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Main stellar nucleosynthesis processes

Rodríguez, Tomás. (2014). J Phys. Conf. Ser. 503. 012038. 



7Li(p,n)7Be as a neutron source
Q=  -1.644 MeV

Eth(p)= 1.881 MeV → En ≈ 27 keV

➢ For Ep=1912 keV → quasi-Maxwellian energy flux distribution with kT≈25 keV

➢ Neutron emission: forward cone with ~ ±60° opening angle

)/exp( kTEE
dE

dN
nn

n

−

Thick target integral spectrum:

W. Ratynski and F. Käppeler, 
PRC 37, 595 (1988)
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Soreq Applied Research Accelerator Facility (SARAF): 
Phase I

2 mA ≈ 1016 protons/sec

2 mA @ 2 MeV --> 4 kW beam power
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I. Mardor et al., EPJ A 54, 91 (2018)
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Liquid Lithium Target (LiLiT)

Beam power:    ̴2 kW

Peak power areal density:    2̴.5 kW/cm2

Peak power volume density:    ̴0.5 MW/cm3

S. Halfon et al., RSI 84, 12350 (2013)

S. Halfon et al., RSI 85, 056105 (2014)
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Experimental setup
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Neutron spectrum and transport simulation
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SimLiT SimLiT+GEANT4

G. Feinberg et al., PRC 85, (2012)

M. Friedman et al., NIM A 698, (2013)



Product measurement
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γ-spectroscopy

M. Tessler et al., PLB 751, (2015)

AMS atom trap trace analysis

M. Tessler et al., PRC 104, (2021)M. Tessler et al., PRL 121, (2018)



Commissioning experiment – 94,96Zr(n,γ)

9M. Tessler et al., PLB 751, (2015)



Phase-I experiments
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Work led by Michael Paul (HUJI) 
and Moshe Tessler (SARAF)



SARAF Phase II

11

I. Mardor et al., EPJA 54 (2018)



SARAF Phase II – neutron TOF area
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SARAF Phase II – neutron camera

13



SARAF Phase II – exotic nuclide facility
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SARONA - The SARaf exotic Nuclide fAcility

15I. Mardor et al., EPJA 54 (2018)



SARAF Phase II – neutron induced cross-sections

16



Why (n,p) and (n,α)?

• Supernovae and other explosive scenarios are fast.

• Nucleosynthesis follows sequences of capture-decay processes.

• Waiting points: Long-lived (>minutes) nuclei tend to create bottlenecks. High impact on 

nucleosynthesis. High abundancies.

• For proton-rich nuclei, (n,p) and (n,α) enhance destruction of waiting-point nuclei.
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Gamma emitting ashes

• 56Ni (t1/2 = 6 days) – responsible for the characteristic light curve of type Ia supernova.

• 44Ti (t1/2 = 60 years) – detected in core-collapse supernova (type II) remnants. 

• 26Al (t1/2 = 7.2X105 years) – detected throughout the galaxy and in the solar system.

S. A. Grebenev et al., Nature 490, 373–375 (2012)R. Diehl Rep. Prog. Phys. 76 (2013) 026301

26Al



Data status
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Data status
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Data status

C. Lederer et al. (2021). PRC 104 L022803
C. Lederer et al. (2021). PRC 104 L032803

26Al(n,p) and 26Al(n,α) 
measured up to ~150 keV



Motivation: (n,p) and (n,α) data scarce, especially for unstable proton-rich isotopes. (26Al(n,p), 56Ni(n,p) and more).

Goal: Establish an apparatus for (n,p) and (n,α) measurements on stable and unstable isotopes at explosive stellar 

temperatures (~1.5-3.5 GK, ~10-2000 keV).

Protons - SARAF Neutrons - LiLiT DetectionTargets - FRIB

2-5 MeV protons
Beam current > 1 mA.

keV neutrons via 7Li(p,n)
Operational

Isotope Harvesting project
E. Abel et al. J. Phys. G 46 (2019)

Design stages
efficiency  ~0.5%

->See also a talk by Pelagia Tsintari about (n,p) studies with SECAR!
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Neutrons for studies of explosive nucleosynthesis

neutron energy spectra for different proton energies
Ep = 1900-3600 keV

𝜙 =
1

∑𝑊𝑖
⋅ ∑𝑊𝑖 ⋅ 𝜙𝑖

𝜙𝑖

Neutron flux: 1010-3x1011 n/s/cm2

56Ni(n,p) (t1/2 = 6 d)
Sample size: 1 mCi (3x1013 atoms) 
Detection rate: 1-150 counts/hour (TENDL2019) 

M. Friedman, EPJA 56 (2020) 23



Effect of differences in the neutron spectrum
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Summary
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• LiLiT @ SARAF is a high-intensity neutron source for s-process 
measurements, with a neutron flux on the order of 1010 n/s on the sample.

• During the operation of SRARAF Phase-I, LiLiT produced many MACS  
values of relevance for the s-process, and is expected to continue 
conducting similar measurement in the future.

• SARAF Phase-II will provide new opportunities for nuclear nucleosynthesis 
studies.

• LiLiT will also be used to produce higher energy neutrons, which will allow 
direct (n,p) and (n,α) cross section at explosive stellar temperatures.



Thanks for listening!


