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74Se
196Hg

The p-process nucleosynthesis is responsible for the origin of 35 proton-rich stable nuclei heavier than iron!

E. Anders, N. Grevesse, Geochim. Cosmochim. Acta 53, 197 (1989)

Abundances of the p-nuclei (Atoms/106 Si)



B2FH, Rev. Mod. Phys. 29, 547 (1957)

In the solar system, p-process contributes 

about 1% to the elemental abundances!!!

M. Arnould & S. Goriely, Phys. Rep. 384, 1 (2003) 
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s/r seed nuclei

The p-Nuclei - ‘nuclear astrophysics p-nuts’

p-nucleus



➢ the most abundant p-nuclei, 92,94Mo and 96,98Ru, are notoriously underproduced in the currently

favored scenarios for the p-process, making their nucleosynthesis a longstanding mystery in

nuclear astrophysics

90Zr(,n)89Zr?94Mo(,n)93Mo &Why study 

Type Ia SN
(artist view)

C. Travaglio et al., ApJ 739, 93 (2011);
C. Travaglio et al., ApJ 799, 54 (2015)

✓ “For the first time, we find a stellar source able to 
produce both light and heavy p-nuclei almost at the 
same level as 56Fe, including the debated 92,94Mo and 
96,98Ru.”

✓ “[…], we estimate that SNe Ia can contribute to at least 
50% of the solar p-process composition.”

❖ Enhanced s-process seed distributions assumed!!!

➢ (only!) 94Mo underproduced
➢ An important contribution from the p-process nucleosynthesis

to the neutron magic nucleus 90Zr (a genuine s-process nucleus)

94Mo

90Zr
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C. Iliadis, Nuclear Physics of Stars (2007) 

entrance channel

exit channel
compound 

nucleus

p-Process Nucleosynthesis:
an extended network of some 20000 reactions 
linking about 2000 nuclei in the A  210 mass range

Laboratory measurements are essential to improve the accuracy and reliability of stellar 
reaction rate theoretical predictions within Hauser-Feshbach statistical models:

➢
Nuclear structure properties

➢
Gamma-ray strength function

➢
Nuclear level densities

➢
Optical model potentials

M. Arnould & S. Goriely, Phys. Rep. 384, 1 (2003) 
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T. S. Carman et al., Nucl. Instr. and Meth. A 378, 1 (1996) 

http://www.tunl.duke.edu/web.tunl.2011a.howhigsworks.php

http://www.tunl.duke.edu/web.tunl.2011a.howhigsworks.php


Example: 

Elaser = 3.3 eV

Eelectron = 450 MeV ( = 882)

E = 10 MeV

Relativistic
electron

laser beam (eV) -ray (MeV)

How HIγS Works: Laser Compton Backscattering (LCB)

Compton

scattering

(Lorentz factor)

LCB facilities in the world:
➢ HIS @ TUNL/Duke University (USA)
➢ NewSUBARU (Japan); BL01 - ray beam usage ended

on March 31, 2021
➢ VEGA @ ELI-NP (Romania); final stage of construction
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~ 107 – 108 γ/s

Experimental Setup
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Nn – number of neutrons detected using 3He
counters

N - number of incident photons
Nt – number of target atoms per unit area 

(enriched target)
n – neutron detection efficiency

 + 90Zr → 90Zr*→ 89Zr + n

00+

90Zr

E1

1- 13.5

0

89Zr

Sn

11.979/2+
0.589 1/2-

1.095 3/2-

1.451 5/2-

MeV

13.4

13.1

12.6

L=0
(s-wave neutrons)

-ray Beam Energies (MeV):
12, 12.1, 12.2, 12.4, 12.5, 12.8, 13, 13.5

(L = 2)

(only g.s. neutrons) (g.s./excited-state neutrons)



Neutron Detection Efficiency

ni(Eni) – neutron efficiency from Geant4
simulations

bi – neutron branching from TALYS
calculations

~55% @ 20 keV - ~25% @ 4 MeV 

➢ Simulated efficiencies for neutron energies
of interest:

(for g.s. neutrons)

(for excited-state neutrons)

Neutron energy is lost by the thermalization of
neutrons in the moderator (polyethylene)!!

Effective neutron efficiency:

C. W. Arnold et al., Nucl. Instr. and Meth. A 647, 55 (2011) 
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90Zr(,n)89Zr

A. Banu et al., Phys. Rev. C 99, 025802 (2019)
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90Zr(,n)89Zr

1 excited state

1 excited state

2 excited states
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90Zr(,n)89Zr

only g.s. neutrons !!

12.8
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94Mo(,n)93Mo

1 excited state
1 excited state
3 excited states
3 excited states
3 excited states
6 excited states
8 excited states
11 excited states
14 excited states
22 excited states
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94Mo(,n)93Mo

only g.s. neutrons !!

10.8
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A. Banu et al., Phys. Rev. C 99, 025802 (2019)
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Messages to take away
➢ Accurate measurements of cross sections of photodisintegration reactions

help constrain the dipole -ray strength function models necessary for
calculating stellar photodisintegration reaction rates 
❖ These laboratory cross sections only determine a small fraction of the actual stellar 

reaction rate → they are not suited to directly constrain stellar photodisintegration 
reaction rates!

➢ Measured neutrons that are correlated with excited states in the residual
nucleus must be appropriately accounted for when determining the
detection efficiency needed to extract the laboratory photoneutron
reaction cross sections
❖ If only measured neutrons that are correlated with the ground state in the residual 

nucleus are considered, the detection efficiency can be underestimated →
photoneutron reaction cross sections can be overestimated!



The theoretical work was performed within the IAEA CRP on 
“Updating the Photonuclear Data Library and Generating a Reference Database
for Photon Strength Functions” (F41032)
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S. Goriely et al., Eur. Phys. J. A55, 172 (2019): Reference Database for Photon Strength Functions
T. Kawano et al., Nucl. Data Sheets 163, 109 (2020): IAEA Photonuclear Data Library 2019


