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What are nuclear data?

Nuclear data are:

“the quantified properties of atomic nuclei and their interactions, expressed in numerical form so they can
be used in calculations, simulations, and design of nuclear systems”.

They are the bridge between nuclear physics experiments/theory and practical applications:

- Energy applications: fission and future fusion reactors.
- Astrophysics.

- Shielding.

- Dosimetry.

- Medical isotopes.

- Safeguards.

- Space applications and planetary exploration.

- Gelogical surveys.
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Nuclear data during the Fermi era

“In the early days of the Manhattan Project when an
unknown cross section was needed, the procedure for
obtaining a value for it was simple. You went and asked
Fermi. Invariably he would refuse to hazard a guess.
The next step, so the story goes, was to recite slowly a
long string of numbers, and if one of the numbers
produced a gleam in Fermi's eye - that was the value to
usel”

H. Goldstein (talk at Atomenergie, Sweden, September
1953)
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Nuclear data in the post Fermi era...

Experiment on AZK
Several measurements on the

New needs and same isotopes and reaction
priorities channels are needed to
EXFOR — data base reduce the uncertainties,
with the AZ data mostly due to uncontrolled
ICSBEP + ... systematics.
integral experiment
databases Priorities are compiled by the

Validation with |
integral data

international agencies IAEA
Users and NEA/OCDE, and different

expert groups:
S
Evaluation |IAEA: https://www-nds.iaea.org/

Theoretical models / Evaluate_d nu_clear data HPRL:'httDs://www.oecd-

tuned with libraries nea.org/jcms/pl_68746/hprlapp
experimental data JEFF, ENDF/B, JENDL,
i CENDL, BROND

81stINTC meeting 4 nTOF


https://www-nds.iaea.org/
https://www-nds.iaea.org/
https://www-nds.iaea.org/
https://www.oecd-nea.org/jcms/pl_68746/hprlapp
https://www.oecd-nea.org/jcms/pl_68746/hprlapp
https://www.oecd-nea.org/jcms/pl_68746/hprlapp

Nuclear data needs for fission technologies

Gen IV designs (SFR, LFR, MSR, VHTR) require data for high-energy (fast) neutrons and high
temperatures.

Fast Reactors (SFR/LFR): %3Na and 2%8Pb/20Bi
Molten Salt Reactors (MSR): complex salt chemistry (e.g., FLiBe), precursor drift effects, 3°Cl.
High Temperature (VHTR) demands accurate Thermal Scattering Laws (TSL)

Fuel Cycle Economics & Burnup Credit

Burnup Credit: reactivity reduction from fission products.

Decay Heat Prediction: packing in spent fuel casks.

Power Uprates: plants running at higher power without violating safety limits.

Small Modular Reactors (SMR)

The Physics of Leakage: reflectors like Be and steel.
Economic Sensitivity: factory serial production.
Transportability: Micro-reactors require optimized shielding.

Structural materials

New Alloys: accurate displacement cross-sections (dpa) to predict swelling and embrittlement,.

Activation: *6Fe, %®Ni... become radioactive.
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Nuclear data needs for fission technologies

New fuels

HALEU (High-Assay Low-Enriched Uranium) with 5-20% enrichment range, forcing regulators to use
large safety margins.

Advanced Technology Fuels / Accident Tolerant Fuels (ATF):
SiC Cladding: thermal scattering data.

Uranium Silicide (U3Si,): thermal scattering data.

FeCrAl Cladding: Requires activation cross-sections for Fe and Cr.

Waste management
Minor Actinides (MA): transmutation of 23%Pu, 23’"Np and 241-243Am.
Shielding: Handling ?**Cm requires massive shielding.

Regulatory modernisation

BEPU Methodology: "Best Estimate Plus Uncertainty" (BEPU) approaches.
Covariance Matrices: Correlations for avoiding worst-case scenarios.

Licensing Advanced Designs: safety analyses based on well-characterized data.
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The U/Pu nuclear fuel cycle
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The Th nuclear fuel cycle
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Typical nuclear data for fission technologies
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Nuclear data measurements carried out at n_TOF (& ISOLDE)
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A few examples
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Cross section (b)

230Th(n,f) cross section measurement in EAR1

Motivation:

« Thorium fuel cycle.
« Design of new nuclear systems.
 Study of “thorium anomaly”. Fine structures in the 239Th(n,f) cross-section threshold region.

 Few experimental discrepant datasets existed in literature covering the energy range from the
fission threshold up to 25 MeV.
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Cross-section from fission threshold up to 400 MeV

Relevant publications:

* V. Michalopoulou et al. (n_TOF Collaboration), Phys.
Rev. C 108, 014616 (2023).

* V. Michalopoulou et al. (n_TOF Collaboration), HNPS
Advances in Nuclear Physics, 28, 148—153 (2022).

* V. Michalopoulou et al. (n_TOF Collaboration), EPJ Web
Conf. 239, 05004 (2020).
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Counts

243Am(n,f) cross section measurement in EAR1 and EAR2

Motivation:

« Transmutation of nuclear waste

« Design of fast reactors

« To provide the first single high-quality dataset from thermal up to 100s MeV.
« Combination of EAR1 and EARZ2 data.

Resolved resonance range Fast energy range (1 — 10 MeV) Fast energy range (> 10 MeV)
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236(n,f) cross section measurement in EAR1 and EAR2

Motivation:

* Fast nuclear reactors and accelerator driven systems (ADS).

« Waste management / waste reprocessing.

Data extended to higher energies.

PhD thesis of Zinovia Eleme
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Yield

209Bj(n,y) in EAR2

M Otivati on.: Accelerator Reactor

* Subcritical mode (65 - 100 MVth)
(GO0 MoV - 4 mA peoton) « Criticad mode (=100 MWAh)

 Transmutation of nuclear waste. -mﬂ

» Design of critical or subcritical fast systems cooled with Pb/Bi
eutectic.

« Estimation of the 2'°Po production in MYRRHA.
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244246248Cm(n,y) in EAR2 and EAR1

Motivation:
« Management of nuclear waste & safety.

244Cm (T1/2=18.11 years) dominates neutron emission in spent fuel and contributes significantly to the
decay heat and radiotoxicity.

Very challenging measurement: sub-milligram 2 0% —EBp —sum | 1 o008
samples of Cm provided by JAEA (Japan) -> EAR2 & 098 gy “asgn 1 0008
goal of reaching (n,y) measurements with <1 mg § 004 —BKG 5 §‘;g§:
: |
Effective combination of the TAC and CgDg and B et
EARSs: o0 15 20 25 30 35 40 E45( \/5)0
: 5
«  EARZ2 with CgDgfrom 7 to 400 eV 3 Som «
«  EAR1 with the TAC from 7 to 100 eV 2 Lone I
S 0.004 j )
O 0.003 : I }‘
V. Alcayne et al. Annals of Nuclear Energy, 227, 2026. Y vl AT AN ) i ot i i in 1k
10.1016/j.anucene.2025.111977. § PR Mg«mwwnm\,mwve-mwwxuqu
V. Alcayne et al. European Physical Journal A, 60, 240, ' 6’0 - 3b - 160 - 1é0 T 1:10 '
2024. 10.1140/epja/s10050-024-01453-w. E, (eV)

81stINTC meeting 16 NTOF


https://doi.org/10.1016/j.anucene.2025.111977
https://doi.org/10.1140/epja/s10050-024-01453-w
https://doi.org/10.1140/epja/s10050-024-01453-w
https://doi.org/10.1140/epja/s10050-024-01453-w
https://doi.org/10.1140/epja/s10050-024-01453-w
https://doi.org/10.1140/epja/s10050-024-01453-w
https://doi.org/10.1140/epja/s10050-024-01453-w
https://doi.org/10.1140/epja/s10050-024-01453-w
https://doi.org/10.1140/epja/s10050-024-01453-w
https://doi.org/10.1140/epja/s10050-024-01453-w

50,53Cr(n,y) in EAR1

Motivation:
* Impact of structural materials, stainless steel with 11 — 26% chromium.
« Criticality benchmarks: ~30% discrepancies in °%-33Cr cross sections — 1% change in kg
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P. Pérez-Maroto et al., Physics Letters B, 2025, vol. 862, p. 139360

P. Pérez-Maroto et al., European Physical Journal A, 2026, vol. 62(1), p. 5
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natAr(n,y) in EAR1 and EAR2

Motivation:
« Understanding the neutron background in liquid Ar detectors for neutrino and dark matter research.
* Only one previous experiment (TOF data not available)

Challenges: First gaseous target measured at n_TOF (200 bar), o >> 0,

Technology Conference. Madrid, Spain, 22-27 June 2025.

A N ™ V. Alcayne et al. 16! Nuclear Data for Science and
ol
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natC(n,p) and "3C(n,d) measurement at n_TOF in EAR1

Motivation: 0T 1T -

* Dose estimation in hadrontherapy. 80- ¢ n_TOF (n,p) . E

- Radioprotection calculations in neutron beam / neutron irradiation 70+ Pillon, 2017 ¢ e 4 -

facilities. 5 60C ¥ Pillon, 2011 *

- Dosimetry in space applications. o ig: ¢ ; + Bobyr, 72 E

* Response of the diamond detectors as neutron flux monitors. & aob. hc . Rimm;r, 68 =

20E ° x ¥ Kreger, '59 3

105‘ c—#'h'“- -

Publications: 054715 16 17 18 19 20 21 22 23 24 25
« P.Zugec et al., Measurement of the "C(n,p) and "2C(n,d) E, (MeV)

reactions from n_TOF at CERN, Phys. Lett. B 868 (2025) 2‘; e mToFtma | ] 2

139713 70+ Pillon, 2017 4 $ t + E

Related publications: E 60; * Fillon, 2,?11 x+ _

- P. Zugec et al., Measurement of the "2C(n,p)'2B cross section o ig: x Xyy F+f E

at n_TOF at CERN by in-beam activation analysis, Phys. & 30; + E

Rev. C 90 (2014) 021601 (R) b o ¢ E

« P.Zugec et al., Integral measurement of the °C(n,p)'?B oE E

reaction up to 10 GeV, Eur. Phys. J. A 52 (2016) 101 oLy ]

14 15 16 17 18 19 20 21 22 23 24 25

E, (MeV)
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Measurement of 23°Pu(n,f) and (n,y) cross-sections in EAR1

One of the most important isotopes and more accurate data are still required.

We have measured fission, capture and a-ratio of 2**Pu. Collaboration between CIEMAT, the University
of Lodz, JRC-Geel, SCK-CEN and the n_TOF collaboration.

Highlights:

10 x 1mg samples + 100 mg sample of 99.9% enriched PuO, (SCK + JRC Geel).
* New ionisation chamber for fission.

 New pulse shape analysis routine.

 Fission tagging with Total Absorption Calorimeter.

« Measurements at GELINA (tests) and n_TOF (cross-sections).

A. Sanchez-Caballero et al., Phys. Lett. B 872 (2026) 140070 https://doi.org/10.1016/j.physletb.2025.140070
A. Sanchez-Caballero et al., EPJ Web of Conferences 294, 01003 (2024) https://doi.org/10.1051/epjconf/202429401003
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The 23°Pu(n,f) and (n,y) setups

- 10 thin Pu samples (< 1 mg).
- Use FFD + TAC simultaneously.
- Measure fission and capture (up to 1 keV).

7

- 1 thick sample

(=100 mg).
- Use only TAC.
- Measure capture
above 1 keV.
: ! ! ! ! |
0.02 101 1 10 102 103 104 10° 106 107
[ 239py (n,y) FC setup ]
( 239py(n,y) TS setup )
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Robust fission chamber + digital pulse shape analysis

RAW SIGNAL
FIT

_L.L_.L W - A l 4 ’. i ' l -
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-11000
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i —Beam off

35510 "
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o0 FIT

-7000

-8000

-9000

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L Ix10?
3060 3080 3100 3120 3140 3160

time (ns)

1 mg 2°Pu -> 2.3-10° a-decays / 1.15-10° entering into
the detector.

Pulse shape fitting of the digital data buffers for the
reconstruction of the fission fragment signals on top of
the a-background.

Excellent signal to background discrimination.
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The 23°Pu(n,f) cross section
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The 2°°Pu(n,y) cross section

The capture measurement improves energy resolution from previous experimental data, with contained
uncertalntles (2-5%).
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Measurement of 241Pu(n,f) and (n,y) cross-sections in EAR1 and EAR2

Motivation:
« Reactor core design and high burnup.
* Nuclear waste management and transmutation.

TAC + FICH in EAR1, FICH in EAR2. Unique set of 8 samples enriched in 2*'Pu (~6 mg 2*'Pu) made by
JRC-Geel.

Gamma events
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Examples of 2026 measurements

238py(n,y) cross section 235U(n,f) in relation to cross 'H(n,p)
* Nuclear waste transmutation and Gen-|V reactor « Spallation and transmutation.
design. « Space applications.
« Space applications. « Samples provided by CEA Cadarache
« Samples provided by CEA Cadarache
235 MS-RPTH
neutrons ‘ /\02H4 ‘gﬁ CzH4
- { _- ] /W / ReTof
' start Y
ss- e f
PPAC o
~ PPFC 7
stop/

In 2026 the beam is more demanded than ever!!!
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n_TOF measurements from 2002 -> 2025

Reaction Types
s (n,y) mm (n,f) B Others

2002 2003 2004 2010 2011 2012 2014 2015 2016 2017 2018 2021 2022 2023 2024 2025
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Technology related n_TOF measurements from 2002 -> 2025

Reaction Types
B (n,y) or (n,yf) mm (n,f) B Others

1 Nuclear energy / reactor technology and astrophysics = [ Nuclear energy / reactor technology

2002 2003 2004 2010 2011 2012 2014 2015 2016 2017 2018 2021 2022 2023 2024 2025
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n_TOF measurements sorted by reaction and motivation

Category

Nuclear energy / reactor technology

Nuclear energy / reactor technology
and astrophysics

Nuclear astrophysics

Instrumentation / benchmark

Nuclear structure

Medical applications

Total
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TOF (n,y) cross section measurements since 2000 in EXFOR

Target Reaction Quantity | Year author1 Reaction Quantity Year author1
Th-232  (ny) G 2012 F.Gunsing+ Pu-238 (n,y) G 2013 A.Chyzh+
U-233 (n,y) o 2007 E.Berthoumieux+ Pu-239 (n,y) c 2018 S.Mosby+
U-233 (n,y) c 2007 E.Leal+ Pu-239 (n,y) c 2023 A. Sanchez Caballero+
U-234 (n,y) o 2006 W.Dridi Pu-240 (n,y) G 2025 V. Alcayne+
U-235 (n,y) o 2017 Y.Danon+ Pu-242 (n,y) o 2018 J.Lerendegui-Marco+
U-235 (n,y) c 2012 C.Guerrero+ Pu-242 (n,y) o 2016 M.Q.Buckner+
U-235 (n,y) o 2012 M.Jandel+ Am-241 (n,y) o 2018 E.Mendoza+
U-235 (n,y) o 2020 J.Balibrea-Correa+ Am-241 (n,y) o 2014 K.Fraval+
U-236 (n,y) c 2017 B.Baramsai+ Am-241 (n,y) c 2024 G.Rovira+
U-236 (n,y) o 2006 F.Gunsing+ Am-241 (n,y) o 2018 K.Terada+
U-238 (n,y) c 2017 T.Wright+ Am-241 (n,y) c 2017 K.Hirose+
U-238 (n,y) c 2017 F.Mingrone+ Am-241 (n,y) c 2014 H.Harada+
U-238 (n,y) c 2016 H.l.Kim+ Am-241 (n,y) c 2008 M.Jandel+
U-238 (n,y) c 2006 M.C.Moxon Am-243 (n,y) c 2014 E.Mendoza+
U-238 (n,y) c 2014 J.L.Ullmann+ Am-243 (n,y) G 2019 A Kimura+
U-238 (n,y) o 2006 M.C.Moxon Cm-244 (n,y) c 2021 S.Kawase+
Np-237 (n,y) c 2012 C.Guerrero+ Cm-244 (n,y) c 2012 A.Kimura+
Np-237 (n,y) o 2022 G.Rovira+ Cm-246 (n,y) c 2021 S.Kawase+
Np-237 (n,y) o 2007 M.Mizumoto+ Cm-246 (n,y) G 2012 A Kimura+
Np-237 (n,y) ) 2013 K.Hirose+ Cm-244 (n,y) c 2025 V. Alcayne+
Np-237 (n,y) G 2008 E.l.Esch+ Cm-244 (n,y) c 2025 V. Alcayne+
Np-237 (n,y) c 2002 Katsuhei Kobayashi+ Cm-244 (n,y) c 2025 V. Alcayne+
Np-237 (n,y) G 2005 O.Shcherbakov+ 45 measurements
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n_TOF (n,y) cross section measurements since 2000 in EXFOR (18/45)

Target Reaction Quantity | Year author1 Reaction Quantity Year author1

Th-232  (ny) G 2012 F.Gunsing+ Pu-238 (n,y) G 2013 A.Chyzh+

U-233 (n,y) o 2007 E.Berthoumieux+ Pu-239 (n,y) c 2018 S.Mosby+

U-233 (n,y) c 2007 E.Leal+ Pu-239 (n,y) c 2023 A. Sanchez Caballero+
U-234 (n,y) o 2006 W.Dridi Pu-240 (n,y) G 2025 V. Alcayne+

U-235 (n,y) o 2017 Y.Danon+ Pu-242 (n,y) c 2018 J.Lerendegui-Marco+
U-235 (n,y) c 2012 C.Guerrero+ Pu-242 (n,y) o 2016 M.Q.Buckner+
U-235 (n,y) o 2012 M.Jandel+ Am-241 (n,y) o) 2018 E.Mendoza+

U-235 (n,y) o 2020 J.Balibrea-Correa+ Am-241 (n,y) o 2014 K.Fraval+

U-236 (n,y) c 2017 B.Baramsai+ Am-241 (n,y) c 2024 G.Rovira+

U-236 (n,y) c 2006 F.Gunsing+ Am-241 (n,y) c 2018 K.Terada+

U-238 (ny) G 2017 T.Wright+ Am-241 (n,y) G 2017 K.Hirose+

U-238 (n,y) o 2017 F.Mingrone+ Am-241 (n,y) c 2014 H.Harada+

U-238 (n,y) G 2016 H.L.Kim+ Am-241 (n,y) s 2008 M.Jandel+

U-238 (n,y) c 2006 M.C.Moxon Am-243 (n,y) c 2014 E.Mendoza+

U-238 (n,y) c 2014 J.L.Ullmann+ Am-243 (n,y) G 2019 A Kimura+

U-238 (n,y) o 2006 M.C.Moxon Cm-244 (n,y) c 2021 S.Kawase+

Np-237 (n,y) c 2012 C.Guerrero+ Cm-244 (n,y) c 2012 A.Kimura+

Np-237 (n,y) o 2022 G.Rovira+ Cm-246 (n,y) c 2021 S.Kawase+

Np-237 (n,y) o 2007 M.Mizumoto+ Cm-246 (n,y) G 2012 A Kimura+

Np-237 (n,y) ) 2013 K.Hirose+ Cm-244 (n,y) c 2025 V. Alcayne+

Np-237 (n,y) G 2008 E.l.Esch+ Cm-244 (n,y) G 2025 V. Alcayne+

Np-237 (n,y) c 2002 Katsuhei Kobayashi+ Cm-244 (n,y) c 2025 V. Alcayne+

Np-237 (n,y) c 2005 O.Shcherbakov+ n_TOF: 40 % of world’s (n,y) actinide data production
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What makes n_TOF so unique and successful in nuclear technologies?

Highlights:

 Its high instantaneous neutron fluence, which leads to a very favourable reaction signal /
radioactive background ratio.

« Combination of various flight paths and intensities.

 Huge neutron energy range covered in one single facility, from meV to GeV.
« Excellent energy resolution.

* Motivated scientists.

Being at CERN:

* Accelerator infrastructure & expertise.

- Computing capabilities: fully digitised experiments for 25 years + sophisticated analysis
algorithms.

- Complementary facilities: ISOLDE, hot labs, irradiation stations...
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n_TOF is world’s largest collaboration in the o, ,, field

Ci// n_TOF is formed by 152

% Russia scientists (33 students) from
43 different institutions in 19
countries.

n_TOF has trained a new
generation of neutron
physicists in Europe and
several in the USA.

United States

Excellent links to other
European infrastructures &
facilities.
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n_TOF@CERN in the EURATOM nuclear data projects

N-TOF-ND-ADS (2000 — 2004) 5" FP IP-EUROTRANS/NUDATRA ANDES (2010 — 2013) 7" FP
EURATOM FIKW-CT-2000-00107 (2005 — 2010) 6" FP EURATOM ID 249671
Personnel, equipment and partial - EURATOM ID 516520 - Personnel, equipment and

construction of the facility Personnel, equipment and transnational access
transnational access

CHANDA (2013 — 2018) 7" FP SANDA (2019 — 2024) H2020 ARIEL (2019 — 2024) H2020
EURATOM ID 605203 EURATOM ID 847552 EURATOM ID 847594
Personnel, equipment and # Personnel, equipment and Education, Training and transnational

transnational access transnational access access

APRENDE

E
Commission Addressing PRiorities of Evaluated Nuclear Data in Europe

(2025 — 2028) Horizon Europe / EURATOM
Personnel, equipment and transnational access
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Synergies & symbiosis between

n_TOF and ISOLDE

Development of similar detection and data acquisition
systems.

Combined experimental programmes on nuclear technologies.
Production of radioactive isotopes at ISOLDE & NEAR.
Complementary experimental programme.
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- Data analysis tools and techniques.
- Non-destructive inspection techniques.

- Charaterisation of materials.
- Education and training...
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Summary and conclusions

n_TOF is world’s largest neutron cross section data producer for reactor technologies. CERN is
highly visible at the international databases available at the IAEA and NEA/OCDE websites.

It is a unique place for measuring highly radioactive isotopes such as actinides.
n_TOF is driven by world’s largest collaboration of nuclear data physicists.

Since its creation, we have performed over 142 high quality cross section measurements related
to nuclear technologies, 78 of them also relevant to astrophysics.

n_TOF has trained various generations of young European neutron physicists, many of them
holding now permanent positions across Europe.

n_TOF has linked CERN to the nuclear data EURATOM programs since 2000, including the support
of the construction of the experiment, personnel, equipment and transnational access.

We have ambitious plans for the future, involving more challenging measurements, developing new
experimental techniques (see N. Patronis’ talk) and are currently evaluating several facility upgrades.

CERN is the only possible place for the facility, thanks to its existing infrastructures (accelerators,
computing centre) and facilities, with strong synergies with ISOLDE.
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Here at CERN neutrons can fly much farther!
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Nuclear data needs for fusion

Tritium breeding (fuel self-sufficiency). Fusion reactors must breed more tritium than they consume.
Highly accurate nuclear data for lithium breeding reactions and neutron multipliers (Be, Pb) are critical.

Radiation damage and material lifetime. High-energy fusion neutrons cause severe displacement
damage and gas production (helium and hydrogen) in structural and plasma-facing materials. Reliable
cross-sections are essential to predict swelling, embrittiement, and component lifetimes.

Shielding and magnet protection. Superconducting magnets are extremely radiation-sensitive. Accurate
neutron and gamma transport data are needed to model deep shielding penetration and gamma heating,
which directly affects magnet cooling and operational safety.

Safety, activation, and waste management. Reactor materials become activated. Precise activation data
are required to predict decay heat, waste classification, and shutdown safety.

Advanced blanket concepts. Novel liquid breeders and coolants (e.g. FLiBe, Pb-Li) suffer from limited
and uncertain neutronic and thermophysical data. Improving these datasets is essential to validate

advanced blanket and cooling designs.
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Classification of n_TOF papers

Category
Nuclear energy / reactor technologies
Nuclear astrophysics
Instrumentation / simulations
Fundamental nuclear structure
Total
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