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The astrophysical i process
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The astrophysical i process

Nature Reviews (accepted)

* Stable isotopes

# Known unstable isotopes i-process endpoint
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1 process calculations signatures
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Ba/La vs La/Eu sensitive to
astrophysical conditions

s and r process stars exhibit
different abundance ratios
Simple one zone model
changing the neutron density
Group of stars not explained
by s or r neutron densities
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Simple 1 process calculations
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Sensitivity to neutron-capture rates
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[Ba/La]

Spyrou, Muecher et al. PRL 2024

Element Reaction  rp(fi, Xr/Xk,0)
Ba 1347 +0.3689
1370 -0.6842

La 139 g

Denissenkov, et al, MNRAS (2019)
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The issue with neutron capture reactions

* Measuring Neutron Capture
reactions on short-lived nuclei is
challenging

e Cannot make a neutron target

e Cannot make a target out of a
short-lived isotope

* Need indirect techniques

£
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Z, number of protons

“N=50

“N=20

“N=126

ar’’

M, number of neutrons
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Neutron Captures

* Direct measurement of (n,y) reactions on short-lived isotopes: challenging
* Indirect techniques to provide constraints

Hauser — Feshbach (Statistical Model)
* Nuclear Level Density (NLD)

e y-ray strength function (ySF)

e Optical model potential

| \mCd(n,v)HSCd
(A-1,7) e N -
I — > =

(d,p) (°He,’He)
(P,;Y) (*He,*He)
(p,"He)

=
o

=

o
4
L

Cross section [mb]

=

o
=3
L

0.0 0.2 0.4 0.6 0.8 1.0
Energy [MeV]

(A, Z2)
Larsen et al, PPNP 107 (2019) 69

Qy‘ﬂ Facility for Rare Isotope Beams  Escher et al, PRL 121 (2018) 052501 Wiedeking et al PRC 2021 Artemis Spyrou — Trento 2025 8
FRIB National Science Foundation Spyrou, Liddick, et. al., PRL 2014 Muecher, Spyrou et al, PRCL 2023




Reach of indirect methods
Radioactive beams 5= dlesciie | esme
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3-Oslo method

*Need:
v' Radioactive Beam
v' Segmented y-ray calorimeter:

beam
¥i
Ly 140Cg
(A, Z)
* Disadvantage: limited by Q-value, S,, nuclear structure E,=E, +E,+E;+E, + ...

* Advantage of B-decay: feasible with low beam intensities

&m Facility for Rare Isotope Beams Spyrou, Liddick, Larsen, Guttormsen, et al, PRL2014 T Spyrou — Trento 2025 10
FRIB National Science Foundation



CARIBU @ ANL

252Cf spontaneous fission yield from 1 Ci source
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5-Oslo method

SuNTAN
Tape Transport System

| SuN

i SUNSPOT

Implantation-decay correlation
@ A. Simon, S.J. Quinn, A.S., et al., Nucl. Instr. Meth A 703, 16 (2013)
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140Cs — B decay into *'Ba
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140Cs — B decay into *'Ba
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BQBa(my)“@Ba
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* Stable isotopes
# Known unstable isotopes
© Unstable isotopes predicted to exist

1 process around A=9(
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[EVFe]
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[EVFe] gy
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The Sr puzzle: observations

HE 0336+0113

CS 22881-036
3.0 4.0
35
2.5 -
50
2.0 ' B 25 F Po
- -
15 ; E 20} by
= sk
1.0 —
Mo 1o
0.5 c 0.5
0.0 0.0
Na _ 05
05 <
o> 0.0
00 < - =
© =)
10
-1.0 o o 2o o S S0 s 2o 0 5 10 20 30 40 50 60 70 80 90
. ° o Atomic Number
Atomic Number
o BS 16080-175 s CS 22880-074
25 F 2.0
2.0 La 1.5
[
1.5 F o 1.0
£ 4/ Ve
1.0 = 05
N
05 00 »
N
0.0 05 ng
-0 = 10
% Iz I ¢
- = o - = 00 s T T& RS S
0.0 2 = g —
= 3
-1.0 e o 10 20 30 40 50 60 70 80 90
o 10 20 30 40 50 60 70 80 < Atomic N Vmber
Atomic Number w
HD 196944
CS 30322-023 25
20 F 1
1.5
=
= o0f ]
=
0.5 B
00
- o5k
£
= E
o 10 20 30 a0 50 60 70 80 90

Atomic Number

Facility for Rare Isotope Beams
National Science Foundation

Atomic Number

HE 1509-0806

35
3.0 H Nd 3
P
25 N Ba Cel
20 E
= E
= s Fu E
=) .
10 Mg n E|
c \
os b $
0o o)
n N et
- 05
E .;_+ - R
z oo ) = 3 "3 -
a
= -0
o o 20 a0 doso e a0 w0 oo
Atomic Number
.s CS 29513-032
.
3.0
25
o
o
EBE ]
B
= -0
£
=3

=
=
=

[EVFel g

Atomic Number

HK 11 17435-00532

o 10 20 30 40 50 60 70 80
Atomic Number

Artemis Spyrou — Trento 2025

Bisterzo2012

HE 2158-0348

3.0
25 E
20 9
15 q
=
£, o ]
[=H
0s 1
0.0
n
05 1
= -l0 ¥
é L el e
= 00 £ <& e -
2
= .
=
10
10 20 30 a0 50 50 70 80 90
Atomic Number
CS 30301-015
2s
20
1s | ”
= Ve
= ot
=
05
0.0
~
-0.5
et e s
-1.0
o 10 20 30 a0 s0 60 70 50 90
Atomic Number
bs HE 1135+0139

[EVFe]

[ElFe] gy

10 20 30 40 50 60 70 50 %0
Atomic Number

17



The Sr puzzle: i-process models

Wiedeking et al, Nature Reviews (accepted 2025)
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*  87Kr(n,y)2Kr also identified affecting Rb (Muecher et al. PRCLett2023, Uthayakumaar et al., PRC submitted)
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The astrophysical i process

* Stable isotopes

# Known unstable isotopes i-process endpoint

(actinide production)
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Actinide production
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By Alex Parsons, MSU

Summary

» Neutron-capture reactions important for 1-process calculations

« Direct measurements not currently possible. Have to rely on indirect techniques

* New results in the mass 90 and 140 regions help constrain i-process conditions

« Closer look into statistical properties (nuclear level density and gamma strength function)

« FRIB will bring new capabilities and access to a lot more exotic nuclei — explore the
endpoint of the i process
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