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The neutron capture cross sections of several unstable nuclides acting as branching points in the s-process are crucial for stellar 
nucleosynthesis studies. The unstable 171Tm (t1/2=1.92 years) is part of the branching around mass A~170 but its neutron capture cross 
section as function of the neutron energy is not known to date. In this work, following the production for the first time of more than 5 mg of 
171Tm at the high-flux reactor ILL (France), a specifically-designed target was produced at PSI (Switzerland) and two complementary 
experiments were carried out at the n_TOF facility at CERN (Switzerland) and at the SARAF-LiLiT facility (SNRC, Israel) by time-of-flight and 
activation, respectively. The result of the time-of-flight experiment consists of the first ever set of resonances parameters and the 
corresponding average resonance parameters, from which the MACS at 30 keV is estimated to be  0.55(21) b. The activation measurement 
provides a direct and more precise measurement of the MACS at 30 keV: 0.37(3) b, with which the n_TOF value agrees at the limit of one 
standard deviation. This value is 2.6 times lower than the JEFF-3.3 and ENDF/B-VIII evaluations, 25% lower than that of the Bao et al. (2000) 
compilation and 40% larger than the value recommended in the KADoNiS (v1) database, based on the only previous experiment.

The slow-neutron-capture (s-) process is responsible for the synthesis of 
more than half of the elements heavier than iron in the Universe. The 
phenomenological picture of the classical s-process was formulated 60 

years ago in the seminal paper of Burbidge et al. [Burbidge:1957], where 
the entire s-process panorama was already sketched in its essential parts. 
The study of this process involves detailed stellar modelling, constrained by 

spectroscopic observations, in which reliable information on the nuclear 
physics side, in particular on the half-lives and cross sections 
[Käppeler:2011], constitutes essential ingredients. In this context, cross 
sections of unstable nuclides close to the valley of stability are of particular 
interest, as they may act as branching points along the s-process path 
where neutron capture and -decay become competing processes. As an 
illustrative example, Neyskens et al. [Neyskens:2015] have recently been 
able to determine an upper-limit of 2.5 108 K for the s-process temperature 
in low-mass AGB stars (see also Ref. [Abia:2001]), a result that has been 

possible thanks to a combination of the HERMES spectrograph observations 
[Raskin:2011] of the Zr/Nb abundance ratio in red giants and the availability 
of the new experimental Maxwellian Averaged Cross Section (MACS) values 

of the long-lived 93Zr neutron capture cross section measured at n_TOF 
[Tagliente:2013]. 

Despite the importance of the neutron capture cross section of unstable 
isotopes in the s-process [Kaeppeler:2011], only a few  have been measured 
by activation (135Cs [Patronis:2004], 147Pm [Reifarth:2003a, Guerrero:2019], 
155Eu [Jaag:1995], 163Ho [Jaag:1996] and 171Tm [Reifarth:2003b]) and only 

two (63Ni [Lederer:2013, Weigand:2015] and 151Sm [Abbondanno:2004]), 
both with quite long half-lives of around 100 years, as functions of the 
neutron energy via time-of-flight. 

Among the different branching points, the A~170 sketched in Figure 1 is of 
particular interest because it affects the ytterbium isotopic ratios. 170Yb is a 
s-only isotope and its abundance was measured in pre-solar SiC grains 

[Yin:2006]. Focusing on 171Tm, a measurement of its capture cross section 
was attempted at LANSCE by time-of-flight, but the background was too 
large to provide reliable data [Wilhelmy:2002], and a  measurement of the 

MACS at 25 keV by the activation method is reported in [Reifarth:2003b], 
which result has been renormalized (considering the current 197Au reference 
MACS) to a new value in the latest release of KADoNiS [KADoNiS]. A large 

spread of theoretical and recommended values can be found in the 
literature (see discussion below and Table 2).  

The present letter reports hence on the first combined measurement of 
171Tm(n, ) via time-of-flight and activation at the CERN (Switzerland) 
neutron time-of-flight (n_TOF) [Guerrero:2013] and at the SNRC (Israel) 

Liquid Lithium Target (LiLiT) [Halfon:2014, Tessler:2015, Paul:2019] neutron 
beam facilities, respectively.  

The quality of the 171Tm target has been key to the success of the 
experiments presented herein. In the context of a larger project involving 
the production of 79Se, 147Pm, 163Ho and 204Tl targets as well, a pellet of 240 
mg 170Er2O3 enriched to 98.1% was irradiated for 55 days at the high-flux 
reactor at the Institut Laue-Langevin (ILL) in Grenoble, where neutron 
capture on 170Er produced sizable quantities of 171Er that decayed into 171Tm. 
Following chemical separation and purification at the Paul Scherrer Institute 

(PSI) in Switzerland a total of 1.23(3) 1019 atoms of 171Tm  (see Table 1), in 
the form of Tm2O3, were deposited in circular areas (22 mm in diameter) 
onto two 5 µm thick Al foils and then placed face-to-face into a 60 mm 

diameter plastic ring serving as the target holder [Heinitz:2017].  

Table 1. Lanthanide composition of the final 171Tm target at the beginning of the n_TOF 
experiment (1/11/2014) [Heinitz:2017]. 

 171Tm 170Tm 169Tm 170Er 171Yb 

atoms 1.23 1019 7.4 1015 2.59 1017 9.8 1014 1.71 1015 

Activity (GBq) 140 0.46 - - - 
Mass (µg) 3480 1.9  72.7 0.26 0.49 
Uncertainty (%) 2.4 20 3 5 6 

The first experiment took place at the CERN n_TOF facility [Guerrero:2013] 

in 2014. n_TOF features a pulsed white neutron beam where (n, ) cross 
sections are measured as a function of the neutron energy via the time-of-

flight technique. The experiment was carried out at the 185 m neutron 
beam line (EAR-1), where the -ray cascades following neutron capture in 
171Tm were studied using the Total Energy technique [Macklin:1967], based 
on four 620 ml C6D6 detectors [Plag:2003]. The fraction (Nsrm) of the neutron 
beam incident on the target has been determined via the Saturated 
Resonance Method (SRM) [Macklin:1979] for the 4.9 eV resonance of a 
197Au target with the same diameter as the 171Tm one. The beam-
independent (mainly target activity) and beam-dependent (neutron and 
photon scattering) background components were assessed by dedicated 

measurements with Pb, C and empty targets. The neutron energy 
distributions from the 171Tm target and the background measurements are 
displayed in Figure 2, with resonances showing up above the background up 
to 700 eV. It is remarkable that despite the fact that n_TOF is one of the 
facilities with the highest instantaneous neutron beam intensity worldwide, 
the dominant background in this region is still due to the activity of the 
target. 

The capture cross section in each energy bin is then determined as follows: 

𝜎𝑛 , 𝐸𝑛
𝐶 𝐸 𝐵 𝐸

𝑛  , 𝐸   𝑁  
 𝑓

𝐴𝑢/𝑇𝑚
,                                       (1) 

where 𝐶 𝐸𝑛  and 𝐵 𝐸𝑛  are the weighted total and background counts 
per pulse, 𝑛  is the areal density of the 171Tm target in atoms/barn, 𝜙𝑛 𝐸𝑛  
is the incident neutron flux as neutrons/pulse [Guerrero:2013], n,  is 

detection efficiency calculated via simulations using the Pulse Height 
Weighting Technique [Macklin:1967], and 𝑁  has been described above.  
Last, 𝑓

𝐴𝑢/𝑇𝑚
=1.01(1) is a correction factor accounting for different effects 

of the detection threshold of 250 keV on the -ray cascades from 197Au and 
171Tm  [Abbondanno:2004].  

Figure 1. Scheme of the branching at A~170 involving the unstable isotopes 169Er, 
171Er, 170Tm and 171Tm. 
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data adopted for 235U(n,f) cross section standard
by IAEA Nuclear Data Standards CRP
(October 2020)

see: Corrigendum to “Evaluation of the Neutron Data Standards” 
in Nucl. Data Sheets 163, 280 (2020)



Publications & experimental data 
dissemination

 26 papers published in 2020
7 in peer reviewed journals + 19 in conference proceedings

 overall 200 papers published 
115 in peer-reviewed journals, 45 in Phys. Rev. C, 30 in NIMA

 75/85 in Open Access in the last 5 years

 116 data sets included in the Experimental Nuclear Reaction
Database (EXFOR @ IAEA), 91% of all measurements performed

https://twiki.cern.ch/NTOFPublic/ListOfPublications

https://twiki.cern.ch/NTOFPublic/ListOfPublications


reaction field of interest note

94,95,96Mo(n,𝛾) – s-process AGB stars, SiC grains
– fp, fuel alloys

stable samples (*)

94Nb(n,𝛾) – anomalies in pre-solar grains
– strong contributor to the

long-term radiotoxicity among fp

radioactive sample
t1/2 = 20 ka

79Se(n,𝛾) – s-process thermometer
– strong contributor to the

long-term radiotoxicity among fp

radioactive sample
t1/2 = 300 ka

239Pu(n,𝛾) and 
𝛼-ratio

– advanced nuclear technologies radioactive sample 
t1/2 = 24.1 ka (*)

243Am(n,f) – contributes to production of 239Pu 
(by 𝛼 + 𝛽- decays)

radioactive sample
t1/2 = 7364 a

(*) part of a EU H2020 nuclear data project 

Phase-2021: new proposals



reaction field of interest note

DDX cp emisssion
x-section E > 20 MeV 

– particle radiation therapy 

n + d → p + 2n – nn scattering length basic nuclear physics 
application

n_TOF NEAR Station – nuclear astrophysics
– non-metallic material irradiation
– SEE
– others

Phase-2021: new LoI(*)

(*) to be discussed in February 2021

Commissioning of the III generation spallation target
and beam characteristics in the next talk by Javier Praena



The END


