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n_TOF @ CERN
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



Horizontal flight path 
leading to EAR1 at 182.5 m

Vertical flight path 
leading to EAR2 at 18.2 m

n_TOF @ CERN

proton beam from the PS
ISOLDE EPIC workshop – CERN, 24-25 November 2020
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What we really do at n_TOF

1. Nuclear astrophysics

2. Advanced nuclear technologies

3. Basic nuclear science & applications
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neutrons

The s-process

The lifetime of a nucleus against (n,𝛾) is:

𝜏𝑛,𝛾 =
1

𝑁𝑛 𝜎𝑛,𝛾 𝑣 𝑘𝑇

For 𝑘𝑇~30 𝑘𝑒𝑉 and   𝜎𝑛,𝛾~ 100 𝑚𝑏 it is

𝜏𝑛,𝛾 ~
109

𝑁𝑛
years
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s-process branching at 151Sm

• branching isotope in the Sm-Eu-Gd region:
test for low-mass TP-AGB

• branching ratio (capture/b-decay) provides infos on 
the thermodynamical conditions of the s-processing
(if accurate capture rates are known!)

U Abbondanno et al. (The n_TOF Collaboration), Phys. Rev. Lett. 93 (2004), 161103
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U Abbondanno et al. (The n_TOF Collaboration), Phys. Rev. Lett. 93 (2004), 161103

MACS-30 =   3100 ± 160 mb

<D0> = 1.48 ± 0.04 eV,  
S0 = (3.87 ± 0.20)×10-4

<Γ𝛾> = 108 ± 15 meV

151Sm(n,𝛾) cross section results
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Reducing the uncertainty in the MACS is not only 
a question of better nuclear data: higher accuracy 
in the reaction rates opens the possibility to 
investigate new astrophysical scenarios

[nuclear clocks, constrains on the BBN, AGB 
modeling, nucleosynthesis conditions in explosive 
scenarios, others]

Better MACS means more than just nuclear 
data

https://twiki.cern.ch/NTOFPublic/ListOfPublications 8



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. 

• origin of the heavy elements
s-process nucleosynthesis in stars

171Tm(n,𝛾)
sample mass:   3.13 mg,  1.10 x 1019 atoms
t1/2 1.9 yr
activity 126 GBq

sample produced at ILL, Grenoble, France
separated at PSI, Villigen, Switzerland
measured at n_TOF and SARAF-LiLiT facility, SNRC, Israel 

Nuclear Astrophysics 
at n_TOF



Radioisotopes measured at n_TOF

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

Isotope half-life [yr] mass [g] N Activity [Bq] reaction note

Be-7 0.15 7.94E-08 6.83E+15 1.03E+09 (n,p)

Be-7 0.15 2.78E-06 2.39E+17 3.60E+10 (n,a)

Al-26 7.17E+05 1.11E-05 2.58E+17 7.91E+03 (n,p); (n,a)

Mn-53 3.74E+06 8.80E-07 1.00E+16 5.88E+01 (n,g) failed

Ni-59 7.60E+04 1.75E-04 1.78E+18 5.16E+05 (n,a)

Ni-63 101.2 7.72E-02 7.38E+20 1.60E+11 (n,g)

Zr-93 1.61E+06 1.04E+00 6.76E+21 9.23E+07 (n,g) partial results obtained

Pm-147 2.62 8.50E-05 3.48E+17 2.92E+09 (n,g)

Sm-151 90 8.90E-02 3.55E+20 8.67E+10 (n,g)

Tm-171 1.92 3.13E-03 1.10E+19 1.26E+11 (n,g)

Tl-204 3.78 9.00E-03 2.66E+19 1.54E+11 (n,g)
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time:   0.5 s – 200 s 
thermal equilibrium         nn/np = e-Q/kT up to T ~ 10 GK 

~ 1/7 at T ~ 1 GK
time:   200 s – a few min 

nucleosynthesis of d, 3He, 4He and 6,7Li

7Be(n,p)

7Be(n,𝛼)
M Barbagallo et al. (The n_TOF Collaboration) 
Phys. Rev. Lett. 117 (2016) 152701

L A Damone et al. (The n_TOF Collaboration) 
Phys. Rev. Lett. 121 (2018) 042701

Big bang nucleosynthesis: CLiP



A three steps experiment:
• Extraction of 200 GBq from water cooling of SINQ spallation source at PSI
• Implantation of the 30 keV (~45 nA) 7Be beam on suited backing using ISOLDE-GPS separator and RILIS
• Measurement at n_TOF-EAR2 using a silicon telescope (20 and 300 mm, 5x5 cm2 strip device)

n_TOF EAR2

PSI hot-cell ISOLDE - GLM

E. Maugeri et al. (The n_TOF Collaboration), Nucl. Instr. and Meth. A 889 (2018) 138
M. Barbagallo et al. (The n_TOF Collaboration), Nucl. Instr. and Meth. A 887 (2018) 27-3

7Be(n,p)
7Be(n,𝛼)
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Results
The new estimate of the 7Be destruction rate based on the new results yield a decrease of the predicted 
cosmological Lithium abundance, but insufficient to provide a viable solution to the CLiP

The two n_TOF measurements can finally rule out neutron-induced reactions, and possibly Nuclear Physics, 
as a potential explanation of the CLiP, leaving all alternative physics and astronomical scenarios still open 



The point

n_TOF pushed feasibility of neutron capture cross section measurements to limits of
half-life of a few years on sample materials with ~ 1017 – 1019 atoms

ISOLDE can provide
- mass separation & implantation on material provided from outside source
- direct production of separated ions with a variety of species & yields 

13
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An example

134Cs
ISOLDE yield(*) :  1.9 x 1010 ions/𝜇C
or :  3.4 x 1015 ions/day

137Cs
ISOLDE yield(*) :  1.7 x 1010 ions/𝜇C
or :  3.1 x 1015 ions/day

134Cs MACS expected to be a factor 5 – 10 larger 
than that of 53Mn 

N = 82(*) http://isoyields-classic.web.cern.ch/
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n_TOF Target-III
neutrons to EAR2

neutrons to EAR1

neutrons to the
NEAR Station
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during the design studies of the new shielding 
around the target station the opportunity for a new 
near-target experimental area  appeared 
(NEAR station) 

p beam

neutrons to EAR1

The NEAR Station

NEAR Station area

16
simulations by M Barbagallo



example of simulations of the 
neutron beam in the NEAR 
area in comparison to the new 
ChipIr facility at ISIS(*)

(*)D Chiesa et al., NIMA 902 (2018) 14

The NEAR Station
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simulations by V Vlachoudis & M Barbagallo



The NEAR Station
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simulations by V Vlachoudis & M Barbagallo



The NEAR Station
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simulations by V Vlachoudis & M Barbagallo



1. Measurements of MACS by activation for nuclear astrophysics

2. Fusion-related measurements (cross sections, not irradiation)

3. Measurements of decay rates of long-lived isotopes

4. Irradiation of non-metallic materials + SEE

The NEAR Station

contact: ntof-nearwg@cern.ch
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n_TOF target
Irradiation position PS Proton beam

Lab EAR2 ‘’A class’’

2
0

 m Rabbit tubes ~115 m

Underground

Surface

The NEAR Station
courtesy of Oliver Aberle (CERN)
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The NEAR Station
courtesy of Oliver Aberle (CERN)
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The NEAR Station
courtesy of Oliver Aberle (CERN)
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The NEAR Station
courtesy of Oliver Aberle (CERN)
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Conclusion

n_TOF pushed feasibility of neutron capture cross section measurements to limits of
half-life of a few years on sample materials with ~ 1017 – 1019 atoms

With the availability of the NEAR Station, these limits could be pushed to shorter
half-lives and smaller sample masses (at least for activation measurements)

ISOLDE can provide
- mass separation & implantation on material provided from outside source
- direct production of separated ions with a variety of species & yields 
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Examples
134,137Cs
85Kr
154Eu
…



The END
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