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The CERN neutron Time of Flight facility
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Uniqueness of n_TOF
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n TOF features Translate in

Broad neutron energy range I Measurement of neutron-induced cross sections
)

(meV <E, <GeV)

in a wide energy range (meV-GeV)

High instantaneous flux Measurement of small cross sections
(10°-10° n/cm>?/bunch)

:‘ Measurements on samples available in small
quantities (isotopically enriched samples)

Measurements on radioactive samples
(low intrinsic background)

. I . .
Excellent energy resolution ‘ Resonance dominated cross section measurements

AE/E= 10 up to 100 keV

Low neutron sensitivity Accurate cross section measurements
l‘

Low backgrounds even for large o /o

capture
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Parallel Plate STEFF
Avalanche Chamber MicroMegas Spectrometer for Exotic Fission

(PPAC) Fragments
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/’)/ 2 annular + 4 square

DSSSD

The DDX chamber Annular Double-Sided Silicon Strip Detector

AE stage - Silicon detectors
E stage — Plastic scintillators
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A long history
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High accuracy measurements of neutron induced cross sections on short-lived nuclei at the CERN n_TOF facility
‘Be

T,,= 53.2 days
M=10 pg

Activity = 13 GBqg/ug

The 7Be samples material were produced at PSI,
by radiochemical separation of ‘Be from the SINQ cooling water.

Separated material was then implanted on an Al backing at CERN-ISOLDE

and immediately afterwards irradiated at n_TOF
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PRIMORDIAL NUCLEOSYNTHESIS

Big Bang Nucleosynthesis (BBN), together with Cosmic Microwave Background Radiation,

is one of the cornerstones for Big Bang Theory. baryon density ,h?
b

10-2

BBN gives the sequence of nuclear reactionsleading to the
synthesis of light elements in the early stage of Universe (0.01-1000 sec)

BBN is a parameter free theory,
being the cross-sections of reactions involved the only input to the theory.

BBN successfully predicts the abundancies of light elements, i.e. D and 3He.

A large discrepancy between the predicted abundance of “Li
and value inferred by measurements is present.

Cosmological Lithium problem (CLiP)

baryon—to—photon ratio 7
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The abundance of “Li is essentially determined by the production and destruction of ’Be. - - A
(=95% of primordial “Liis produced from the electron capture decay of /Be)

Sandwich of silicon detectors Silicon 1
directly inserted in the beam O

. . ”eUtrO”/ Silicon 2
Detection of both a particles (Ex9 MeV)

[Coincidence technique allows a strong rejection of background]

Bassietal (1963) @
Wagoner (1967) s
Hou et al. (2015)

n_TOF data —=—
partial DRC calc —

Before the measurement at EAR2 n_TOF ; DR

ENDF/B-VII.{  —
total cross section

Only an experimental point was available in the literature

@ 25 meV

(P. Bassi et al., IL Nuovo Cimento XXVIII, 1049 (1963))

cross section [b]

102 10°
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High accuracy measurements of neutron induced cross sections on short-lived nuclei at the CERN n_TOF facility

71 Tm
T,,=1.92 years
M= 3.6 mg

204Tl

T,.=3.78 years
M=11 mg

Stable isotopes ('7°Er, 2°°Tl) irradiated at the high-flux reactor at ILL, Grenoble
(60 days at 1.5x10"> n/cm?/s)

Preparation of samples at the PSI
[with an enrichment of 1.8% ('7'Tm) and 5.3% (?°4Tl)]

and measurements at n_TOF
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STELLAR NUCLEOSYNTHESIS

REVIEW OF MODERN PHYSICS, VOLUME 83, JANUARY-MARCH 2011

The s process: Nuclear physics, stellar models, and observations

Sample Half-life (yr) O value (MeV) Comment

%Ni <4 100.1 B, 0.066 TOF work in progress (Couture, 2009), sample with low enrichment
Karlsruhe Institute of Technojggyr { "Se am 295X ID? B, 0.159 Important branching, constrains s-process temperature in massive stars
Germany RIKr 229 X 10° EC, 0.322 Part of ”Se branching
SKr 10.73 B, 0.687 Important branching, constrains neutron density in massive stars
BZr 64.02 d B, 1.125 Not feasible in near future, but important for neutron density low-mass
R. Gallino' AGE stars
134Cs 2.0652 B, 2.059 Important branching at A = 134, 135, sensitive to s-process temperature in
Dipartimento di Fisica Generale, U s . low-mass AGB stars, measurement not feasible in near future
3 : : . 17Cs 2.3 X 10 B, 0.269 So far only activation measurement at k7 = 25 keV by Patronis er al. (2004)
INAF-Osservatono Astronomico di 10.981 d B, 0.896 Important branching at A = 147/148, constrains neutron density in low-mass
AGB stars
S BiStE‘rEOI 2.6234 ,‘3:. 0.225 Part of b.ranching at A = 147/148
5368 d B, 2.464 Not feasible in the near future
Dipartimento di Fisica Generale, U 5 00 B . 0.076 Existing TOF measurements, full set of MACS data available (Abbondanno
et al., 2004a; Wisshak er al., 2006¢)
e 8.593 B, 1.978 Complex branching at A = 154, 155, sensitive to temperature and neutron
Wako Aoki® density
, , 35 4.753 B, 0.246 So far only activation measurement at kT = 25 keV by Jaag and Kippeler
National Astronomical Observatory, (1995)
(0.658 EC, 0.244 Part of branching at A = 154, 155
0.198 B, 1.833 Weak temperature-sensitive branching, very challenging experiment
4570 EC, 0.0026 Branching at A = 163 sensitive to mass density during s process, so far only
activation measurement at kT = 25 keV by Jaag and Kippeler (1996b)
0.352 , 0.968 Important branching, constrains neutron density in low-mass AGB stars
1.921 B, 0.098 Part of branching at A = 170, 171
1.82 , 0.115 Crucial for s-process contribution to ''Ta, nature’s rarest stable isotope
0.206 , 0432 Important branching, sensitive to neutron density and s-process temperature in
low-mass AGB stars
3.78 , 0.763 Determines 2Pb/?% Tl clock for dating of early Solar System

F. Kappeler”
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STELLAR NUCLEOSYNTHESIS Extracted MACS at the s-process temperatures
of kT = 8 keV and kT = 30 keV ,
are about 3% lower and 20% higher, respectively,
The result of experiment at EAR1 n_TOF than the corresponding theoretical values
provided the first ever set of resonance parameters widely used in nucleosynthesis simulations.
New data report to the agreement with the 2°“Pb abundance
measured in the solar system.
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C.Guerrero et al., Physical Review Letters 125 142701 (2020) A.Casanovas-Hoste et al., Physical Review Letters 133 052702 (2024)
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High accuracy measurements of neutron induced cross sections on short-lived nuclei at the CERN n_TOF facility

887
T,.= 83 days

M=1.7 ug

Activity = 1.1 GBqg/ug

Production of sample materials at LANL
05 AUG 2024 LANL separation
12 AUG 2024 receipt at PSI, handling and preparation of the sample

16 AUG 2024 begin irradiation at EAR2 n_TOF
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Surprisingly large neutron capture cross section (expected = 10 barn, measured = 800 kbarn)

Decrease of sample massVst Increase of activity Vs t

Zr 88 |
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Signal to background ratio (SBR) decreases Vs t

Wien, Technical Meeting on Neutron-induced Reactions on Short-lived Nuclides, 25-29.08.2025 paolo.milazzo@ts.infn.it



Measurement was possible thanks to
- the high instantaneous neutron flux and
- excellent neutron energy resolution
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Feasibility tests on

> - 197 AU, 76Ge, %4Zr, 199Ag, 140Ce
- : Y ] ‘7_7__.@ h I b} )
Special beam tailoring with 19B,C filters to mimic stellar spectra
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Activation measurements at the NEAR station

Measurements provide SACS (Spectral Average CS)
Need to estimate a correction factor to convert
SACS to MACS (Maxwellian Averaged CS)

I
o

3
3
o
<
S

p=
U

Measuring SACS and
comparing to calculated MACS.

THIS IS WHAT WE HOPE...
I | | ANALYSIS IS ONGOING...

Filter thickness (corresponding temperature)
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Cycling at the NEAR station

Measurement of short-lived products is now prevented by 6h cooldown to access the Area

High resolution
g-ray station

| &
| Saturation

_______ - 0 O e B ocwme e
| I I [} I I 1 1

2
=
(3]
<

(arbitrary units)

Best position? [ Cyclic Irradiation and
Best shielding?

Best detectors? . i
est detectors in a decay station inside NEAR.

In principle would allow the
measurements of isotopes with

J. Lerendegui et al, CERN-INTC-2022-018 / INTC-I-241 (2022) half lives of minutes
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Cycling at the NEAR station

A first test has been performed in 2025, using a Au sample

Improvements for a reduction of background and

to manage gain shift are needed.
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Sinergy inside CERN complex

< lifetime

Irradiation of radioactive isotopes requires Atproduction-irradiation

Walking distance between NEAR and ISOLDE
There is a chance to produce and irradiate radioactive samples down to days.

[First candidate 13°Cs]

s-only s-only

1

~
133c5 ' 134cs 135C5 135('_‘5 13?cs 138c5

= 1 Myn
1350 IEECPM 137Xe

Neutrons
J. Lerendegui et al, CERN-INTC-2022-040 / INTC-P-641 (2022)

Wien, Technical Meeting on Neutron-induced Reactions on Short-lived Nuclides, 25-29.08.2025 paolo.milazzo@ts.infn.it



The BDF/SHIP Complex
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n_ACT@BDF

ﬁ Accessible once

BEAS (External Activation Station) perwee

—

" BIAS (Internal Activation Station)

- . i
i B =53 ST 7 [ f.=E
ﬁr -
[ i o L

ESSSopis (Rabbit Irradiation System)

. Rabbit to transfer sample to the
decay station without access
(= minutes lifetime)
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BRIS 2035

Equipped with a Rabbit system

BRIS Capsule
External Diameter: 200mm

1318mm

Independence from BDF/SHIP
operation

Moderator installed
around irradiation station




n_ACT@BDF

Nominal Design Parameter

Beam type E
;E
Beam momentum [GeV/c] 400 2 R
E ‘hﬂﬂl"ﬂ-‘.“..
0 o "E 3 [
Beam pulse intensity [x 1073 p] 4.0 g g NEAR
Spill length [s] 7.2 BIAS
Tot = 3.29e+18
Beam pulse power [kW] 2560 BEAS
Tot = 1.99e+16
Average beam power [kW] (7.2 s) 356 | i oL NN
POT [x1020p over 15 years] 6.0 El?c“' N 1072
(G 2V
O pe ratl O n Neutron Activation Station at the SPS Beam Dump Facility

(BDF)

October 18, 2024

v High selectivity of activation measurements (no enriched material required in most cases)
v’ High sensitivity due to highest flux (small amount of material needed, no need of separation from prompt BG signals)
v’ Possibility to measure short-lived products (if rabbit installed)
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Summary

Neutron induced cross sections on several radioactive isotopes have been measured at the CERN n_TOF facility.
Some of them show half-lives up to hundreds of days and were available in very low amount of mass (ug)
Decisive is the collaboration between laboratories for production and preparation of samples

(CERN-Isolde, JRC, ILL, LANL, PSI)

matched to the uniqueness of the neutron beams performances.

In parallel to time-of-flight measurements studies to apply the activation technique are running (at the NEAR station).

Taking profit of the future BDF high flux challenging measurements are envisaged.

Along 24 years of activity more than 150 experimental data sets have been
produced, published and disseminated
https://twiki.cern.ch/twiki/bin/view/NTOFPublic/DataDissemination

Full list of n_TOF publications https://twiki.cern.ch/NTOFPublic/ListOfPublications .t . -
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