channel pointing to the isomeric state of 85Kr has a
branching ratio of 0.586, which means that almost 60% of the
flux goes to the isomer (85Krm, at 305 keV and with t1/2 ; 4.5
hr). This estimate is in line with more recent evaluations by
Tessler et al. (2021, submitted); it is however higher than in
previous ST choices, e.g., in the previous release of KADONIS
(v0.3 or K03, Dillmann et al. 2006), where this branching ratio
was suggested to be about 40%. Concerning the unstable 85Kr,
its ground state has a half-life of about 10.5 yr, sufficient to
effectively capture neutrons before the decay, in stellar
conditions. Its cross section has only a theoretical estimate
and is affected by a high uncertainty (of the order of 50%,
typically). The K1 recommended value (73± 34 mb) repre-
sents again a sort of average of those reported in the BNL
repository. A further clarification of all these points is vital
because the flow through the isomeric state subsequently feeds
primarily (at 80%) the channel passing through 85,86Rb and

then ending up at 86,87Sr, at the expense of 86Kr and 87Rb,
which feed only 88Sr. This implies that the ratio of Sr isotopes
shown by presolar grains depends not only on their own cross
sections, but also on those of 84,85Kr, on the branching ratio to
85Krm and on the decay rates of unstable isotopes through
which the flow passes (like 85Krm itself and 86Rb). New cross
-section measurements in this mass region would also be
important for the understanding of the Rb/Sr ratio in AGB
stars and their relatives (see, e.g., Roriz et al. 2020, and
references therein). With new facilities for measuring weak
interactions in ionized plasmas only a couple of years from
being finalized, it will certainly be worth fixing all these issues
on experimental grounds.

3.2. Sr

The precise values for the cross sections of the Sr isotopes
that are fed by slow neutron captures (86Sr, 87Sr, and 88Sr) are
crucial for interpreting the isotopic admixtures of Sr itself, as
well as their ratios to Ba isotopes, as measured in presolar
grains (Liu et al. 2014, 2015, 2018; Stephan et al. 2018). For
86Sr, the 30 keV recommended value is 60 mb, again in good
agreement with the BNL data and only slightly lower than the
previous choice (64 mb) made by K03.
For 87Sr, the recommended value is from experimental

measurements (Bauer et al. 1991) and the energy dependence is
derived from the repositories mentioned above. The choice by
K1 (93.8± 3.8 mb) is again only slightly smaller than the one
of the previous K03 compilation and compatible (somewhat in
the higher part of the distribution) with BNL data.
For 88Sr, K1 recommends a renormalization of previous

weighted averages, from measurements such as those by
Koehler et al. (2000) and Kaeppeler et al. (1990b). However,
the presence of discrepancies in the published data from the
time of flight (TOF) and activation methods is noticed and this
is a special case in which new experimental efforts are needed.
In this respect, we notice that in the most recent measurements
by Katabuchi et al. (2011), the 30 keV reference value (9.4
mb), is much larger than recommended by K1 (6.3 mb). This
last datum is then slightly larger than most of those from BNL
(that group around 5.2 mb). This is important especially if
considered together with the uncertainties already discussed,
affecting the previous branching points of the s-chain at 84,85Kr
(see above). One can in particular notice that very similar
relative production factors for the isotopes of Sr can be
obtained in two different ways, namely, (i) by adopting, in
neutron captures on 84Kr, the lower value of the branching ratio
to 85Krm (40%) and taking the neutron-capture cross section of
88Sr from the K1 recommendations; or (ii) adopting the higher
branching ratio to 85Krm (60%), but then using, for the cross
section of 88Sr, the measurements by Katabuchi et al. (2011).
Our ST choice here will be that of the K1 recommendations,
however one has to remember that a lower production of 88Sr is
possible using either of the previously mentioned choices
(whose effects are mimicked in our case v2). It is clear that on
these issues an experimental clarification is urgent, as is a
proper treatment of the decay rates of 85Kr and 86Rb in ionized
plasmas.

3.3. Zr and Nb

An analysis of the possible uncertainties affecting the
reproduction of Zr isotopes in SiC grains has been presented

Figure 4. The s-process nucleosynthesis path in the region around N = 50; the
85Kr branching is highlighted by the red arrows. Stable isotopes are shown in
black boxes, while unstable ones have a red background.

5

The Astrophysical Journal, 921:7 (20pp), 2021 November 1 Palmerini et al.
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• evaluations based on scarcely 
available measurements as 
reported in EXFOR, mostly:
-- Macklin (1967, 3 pts)
-- Hicks (1982, 15 pts)
-- Walter (1985, 390 pts)
-- Bauer (2011, only MACS)

Measurement of 87Sr(n,g)
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87Sr TAC gamma-ray spectroscopy

linear scalelogarithmic scale
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neutron resonance energy (eV)
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87Sr separation s- and p-waves

Nucl. Data Sheets 119 (2014) 132
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87Sr TAC gamma-ray spectroscopy
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87Sr sample

<latexit sha1_base64="w61/GQMoJu9BsoAEx28crzFqfwQ="></latexit>

84Sr 86Sr 87Sr 88Sr

natural 0.56 9.86 7.00 82.58

enriched 0.015 1.39 87.73 10.87

48

metallic sample 
on arrival at 
Saclay in 2010

sample before 
TAC experiment 
in 2011

sample after
TAC experiment
in 2011

sample repackaged 
for EAR1 and EAR2 
experiment in 2025

• original sample, enriched (87.73%) metallic 87Sr on loan from Los Alamos
• sample reprocessed and transformed into 87SrO 
oxidation 1100 °C, pressed 5 tons, done at PSI-Villigen

• sample put in sealed Al container (produced by JRC)
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87Sr(n,g) in EAR1

87Sr sample

C6D6 gamma-ray 
detectors

neutrons
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87Sr(n,g) in EAR1

• setup with 4 C6D6 gamma-ray detectors
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87Sr(n,g) in EAR2

neutrons

87Sr sample
LaBr3 detectors

HPGe detector
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87Sr(n,g) in EAR2

• setup with 8 LaBr3 - LaCl3 gamma-ray detectors
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87Sr(n,g) in EAR2

detector with active voltage divider detector with passive voltage divider

detector response EAR2, close configuration
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87Sr(n,g) in EAR1
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• data integrity checks for all data, including calibrations and auxiliary data
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Final statistics for 87Sr
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XyMegas (x-Megas): ANR project
q French national ANR project (type: PRC) partnered with JRC-Geel

q Objectives: Development of a multipurpose, portable detector for measurements of
oneutron beam imaging, in particular for corrections normalization capture (BIF)
o energy-dependent neutron flux monitoring
oneutron-induced reaction cross sections
o angular distributions of (n,f) and (n,lcp) reactions

q Challenge
o Combine existing techniques to a new, ”transparent” neutron detector with 

orthogonal strip read-out, using a state-of-the-art multi-channel acquisition.
o Transparent detector (Microbulk technology) to keep possibility to stack 

detectors (combine reactions)
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Beam interception factor
(simulation)

F. GUNSING et al. PHYSICAL REVIEW C 85, 064601 (2012)

the resonance region however this value is only on the order of
0.1%, since for 232Th the capture cross section is much higher
than the scattering cross section.

E. Neutron flux

The relative neutron flux as a function of neutron energy is
needed over the energy range of interest from approximately
1 eV up to 1 MeV in order to determine the capture
yield. In addition to Monte Carlo simulations [35], we
have a dedicated measurement of the flux performed with
a 235U-loaded parallel-plate fission ionization chamber from
the Physikalisch-Technische Bundesanstalt (PTB) in Braun-
schweig [49]. Furthermore, during the capture measurements
the relative neutron flux was measured with an in-beam neutron
monitor SiMon [50], consisting of a 6Li deposit on a Mylar
foil and four off-beam silicon detectors for the detection of the
6Li(n, 3H)α reaction products. Up to 1 keV both methods are
in good agreement, but at higher energies the 6Li(n,α) reaction
suffers the insufficient knowledge of the angular distribution
of the α and triton particles.

The resonance structure of the materials in the neutron
beam, such as the aluminum entrance window near the
spallation target, the lead of the target, and the water moderator,
do not allow us to determine easily an analytical expression
for the neutron flux. For example, the 337-eV resonance from
55Mn present in the aluminum of the entrance window is
clearly visible in the SiMon data.

The neutron flux we adopted for the capture yield is an
analytical fit of the measured flux from the SiMon detectors up
to 1 keV and pointwise data from the PTB measurement above
this energy, suitably normalized in an overlapping energy
region. Note that this flux is intended only for its energy
profile and not as an absolute normalization. This adopted
flux, shown in fig. 6 has been used for most of the capture
measurements at n_TOF in the phase-I period [51]. The SiMon
detector is still in use for the ongoing phase-II measurements
together with other flux monitors. It may be possible that the
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FIG. 6. (Color online) The adopted neutron flux in the energy
range from 1 eV to 1 MeV at 185.2 m with the 20-mm-diameter
collimator. The composition of this adopted flux is explained in the
text.

TABLE I. Numerical values of the parameters
of the modeled beam interception factor, Eq. (6).

Parameter Numerical value

b0 3.830698 × 10−1

b1 −4.134044 × 10−4

b2 1.060315 × 10−3

b3 2.292116 × 10−1

angular distribution effects of the SiMon detectors will be
known with more precision in the future. At present we assign
an uncertainty of 2% to the shape of the flux above 1 keV.

Because the beam profile changes with neutron energy,
the fraction of the neutron beam hitting the sample varies
accordingly. The measured change [41] corresponds well with
simulated values [40]. Since the simulations were available
with higher statistics we used these to fit an empirical analytical
function of the form

fbeam(En) = b0E
b1
n + b2E

b3
n , (6)

with parameters listed in Table I, and which are valid between
1 eV and 1 MeV, where the neutron beam fraction changes
from 0.385 at 1 eV to 0.405 at 1 MeV as shown in Fig. 7. This
analytical correction factor has been applied to the neutron
flux used to calculate the capture yield.

F. Capture yield and normalization

The spectrum of the weighted detector counts was corrected
for dead time, radioactive background, the spatial distribution
of the γ emission in the weighting function and for sample-
scattered neutrons. The corrected spectrum was then divided
by the adopted neutron flux to obtain the experimental capture
yield. Any remaining background needs to be included in the
analysis of the resolved resonances. A normalization factor is
needed in order to account for the absolute flux level and for
the absolute detector efficiency.
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FIG. 7. (Color online) A histogram of the simulated beam
interception factor, i.e., the fraction of neutrons incident on a sample,
for a diameter of 1.5 cm, together with the analytical description of
Eq. (6).
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Micromegas at n_TOF
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XyMegas:  Micromegas detector
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XyMegas:  Micromegas detector
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Previous Micromegas detectors at n_TOF EAR1
PTBMGAS1 MGAS2SiMonn_TOF EAR1
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Previous XY-Micromegas detector

  

MicroBulk + GET electronics

@GELINA @ n_TOF EAR2@Lab. Saclay

M. Diakaki et al. NIMA 903 (2018) 4



Disposition : Titre et contenu

Frank Gunsing     CSTD, Saclay, 2026-06-01  64

10B samples from JRC-Geel at ILL

scanner
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LaBr3 detector
in Pb shielding
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neutrons
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imaging camera 
for alignment

Technical Report IRFU-24-02

q Preparation 10B samples at JRC for neutron to charged-particle converter
q Measurement of sample characteristics using thermal neutrons at ILL

http://irfu.cea.fr/Phocea/file.php?class=std&file=Doc/Publications/Archives/irfu-24-02.pdf
http://irfu.cea.fr/Phocea/file.php?class=std&file=Doc/Publications/Archives/irfu-24-02.pdf
http://irfu.cea.fr/Phocea/file.php?class=std&file=Doc/Publications/Archives/irfu-24-02.pdf
http://irfu.cea.fr/Phocea/file.php?class=std&file=Doc/Publications/Archives/irfu-24-02.pdf
http://irfu.cea.fr/Phocea/file.php?class=std&file=Doc/Publications/Archives/irfu-24-02.pdf
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XyMegas detector

electron avalanche simulation

SRS-VMM3 system at Saclay part of the final detector design (2D gerber view) 

q Extensive detector simulations of response, gain and tracks

q Full SRS-VMM3 system with two hybrids (2 x 128 channels

q Design final detector finalized and ordered from CERN (microbulk)
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XyMegas, data acquisition

q VMM3 hybrids produce a data stream over ethernet, captured by the receiving
acquisition computer. Files in pcapng format, very compact

q Existing VMM3 software available but without time-of-flight implementation. After 
discussion with authors, we implemented time of flight ourselves using the NIM 
input for T0 triggers.

q We keep all raw data in pcapng without intermediate ROOT trees, then only 
processed data in form of histograms in ROOT files

q time scales for TOF measurements: 
      1 ns sampling time during 100 ms time window (108 bins)

q Use specific MicroMegas readout and acquisition chip VMM3,
developed for ATLAS-NSW (I. Iakovidis)   --> P2
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Event time structure, X, Y, T0
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New XyMegas detector
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XyMegas setup at JRC-Geel
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Charge distribution per strip
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20260217_092254_00001_20260217092254.pcapng ... 20260217_092254_00021_20260220160440.pcapng (21)
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Beam image from coindicent events
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Beam image from coindicent events

90-100-120 mm
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DPhN at n_TOF, the future
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Future of n_TOF: CERN’s accelerator schedule

from: https://edms.cern.ch/document/2311633/5.0 (2025-02-19)

n_TOF à
ISOLDE à

n_TOF à
ISOLDE à

https://edms.cern.ch/document/2311633/5.0
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DPhN at n_TOF
synthesis discussion latest JEFF meeting

Irfu/DPhN Working document 25/03/2026 

 3 

  
Figure 3: Impact of JEFF-4 fission products on PIE predicAons [JEF/DOC-GN] 

 

 
Figure 4: Interplay between (n,g) cross secAons, independent fission product yields, and b- 

decay, in the final concentraAon of Sm, Eu, and Gd isotopes in spent fuels [JEF/DOC-GN] 

In order to improve the predicAons of the simulaAon codes, the capture cross secAon of the 
following isotopes should be invesAgated further in the resonance ranges. 

- Cesium: 133Cs (stable), 134Cs (2 y), 135Cs (2x106 y), 137Cs (30 y) 
- Neodymium: 143Nd (stable), 145Nd (stable), 147Nd (11 days…) 
- Promethium: 147Pm (3 y), there is no stable isotopes 
- Samarium: 147Sm (stable), 149Sm (stable), 150Sm (stable), 151Sm (90 y), 152Sm (stable) 
- Europium: 151Eu (stable), 153Eu (stable), 154Eu (9 y), 155Eu (5 y) 
- Gadolinium: 154Gd (stable), 155Gd (stable) 
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DPhN at n_TOF
q Demands not only from HPRL, also from evaluators (JEFF meetings)

o challenges in accuracy and / or difficulty 
o improvements nuclear reaction models (LD, PSF)

q Feedback from irradiation experiments (burn-up, post-irradiation analyses)

q Improvements on (absorbing) fission product capture cross sections
• 103Rh(n,g), 151,153Eu(n,g)  (stable)
• feasibility production 154,155Eu(n,g)  (8.6 / 4.7 y)

q Cross sections for new applications (eutectic neutron production targets)
• 113,115In(n,g) (stable)

q Opportunities
• 238Pu(n,f)  (samples JRC for DAM)
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One possible roadmap for DPhN at n_TOF
priority 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036

CERN n_TOF operation LS3 LS4 ?
● high   n_TOF experimental programme ?

● ongoing    data analysis and publication Pu241 (APRENDE)
● ongoing    data analysis and publication Sr87(n,g)
● ongoing    data analysis and publication XyMegas
● ongoing    development neutron detector for transmission  (APRENDE)

● medium   Additional data taking XyMegas, JRC
● low   Detector development XyMegas dΩ
● low   Detector development MMegas (n,lcp)
● low   Neutron detector in-beam transmission n_TOF EAR1

● high   Exploration thermal region n_TOF EAR2
● medium   Possible measurement Rh103(n,g) stable
● medium   Analysis Rh103(n,g)
● high   Possible measurement Eu(151),153(n,g) stable
● high   Analysis Eu153(n,g)
● medium   Possible measurement In113,115(n,g) stable
● medium   Analysis In113,115(n,g)

● medium   Feasibility Eu154,155(n,g)   8.6 / 4.7 y
● high   Possible measurement Pu238(n,f) 88 y
● medium   Any unstable nucleus in sufficient purity and quantity (n,g)
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DPhN at n_TOF
q Team DPhN, current and recent members:

o staff Eric Berthoumieux, Emmeric Dupont, Frank Gunsing
o post-docs Michele Spelta, Georgios Tsiledakis, Gurpreet Kaur
o PhDs Aline Cahuzac, Michael Bacak, Javier Moreno Soto 

q Regular help from DEDIP: David Baudin, Thomas Papaevangelou, Esther Ribas-Ferrer, many others

q Not sufficient manpower for full roadmap. Priority always to high-quality measurements

q Continued fund seeking for PhD and post-docs

q Securing the future involvement of DPhN in n_TOF or similar activities needs attention

q Request to DEDIP
o keep lab space in 534/37
o maintain occasional support (electronics, workshop)
o technical support for optical fibre / SiPM project 

(help with assembly or with purchase off-the-shelf material)
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Conclusion (1/2)
q Long-standing involvement of DPhN in nuclear data, in particular neutron-induced cross section measurements|

and related quantities. 

q Mainly at the two high-resolution white pulsed neutron sources in Europe
• GELINA (JRC-Geel)
• n_TOF (CERN-Geneva) 

and occasionally at other facilities, like NFS at Ganil-Caen)

q At n_TOF, several responsibilities within the collaboration. In addition, regularly SP for experiments.

q Recurrent issue is sample (target) availability (orders of magnitude µg – mg – g depending on type of xs) 

q External funding (2018-2026)
o European programs (CHANDA, SANDA, EURO-LABS, APRENDE)
o National funding (ANR, NEEDS-NACRE)
o Institutional funding (P2IO, CFR)
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Conclusions (2/2)
q Short term plans

• 2026: running from 5-2-2026 to 31-8-2026
• all experiments already approved by the INTC

q LS3 for n_TOF (2027)
• several technical improvements/updates (including FIRIA) and DAQ upgrades
• considerable amount of data to be analyzed
• preparing an outline of possible experiments for phase V (2028-2033)

q Between LS3 and LS4, and post-LS4
• experimental program with focus on nuclear astrophysics, advanced nuclear technologies and
basic nuclear science and applications

• plan construction of next generation spallation target
• planning of the post-LS4 experimental program 

q Possible future initiative at CERN n_ACT@BDF (SPS, note: n_TOF depends on PS)
Irradiation facility, similar to n_TOF-NEAR, for flux-integrated cross sections ∫s(E)f(E)dE

q Main focus DPhN on high resolution time-of-flight measurements s(En)
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The n_TOF Collaboration in 2026

 

 

 

 

 

 

 
 

 2026:  153 members from 43 institutes


