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Rapid neutron capture process (r-process)
• Responsible for ~50% of  

the abundance of heavy elements 

• High neutron density, 
temperature can reach > 10 GK 
- Compact binary mergers 
- Some types of core-collapse SNe 
- ? 

• Required nuclear data 
- Nuclear masses  
- Neutron capture & photodissociation 

- -decay & -delayed neutron emission 
- Fission 
- … 

• Contains neutron-rich nuclear physics
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Figure 2: Chart of nuclei: The various astrophysical processes are displayed schematically
on the nuclear chart. Stellar fusion dominates nucleosynthesis of lighter elements up to
the region of Fe. Heavier elements are formed predominantly by neutron-capture reactions
via the s-processes, possibly a continuum of i-processes, and multiple r-processes including at
least a weak and a strong r-process. A group of proton-rich isotopes, the p nuclei, are believed
to be formed in the so-called p process, also known as � process, with possible contributions
from the ⌫p process. The rp-process and neutron star crust processes are not considered
major contributors to the origin of the elements but play a role in interpreting observations
of accreting neutron stars (Section 4.1).

provide the necessary nuclear inputs for astrophysical models such as nuclear masses,

decay properties, and reaction cross sections (see overview in [208]).

Most impressively, the extremely neutron-rich nuclei in the r-process are now

coming within reach (Fig. 2). Building on early work at ISOL type radioactive

beam facilities that reached r-process nuclei for the first time (e.g., [234]), pioneering

work at NSCL [235] and GSI [236] used fast radioactive isotope beams produced by

fragmentation to cover significant parts of the r-process. A recent milestone was the

BRIKEN campaign at RIKEN/RIBF that measured hundreds of neutron decay branches

following � decay between 75Co and 172Gd that are required for r-process models [237].

New techniques for the study of such �-delayed neutron emission [e.g., 238] build on

these successes. Atomic physics-based approaches to measure atomic masses with ion

traps, complemented by time-of-flight techniques using spectrometers and storage rings,

have pushed precision measurements of nuclear masses well into the path of the r-process

[239, 240, 241]. Novel “reverse engineering” techniques, coupled with state-of-the-art

mass measurements [242], are helping to bolster our understanding of the r-process

From Schatz et al. (2022), J. Phys. G: Nucl. Part. Phys. 49 110502 
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Hydrodynamical 
simulation of 

astrophysical events

,  
initial conditions 

etc.

T(t), ρ(t)

Nuclear reaction  
network calculation
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Figure 1. UVOIR light curves from the combined dataset (Table 3), along with the spherically symmetric three-component models with
the highest likelihood scores. Solid lines represent the realizations of highest likelihood for each filter, while shaded regions represent the 1�
uncertainty ranges. For some bands there are multiple lines that capture subtle differences between filters. Data originally presented in Andreoni
et al. 2017; Arcavi et al. 2017; Coulter et al. 2017; Cowperthwaite et al. 2017; Díaz et al. 2017; Drout et al. 2017; Evans et al. 2017; Hu et al.
2017; Kasliwal et al. 2017; Lipunov et al. 2017; Pian et al. 2017; Pozanenko et al. 2017; Shappee et al. 2017; Smartt et al. 2017; Tanvir et al.
2017; Troja et al. 2017; Utsumi et al. 2017; Valenti et al. 2017.

Fernández 2014; Metzger 2017). We implement this asym-
metric distribution by correcting the bolometric flux of each
component by a geometric factor: (1 - cos✓) for the blue
component and cos✓ for the red/purple component, where ✓
is the half opening angle of the blue component. Although
this model neglects other important contributions such as
changes in diffusion timescale, effective blackbody temper-
ature, or angle dependence, it roughly captures a first-order
correction to the assumption of spherical symmetry.

3.2. Fitting Procedure

We model the combined dataset using the light curve fit-
ting package MOSFiT (Guillochon et al. 2017a; Nicholl et al.
2017; Villar et al. 2017), which uses an ensemble-based
Markov Chain Monte Carlo method to produce posterior pre-
dictions for the model parameters. The functional form of the

log-likelihood is:

lnL = -1
2

nX

i=1


(Oi - Mi)2

�2
i +�2 - ln(2⇡�2

i )
�

- n
2

ln(2⇡�2), (6)

where Oi, Mi, and �i, are the ith of n observed magnitudes,
model magnitudes, and observed uncertainties, respectively.
The variance parameter � is an additional scatter term, which
we fit, that encompasses additional uncertainty in the models
and/or data. For upper limits, we use a one-sided Gaussian
penalty term.

For each component of our model there are four free pa-
rameters: ejecta mass (Mej), ejecta velocity (vej), opacity (),
and the temperature floor (Tc). We use flat priors for the first
three parameters, and a log-uniform prior for Tc (which is the
only parameter for which we consider several orders of mag-
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FIG. 2 Solar r-process abundances as determined by Cowan
et al. (1991) and Goriely (1999). The largest uncertainties
are clearly visible for A . 100 (weak s process region) and
around lead.

its overall neutron-capture element level is depressed rel-
ative to Fe (Sneden and Parthasarathy 1983, see also the
more extensive analysis of Honda et al. 2006). An ini-
tial abundance survey in metal-poor (MP) stars (Gilroy
et al., 1988) considered 20 red giants, finding a common
and easily spotted pattern of increasing overabundances
from Ba (Z = 56) to Eu (Z = 63) among the rare-
earth elements. With better echelle spectrographic data
came discoveries of many more r-process-rich stars, lead-
ing Beers and Christlieb (2005) to sub-classify them as
“r-I” with 0.3  [Eu/Fe]  +1.0 and [Ba/Eu] < 0, and
as “r-II” with [Eu/Fe] > +1.0 and [Ba/Eu] < 0.

The most detailed deconvolution of abundances into
nucleosynthetic contributions exists for the solar system,
as we have accurate abundances down to the isotopic
level as a result of meteoritic and solar atmospheric mea-
surements (e.g. Cameron, 1959; Asplund et al., 2009;
Lodders et al., 2009, see Fig. 1). Identifying the r-
process contributions to the solar system neutron-capture
abundances is usually accomplished by first determining
the s-process fractions, (e.g. Käppeler, 1999; Arlandini
et al., 1999; Burris et al., 2000; Käppeler et al., 2011).
The remaining (residual) amount of the total elemental
abundance is assumed to be the solar r-process contri-
bution (see Figures 1 and 2). Aside from the so-called
p-process (Arnould and Goriely, 2003; Rauscher et al.,
2013; Nishimura et al., 2018) that accounts for the minor
heavy element isotopes on the proton-rich side of the val-
ley of instability, as well as the ⌫-process (Woosley et al.,
1990) and the ⌫p-process (Fröhlich et al., 2006b), only
the s and r-processes are needed to explain nearly all of
the solar heavy element abundances.

Early observations of CS 22892-052 (Sneden et al.,
1994, 2003) and later CS 31082-001 (Hill et al., 2002;
Siqueira Mello et al., 2013) and references therein), in-
dicated a “purely” or “complete” solar system r-process
abundance pattern (see Figure 3). The total abundances

of these, mostly rare-earth, elements in the stars were
smaller than in the Sun but with the same relative pro-
portions, i.e., scaled. This indicated that these stars, that
likely formed early in the history of the Galaxy, experi-
enced already a pollution by a robust r-process.

!"#$%&'()$*+,-'.

FIG. 3 Top panel: neutron-capture abundances in 13 r-
II stars (points) and the scaled solar-system r-process-only
abundances of (Siqueira Mello et al., 2013), mostly adopted
from (Simmerer et al., 2004). The stellar and solar sys-
tem distributions have been normalized to agree for ele-
ment Eu (Z = 63), and than vertical shifts have been ap-
plied in each case for plotting clarity. The stellar abundance
sets are: (a) CS 22892-052, (Sneden and Cowan, 2003); (b)
HD 115444, (Westin et al., 2000); (c) BD+17 3248, (Cowan
et al., 2002); (d) CS 31082-001, (Siqueira Mello et al., 2013);
(e) HD 221170, (Ivans et al., 2006); (f) HD 1523+0157,
(Frebel et al., 2007); (g) CS 29491-069, (Hayek et al., 2009);
(h) HD 1219-0312, (Hayek et al., 2009); (i) CS 22953-003,
(François et al., 2007); (j) HD 2252-4225, (Mashonkina et al.,
2014); (k) LAMOST J110901.22+075441.8, (Li et al., 2015);
(l) RAVE J203843.2-002333, (Placco et al., 2017); (m) 2MASS
J09544277+5246414, (Holmbeck et al., 2018). Bottom panel:
mean abundance di↵erences for the 13 stars with respect to
the solar system r-process values.

However, the growing literature on abundance analyses
of VMP stars has added to our knowledge of the aver-
age r-process pattern, and has served to highlight depar-
tures from that pattern. Additions to the observational
results since the review of Sneden et al. (2008) include
Roederer et al. (2010b, 2014a); Li et al. (2015); Roed-
erer et al. (2016); Roederer (2017); Aoki et al. (2017);

Understand / reproduce 
r-process observables

r-process post-processing

Experimental/theoretical  
properties of nuclei

Nuclear reaction/ decay rates,

Fission properties, etc.

Abundance evolution 
Nuclear heating
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tain light r-process elements with a negligible mass frac-
tion of lanthanides/actinides Xlan . 10�4 (Kasen et al.,
2017). The mass fraction of lanthanides/actinides neces-
sary to account for the reddening of the spectra has been
inferred to be Xlan ⇠ 10�3–10�2 (Kasen et al., 2017;
Tanaka et al., 2017; Waxman et al., 2018) and hence con-
tains both light and heavy r-process material assuming
solar proportions. The purple component corresponds
to ejecta with a small, but non-negligible, lanthanide
fraction. The early blue emission has been interpreted
to originate from the fastest ourter layers of the ejecta
originating from material ejected in the polar direction
and containing exclusively light r-process nuclei (Metzger
and Fernández, 2014; Nicholl et al., 2017b; Drout et al.,
2017) (see however, Waxman et al., 2018; Kawaguchi
et al., 2018, for alternative explanations). The later tran-
sition of the emission colors to the near infrared sug-
gest ejecta containing high r-process elements originat-
ing from the post-merger accretion disk ejecta given their
smaller velocities and larger masses (Siegel and Metzger,
2017; Siegel and Metzger, 2018; Kasen et al., 2017; Perego
et al., 2017a; Fernández et al., 2019; Siegel, 2019) (see
section VI.B). The total amount of ejecta has been es-
timated to be Mej ⇡ 0.03–0.08 M� (Kasen et al., 2017;
Kasliwal et al., 2017; Cowperthwaite et al., 2017; Perego
et al., 2017a; Villar et al., 2017; Waxman et al., 2018;
Kawaguchi et al., 2018). This milestone observation pro-
vided the first direct indication that r-process elements
are produced in neutron-star mergers including estimates
of the amount of ejecta, composition and morphology.
Additional information about kilonova modeling and the
connection of these observations with models of compact
binary mergers can be found in section VII.

III. BASIC WORKING OF THE R-PROCESS AND
NECESSARY ENVIRONMENT CONDITIONS

A. Modeling Composition Changes in Astrophysical
Plasmas

Before discussing the working of the r-process in detail,
a short introduction into the methods should be given,
how the build-up of elements in astrophysical plasmas
can be described and determined. The mechanism to
model composition changes is based on nuclear reactions,
occurring in environments with a given temperature and
density. Integrating the reaction cross section �(E) over
the energy distribution of reacting partners at a given T ,
abbreviated as h�vi(T ), determines the probability for
reactions to happen. For most conditions in stellar evo-
lution and explosions a Maxwell-Boltzmann distribution
is attained (e.g. Clayton, 1968; Rolfs and Rodney, 1988;
Iliadis, 2007; Lippuner and Roberts, 2017). Nuclear de-
cays can be expressed via the decay constant �, related
to the half-life of a nucleus t1/2 via � = ln 2/t1/2. Interac-

tions with photons (photodisintegrations) are described
by the integration of the relevant cross section over the
energies of the photon Planck distribution for the local
temperature. This results in an e↵ective (temperature-
dependent) “decay constant” �(T ). Reactions with elec-
trons (electron captures on nuclei) (e.g. Fuller et al.,
1980; Langanke and Mart́ınez-Pinedo, 2001; Langanke
and Mart́ınez-Pinedo, 2003; Juodagalvis et al., 2010) or
neutrinos (e.g. Langanke and Kolbe, 2001, 2002; Kolbe
et al., 2003) can be treated in a similar way, also re-
sulting in e↵ective decay constants �, which can depend
on temperature T and density ⇢ (determining for elec-
trons whether degenerate or non-degenerate Fermi dis-
tributions are in place). The �’s for neutrinos require
their energy distributions (Tamborra et al., 2012) from
detailed radiation transport, not necessarily reflecting
the local conditions (see e.g. Liebendörfer et al., 2005,
2009; Richers et al., 2017; Janka, 2017b; Burrows et al.,
2018; Pan et al., 2019).

All these reactions contribute to changes of the abun-
dances Yi, related to number densities ni = ⇢Yi/mu and
mass fractions of the corresponding nuclei via Xi = AiYi,
where Ai is the mass number of nucleus i,

P
i Xi = 1, ⇢

denotes the density of the medium, and mu the atomic
mass unit. The reaction network equations for the time
derivatives of the abundances Yi include three types of
terms (e.g., Hix and Thielemann, 1999)

dYi

dt
=

X

j

P i
j �jYj +

X

j,k

P i
j,k

⇢

mu
hj, kiYjYk (1)

+
X

j,k,l

P i
j,k,l

⇢2

m2
u

hj, k, liYjYkYl.,

summing over all reaction partners related to the dif-
ferent summation indices. The P’s include an integer
(positive or negative) factor N i (appearing with one,
two or three lower indices for one-body, two-body, or
three-body reactions), describing whether (and how of-
ten) nucleus i is created or destroyed in this reaction.
Additional correction factors 1/m! are applied for two-
body and three-body reactions in case two or even three
identical partners are involved. This leads to P i

j = N i
j ,

P i
j,k = N i

j,k/m(i, j)!, or P i
j,k,l = N i

j,k,l/m(i, j, k)!. m(i, j)
is equal to 1 for i 6= j and 2 for i = j, m(i, j, k) can have
the values 1 (for non-identical reaction partners), 2 for
two identical partners, and 3 for the identical partners.
Thus, this (additional) correction factor is 1 for non-
identical reaction partners, 1/2=1/2! for two identical
partners or even 1/6=1/3! for three identical partners.
The �’s stand for decay rates (including decays, photodis-
integrations, electron captures and neutrino-induced re-
actions), hj, ki for h�vi of reactions between nuclei j and
k. Although in astrophysical environments true three-
body reactions are negligible, a sequence of two two-body
reactions — with an intermediate extremely short-lived
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Nuclear mass model
Uncertainty in 
phenomenological/microscopic 
description of ground state

Reaction/decay rates

Mass uncertainty propagated to

• Neutron capture 

• Photodissociation

• β-decay

• β-delayed neutron emission 

• Fission rates & products

Systematic uncertainty in 
the descriptions of reaction/decay

Nuclear reaction network calc.

Uncertainty in

• Treatment of heating

• Assumptions in astrophysical trajectory 

• Unaccounted for reactions (e.g. neutrinos)

Propagation of nuclear physics uncertainty 
in nuclear reaction network calculations

Underlying nuclear physics models / assumptions are not necessarily consistent.



• β-decays transfer material from Z to Z+1 

- Dictate the abundance pattern  
during  

‣ β-flow equilibrium: 

(n, γ) ↔ (γ, n)

5

Role of β-decay in the r-process

Adopted from C. Illiadis, “Nuclear Physics of Stars”, Wiley

5.6 Nucleosynthesis Beyond the Iron Peak 525
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A – 2

Z + 1

Z

Z – 1

β

β

β

A – 1 A + 1 A + 2 A + 3A

Even N

Toward
valley of
stability

Magic N

Toward
neutron
dripline

y

x

(a)

(b)

(c)

Figure 5.75 Basic building blocks of the
r-process path. Part (a) shows an isotopic
chain in (n,𝛾)↔(𝛾 ,n) equilibrium (waiting
point approximation). For reasons of clarity,
it is assumed that most of the abundance
resides in a single isotope (shaded square).
Part (b) shows how β−-decays of the wait-
ing point nuclides transfer matter from one

isotopic chain to the next. The steady flow
approximation assumes that the abundance
of each element Z is inversely proportional
to the total β-decay constant of the chain.
Part (c) shows the special case when the r-
process path encounters a neutron magic
number.

where the symbols have the same meanings as in Section 5.3.4. In the above
numerical expression, the number densities and Q-values are in units of cm−3

and MeV, respectively, while the normalized partition functions and the spins of
the heavy nuclei are set equal to unity. Suppose first that all values of Qn𝛾 in a
given isotopic chain are the same. For a specific temperature and neutron density,
we can then solve Eq. (5.197) for the value of Qn𝛾 that gives rise to the same
abundances throughout the chain, N(Z,A + 1) ≈ N(Z,A). For example, with
T = 1.25 GK and Nn = 1022 cm−3, and again neglecting spins and normalized



• β-decays transfer material from Z to Z+1 

- Dictate the abundance pattern  
during  

- Compete with neutron capture during the neutron freeze-out

(n, γ) ↔ (γ, n)
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Role of β-decay in the r-process

2

2.5 × 10−3

ȲFlow(β−) = 3.4 × 10−3

ȲFlow ((n, γ)) = 8.2 × 10−4

8.8 × 10−4

5.1 × 10−4

4.4 × 10−4

2.5 × 10−4

3.3 × 10−4
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(b)
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G. Kiss, A. Vitéz-Sveiczer, YS, et al. (2022) APJ, 936:107
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Role of β-decay in the r-process

• β-decays transfer material from Z to Z+1 

- Dictate the abundance pattern  
during  

- Compete with neutron capture during the neutron freeze-out 

• In typical nucleosynthesis calculations,  
β-decay rates do not depend on the astrophysical condition (temperature and electron density) 

(n, γ) ↔ (γ, n)
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Role of β-decay in the r-process

• β-decays transfer material from Z to Z+1 

- Dictate the abundance pattern  
during  

- Compete with neutron capture during the neutron freeze-out 

• In typical nucleosynthesis calculations,  
β-decay rates do not depend on the astrophysical condition (temperature and electron density) 

• In less neutron-rich scenarios  (e.g. weak r-process), 
β-decay may determine how heavy the nucleosynthesis reaches

(n, γ) ↔ (γ, n)
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Role of β-decay in the r-process

• β-decays transfer material from Z to Z+1 

- Dictate the abundance pattern  
during  

- Compete with neutron capture during the neutron freeze-out 

• In typical nucleosynthesis calculations,  
β-decay rates do not depend on the astrophysical condition (temperature and electron density) 

• In less neutron-rich scenarios  (e.g. weak r-process), 
β-decay may determine how heavy the nucleosynthesis reaches 

• In neutron-rich conditions, β-decay affects the fission “flow” 

　　　　　　Flow of reaction P: 

(n, γ) ↔ (γ, n)

FP(t) ≡ ∑
all nuclei

λP(t)ρ(t)N−1 ∏
i=R1,…,RN

Y(Zi, Ai, t),



10

Global theoretical β-decay data for r-process

• Typically include Gamow-Teller + first forbidden 

• Moller et al.: FRDM2012 + QRPA rates 

• Marketin et al.: Spherical proton-neutron relativistic QRPA (pnRQRPA) 

• Ney et al.: Proton-neutron finite amplitude method (pnFAM) with a Skyrme functional 
with axial deformation 

‣ FAM avoids the construction of the huge QRPA matrix  
by solving the linear-response equation 

• NEW (Ravlić et al.): Axially deformed pnRQRPA based on the linear-response approach 

‣ For more details of the framework, please see Ante Ravlić’s talk on Friday
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Global theoretical β-decay data for r-process

Ravlić, YS, Nazarewicz (in preparation)

NEWNEW

Preliminary



• Parameterized trajectories  
(Panov & Janka, A&A 494, 829-844(2009)) 

• Consistent results for 
β-decay rates based on  
axially deformed DFT + QRPA  

• Effects are most significant in  
neutron-rich conditions 

• r-process much slower 
with axially deformed  
DFT + QRPA rates  

12

Effect of β-decay rates  
on r-process dynamics

Ravlić, YS, Nazarewicz (in preparation)

Preliminary
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Effect of β-decay rates  
on r-process dynamics

Ravlić, YS, Nazarewicz (in preparation)

Preliminary

• Parameterized trajectories  
(Panov & Janka, A&A 494, 829-844(2009)) 

• Consistent results for 
β-decay rates based on  
axially deformed DFT + QRPA  

• Effects are most significant in  
neutron-rich conditions 

• r-process much slower 
with axially deformed  
DFT + QRPA rates  
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Effect of β-decay rates  
on r-process dynamics

Ravlić, YS, Nazarewicz (in preparation)

Preliminary

• Parameterized trajectories  
(Panov & Janka, A&A 494, 829-844(2009)) 

• Consistent results for 
β-decay rates based on  
axially deformed DFT + QRPA  

• Effects are most significant in  
neutron-rich conditions 

• r-process much slower 
with axially deformed  
DFT + QRPA rates  



• NS merger disk outflow   
(Metzger & Fernández, MNRAS 441, 3444(2014)) 

Effect of β-decay rates  
on r-process dynamics

Siegel, Nature Reviews Physics 4, 306–318 (2022)
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Ravlić, YS, Nazarewicz (in preparation)

Preliminary



• Magnetorotational supernovae   
(Reichert et al., MNRAS 501, 5733 (2021)) 

Effect of β-decay rates  
on r-process dynamics

Siegel, Nature Reviews Physics 4, 306–318 (2022)
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Ravlić, YS, Nazarewicz (in preparation)

Preliminary



• New axially deformed relativistic calculations agree well with the non-relativistic calculation 

• Newer calculations point to reduced flows of neutron-induced fission 

• In less neutron-rich conditions e.g. MRSNe, production of the third r-process peak (A~196) 
is affected 

• Working towards more complete nuclear data based on axially deformed DFT 

• Future direction of global β-decay calculations:  
higher-order correlations, non-Skyrme functionals…?

17

Summary: Effect of β-decay on r-process dynamics
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Nuclear data for r-process and theoretical frameworks

140Sn GT strength function

Preliminary

SKO’ : pnFAM (code provided by the UNC group) 
DDPC-1 & -X : pnRQRPA by Ante Ravlić (FRIB)

β-delayed neutron emission 

• Recent calculations 

- FRDM + QRPA + Hauser-Feshbach (HF). 

- Spherical pnRQRPA + HF 

• Extension to FAM calculations 

➡ Obtain β-strength functions with FAM 

➡ Spin-dependent population of  
the daughter nucleus 

➡ Statistical de-excitation with 
Hauser-Feshbach calculations



β-delayed neutron emission probabilities (TALYS) 
β-delayed neutron emission 

• For the modelling of  
multiple neutron emissions  
and γ-n competition, 
HF calculations are necessary. 

• HF calculations require: 

‣ Sxn values (mass model) 

‣ γ-SF (E1, M1, …) 
Skyrme + FAM: 
Li, et al. Phys. Rev. C 110, 034317 (2024) 

‣ Level density, 

‣ Optical potential 

19Nuclear data for r-process and theoretical frameworks

Preliminary



Neutron capture 

• Hauser-Feshbach calculations 

‣ γ-SF, level density, optical potential 

Fission properties 

• PES and fission yield calculations  
with Skyrme-HFB 

• Global calculations are led by 
- Daniel Lay (FRIB/MSU, now at Argonne), 
- Eric Flynn (FRIB/MSU) 

• Combine with HF for  
n-induced / β-delayed fission 

20Nuclear data for r-process and theoretical frameworks
MULTIMODAL FISSION FROM SELF-CONSISTENT … PHYSICAL REVIEW C 109, 044306 (2024)

FIG. 2. Potential energy surfaces of 254,256,258,260Fm (in MeV) calculated using UNEDF1HFB (left column), SkM∗ (center column), and D1S
(right column) EDFs. The symmetric (dashed lines) and asymmetric (solid and dotted lines) least action paths are drawn from the ground state
(solid circle) to the fission isomer (asterisk) to the exit point (open square). The white contour denotes the outer turning line Veff = !E = 0.
Gray contours are marked at 1-MeV intervals for 0 < Veff < 5 MeV.

hybrid method developed in Refs. [35,36]. This approach
identifies prefragments using the nucleonic localization func-
tions (NLFs) at C. The remaining nucleons, the so-called
neck nucleons, are distributed between the two prefragments
according to a microcanonical probability distribution. For
details on the prefragment selection, see the SM [54] and
Ref. [61]. The combined fragment yields are computed by tak-
ing the weighted sum of the yields and their corresponding Pi.

III. MULTIMODAL FISSION IN TWO DIMENSIONS

In this section, we investigate fission in the two-
dimensional (2D) collective space (Q20, Q30). We first study
the benchmark chain of Fm isotopes, which is known to tran-
sition from asymmetric to symmetric fission with increasing
neutron number [24,62]. Next, we investigate selected super-
heavy nuclei, which are expected to show stronger model
dependence because of their reduced fission barriers.

A. Fermium isotopes

The even-even Fm isotopes with 154 ! N ! 160 are
known to undergo a transition from asymmetric fission

characteristic of lighter actinides to symmetric fission as N
increases towards N = 164. This transition is related to strong
shell effects in prefragments as they approach the doubly
magic nucleus 132Sn. The resulting bimodal fission in inter-
mediate isotopes has been investigated in numerous papers
[26–28,30,32,33,35,36,63–73]. We note that the PESs com-
puted in Ref. [35] used the triaxial solver HFODD [74] with the
constraint Q22 = 0, on a smaller (Q20, Q30) grid.

Figure 2 shows the PESs and LAPs calculated for
254,256,258,260Fm with different EDFs. In general, the topolo-
gies of PESs agree well between various EDFs. The fission
barriers obtained with SkM∗ and D1S are higher than
those obtained with UNEDF1HFB. Except for 260Fm with
UNEDF1HFB [Fig. 2(d)], all the PESs predict a FI at 100 <
Q20 < 160 b and Q30 = 0.

Since triaxiality is ignored in this study, in most cases,
one path along Q30 ≈ 0 connects the g.s. and the FI. The
reflection-symmetric path continues past the FI, and then
a bifurcation resulting in a coexistence of symmetric and
asymmetric pathways takes place. The asymmetric paths are
smooth at the bifurcation point. Some path segments are
straight due to the flatness of the PES. For 258Fm calculated

044306-3

D. Lay, E. Flynn, et al., Phys. Rev. C 109, 044306 (2024)  
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• Hot environment (T > 1 GK) has various effects on the properties of nuclei 
Systematic study: Ravlić et al. PRC, 104, 054318 (2021) and PRC 109, 014318 (2024) 

• β-decay: 

• May have an impact in the early stage of the r-process, when it is hot and near stability

Finite-temperature effect on β-decay rates

 [s]T1/2

 [GK]T

 [g/cm3]ρYe

FastSlow

HotCold

SparseDense

 When

Finite-temperature effect on β-decay half-lives  
calculated with FT-pnRQRPA (Ravlić et al.)

YS, Ravlić, Surman (in preparation)



22• Astrophysical conditions: 

✴ Magneto-rotational supernovae: Reichert et al. MNRAS 501, 5733 (2021) 

✴ HMNS disk outflow: Metzger & Fernández MNRAS 441, 3444 (2014) 

• -  - dependent β-decay rates for  isotopes T ρYe 20 ≤ Z ≤ 60

Effect in weak r-process conditions
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Effect in weak r-process conditions
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Effect in weak r-process conditions

• Faster β-decay rates enhance A~80 peak 

• Faster β-decay rates also enhance 
the consumption of free neutrons 

• Depending on the availability of free neutrons 
after A~80 peak reaches a maximum, 
production of heavier elements  
may be either enhanced or suppressed.

Abundance evolution in MRSN weak r
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Effect in weak r-process conditions

Abundance evolution in MRSN weak r
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Effect in weak r-process conditions

Final abundance for MRSN weak r Disk outflow weak r
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• Faster β-decay rates at the beginning increase the heating rate  

- Inclusion of nuclear reheating may further enhance the effect. 
Related talk: Wednesday, Session APR-R11, Pranav Nalamwar (Notre Dame)
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Effect on energy release

Energy release rate for MRSN weak r Disk outflow weak r
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• Finite-temperature β-decay rates of nuclei  included in the r-process 

• Increased β-decay rates in a hot environment (initial phase of the r-process) 
have implications for the r-process nucleosynthesis. 

• In addition to  and freeze-out phases, β-decay may play a role in the early phase.

20 ≤ Z ≤ 60

(n, γ) ↔ (γ, n)

28

Finite Temperature β-decay: Summary and outlook
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Summary and outlook
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• New axially deformed relativistic calculations consistent with non-relativistic calculations. 

• β-decay rates significantly affect the (neutron-induced) fission flows and formation of A~196 peak. 

‣ Effect on observables e.g. abundances in metal-poor stars, kilonovae (Kelsey’s talk) 

• Finite temperature β-decay may play a role in the early phase of the r-process. 

• Future direction: consistent and uncertainty-quantified nuclear data based on many-body theories
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Nuclear mass model
Uncertainty in 
phenomenological/microscopic 
description of ground state

Reaction/decay rates

Mass uncertainty propagated to

• Neutron capture 

• Photodissociation

• β-decay

• β-delayed neutron emission 

• Fission rates & products

Systematic uncertainty in 
the descriptions of reaction/decay

Nuclear reaction network calc.

Uncertainty in

• Treatment of heating

• Assumptions in astrophysical trajectory 

• Unaccounted for reactions (e.g. neutrinos)

Propagation of nuclear physics uncertainty 
in nuclear reaction network calculations

Underlying nuclear physics models / assumptions are not necessarily consistent.



31BRIKEN experimental data
 and  of  159–166Pm, 161–168Sm, 165–170Eu, and 167–172Gd  

measured with the BRIKEN detector system (28 isotopes, 9 new  and 28 new ) 
P1n T1/2

T1/2 P1n

7

Figure 4. (Color online) Experimental half-lives derived in the present work (black squares) and taken from the literature
(Wu et al. 2017) (red circles). Lines show the theoretical values from three models (Möller et al. 2019; Marketin et al. 2016;
Ney et al. 2020).

Table 1. Half-lives and �-delayed neutron emission probabilities (P1n) measured in the present work. The half-lives tagged
with an asterisk (*) may include both ground-state and isomeric state decays (for details see text).

Isotope T1/2 P1n Isotope T1/2 P1n Isotope T1/2 P1n Isotope T1/2 P1n

[ms] [%] [ms] [%] [ms] [%] [ms] [%]

159Pm 1648+43
�42  0.6 166Pm 228+131

�112  52 167Sm 334+83
�78  16 170Eu 197+74

�71  24
160Pm⇤ 874+16

�12  0.1 161Sm 4349+425
�441  2.7 168Sm 353+210

�164  21 167Gd 2269+1817
�988  12

161Pm 724+20
�12 1.09+0.11

�0.11
162Sm 3369+200

�303  1.0 165Eu⇤ 2163+139
�120  0.4 168Gd 2947+467

�387  0.8
162Pm 467+38

�18 1.79+0.19
�0.19

163Sm 1744+180
�204  0.1 166Eu 1277+100

�145 0.63+0.17
�0.17

169Gd⇤ 926+95
�102  0.7

163Pm⇤ 362+42
�30 5.00+0.73

�0.74
164Sm 1422+54

�59  0.7 167Eu 852+76
�54 1.95+0.38

�0.38
170Gd 675+94

�75  3
164Pm 280+38

�33 6.18+1.80
�1.79

165Sm 592+51
�55 1.36+0.40

�0.40
168Eu 440+48

�47 3.95+0.83
�0.83

171Gd 392+145
�136  10

165Pm 297+111
�101 13.26+6.23

�6.15
166Sm 396+56

�63 4.38+1.25
�1.38

169Eu 389+92
�88 14.62+5.82

�5.09
172Gd 163+113

�99  50

8

Figure 5. (Color online) Experimental P1n values derived in this work. Lines show the theoretical values from three models
(Möller et al. 2019; Marketin et al. 2016; Minato et al. 2021).

4. ASTROPHYSICAL IMPLICATION OF THE EXPERIMENTAL RESULTS191

Several authors have proposed that during the r-process freeze-out the competition between ��-decays and neutron192

captures shape the REP while the material decays back to stability (Surman et al. 1997; Surman & Engel 2001; Arcones193

& Mart́ınez-Pinedo 2011; Mumpower et al. 2012). Neutron emission following ��-decays of neutron-rich nuclei may194

also have a significant impact on the abundance pattern by providing additional neutrons to the environment and195

changing the mass number of the nuclide. Therefore, it is important to understand the relationship between the196

r-process abundance pattern and nuclear observables, such as �-decay half-lives (T1/2) and �-delayed neutron emission197

probabilities (Pn values).198

4.1. Method199

With respect to the current experimental values and their uncertainties, we perform an uncertainty quantification200

and a variance-based sensitivity analysis (Saltelli et al. 2010) of the calculated r-process abundance pattern. As201

discussed in detail below, by treating the physical quantities of interest, namely T1/2 and P1n, as variable inputs of202

nuclear reaction network calculation, we can assess their influence on the calculated abundance patterns.203

4.1.1. Uncertainty quantification204

Uncertainty quantification reveals how the uncertainties of the nuclear observables collectively translate to the205

uncertainty of the calculated abundance pattern. This has been performed in various previous studies (Mumpower206

T1/2 P1n

New experimental data from BRIKEN

G. Kiss, A. Vitéz-Sveiczer, YS, et al. (2022) APJ, 936:107
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Snapshot of nucleosynthesis in NS merger

BRIKEN experimental data
 and  of  159–166Pm, 161–168Sm, 165–170Eu, and 167–172Gd  

measured with the BRIKEN detector system (28 isotopes, 9 new  and 28 new ) 
P1n T1/2

T1/2 P1n

G. Kiss, A. Vitéz-Sveiczer, YS, et al. (2022) APJ, 936:107



33Variance-based sensitivity analysis

Exp. uncertainty of 
 and T1/2 P1n V(Y)

Monte Carlo sampling  
and abundance calculations

e.g. A=168
NS merger Hot wind

 
60.9 %
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24.3 %

T1/2(168Gd)
T1/2(167Gd)
P1n(169Eu)

 
96.1 %

T1/2(168Sm)

All other  
 and T1/2 P1n

Variance decomposition

V(Y)

T1/2(168Sm) = 353+210
−164 [ms] G. Kiss, A. Vitéz-Sveiczer, YS, et al. (2022) APJ, 936:107
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G. Kiss, A. Vitéz-Sveiczer, YS, et al. (2022) APJ, 936:107
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