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Rare-Earth Peak In the r-process

e Rare-earth peak (REP) forms during the “freeze-out” of the r-pcoess

* Details of nuclear physics inputs 10% T T T T
i  ; = Goriely -
affect the features of the peak S qoh 2 & . Cowan, Thiclemann & Truran| -
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the BRIKEN collaboration From Cowan et al. (2021), Rev. Mod. Phys. 93, 015002



BRIKEN Experimental Setup

Advanced Implantation Detector Array
(AIDA) — Univ. of Edinburgh, UK.

https://www2.ph.ed.ac.uk/~td/AIDA/

WASABI detector (RIKEN)
S.Nishimura et al. RIKEN Accel. progress
report 46 (2013) 182

140 3He counters in
7 rings.
BRIKEN (2016...)
€1n = 68.6%

A.Tarifeno-Saldivia, et al, Journal of Instr. 12, P0O4006 (2017).
|. Dillmann and A. Tarifeno-Saldivia, Nucl. Phys. News 28,28 (2018).

o Cabﬂlil‘lerof‘;‘(‘)ﬁf{TchUMF) For more details about BRIKEN, see talk by Alvaro Tolosa Delgado
‘& C. J. Griffin (TRIUMF) and poster by Max Pallas | Solis



Experiment and analysis overview
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Experiment and analysis overview

® Pln and T1/2 Of

159-166P ) 161-1685m
165-170Ey . and 167-172Gd

(28 isotopes, 9 new [, and all new P;,) -

e Data analysis led by
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Experiment and analysis overview

Snapshot of nucleosynthesis in NS merger
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Published yesterday on ApJ: G. Kiss, A. Vitez-Sveiczer, YS, et al. (2022), APJ, 936:107
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Experiment and analysis overview

Snapshot of nucleosynthesis in NS merger
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A NS merger Abundance matched at A=157

Propagated uncertainty
Y, Y

e Half-life uncertainty:

1. Wu et al. PRL (2017) +
“factor of 10” uncertainty for FRDM+QRPA

(as in Mumpower et al. PrPNP (2016)) 1 T T FR VG o

2. Ourresults (G. Kiss et al. APJ (2022)) 2 [ Current exp. 20

—&— Sneden et. al. (2007)
- —#— Goriely (1999)
]

10

Relative abundance

e Astrophysical conditions: B |

. Hot wind
A. Neutron star merger dynamical ejecta
(Vassh et al., JPhG (2019))

B. Hot neutrino driven wind
(Mumpower et al. PrPNP (2016))
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Relative abundance

In all the calculations, our new P, values are used.
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Current exp. 20

2
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Variance-based sensitivity analysis

Monte Carlo sampling

and abundance calculations

Exp. uncertainty of ) f

I pand P, )
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NS merger e.g. A=168 Hot wind 'c% -5
o 10 |/
P
Other © - _
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169 | —&— Sneden et. al. (2007)
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Variance decomposition

V(Y)

A. Saltelli, et al. 2010, Computer Physics Communications, 181, 259



Variance-based sensitivity analysis results

Dominant contribution from the half-lives in both astrophysical scenarios (~90%)

Strong contribution from 17 ,,(168Sm) to mass numbers A=168-173

p-decay T, of nuclei synthesized at the beginning of freeze-out
may strongly affect the flow of n capture

For full results, ask me or see G. Kiss, A. Vitez-Sveiczer, YS, et al. (2022), APJ, 936:107
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Towards scalable statistical analyses

e [o draw more general conclusions, more isotopes and
more types of nuclear physics inputs should be included

= (Cost may become prohibitive (millions of calculations required)

 Challenging to accelerate nuclear reaction network calculations with GPUs
(Work by Paul Virally (U. Waterloo))

* An emulator would significantly reduce the computational cost

= Model the map between
input (nuclear physics) and output (abundance pattern)

= One run is significantly cheaper than a full abundance calculation

11



Towards scalable statistical analyses
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Artificial Neural Network Emulator
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Artificial Neural Network Emulator
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ANN Emulator

o 1), and§, of 212 isotopes

(propagated to n-capture rate)
= 424 variable inputs

e ~300 ms per prediction
(cp. One full network
calculation ~300 s)

e With uncertainty quantification
of each prediction
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Summary and outlook

 Astrophysical implication of new /', and P;, data in the REP region

= [, of influential isotopes affect the flow of n-capture
= Nuclei synthesized right before neutrons are exhausted may be important

* Variance-based sensitivity analysis
= |dentify inputs where abundance uncertainty comes from

G. Kiss, A. Vitez-Sveiczer, YS, et al., (2022), APJ for more detail

* ANN-based abundance calculation emulator
= Enables further sensitivity analysis and various statistical inference tasks

Manuscripts In preparation

Collaborators: I. Dillmann (TRIUMF), R. Kruecken (UBC/TRIUMF/LBNL)
M. Mumpower (LANL), R. Surman (U. Notre Dame)
A. Ravlic (U. Zagreb), N. Paar (U. Zagreb), F. Minato (JAEA)
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Variance-based sensitivity analysis results

18

 Dominant contribution from the uncertainty of half-lives in both astrophysical scenarios

Contribution of experimental uncertainty to the abundance uncertainty [%]
NS merger

100xS™M (95% C.1.) [%]

A =168 169 170 171 172 173
S(l)(Tl/Q) total: 94.9 (£ 8.6) 100.1 (£9.2) 939 (£9.9) 84.0 (£8.5) 95.1 (£ 8.3) 99.7 (£ 8.6)
S (Pyi,,) total: 5.9 (£ 2.3) 1.1 (£ 1.1) 5.6 (£ 2.0) 11.0 (£2.9) 5.7 (£ 2.0) 2.0 (£ 1.1)
S total: 100.9 (£ 8.9) 101.3 (£ 9.2) 99.5 (£ 10.1) 95.0 (£9.0) 100.7 (£ 8.6) 101.6 (£ 8.6)
Hot wind
S(l)(Tl/Q) total: 97.0 (£ 14.1) 78.9 (£ 7.4) 97.4 (£ 8.3) 74.6 (£ 8.2) 98.6 (£ 10.5) 93.8 (£ 13.7)
S (Py,,) total: 3.0 (£ 1.8) 21.5 (£ 4.1) 3.7 (x1.6) 259 (&£ 4.7) 2.8 (£ 1.7) 5.6 (£ 2.1)
S total: 100.0 (+ 14.3) 100.5 (+ 8.5) 101.1 (+8.4) 100.5 (* 9.5) 101.3 (£ 10.7) 99.4 (£ 13.9)




Variance-based sensitivity analysis

Effect of T1/2(1688m) = 3531?%2 [ms] in NS merger
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Rapid neutron capture process (r-process)

20

 Responsible for ~50% of heavy elements

Stable nuclei

High neutron density (>1026 cm-3)
Temperature can reach a few GK

= Compact binary mergers

= Some types of core-collapse SNe

82

process J-"plp

50

vp-process ¢ qm
= ,d Supernova EC process
e |

, e |nterplay of nuclear physics processes
rp-process r' Sueiel Brigwin p y p y p

Ut  toexist - Neutron capture & photodissociation

L = 5 - p-decay & f-delayed neutron emission

Number of Ne»utrons . .
- Fission
From Schatz et al. (2022), arXiv:2205.07996 etc

Number of Protons




Analysis of propagated uncertainty

21

e |s it possible to quantify the contribution of
each 1, and P;, (input) uncertainty ;
to the abundance (output) uncertainty”? <
©O
= \/ariance-based sensitivity analysis = 3
-5
§1O :
e Decompose variance V(Y) S Y Goriely (1999)
14 | —&— Sneden et. al. (2007)
(1) (2) (k) ' NS merger 20
V(Y) o Z V + 2 Z V T T V12 kK ] Hot wind 20
I > - - - - - -
150 155 160 165 170 175 180
Variance (propagated uncertainty) from each uncertain input Mass number A

y
and compute Monte Carlo estimate of first-order sensitivity: S =

- V)



BRIKEN project background: BELEN detector (2009-2014) — BRIKEN 2016-2021
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3
11111

20 3He counters 30 3He counters 48 3He Countrs in 140 3He counters in

in 2 rings. IGISOL  in 2 rings. GSI- 3 rings. IGISOL 7 rings.
Jyvaskyla (2010). FRS (2011). Jyvaskyla (2014). BRIKEN (2016...)
€1n = 47% £1n ~ 38% e1n = 40% (HPGe) e1n, = 68.6% (HPGe)

c1n ~ 60%

3 3 Polyethylene
4 n Proportional
lon beam:=amsrmssmsans Silicon B SHe counter
All efficiencies are up to 1MeV, beam hole and counter location dependant. decay detector

Slide courtesy of R. Caballero-Folch



Relative abundance

Abundance flow
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Monte Carlo estimator:

T J>1

ZS“)+ZZS@+---+

1T >

V.
Where S = l

V)

Oi

A (1) % Z;V:1 f(A)j

Variance decomposition and
Sensitivity indices

ZV(1)+ZZV(.2)_|_...

k
+ VY,

k
Sia. k-
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