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Neutrons and nuclear astrophysics @ n_TOF
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s-process:  production of the majority 
of elements heavier than Fe.  

Neutron-induced reactions
 in Nuclear Astrophysics 

Neutron sources: neutron cross 
sections of light elements acting as 
neutron poison, or linked to stellar 
neutron sources.

BBN and the Li-problem: Neutron 
cross sections are key to clarify the 
gross overestimate in BBN models 

of the primordial abundance of 
Lithium.



Neutrons and nuclear astrophysics @ n_TOF
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BBN and the Li-problem: Neutron 
cross sections are key to clarify the 
gross overestimate in BBN models 

of the primordial abundance of 
Lithium.

Production of  7Li: dominated by the 7Be 
EC decay after the BBN.

Lower 7Li abundance? A higher rate for 
neutron-induced reactions on 7Be?

BBN predictions



Neutrons and nuclear astrophysics @ n_TOF
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BBN and the Li-problem: Neutron 
cross sections are key to clarify the 
gross overestimate in BBN models 

of the primordial abundance of 
Lithium.

- Be-7(n,a): x20 vs 
calculations of BBN below 
100 eV

- Be-7(n,p): +40% vs 
previous at low En

20



Neutrons and nuclear astrophysics @ n_TOF
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BBN and the Li-problem: Neutron 
cross sections are key to clarify the 
gross overestimate in BBN models 

of the primordial abundance of 
Lithium.

- Be-7(n,a): x20 vs 
calculations of BBN

- Be-7(n,p): +40% vs 
previous at low En

Neutrons are not enough to 
solve the  CLiP → 

Alternative physics or 
astromical scenarios

20



Neutrons and nuclear astrophysics @ n_TOF
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Neutron-induced destruction of the 
cosmic-ray emitter Al-26  (T1/2 = 0.7 Myr)

- Significant discrepancies in the 
Al-26 destruction rates.

- Impact in the Al-26 production in 
supernovae and AGB origin of our 
early solar system

Neutron sources: neutron cross 
sections of light elements acting as 
neutron poison, or linked to stellar 
neutron sources.

AGB

AGB

Next: extend>1 GK (Massive stars)

Si dE/E
telescope

Higher 
destruction r
ate in AGB

Constrain 
uncertainties



Neutrons and nuclear astrophysics @ n_TOF
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Neutron-spectroscopy  to experimentally 
constrain the neutron source

 reaction 22Ne(α,n)25Mg 

Neutron sources: neutron cross 
sections of light elements acting as 
neutron poison, or linked to stellar 
neutron sources.

- R-matrix on (n,g) → parity 
assignment of the excited states in 
26Mg

- 22Ne(a,n) rates enhanced at low 
temperature.

- Large impact in the AGB s-process 
abundances (2-5 M).



Neutrons and nuclear astrophysics @ n_TOF
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Neutron sources: neutron capture 
cross sections  light elements 
acting as neutron poison, or linked 
to stellar neutron sources.

BBN and the Li-problem: Neutron 
cross sections are needed to clarify 
the gross overestimate in BBN 
models of the primordial abundance 
of Lithium.

Most of the astrophysics experiments at n_TOF 
are on neutron capture cross sections of 

relevance for the s-process

This lecture!

s-process:  production of the majority 
of elements heavier than Fe.  

AGB star

(n,g)
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Neutrons and nuclear astrophysics @ n_TOF

kkkk The synthesis of elements in stars

He

C O

Fe

Ge



Stellar nucleosynthesis of heavy elements
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s-process

r-process
T = 108-1010 K
Nn = 1020-1027 cm-3

T =108 -109  K
Nn = 106-1012 cm-3

i-process
Nn ~ 1015 cm-3

Neutrons capture reactions (n,g) play a key 
role in the synthesis of heavy elements



Stellar nucleosynthesis of heavy elements
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s-process

r-process
T = 108-1010 K
Nn = 1020-1027 cm-3

T =108 -109  K
Nn = 106-1012 cm-3

i-process
Nn ~ 1015 cm-3

Neutrons capture reactions (n,g) play a key 
role in the synthesis of heavy elements

Experimental aim at n_TOF: measure stellar (n,g) cross 
sections of nuclei involved in the s-process (& i-process) 



s-process nucleosynthesis: stellar sites

  

He-burning core 
Massive star

S-PROCESS COMPONENTS

MAIN S-PROCESS: 
 He shell burning phase in AGB STARS

22Ne(𝛼,n): 10¹² n/cm³, kT ~30 keV
13C(𝛼,n): 107 n/cm³, kT ~5 keV

90<A<209

WEAK S-PROCESS: 
Massive stars

22Ne(𝛼,n)
He core burning: 106n/cm³, kT ~25 keV
C-shell burning: 1012n/cm³, kT ~90 keV

56<A<90

Thermally pulsing 
low-mass AGB stars

http://observe.arc.nasa.gov/nasa/space/stellardeath/graphics/redgiant.jpg


s-process: ~½ of the abundances A>56φn   small    
λβ >> λn,γ

τβ << τn,γ

s-process: n capture + beta decay along stability valley

  

s-process nucleosynthesis path

Stellar temp. kT = 5 - 90 keV



s-process: ~½ of the abundances A>56φn   small    
λβ >> λn,γ

τβ << τn,γ

s-process: n capture + beta decay along stability valley

  

s-process nucleosynthesis path

Stellar temp. kT = 5 - 90 keV

Example: 63Ni
 (101 y) 



s-process: ~½ of the abundances A>56φn   small    
λβ >> λn,γ

τβ << τn,γ

s-process: n capture + beta decay along stability valley

  

if  λβ is small
 or φn increases

λβ ~ λn,γ

BRANCHING POINTS:
AZ(n,γ)  A+1Z competes with 

 AZ → A(Z+1) + 𝛽 + 𝜈

Example: 63Ni
 (101 y) 

s-process nucleosynthesis path

Stellar temp. kT = 5 - 90 keV



s-process: ~½ of the abundances A>56φn   small    
λβ >> λn,γ

τβ << τn,γ

s-process: n capture + beta decay along stability valley

  

if  λβ is small
 or φn increases

λβ ~ λn,γ

BRANCHING POINTS:
AZ(n,γ)  A+1Z competes with 

 AZ → A(Z+1) + 𝛽 + 𝜈

(n,γ) cross sections
 are the key nuclear input  

Branching points: Local abundance 
pattern → (n,γ) measurements provide 

tight constraints to stellar conditions

s-process nucleosynthesis path

Stellar temp. kT = 5 - 90 keV

Example: 63Ni
 (101 y) 



s-process: status of data on branching points

  

Key cases: branching points
AZ(n,γ)  competes with 𝛽  decay

(n,γ) cross sections→ conditions stellar enviroment

Challenging measurements: 
Radioactive isotopes, low masses 

Consequence:
Very little direct (n,g) data, 

Very large uncertainties for most of them

I. Dillmann et al., Eur. Phys. J. A 59, 105 (2023).
C. Domingo-Pardo et al. Eur. Phys. Jour. A, 59, 8 (2023)

https://doi.org/10.1140/epja/s10050-023-01012-9
https://doi.org/10.1140/epja/s10050-022-00876-7


s-process: data needs on stable isotopes
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F. Käppeler et al. Rev. Mod. Phys. (2011)

I. Dillmann et al. Eur. Phys. Jour. A (2023)

N-magic nuclei:

S-process 
bottlenecks

Very small (n,g) XS

MACS @ 30 keV

C. Domingo-Pardo et al. Eur. Phys. Jour. A (2023)

5%

S-only isotopes:

Accuracy MACS 
down to 2% unc. 33 s-only
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F. Käppeler et al. Rev. Mod. Phys. (2011)

I. Dillmann et al. Eur. Phys. Jour. A (2023)

N-magic nuclei:

S-process 
bottlenecks

Very small (n,g) XS

MACS @ 30 keV

C. Domingo-Pardo et al. Eur. Phys. Jour. A (2023)

S-only isotopes:

Accuracy MACS 
down to 2% unc.

5%

High accuracy 
(n,g) data on 
stable nuclei 
also needed!

33 s-only
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Stellar (n,ɣ) cross sections: MACS

171Tm (n,γ) XS Activation

MACS = Maxwellian Averaged Cross Section

Maxwellian stellar spectra
at kT = 30 keV

Maxwellian stellar spectra

Maxwellian spectra x (n,g)

Reaction rate per particle pair

1/v

Resonances



Stellar (n,ɣ) cross sections: MACS

171Tm (n,γ) XS Activation

MACS = Maxwellian Averaged Cross Section

Maxwellian stellar spectra
at kT = 30 keV

Maxwellian stellar spectra

Reaction rate per particle pair

For some isotopes:
SEF = Stellar enhancement factor

Maxwellian spectra x (n,g)

1/v

Resonances



Stellar (n,ɣ) cross sections: MACS

171Tm (n,γ) XS Activation

MACS = Maxwellian Averaged Cross Section

Maxwellian stellar spectra
at kT = 30 keV

Maxwellian stellar spectra

Maxwellian spectra x (n,g)

Is it possible to produce a Maxwellian spectra?
How do we measure energy-dependent cross sections?

Reaction rate per particle pair

1/v

Resonances



Stellar (n,ɣ) cross sections: beams & techniques

Activation

Generate  a “stellar” spectrum +  measure directly 
the MACS via activation (decay, MS, …)

171Tm (n,γ) XS

Maxwellian stellar spectra
at kT = 30 keV

Maxwellian spectra x (n,g)

7Li (p,n)7Be
Quasi-maxwellian @ 25 keV

Ep=1912 keV

Activation: count 
product nuclei



Stellar (n,ɣ) cross sections: beams & techniques

Pulsed white neutron beam
Measure the emitted prompt-gamma radiation  

yield as function the neutron energy:
 Time-of-flight technique → Point wise XS

Generate  a “stellar” spectrum +  measure directly 
the MACS via activation (decay, MS, …)

171Tm (n,γ) XS

Maxwellian stellar spectra
at kT = 30 keV

Maxwellian spectra x (n,g)

Prompt
gamma
cascade

A+1X

AXn    +  

Sn

Resonances



The CERN n_TOF Facility

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.

The n_TOF Collaboration
47 Research Institutions Europe & Asia.

124 researchers
+ 100 measurement

Nucl. Astrophysics, nuclear technologies, 
medical applications, basic nuclear research



The CERN n_TOF Facility

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.

The n_TOF Collaboration
47 Research Institutions Europe & Asia.

124 researchers
+ 100 measurement

Nucl. Astrophysics, nuclear technologies, 
medical applications, basic nuclear research

 EAR2 (2015): TOF, 20 m
 30x higher  neutron flux 

 EAR1 (2001): TOF, 185 m
Great energy resolution



The CERN n_TOF Facility

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.

The n_TOF Collaboration
47 Research Institutions Europe & Asia.

124 researchers
+ 100 measurement

Nucl. Astrophysics, nuclear technologies, 
medical applications, basic nuclear research

 EAR2 (2015): TOF, 20 m
 30x higher  neutron flux 

 EAR1 (2001): TOF, 185 m
Great energy resolution

 NEAR (2021): activation, 3 m
 3000x higher  neutron flux  → Future prospects



The Time-of-flight technique

BEAM LINE TOWARDS EAR1

4 cm moderator (borated water)
1 cm cooling (water)

tm = tγ

0 tm
tγ – L/c

EAR1

PbPS Protons
(20 GeV/c)

Neutrons (meV to GeV)

SPALLATION TARGET

Pick-up

γ



The Time-of-flight technique

BEAM LINE TOWARDS EAR1

4 cm moderator (borated water)
1 cm cooling (water)

Time to energy
conversion

Neutron
 time-of-flight

tm = tγ

Time 
reference: tγ 

Arrival of 
prompt  γ-rays

0 tm
tγ – L/c

EAR1

PbPS Protons
(20 GeV/c)

Neutrons (meV to GeV)

SPALLATION TARGET

Pick-up

BEAM LINE TOWARDS EAR1



(n,ɣ) measurements @ n_TOF: Capture yield

Capture yield =  Probability for an 
incident neutron to undergo a 

capture reaction

Theory

Experimental



(n,ɣ) measurements @ n_TOF: Capture yield

 

Flux: measured with different 
setups, unc. within 1-5%

 Normalization: 
Saturated Resonance 

Method (197Au)

Background subtraction:
Direct + n/g scattering (MC)

TOF to neutron energy: TOF - En
Taking into account RF

(MC simulations)

Dead time:
 correction vs. TOF

Capture yield =  Probability for an 
incident neutron to undergo a 

capture reaction

Efficiency correction factors : 
low energy g-rays, EC  

(cascade modelling + MC)



(n,ɣ) measurements @ n_TOF: Capture yield

Background subtraction:
Direct + n/g scattering

▪ Directly assessed with ancillary 
measurements:

• Dummy (backings), beam-off 
(ambient)

▪ Indirectly estimated: 
• Neutrons and γ-rays scattered in 

the 242Pu



(n,ɣ) measurements @ n_TOF: Capture yield

Background subtraction:
Direct + n/g scattering

▪ Directly assessed with ancillary 
measurements:

• Dummy (backings), beam-off 
(ambient)

▪ Indirectly estimated: 
• Neutrons and γ-rays scattered in 

the 242Pu

 

R-matrix 
analysis of 
(n,g) yield
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 Stellar (n,γ) TOF measurements: challenges

209Bi(n,n)

209Bi(n,ɣ)

S-process bottlenecks (n-magic)
- Very small radiative CSs & (n,n) several orders of magnitude higher
- Consequence: Scattered-neutron background dominates
- New detection systems with background rejection capabilities are required!

Nuclei with small (n,γ) and dominating (n,n) CS

MACS @ 30 keV

C. Domingo et al. EPJ-A (2022)

https://doi.org/10.48550/arXiv.2208.02163


 Stellar (n,γ) TOF measurements: challenges

γ

Neutron induced 
background

neutrons

protons
collimated neutron beam

γ

(n,γ)(n,n)  >>Flightpath L

C6D6 TED: Most extensively used detectors for (n,ɣ) 
- Fast response (10 ns width signals)
- Low neutron sensitivity



 Stellar (n,γ) TOF measurements: challenges

γ

Neutron induced 
background

neutrons

protons
collimated neutron beam

γ

(n,γ)(n,n)  >>Flightpath L P. Zugec, et al., Nucl. Instrum. Methods A 760, 57 (2014);

Background 
level

Background 
level

MC simul.

93Zr(n,γ)

Limitation: 
Poor background rejection capabilities.

In particular, background originated from neutron 
scattered in the sample 

C6D6 TED: Most extensively used detectors for (n,ɣ) 
- Fast response (10 ns width signals)
- Low neutron sensitivity

https://www.sciencedirect.com/science/article/pii/S0168900214005750#f0030


 Stellar (n,γ) TOF measurements: solutions

(n,γ)(n,n)  >>

protons

neutrons
collimated neutron beam

Flightpath L

i-TED: New detector for (n,ɣ) 
- Based on position 

sensitive detectors
- Imaging capabilities Solution: i-TED →

Compton Imaging 
technique to reduce the 
neutron background and 
enhance the detection 
sensitivity

YMNS
nucleosynthesis & 
MS evolution

COMPTON
 IMAGING 

56Fe(n,ɣ):
(n,n)>>(n,ɣ) 3.5

Babiano-Suárez, V., Lerendegui-Marco, J. et al. Eur. Phys. J. A 57, 197 (2021).

γ

Neutron induced 
background

Babiano-Suárez, V., et al. Eur. Phys. J. A 57, 197 (2021)

https://doi.org/10.1140/epja/s10050-021-00507-7


 Stellar (n,γ) TOF measurements: challenges

 Stellar (n,γ) TOF measurements: challenges

S-process branchings: very challenging measurements
- Unstable isotopes: Very small mass available & radioactive samples
- Consequences: High background from the activity and low (n,γ) counting rate
- Higher instantaneous flux facilities & new detection systems are required!

Radioactive nuclei

MACS @ 30 keV

C. Domingo et al. EPJ-A (2022)

https://doi.org/10.48550/arXiv.2208.02163


s-process branchings: highlights

  

Before 2015: only 2/21 of the key s-process isotopes measured by TOF 

C. Lederer et al., Phys. Rev. Lett. 110, 022501 (2013)

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

F. Kaeppeler et al., 
Rev. Mod. Phys 83, 157 

(2011)

21 key s-process 
branching points

https://doi.org/10.1103/PhysRevLett.110.022501
https://doi.org/10.1103/PhysRevLett.93.161103
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.83.157
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.83.157


s-process branchings: highlights

  

Before 2015: only 2/21 of the key s-process isotopes measured by TOF 
2015-2018:  171Tm,  204Tl , 147Pm at CERN n_TOF and/or LiLIT (activation)

C. Lederer et al., Phys. Rev. Lett. 110, 022501 (2013)

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

F. Kaeppeler et al., 
Rev. Mod. Phys 83, 157 

(2011)

     C.Guerrero et al., Phys. Letters B, 797, 134809 (2019)

C. Guerrero, J. Lerendegui-Marco et al., Phys. Rev. Letters 125, 142701 (2020)

A. Casanovas, C. Domingo et al., Phys. Rev. Letters (submitted) 

21 key s-process 
branching points

https://doi.org/10.1103/PhysRevLett.110.022501
https://doi.org/10.1103/PhysRevLett.93.161103
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.83.157
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.83.157
https://doi.org/10.1016/j.physletb.2019.134809
https://doi.org/10.1103/PhysRevLett.125.142701
https://doi.org/10.1103/PhysRevLett.125.142701


s-process branchings: highlights & limitations

m = 3.1 mg
σ = 384(40) mb

First TOF measurement 
ever! Combined TOF with 
activation MACS @ LiLIT

n_TOF-
EAR1

LiLIT

Max. En

Sample radioactivity 

171Tm(n,g)

Yb-ratios from 
SiC grains:

JEFF-3.3 large 
discrepancies 



s-process branchings: highlights & limitations

m = 3.1 mg
σ = 384(40) mb n_TOF-

EAR1

LiLIT

Max. En

Sample radioactivity 

Main limitation: Limited energy range via TOF  due to 
sample activity background →  higher flux facilities 
required & new detectors with high CR capability

Yb-ratios from 
SiC grains:

JEFF-3.3 large 
discrepancies
(2Mo, Z=0.01)

 

171Tm(n,g)

First TOF measurement 
ever! Combined TOF with 
activation MACS @ LiLIT



Reproduces 
experim. 
abund.

s-process branchings: highlights & limitations

m = 9 mg
(+200 mg 203Tl)
σ = 260(90) mb

Tl-204(n,ɣ)

First measurement of 
this cross section! 

n_TOF Only

n_TOF-
EAR1

Relevant for the abundance of the 
heaviest s-only 204Pb

(in review)

Z=0.006



s-process branchings: highlights & limitations

m = 9 mg
(+200 mg 203Tl)
σ = 260(90) mb

Tl-204(n,ɣ)

First measurement of 
this cross section! 

n_TOF Only

n_TOF-
EAR1

Relevant for the abundance of the 
heaviest s-only 204Pb

(in review)

Main limitations:  Limited energy 
range due to mass, purity of the 
sample and background due to the 
sample activity →
Higher flux facilities and high 
purity samples are required

Reproduces 
experim. 
abund.



 Stellar (n,γ) TOF measurements: solutions

 EAR2: 40x higher neutron flux 

n_TOF EAR2 (20 m, 
vertical)

- Since 2015: >10 (n,ɣ) 
measurements

Key features: 
- x300 higher 

instantaneous flux 
- Low mass / radioactive 

samples



 Stellar (n,γ) TOF measurements: solutions

 EAR2: 40x higher neutron flux 

n_TOF EAR2 (20 m, 
vertical)

- Since 2015: >10 (n,ɣ) 
measurements

Key features: 
- x300 higher 

instantaneous flux 
- Low mass / radioactive 

samples

New spallation 
target

- Replaced in 
2021

Key features: 
- EAR2: 30-50% 

higher flux & 
improved energy 
resolution



 Stellar (n,γ) TOF measurements: solutions

 

79Se(n,ɣ)

Sample radioactivity

Sample radioactivity

n_TOF EAR1 n_TOF EAR2

(x300 instantaneous flux of EAR1)



 Stellar (n,γ) TOF measurements: solutions

 

79Se(n,ɣ)

Sample radioactivity

Sample radioactivity

n_TOF EAR1 n_TOF EAR2

Higher instantaneous flux is a solution for unstable isotopes… BUT also a challenge
● High flux at EAR2 (even higher after target upgrade) → Counting rate limit of detectors
● High instantaneous flux facilities →New detector systems are required! 

(x300 instantaneous flux of EAR1)



Au 20x0.1 mm
@ EAR2

sTED:  segmented (n,g) detectors at EAR2
State-of-the-art detectors:

 Limited at the high-flux EAR2 by C. rates >=10MHz

State-of-the art C6D6 TED

0.6-1 L Liquid 
Scintillator Cells

Segmented 
(s)TED

s-TED cells in ring configuration 
for optimized efficiency and SBR

J. Balibrea, EPJ Web of Conferences 279, 06004 (2023)

  V. Alcayne , EPJ Web of Conferences 284, 01043 (2023)

9 cells of 0.05 L
(factor  15-20  reduction) 

Solution: 
Segmentation
 of the volume 

SBR improved 
~x4

https://doi.org/10.1051/epjconf/202327906004
https://doi.org/10.1051/epjconf/202328401043


(n,γ) highlights after the latest upgrades
79Se(n,ɣ): branching 

suited for thermal 
conditions stellar 
medium→ strong 

thermal dependence of 
the beta decay rate

First measurement ever!

Stellar (n,γ) highlights after the latest upgrades

79Se(n,ɣ):
10-15 

Resonances 
analyzed 

Via R-Matrix

PRELIMINARY

m = 2.7 mg (+3g of PbSe)
σ = 263 mb

79Se(n,ɣ)

Lerendegui-Marco, J. et al., EPJ Web Conf. 279, 13001 (2023).

79Se

79Se

MACS from Hauser-Feshbach XS in the URR

EXPECTED

https://doi.org/10.1051/epjconf/202327913001


       Future prospects for (n,g) astrophysics experiments at n_TOF
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(n,g) on s-process branchings: state-of-the art

  

Before 2015: only 2/21 of the key s-process isotopes measured by TOF 
2015-2018:  171Tm,  204Tl , 147Pm at CERN n_TOF and/or LiLIT (activation) 

Very recent progresses: 79Se

C. Lederer et al., Phys. Rev. Lett. 110, 022501 (2013)

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

F. Kaeppeler et al., 
Rev. Mod. Phys 83, 157 

(2011)

     C.Guerrero et al., Phys. Letters B, 797, 134809 (2019)

C. Guerrero, J. Lerendegui-Marco et al., Phys. Rev. Letters 125, 142701 (2020)

A. Casanovas, C. Domingo et al., Phys. Rev. Letters (submitted) 

Significant progress in 
the last decade but still 
many measurements 

not feasible, in 
particular  (n,g) via TOF

 →What are the 
current limits?

21 key s-process 
branching points

https://doi.org/10.1103/PhysRevLett.110.022501
https://doi.org/10.1103/PhysRevLett.93.161103
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.83.157
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.83.157
https://doi.org/10.1016/j.physletb.2019.134809
https://doi.org/10.1103/PhysRevLett.125.142701
https://doi.org/10.1103/PhysRevLett.125.142701


Example: 147Pm(n,ɣ)

m = 85 ug
σ = 826 mb

n_TOF lowest mass 
record at  that point!

           TOF measurement not fully successful due to limited mass

Only MACS via activation with a stellar spectra at  LiLiT was feasible

Towards more unstable s-process branching point isotopes: radioactive → challenges
1. Difficult to produce in sizable quantities→ Low capture/background ratio in TOF measurements
2. Activity implies a considerable radiation hazard.
3. Activity represents an intense source of background for standard measuring techniques.

(n,g) on s-process branchings: state-of-the art

     C.Guerrero, M. Tessler, M. Paul, J. Lerendegui., 
Phys. Letters B, 797, 134809 (2019)

MACS @ 30 keV

https://doi.org/10.1016/j.physletb.2019.134809


Example: 147Pm(n,ɣ)

m = 85 ug
σ = 826 mb

n_TOF lowest mass 
record at  that point!

           TOF measurement not fully successful due to limited mass

Only MACS via activation with a stellar spectra at  LiLiT was feasible

Towards more unstable s-process branching point isotopes: radioactive → challenges
1. Difficult to produce in sizable quantities→ Low capture/background ratio in TOF measurements
2. Activity implies a considerable radiation hazard.
3. Activity represents an intense source of background for standard measuring techniques.

(n,g) on s-process branchings: state-of-the art

     C.Guerrero, M. Tessler, M. Paul, J. Lerendegui., 
Phys. Letters B, 797, 134809 (2019)

MACS @ 30 keV

Current Limit 
TOF (n,g): 
5e17-1e18 

atoms 

https://doi.org/10.1016/j.physletb.2019.134809


 “First-time” key s-process branching that could be feasible:
-  Eu-155, Ta-179, W-185 (low g-ray background)
- Mass required for TOF → Activity 5 - 100 GBq!

(n,g) on s-process branchings: current limits of TOF

Towards more unstable s-process branching point isotopes: radioactive → challenges
1. Difficult to produce in sizable quantities→ Low capture/background ratio in TOF measurements
2. Activity implies a considerable radiation hazard.
3. Activity represents an intense source of background for standard measuring techniques.

(n,g) vs background Expected (n,g) yield with ~45 days of measurement  

J. Lerendegui-Marco et al., EPJ-WOC (2023) 
arXiv:2310.15714

Current Limit 
TOF (n,g): 
5e17-1e18 

atoms

https://arxiv.org/abs/2310.15714


High flux facility for activation: n_TOF-NEAR

EAR2 
X~100

NEAR

Physics at the n-TOF NEAR station (2021):
@ 3 m from spallation target

- High flux (x~100 EAR2 outside the collimator)
- Activation measurements
- Small mass
- Unstable isotopes

 

- Irradiation facility for electronics & materials

e.g. s-branchings 
and i-process not 

accessible via TOF



Stellar (n,g) activation measurements at NEAR

  

N. Patronis et al., arXiv (submitted to EPJ-C, 2023)

10B4C Filters :
Different Stellar 
temperatures

 kT:0.1~500 keV

EAR2 
X~100

White neutron  
beam filtered 

→quasi-”Stellar”

R&D contract ITC-UJI

https://arxiv.org/abs/2209.04443


Stellar (n,g) activations at NEAR:  Present

2) Irradiation at NEAR: 
One long irradiation (~1 week)

3) Access to NEAR (6h) + manual 
transport to decay station  (~h)

1) Sample preparation:
 5 mm sample 

on 30mm diam Al ring

MACS measuring 
capability benchmark:
E. Stamati et al., 
CERN-INTC-2022-008; 
INTC-P-623 (2022)

10 mm

60 mm

4) Decay measurement at 
GEAR: HPGe decay station

Eff @ 3 cm: 
1.6% @818keV

https://cds.cern.ch/record/2798978
https://cds.cern.ch/record/2798978


Stellar (n,g) activations at NEAR:  Present

2) Irradiation at NEAR: 
One long irradiation (~1 week)

3) Access to NEAR (6h) + manual 
transport to decay station  (~h)

1) Sample preparation:
 5 mm sample 

on 30mm diam Al ring

MACS measuring 
capability benchmark:
E. Stamati et al., 
CERN-INTC-2022-008; 
INTC-P-623 (2022)

10 mm

60 mm

4) Decay measurement at 
GEAR: HPGe decay station

Main limitations:
- Not able to measure activation with short 

lived (s, min) (n,g) products
- Impossible to activate short lived 

(hours-days) targets

Eff @ 3 cm: 
1.6% @818keV

https://cds.cern.ch/record/2798978
https://cds.cern.ch/record/2798978


Prospects stellar (n,g) at NEAR: CYCLING 

  CYCLING @ NEAR: CYCLIc activation for 
(N,G) measurements

- Allows: activation with short lived (s, 
min) (n,g) products

- Especially interesting for unstable 
isotopes.

- Well suited to the rep. Rate (>0.8Hz) of 
n_TOF

Interesting cases for astrophysics:
- s-process/AGB: 107,109Ag(n,γ), 26Mg(n,

γ), 50Ti(n,γ), 19F(n, γ), 60Fe(n, γ)

- i-process: 137Cs(n,γ), 144Ce(n,γ), 
132Te(n,γ),...

C. Domingo-Pardo, et al., Eur. Phys. J. A 59, 8 (2023)

- NEAR
High resolution 
g-ray station

J. Lerendegui, M. Bacak CERN-INTC-2022-018 ; INTC-I-241. H. Beer, et al., Nucl. Inst. Meths. 337, 2–3 (1994) 

https://doi.org/10.1140/epja/s10050-022-00876-7
http://cds.cern.ch/record/2809131
https://doi.org/10.1016/0168-9002(94)91119-3


● ISOLDE - NEAR (w/ CYCLING) : 

● smaller production yields  & shorter-lived isotopes would 
be accessible

● Examples: 
○ 59Fe, 134Cs, 135Cs, 148Pm, 154Eu, 155Eu, 

160Tb, 170Tm, and 181Hf (s-process),
○ Cs-137, Ce-144, 66Ni, 72Zn (i-process)

Goal:(n,g) on many unstable isotopes s 
and i- processes→ (still) unfeasible 
via TOF

Alternative: Produce samples of 
relevant unstable nuclei at ISOLDE & 
measure MACS at NEAR

- NEAR

Prospects stellar (n,g) at NEAR: Synergy ISOLDE

ISOLDE 
Yields (UCx)



→ Among the 21 key s-nuclei listed in
Kaeppeler, Rev. Mod. Phys 83, 157 (2011)

135Cs

Palmerini et al. (2021).: Ba isotopic ratios sensitive 
to  135Cs(n,γ)  + Temp. dependence β−decay rates 

(n,g) via activation at NEAR: 
● Capability to tune the energy spectrum

● MACS in a wider range (1 keV-300 keV) of interest for astrophysics 

Synergy NEAR-ISOLDE for stellar (n,g): 135Cs 

Collab with 
INFN- 

Padova

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.83.157
https://iopscience.iop.org/article/10.3847/1538-4357/ac1786/meta


→ Among the 21 key s-nuclei listed in
Kaeppeler, Rev. Mod. Phys 83, 157 (2011)

135Cs

Molten La metal:
 8.5e9 at/µC

Palmerini et al. (2021).: Ba isotopic ratios sensitive 
to  135Cs(n,γ)  + Temp. dependence β−decay rates 

(n,g) via activation at NEAR: 
● Capability to tune the energy spectrum

● MACS in a wider range (1 keV-300 keV) of interest for astrophysics 

J. Lerendegui, S. Carollo et al., 
CERN-INTC-2022-040; INTC-P-641

Synergy NEAR-ISOLDE for stellar (n,g): 135Cs 

Collab with 
INFN- 

Padova

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.83.157
https://iopscience.iop.org/article/10.3847/1538-4357/ac1786/meta
https://cds.cern.ch/record/2834566


Stellar (n,γ): future projects/ideas @ n_TOF

GENERAL AIM: Enhancing the capabilities for new physics
Focusing on (n,g) measurements on unstable nuclei relevant for astrophysics:

TOF Measurements on 
lower mass unstable (s-process):

● Improve CR capability, efficiency & sensitivity 
(higher segmentation, larger arrays, solid 
scintillators, …)

● Improve signal-to-background: New shieldings 
and collimator for EAR2 or modification of 
EAR2 with walls and ceiling further from setup.

● High purity samples ( RITU project, PSI)

● Beamline looking to moderator and/or new 
beamlines (backwards):  less background from 
high energy neutrons

● Higher intensity per pulse &  higher rep. rate 
with similar t-resolution.

Before 
LS3

(-2026)

Beyond  
LS3

(2028-)

NEAR: activations on short-lived 
isotopes (s/i-process)

● Installation of NEAR moderator  (target)
→ Improve SACS/MACS 

● Cycling: Rabbit system NEAR-ISR and (if 
feasible) decay station at NEAR.

● Activations inside the target shielding 
(factor x100 flux) → Rabbit system.

● Strengthen Synergy ISOLDE-NEAR for 
sample production and combined direct - 
surrogate reactions.

● Average intensity x10 higher with worse 
t-resol (suitable only for NEAR).

New spallation 
target

Current 
spallation target 



Future of stellar (n,γ) beyond n_TOF
SURROGATE REACTIONS



Future of stellar (n,γ) beyond n_TOF

Surrogate reaction Inverse kinematics 
134Cs beam @ ISOLDE + CD2 target
ISOLDE Solenoid

Temperature-sensitive s-branching
No TOF (High activity) + No activation 

SURROGATE REACTIONS

Future idea:  complement  (n,g) at NEAR 
(low En)  + (d,pg) at ISS-ISOLDE



Future of stellar (n,γ) beyond n_TOF
DIRECT (N,G) IN INVERSE 
KINEMATICS

DIRECT reaction Inverse kinematics 
Exotic ion-beam ring

+ Neutron target 
+ Spallation + moderation

Neutron target facility @ LANL



Future of stellar (n,γ) beyond n_TOF
DIRECT (N,G) IN INVERSE 
KINEMATICS

DIRECT reaction Inverse kinematics Exotic 
ion-beam ring

+ Neutron target 
+ Spallation + moderation
+ Neutron generators: “gas target”

TRISR @ ARIEL-TRIUMF

https://arxiv.org/pdf/2312.11859.pdf

I. Dillmann et al. Eur. Phys. Jour. A (2023)



Summary

● Accurate neutron capture CS are key the s-process of stellar nucleosynthesis, for validating and 
constraining stellar nucleosynthesis models. 

● Stellar (n,g) measurements at n_TOF
○ Stellar magnitude of interest: MACS
○ At n_TOF: high resolution cross-section vs En by means of time-of-flight technique in a very wide energy range.

● Recent highlights at n_TOF  for stellar (n,g):
○ Higher instantaneous luminosity: Higher flux beam-line (EAR2) +  neutron source upgrade.
○ New detection systems: high count rate of new facilities  /  n-induced background .
○ Several s-process branchings measured for the first time in the last decade.

● Future perspectives:
○ Towards more unstable isotopes (s-process & i-process) → Current limit for TOF: signal-to-background 

○ Future:
■ NEAR: New high flux facility for MACS activation measurements + CYCLING: access short-lived.
■ Synergy NEAR & ISOLDE: Produce low mass samples of unstable isotopes + MACS via activation 
■ Complement direct (n,g) with surrogate reactions  + new facilities (neutron targets + RIB)

19th Russbach School on Nuclear Astrophysics, 3-9 March 2024



19th Russbach School on Nuclear Astrophysics, 3-9 March 2024

High sensitivitY Measurements of key stellar 
Nucleo-Synthesis reactions

+ Info: https://hymnserc.ific.uv.es/public_documents

Thank you 
for your

 attention!

Grant FJC2020-044688-I funded by: 

Grant CIAPOS/2022/020 funded by: 

https://hymnserc.ific.uv.es/public_documents


BACK-UP SLIDES

 J. Lerendegui-Marco

19th Russbach School on Nuclear Astrophysics, 3-9 March 2024

https://events.hifis.net/event/904/


What is our universe made from? how/where nucleosynthesis happens?H

He

C O

Fe

Pb
Pt

BaTe
SrGe

red giants

explosive stellar 
environments, SNe, 
NS-NS, …

Stellar nucleosynthesis of heavy elementsStellar nucleosynthesis of heavy elements

Neutron induced



i- process nucleosynthesis: stellar site and path

3D simulation 
Convective-

reactive

Nn→ 1015
i-process path: few mass 

units away on the 
neutron rich side

Stellar Explanation: 
Convective-reactive nucleosynthesis episodes →Proton ingestion 
in the C-shell → Neutron densities 1015

 n/cm³ 

i-process path: 
Conditions between the s- and r- process, the
reaction occurs a few mass units away from the valley of stability. 



i- process nucleosynthesis: (n,g) cross sections

(n,g) for i-process:  involves n-rich nuclei → even more challenging than s-process
1. Very low masses →Often have to be produced in exotic beam facilities 
2. Half-life is for most of them too short (minutes-hours) to allow a (weeks or months) measurement.
3. Very high flux facilities & very sensitive experimental techniques

Signatures of i-process: Ba-137, Nd-144→
 137Cs(30 y)(n,γ) , 144Ce(285 d) (n,γ)  compete with decay

Very high impact (n,g) in i-process abundances: 
66Ni(55h)(n,γ),72Zn(46.5h)(n,γ),75Ga(2.10m)(n,γ), 135I(6.6h)(n,g) 

54.6 h

46.5 h
2.10 m

6.6 h

Correlation
I-135(n,g)  - Ba



(n,ɣ) measurements @ n_TOF

Not able to measure in the keV range of 
astrophysical interest (dead time)

Usual setup for stellar (n,ɣ) 
measurements

C6D6 TED

+ PHWT

State-of-the art for measurements in the astrophysical 
range of interest (1 - 100 keV): 

- Fast response (10 ns width signals)
- Low neutron sensitivity

Limitations: 
- Background in the keV range due to dominant neutron scattering
- Limited by maximum count rate in high flux facilities such as n_TOF-EAR2

TED

Solutions:
Recent progresses!



SEF

● 25% of all isotopes involved
in the s process show SEF 
corrections of more than 2%.

● Significant corrections are
to be expected for odd and/or 
deformed nuclei with excited
states well below 100 keV.

● s-only isotopes little affected, 
except for the mass region 
160 < A <190



Stellar (n,ɣ) cross sections: neutron beams

n_TOF, LANL, JRC-Geel, ..

HISPANoS- CNA, LiLIT, FRANZ

NFS, IFMIF-DONES?

ILL, BRR, FRM-II,...

Med.

Stellar (n,ɣ) cross sections: 
Energy range of interest 
En = 500 eV - 300 keV

Complementary 
neutron facilities & techniques

Extended spectra
 (w/ moderation)



MACS via activation: “stellar” neutron beams

Moderating
+

Filtering
assembly

Low E (MeV) proton accelerators    

7Li (p,n)7Be Quasi-maxwellian @ 25 keV

Different Ep combined → MACS @ Higher kTs

Ep=1912 keV
P. Perez-Maroto et al., CPAN days

Med/High energy accelerator (~10MeV - ~GeV) 
Target + moderator White neutron beam

Neutron energy shaping → MACS @ different kTs

J. Lerendegui-Marco et al.,  arXiv:2310.15714

https://arxiv.org/abs/2310.15714


Relevance of the branching at 79Se
  

→ One of the 21 key s-nuclei listed in: Kaeppeler, Rev. Mod. Phys 83, 157 (2011)



Temperature and T
1/2

 of 79Se
  

Large unc. In 
the terrestial 
T1/2 (in 1988)

Experimental measurement of the 
logft of the beta decay of the 79mSe 
state at 96 keV, thermally populated 

at stellar temperatures

Need of improved cross sections



Branching at 79Se:  Kr abundances
  

The Kr isotopic ratios have been 
measured in bulk SiC acid residues 
providing details on AGB
stars evolved prior to the formation of 
the Solar System. 

Presolar grain measurements give the
most precise data currently available 
on s-process nucleosynthesis (at least 
one order of magnitude better than 
spectroscopic observations)

AGB Stars



Branching at 79Se:  Kr abundances
  

Very accurate 80Kr/82Kr abundances ratios

AGB Stars



gamma 
emmiters

~15x4mm

~17x6mm

79Se sample: a collaborative effort
ILL: ~3 mg of 79Se via 78Se(n,ɣ)

CERN: Encapsulated in 
e-welded 6N Al+

PSI: 208Pb78Se alloy to 
avoid low melting point

PSI: Characterized 
active contaminants



gamma 
emmiters

~15x4mm

~17x6mm

79Se sample: a collaborative effort
ILL: ~3 mg of 79Se via 78Se(n,ɣ)

CERN: Encapsulated in 
e-welded 6N Al+

PSI: 208Pb78Se alloy to 
avoid low melting point

PSI: Characterized 
active contaminants

n-beam

Sample in the beam of n_TOF-EAR1



Preliminary results: i-TED in singles and Ethr
Count rate vs background components

First candidates for  
resonances of Se-79

start to be visible on top of 
the background

Proposal: first resonances of 
Se-79 expected @ 10-100 eV 

VERY PRELIMINARY

Radioactivity
Casing
Pb in the sample



79Se

79Se 79Se
79Se

79Se

79Se + 78Se ?

79Se
79Se

 79Se(n,ɣ): first results

79Se

79Se 79Se

79Se
79Se

10-15 Resonances of Se-79 First ever measured! - Se-79+Se-78 sample vs Se-78 sample 

79Se

79Se sample: 1060mg 78Se + 3mg 79Se VERY PRELIMINARY



● MACS @30 keV: 20-26% unc 
(from avg. par. only)

● Stellar enhancement Factor = 1 
at 8, 30 keV

● Direct stringent constraint for 
the thermal conditions of 
AGB and MSs

Uncertainty 
D0,S0

~ sqrt(Nres)

Hauser-Feshbach (FITACS): CS in the URR

MACS @ different kT: 
Constrain theor. calculations 

in KaDoNiS (@ 30 keV)

Experimental RRR:  (s-wave Avg. Par.)

Same method for 171Tm(n,γ): C. Guerrero, J. Lerendegui-Marco et al., Phys. Rev. Letters 125, 142701 (2020).

Measured: 
10-15 

resonances 

 79Se(n,ɣ): expected results

R-Matrix



B4C filters & expected average kT 

Own Geant4 simulations
Calculations of the commissioning campaign (E. Stamati)

● 2.5 mm = 0.15 keV
● 5 mm = 0.88 keV
● 7.5 mm = 2.37 keV
● 10 mm = 27.7 keV

2mm = 0.10keV 6mm = 1.34keV 8mm = 2.4keV

12 mm = 12 keV 20 mm = 91 keV 40 mm = 306keV15 mm = 27 keV

Good agreement up to 7.5 
mm

10 mm: significantly  
different → method to 
determine kT?
Better → SACS/MACS→1



SACS to MACS: Au-197

+ Very similar shape of the 
cross section 

+ No large resonances in any of 
the isotopes

+ MACS/SACS expected to be 
not very different.

+ Shape of the cross sections 
can be used to improve the 
accuracy



134Cs, 135Cs: T-dependence β-decay
  

Agreement with the data improves with
New beta decay rates of both 134,135Cs



134Cs, 135Cs:  Relevance s-process
  

Sr/Ba ratios:
A longer half-live of 135Cs 
at 30 keV or variations in 

the 135Cs(n,g)cross 
section will improve the 
agreement with the data

Ba-ratios separately: 
Revision of the capture 

cross sections of  
Cs-isotopes would 

improve the agreement



Ta-179(n,g): 1e18 at.

1e18 at.

          TOF (n,g) on s-process branchings: feasibility limit
Estimated results in the upgraded n_TOF-EAR2 with the best sensitivity achieved so far with the STEDs

W-185(n,g): 1e18 at.Eu-155(n,g): 6e17 at.

(n,g) counts
Background

Eu-155 (n,g): 6e17 at.

Limit: ~1e18 atoms (too high) currently required →We need complementary techniques → ACTIVATION!

150ug 297ug 307ug

179Ta(n,g) 1250 bpd

Calculation

Ta-179(n,g): 1e18 at.
297 µg

Ta-



Future: optimizing n_TOF-EAR2
Short term: Optimization campaigns at EAR2 & new ideas to improve the SBR for future experiments

Default: 10 cm LiPE

+20 cm LiPE

1
2

x2.6

SBR
Gain factor

SBR Gain of a  factor >2 
by lowering 60cm the setup!

Reducing 
background: 
+  shielding 
materials

Neutron 
beam

n_TOF 
EAR2



Future: optimizing n_TOF-EAR2
Short term: Optimization campaigns at EAR2 & new ideas to improve the SBR for future experiments

Default: 10 cm LiPE

+20 cm LiPE

1
2

x2.6

SBR
Gain factor

SBR Gain of a  factor >2 
by lowering 60cm the setup!

Neutron 
beam

 Long term: 
- Change collimator design

- Upgraded experimental area (n-absorbers, 
enlarged: walls & floor further from beam)

- Avoid fastest neutrons: “look” only to 
moderator, new backwards TOF line

Reducing 
background: 
+  shielding 
materials

n_TOF 
EAR2


