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» Direct (n,y) experiments with unstable isotopes: 25 years (flash) review of CERN n_TOF
 Advances and selected examples

* The efforts and the limits

» The prospects: going exotic with new concepts in the field

e Summary & Outlook
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The CERN accelerator complex
CERN Complexe des accélérateurs du CERN

Neutrino | @BDF
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C. Rubbia et al., A high resolution spallation driven facility at the CERN-PS to measure neutron cross sections in the interval from 1 eV to 250 MeV,
CERN/LHC/98-02(EET) 1998.
CERN n_TOF Collaboration: 150 scientists, 41 institutions worldwide
n_TOF + ISOLDE = 75% of PS proton Budget




The CERN n_TOF facility: recreating stellar neutron reactions in the lab

h

proton bearn mormenturn 20 GeV/c
CERN PS intensity (dedicated mode) 8.5 x 102 protons/pulse
repetition frequency 1 pulse/1.2s
pulse width 6 ns (rms)
........ n/p 300
lead target dimensions 80x80x60 cm?
cooling & moderation material N, & H,0O (borated)
roderator thickness in the exit face 5¢cm
neutron beam dimension in EAR-1 2 cm (FWHM)
(capture mode)

Gen.#3 Spallation Target
<P>=54 kW > 2.2E12 p/s
Poeak= 1.6 TW

=) Nitrogen circuit
Demeniralized water circuit

w==) Borated water circuit

=) Beam

Cover Moderator support
(St Steel 316L Low cobalt <0.1%) (Aluminium 6082)

__| Cradle assembly
(Aluminium 6082+ Pur lead 99.99%)

Total weight:
1900 Kg

Vessel
(St Steel 316L)

R. Esposito, M. Calviani et al. Phys. Rev. Acc. & Beams 24 (2021)

proton beam from the PS


https://doi.org/10.1103/PhysRevAccelBeams.24.093001
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The CERN n_TOF facility: recreating stellar neutron reactions in the lab m
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What we have done at n_TOF? o

Radiative capture reactions (n,y) The n_TOF Collaboration list of publications:
Fission reactions (n,) https://twiki.cern.ch/NTOFPublic/ListOfPublications

Light particle emission reactions (n.lcp) (11) [_EAR2
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Limits in (n,y) measurements on radioactive samples: s-process branchings

f=90%
o=3b at 30keV

f=0.07%
0=0.2 b at 30keV

Sample Half-life (yr) Q value (MeV) Comment nTOF
63Nj 100.1 B, 0.066 TOF work in progress (Couture, 2009), sample with low enrichment
95e 2.95 X 10° B, 0.159 Important branching, constrains s-process temperature in massive stars
SIKr 2.29 X 10° EC, 0.322 Part of ’Se branching
85Kr 10.73 B, 0.687 Important branching, constrains neutron density in massive stars
SZr 64.02 d B, 1125 Not feasible in near future, but important for neutron density low-mass
AGB stars
134Cs 2.0652 B, 2.059 Important branching at A = 134, 135, sensitive to s-process temperature in
low-mass AGB stars, measurement not feasible in near future REVIEW OF MODERN PHYSICS, VOLUME 83, JANUARY-MARCH 2011
::: Cs 2.3 x 10° ,6:, 0.269 So far only activation meaﬂ:rement at kT - 2§ ]hceV by Patrorﬁs et al. (200%). The s process: Nuclear physics, stellar models, and observations
Nd 10.981 d B, 0.896 Important branching at A = 147/148, constrains neutron density in low-mass
AGB stars F. Kappeler®
147pm 2.6234 B, 0.225 Part of branching at A = 147/148 Karlsruhe Institute of Technology, Campus Nord, Institut fiir Kemphysik, 76021 Karsruhe,
148pPm 5.368 d B, 2.464 Not feasible in the near future Gemarny
151Sm 90 B, 0.076 Existing TOF measurements, full set of MACS data available (Abbondanno A. Gallino'
et al., 2004a; Wisshak er al., 2006c¢) Dipartimento di Fisica Generale, Universita di Torino I-10125 Torino, ltaly, and
154Eu 8.593 B, 1978 Complex branching at A = 154, 155, sensitive to temperature and neutron INAF-Osservatorio Astronomico df Teramo, 1-64100 Teramo, italy
density i +
1556y 4.753 B, 0.246 So( lfz;rg:;))n]y activation measurement at k7 = 25 keV by Jaag and Kiippeler i;pis:nﬁiﬁm Generate, Universit di Torino, 1-10125 Torin, aly
153Gd 0.658 EC, 0.244 Part of branching at A = 154, 155 Wako Aoki*
160TH 0.198 B, 1.833 Weak temperature-sensitive branching, very challenging experiment Netional Astronomicel Ofeervaiory, Mitake, Tokyd 181-8586, Japan
163 Ho 4570 EC, 0.0026 Branching at A = 163 sensitive to mass density during s process, so far only
activation measurement at k7" = 25 keV by Jaag and Kippeler (1996b)
70Tm 0.352 B, 0.968 Important branching, constrains neutron density in low-mass AGB stars
T 1.921 B, 0.098 Part of branching at A = 170, 171
79T 1.82 EC, 0.115 Crucial for s-process contribution to '®Ta, nature’s rarest stable isotope
185w 0.206 B, 0.432 Important branching, sensitive to neutron density and s-process temperature in
low-mass AGB stars
2] 3.78 B, 0.763 Determines 2Pb/2%5TI clock for dating of early Solar System
151Sm  93Zr 63Ni  17'Tm 204TI %“Nb 79Se
2001 Time 2025
151§ m 79Ge
m = 200 mg m=2.7m




Limits in (n,y) measurements on radioactive samples: s-process branchings

Eur. Phys. 1. A (2025) 61:105 THE EUROPEAN m)
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Review

Neutron capture measurements for s-process nucleosynthesis

A review about CERN n_TOF developments and contributions
The n_TOF Collaboration
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Limits in (n,y) measurements on radioactive samples: s-process branchings
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The 7%Se(n,y) stellar thermometer

letters to nature

Nature 332,700 - 702 (21 April 1988); doi-10.1038/33270020

8304 5K X11,000 Tvw k0 8 [ gus =TT

S-process krypton of variable isotopic composition in the Murchison meteorite

ULRICH OTT, FRIEDRICH BEGEMANN', JONGHANN YANG™ & SAMUEL EPSTEINT

2.8 g of 208Pb
1.0 g of 78Se
<3 mg of 7°Se
1.6 MBq of 6°Co
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PAUL SCHERRER INSTITUT

Nuclear Inst. and Methods in Physics Research, A 1029 (2022) 166443

Contents lists available at ScieneeDirect

Nuclear Inst. and Methods in Physics Research, A

journal www.elsev

Preparation of PbSe targets for "’Se neutron capture cross section studies

Nadine M. Chiera ", Emilio Andrea Maugeri*, Ivan Danilov*, Javier Balibrea-Correa®,
Cesar Domingo-Pardo”, Ulli Koster ¢, Jorge Lerendegui-Marco", Mario Veicht 9,
Ivan Zivadinovic »°, Dorothea Schumann #, the n_TOF collaboration
Schereer Insius, Swizerlond
ica Conpuscalar - Comseio Superor de Investgaciones Clemtficas/Universiat de Valéneia, Spain
 Instiat Lae Langvin, Frunce

* Fevle Polytechnigue Fédérale de Lausanne, Switzeriand
* Fidgeniisische Technische Hochachule Zirich, Switsertarad




The 7%Se(n,y) stellar thermometer
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Limits in (n,y) measurements on radioactive samples: s-process branchings
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Neutron capture measurements for s-process nucleosynthesis
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New (n,y) measurements on radioactive samples: s-branchings & i-process n ACT
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The CERN n_TOF NEAR station for astrophysics- and 2x10'2 n/cm? per pu Ise

application-related neutron activation measurements

The n_TOF Collaboration EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Proposal to the SPS and PS Experiments Committee
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Letter of Intent to the ISOLDE and Neutron Time-of-Flight Committee

n_ ACT@BDF: A Neutron Activation Station at the SPS Beam

First pilot experiments of a Cyclic activation station for (n,7) Dump Facility (BDF)

measurements at the n TOF NEAR facility

November 20, 2025

September 29, 2025

J.Lerendegui-Marco et al. https://cds.cern.ch/record/2944682/ C. Lederer-Woods et al. https://cds.cern.ch/record/2948460/




How far are r-nuclei from direct (n, y) measurements?

Proton Number (2}
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How far are r-nuclei from direct (n, y) measurements?

Proton Number (2}
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Free-neutron target concepts

Nt
oo e

g2 E

e 5 2

D5 E B =2

B e 5 =i=1

=@ —_ =2
© B @

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 17, 014701 (2014)

Measurements of neutron-induced reactions in inverse kinematics
René Reifarth' and Yuri A. Litvinov™
'Goethe-Universitidt Frankfurt am Main, Max-von-Lawe-Str.1, 60438 Frankfurt am Main, Germany

*GSI Helmholtzzentrum fiir Schwerionenforschung, 64291 Damnsiadt, Germany
IMax-Planck-Institut fiir Kernphysik, 69117 Heidelberg, Germany

Nuclear Reactor:

neutron flux — g, = 10 cm2 s

areal neutron density — n,=p,x z = 8,/v,* 50 cm = 2.2x10"% n-cm-2

Reaction rate =L * time * 0 = 2.2E23 * 24h*3600*1E-27 cm?/mb = 20*a[mb] (Counts/day)
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- ~ ==~
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\ 7/
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PHYSICAL REVIEW ACCELERATORS AND BEAMS 20, 044701 (2017) N

Spallation-based neutron target for direct studies of neutron-induced
reactions in inverse kinematics

René Reifarth,” Kathrin Gibel, Tanja Heftrich, and Mario Weigand
Goethe-Universitit Frankfurt, Frankfurt am Main, 60438 Frankfuri, Germany

Beatriz Jurado
CENBG, 33175 Gradignan, France

Franz Kiippeler
Karlsruhe Institute of Technology, 76131 Karlsruhe, Germany
Yuri A. Litvinov

GS1 Helmholrzzentrum fiir Schwerionenforschung, 64291 Darmsiadr, Germany
(Received 29 November 2016; published 6 April 2017)

Spallation Target:
Areal neutron density n,= 8 x 10° n cm2 (only a factor 2 < reactor)”

Reaction rate = L * time * 0 = 8E22 * 24h*3600*1E-27 cm2/mb = 6.9*c[mb]
See: Andrew L Cooper et al (2024) J. Phys.: Conf. Ser. 2743 012091



Supercompact-Cyclotron driven Neutron Target

Lot’s of literature on CANS, see e.g. Compact Accelerator
~ Based Neutron Sources, IAEA TEC DOC Series No.1981
(International Atomic Energy Agency, Vienna, 2021).
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A. Tarifeno-Saldivia et al.
https://arxiv.org/abs/2508.15465v1 B ||

Submitted to Physical Review Accelerators and Beams A’) TRI U M
Direct Neutron Reactions in Storage Rings Utilizing a Supercompact Cyclotron (LV

Neutron Target
J 4 J T
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‘ /<
Ariel Tarifenio-Saldivia® and César Domingo-Pardo “ ‘L " !‘“, g
i si Cng i Salenci /i i
Instituto de Fisica Corpuscular (CSIC-Universitat de Valéncia), Valencia, Spain INSTITUT DE s S F) : .
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Iris Dillmann coreuscuLar | CSIC gﬁ{ﬁ%&ﬁ

TRIUMF, Vancouver BC, Canada and
Department of Physics and Astronomy, University of Victoria, Victoria BC, Canada

Yuri A. Litvinov . . .
GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Darmstadt, Germany and https _//WWW_ I ba— rad IO p h a rmaS (i

Institut fiir Kernphysik, Universitit zu Kdoln, Kéln, Germany




Supercompact-Cyclotron driven Neutron Target: Proof-of-concept @ CRYRING

Manufacturer Model Footprint Weight Proton Energy Max Current Shielding Thermal Areal Density Source
(m?) (tons)  (MeV) (1A) (nfom?)...
IBA Cyclone KEY 1.5x1.4 7.5 9.2 130 Self-shielding (opt) L,3.4x10° ¢ [38]
Best BG-95 < 2x2 22 9.5 120 Self-shielding 385107 (39, 40]
Best B6-15/B15p 2.2x2.2 14 10 400 (550 *)  Self-shielding 1.2 % 107 [41]
GE PETtrace 800 series 1.33x1.2 20 16.5 160 Vault 6.7 x 10° [42]
IBA Cyclone KIUBE 1.9x1.9 18 18 300 Vault 1.5 x 107 [43]
Self-shielding (opt)
ACSI TR-FLEX 1.7x1.7 24 22 800 Vault 6.4 x 107 [44]
IBA Cyclone IKON 2.2x2.2 30 22 1500 Vault 1.2 x 10° [45]
ACSI TR-30 2.4x24 50 22 1600 Vault P LN [46]
IBA Cyclone T0 4x4 120 30-70 750 Vault ( >10°9 ) [47, 48]
\/

Demo experiments
(with ion-source):

20Ne(n,p) 2°F Cyclone 70 o ’—\‘r -
20Ne(n,a)'70 Il ! _ s
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Supercompact-Cyclotron driven Neutron Target at 1SOL facilities: physics cases
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K. Pak, B. Davids, and Y. K. Kim, Nuclear Engineering and
Technology 57, 103392 (2025), arXiv:2312.11859
[physics.acc-ph].



Summary & Outlook
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Measured neutron- -capture

Neutron-capture cross
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Thanks for your attention!

Thanks to CERN n_TOF Collaborators und Gamma-Ray & Neutron Spectroscopy Group @ IFIC

Thanks to all funding agencies and institutions
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