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The p-process is responsible for the nucleosynthesis beyond iron of 35 stable neutron-deficient nuclei

_—me-e.




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

In the solar system, the p-nuclei are 10 to 100 times
o " | less abundant than the s/r-nuclei.
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B2FH, Rev. Mod. Phys. 29, 547 (1957)
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M. Arnould & S. Goriely, Phys. Rep. 384, 1 (2003)



p-Process Nucleosynthesis:

an extended network of some 20000 reactions
linking about 2000 nuclei in the A <210 mass range
* Photodisintegrations (y,n), (y,p), (y,a)

* n-, p-, a.-capture reactions

e P*-decays
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M. Arnould & S. Goriely, Phys. Rep. 384, 1 (2003)
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Image from C. lliadis, Nuclear Physics of Stars (2007)

The gs contribution to the stellar rate for photodisintegration reactions
concerning p-nuclei typically is only a few tenths per mille.

T. Rauscher, Ap. J. Suppl. 201, 26 (2012)
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hotodisintegration experiments can only be used to > Gamma-ray strength function N
derive information on certain nuclear properties required

for the calculation of the stellar rates and, thus, to test an
support the theory (statistical Hauser-Feshbach models)!!

] > Nuclear level density

> Nucleon-nucleus optical potential




Nuclear Resonance Fluorescence (NRF) Measurements on 78.80Kr to determine the ySF for
p-process nucleosynthesis calculations

PHYSICAL REVIEW C 73, 015804 (2006)

. 78.80 Branchings in the y process path revisited
No ySF data available for 7-°%Kr!! 8 . !
Thomas Rauscher®
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40 ‘- Z = 36 (Kr - :}f O Photo data ] TABLE I1. Nuclei with large rate uncertainties (derived from rate set A [10], see text); subscripts at each neutron
A -4 ul Oslo number indicate which rate (A, or &,.) is close to the A, rate within factors of 3 and 10, respectively.
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80Kr was identified as a key branching point, for which the (y,p) and (y,a) reaction rates were found to be larger than the (y,n)
rate — NON-SMOKER calculations with GLO model for ySF & a shifted Fermi-gas model for NLD.



TALYS calculations with the D1IM+QRPA ySF model and HFB plus combinatorial NLD model
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Contrary to NON-SMOKER calculations, TALYS calculations indicate the dominance of the 8Kr(y,n) channel over the 8Kr(y,p)
and 8%Kr(y,a) channels => 78Kr production follows the path 8Kr(y,n)”°Kr(y,n)”éKr



Sensitivity of the astrophysics predictions to the nuclear input
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The production of the 78Kr via the path 8Kr(y,n)”°Kr(y,n)’8Kr is increased
by 54%, while the (y,n) destruction of 8Kr is increased by a factor of 2.6
at T =3 GK when using the D1M+QRPA ySf model comparative to the
GLO ySF model.
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PHOTONUCLEAR REACTIONS
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A. Zilges, D.L. Balabanski, J. Isaak, N. Pietralla, Prog. Part. Nucl. Phys. 122 (2022) 103903.
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Parity and Spin Measurements with a Linearly Polarized Photon Beam

Azimuthal distribution

Dipole
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High Intensity Gamma-ray Source (HIGS) at TUNL

Highest intensity (y-rays/s/keV) y-ray beam in

the world

Produces y-rays by Compton backscattering o o e “0«\“‘30

inside the optical cavity of a storage-ring FEL CQ.M sy o™ ‘o
-

Produces both linearly and circularly polarized ' e il
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o~ 180 MeV Linac pre-injector
oY s 180 MeV — 1.2 GeV Booster Injector
= 250 MeV — 1.2 GeV Storage Ring
FELs: planar (linear pol.) and helical (circular pol.)
FEL mirror
y-ray beam parameters Values
Energy 1 — 100 MeV
For more details see: Linear & circular polarization > 95%
http://www.tunl.duke.edu/higs/ intensky with 5% AE /. > 107 vfs




How HIyS Works: Laser Compton Backscattering (LCB)

Compton
> 4—/\/\/\ < E > > Wb
e scattering
Relativistic laser beam (eV) y-ray (MeV)
electron
ho-(1-B-cos ) ,
Ey - hoo ~ 47 EBiaser y=E,/mc? (Lorentz factor)
1-3-cos 6, + (1-COS Gypon
electron
Example:
LCB facilities in the world:
EIaser =3.3eV » HIyS @ TUNL/Duke University (USA)
E = 450 MeV (v = 882 >—NewSUBARY (Japan); BLO1 y- ray beam usage ended
electron (v ) on March 31, 2021
E. =10 MeV > VEGA @ ELI-NP (Romania); under implementation
Y

(estimated to become available in 2026)



NRF Experimental Setup at HyGS

Clover array Target gas cell and target holder




Photon Beam Energies (MeV) for our NRF measurements:
6.40, 6.65, 6.95, 7.20, 7.28, 7.50, 7.80, 8.15, 8.45, 8.80, 8.92, 9.15, 9.55, 9.95, 10.35, 10.75, 11.20  S,(®°Kr) = 11.5 MeV
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Photon beam flux measurement

78Kr run (summer of 2022) - Photon Flux comparison
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80Kr NRF measurements (July 2023) :
6.4 MeV @ °®°*Fe(y,y") & 8%Kr(y,y’)
target: stainless-steel cell with 8%Kr e e e P L o
clover_back.amplitude[13]
6.4 MeV @ *5*Fe(y,y) ..

target: stainless-steel empty cell oA —— — —

| | —
4500 5000 5500 6000 6500
clover_back.amplitude[13]
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80Kr NRF measurements (July 2023)

7000 H Mszn  730.138

] 137Cg Mo ot
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Data analysis in progress: stay tuned




PHYSICAL REVIEW C 99, 025802 (2019)
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Photoneutron reaction cross section measurements on ~*Mo and *’Zr relevant
to the p-process nucleosynthesis
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M (Received 10 June 2018: revised manuscript received 19 December 2018; published 11 February 2019)

The photodisintegration cross sections for the *Mo(y, n) and *Zr(y, n) reactions have been experimentally
investigated with quasi-monochromatic photon beams at the High Intensity y -ray Source (HIy'S) facility of the
Triangle Universities Nuclear Laboratory (TUNL). The energy dependence of the photoneutron reaction cross
sections was measured with high precision from the respective neutron emission thresholds up to 13.5 MeV.
These measurements contribute to a broader investigation of nuclear reactions relevant to the understanding of the
p-process nucleosynthesis. The results are compared with the predictions of Hauser-Feshbach statistical model
calculations using two different models for the dipole y-ray strength function. The resulting **Mo(y, n) and
®Zr(y, n) photoneutron stellar reaction rates as a function of temperature in the typical range of interest for the
p-process nucleosynthesis show how sensitive the photoneutron stellar reaction rate can be to the experimental
data in the vicinity of the neutron threshold.
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Thank you for your attention!
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