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Outline

* R-process (solar) isotopic abundances require accurate neutron-
capture measurements along the s-process path on stable and
unstable isotopes

* How far are we from direct neutron capture experiments as
input for r-process model calculations?



Nevutrons in the Universe

- Neutrons produce 75% of all the elements (!)

BB<——Fusion ——=<—Neutrons

T _“150._-" |

RA A QO ARTTTIRATIIOTD
VLRI b NG LVL R B N



Elemental (r-process) abundances
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Isotopic (r-process) abundances
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- Uncertainties on isotopic (r-process) solar abundances.
- Large in some cases: needed for a detailed/quantitative comparison

- How to improve them (experimentally)



Isotopic (r-process) abundances
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Uncertainties in the solar system r-abundance distribution*

MES-model calibrated with s-only nuclei; uncertalnty budget
- SS abundances for the s-only isotopes
- (n,y) CSs a ffectlng s-only isotopes
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R-abundances uncertainties larger for cases with dominant s-process contr.

* Fit to s-only: SS + Canonical Multi-Event S-process (MES)
* Needs accurate experimental (n,g) XSs for the s-process part
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Isotopic (r-process) abundances N, =N - N,
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Chemical evolution with rotating massive star yields — I. The solar
neighbourhood and the s-process elements

N. Prantzos,'* C. Abia,”* M. Limongi,>** A. Chieffi’>*® and S. Cristallo’-*

(2008). The former study includes the model uncertainties, resulting
from the corresponding uncertainties in the observed Solar system
composition, the neutron radiative capture rates (n,y) and the S-
decay rates. The uncertainties in those quantities date back to more
than 20 yr ago and some of them have been reduced in the meantime.
However, the work of Goriely (1999) is the only one up to now
to include a systematic evaluation of those uncertainties and we
chose to display them here in order to provide some idea of their
importance.

Starts with s-process fraction and s-only isotopes

lterative method for r-"residuals” based on GCE (AGB- and MS-models)

Needs accurate experimental (n,g) XSs for the s-process part
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Isotopic r-process abundances: uncertainties from (n,y) Cross Sections
N =N, - N,

In general, the uncertainties on many XSs (>10%) still dominating the final r-process isotopic uncertainties > New (more
accurate) measurements on specific stable isotopes are needed!
Calibration methodology relies on s-only isotopes, but (most of) the s-only abundances are not due to s-only capture cross

sections!!
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Measuring neutron capture cross sections of radioactive nuclei

From activations at the FZK Van de Graaff to direct neutron captures in inverse kinematics with a storage
ring at TRIUMF

Iris Dillmann'=*, Oliver Kester'?, Richard Baartman', Alan Chen®, Tobias Junginger'?, Falk Herwig®,
Dobrin Kalichev', Annika Lennarz'-', Thomas Planche'-?, Chris Ruiz'-%, Nicole Vassh'



The slow neutron-capture process (s-process) mechanism

Abundance
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209Ph: an s-only determined hy an s-branching
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204Ph; an s-only determined by an s-branching
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Shedding Light on the Origin of 2*Pb, the Heaviest s-Process—Only Isotope
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Time-of-flight technique for high resolution & high acuracy (n,g) cross section measurements
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204Ph: an s-only determined by an s-
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Shedding Light on the Origin of 2**Pb, the Heaviest s-Process—Only Isotope
in the Solar System
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204Ph: an s-only determined by an s-bhranching
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Shedding Light on the Origin of 2*Pb, the Heaviest s-Process—Only Isotope

in the Solar System

A. Casanovas-Hoste®,"**" C. Domingo-Pardo,” J. Lerendegui-Marco,* C. Guerrero,* A. Tarifefio-Saldivia,” M. Krtitka,”
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Stellar model

The uncertainty arising from the 294TI(n,y) cross section on the s-process abundance of 2%*Pb has been
reduced from ~30% down to +8%/-6%, and the s-process calculations are in agreement with K. Lodders in
2021.



204Ph: an s-only determined by an s-branching
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Stellar 3-decay rate of s-process branching-point >™TI: forbidden transitions

Yang Xiao, Bin-Lei Wang, and Long-Jun Wang*
School of Physical Science and Technology, Southwest University, Chongging 400715, China
(Dated: July 30, 2024)
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NPA-X 2022

PANDORA setup

Taioli**", G. Torrisi'

https://doi.org/10.1051/epjconf/202327906007

A new approach to B-decays studies impacting
nuclear physics and astrophysics: the

D. Mascali", D. Santonocito', M. Busso?*?, L. Celona', A. Galata’, M. La Cognata', G. S.
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7%Se branching determines s-only 3%-32Ky
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7%Se branching determines s-only 3%32Kr
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About 50% of (n,y) measurements at CERN n_TOF are related to astrophysics
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About 50% of (n,y) measurements at CERN n_TOF are related to astrophysics

Astron. Astrophys. 342, 881-891 (1999) ASTRONOMY -
ASTR%FD o Monthly Notices
—— e n_TOF Cc

L MNRAS 478, 41014127 (2018) doi:10.1093/mnras/sty 1 185
Uncertainties in the solar system r-abundance distribution™ PS. / / tW| k| A Advance Access publication 2018 May 5
e e T Uncertainties in s-process nucleosynthesis in low-mass stars determined
_ F 3 e s.dominant from Monte Carlo variations
E I ]
= 1000 © r-dominant s ) 23 o A 55 .
i R o r-only : G. Cescutti," *1 R. Hirschi,~{ N. Nishimura,*{ J. W. den Hartogh,>”{ T. Rauscher,”> '
C 2 an - ] .
o [ T ] A. St. J. Murphy®f and S. Cristallo”!°
4 10° L . o o Element
V2 g - Ga Ge Ge Se Se Br Kr Kkr Rb Sr ¥ 2r Mb Mo Mo Ru Rh Pd A9 Cd Cd Sn Sn Te Te |  Xe G Ba
8 Ga Ge As Se E Kr Kr Rb Sr Sr Z2r Z2r Mo Mo Ru Ru Pd Pd Ag Cd In Sn Sb Te Te Xe Xe Ba Ba
= ]ﬂ_l L . 0.4 B
]
‘E Log102.0 e T T 1tk tvbbe b esas sesth e bbb At bbb L e b b bR R 4C LA 4 e Rt A b bR
= 1070 |
e 10 ]
T
e
1071 .

60 80 100 120 140 160 180 200 22(

= 8
'.'-!CI';"Pb
2 2 o [IE
EITh 3 ] 21pm
71 72 75 78 79 B0 84 8 8 88 90 94 95 97 99 102 104 108 109 112 115 118 121 123 126 128 132 134 137

| 2001 - 2004 | J000-2012 00 LA e 2 LR AR AR R AR R R ST R AT R R T TR R T e TR T T A T R T
69 70 74 76 80 81 82 86 87 87 B89 92 93 96 98 100 103 106 107 110 114 116 120 122 124 127 130 133 136

' ;o Mass number, A

I | ; ;
Phase 1 Phase 2 Phase 3 Phase 4

CERN LS1 CERN LS2

Abundance, log,o(Y/Y,.)

log;0.5




About 50% of (n,y) measurements at CERN n_TOF are related to astrophysics
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Outline

* R-process (solar) isotopic nbundances require accurate nevtron-
capture measurements along the s-process path on stable and
unstable isotopes

* How far are we from direct neutron capture experiments as
input for r-process model calculations?



Sensitivity studies for (n,y) in r-process nucleosynthesis
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Dynamical r-process studies within the neutrino-driven wind scenario and its sensitivity
to the nuclear physics input
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How far are direct (n,y) measurements from r-nuclei?
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Sensitivity studies for the weak r process: neutron
capture rates

R. Surman,'2 M. Mumpower,? R. Sinclair,® K. L. Jones,® W. R. Hix,34
and G. C. McLaughlin®




State-of-the-art TOF neutron-capture measurements:
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How far are r-nuclei from direct (n, Y) measurements?
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How far are r-nuclei from direct (n, v) measurements?

) Protons
Particl
Tungsten spallation target detecti
l Storage
D,0 moderator R| ng
Revolving
ions
RIB Facility

Electron cooler ~ Schottky pickup

9919z == m

g RING?

+ Other variations/alternatives of
this novel method being
investigated!

rexidial gas beam
profile monsios

L ':Il'l'lldm[h"'l': CLT i e imicnt 1 f "
= virical r--.-.»-r-:..nl rh::.j..-l Ti Eysicm
COTTEC T l : bamper
B pick-up -1!.... . n* =& -.I.-"fll dipale sector
M b ™ detector kL ‘:‘uup‘rﬂ
cAecier s—= chamers sexbupinle —
{:}uhunb-ﬁx ¥ ISR Ly
W aciupis extraction
B sl bumb
Fagre experiment 11 SEPLUm
| vabve
| R
Schanky | Imjection
resonant schottky =V pick.up sexiupode _ S o
peck-up i
l v ECOOL f’ bumper
detector 'l'l'l"."—-"lﬂ'l"
chambers T t

MRS el horizonial kicker
kicker {BTF) (extractian+ BTF)

—21ISR Project (2030+7)

M. Grieser et al., Eur. Phys. J Spec. Top. 207, 1 (2012)



Summary & Outlook

R-process (isotopic) abundances are affected by uncertainties which, at least for s-process

dominated contributions are dominated by uncertainties on the (n, y) capture cross sections of
the corresponding nuclei

Calculated s-only isotopic abundances are used for “calibrating” the free parameters of the models

for the r-process “residuals”. (n,y) cross sections of neighbouring branching points can severly
affect those s-only abundances used for calibration

State-of-the-art (TOF) techniques have reached their limit for the measurement of nuclei with half-
lives shorter than 1y

In the future, alternative novel approaches based on inverse kinematics, utilizing RIB (ISOL)
facilities, low-energy ion-storage rings and static neutron targets, could provide access to direct (n,y)
cross section measurements in the neighborhood of the r-process path.
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