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SYNTHESIS OF ELEMENTS IN STARS

TAsr z I,1.Table of elements and isotopes /compiled from Chart of
the Xgcjides (Knolls Atomic Power Laboratory, April, 1956)).

Elements Isotopes
tO

Stable
Radioactive:
Natural (Z&83)

(Zi83)

81 Stable
Radioactive:

1' Natural (A &206)
9b (A &206)

iid
44

Natural:
Stable and Radioactive 91

Radioactive:
Arti6cial (Z&83}

(Zg83) 1

Natural:
Stable and Radioactive 327

Radioactive:
ial (A &206)

(A &206)
702
169

1198
1

1199

ic Artlflc
0

102 Total
1 ¹utron

103

Total
Neutron

R Tc, observed in 8-type stars.
b Including At and Fr produced in weak side links of natural radioactivity
e Pm, not observed in nature.
d Including Hg, C~4, and Tc».

II

8

5

Kl

UJ

I-

K

x~ 2l-

C3
C)

-2-

~r-DECAY

s- YCLE

nuclear material into any other even at low energies
of interaction.
With this relatively simple picture of the structure

and interactions of the nuclei of the elements in mind,
it is natural to attempt to explain their origin by a
synthesis or buildup starting with one or the other or
both of the fundamental building blocks. The following
question can be asked: What has been the history of
the matter, on which we can make observations, which
produced the elements and isotopes of that matter in
the abundance distribution which observation yields?
This history is hidden in the abundance distribution of
the elements. To attempt to understand the sequence
of events leading to the formation of the elements it is
necessary to study the so-called universal or cosmic
abundance curve.
Whether or not this abundance curve is universal is

not the point here under discussion, It is the distribu-
tion for the matter on which we have been able to make
observations. We can ask for the history of that par-
ticular matter. We can also seek the history of the
peculiar and abnormal abundances, observed in some
stars. We can finally approach the problem of the uni-
versal or cosmic abundances. To avoid any implication
that the abundance curve is universal, when such an
implication is irrelevant, we commonly refer to the
number distribution of the atomic species as a function
of atomic weight simply as the atomic abundance dis-
tribution. In graphical form, we call it the atomic
abundance curve.
The 6rst attempt to construct such an abundance

curve was made by Goldschmidt (Go37).f An improved
curve was given by Brown (Br49) and more recently
Suess and Urey (Su56) have used the latest available
data to give the most comprehensive curve so far avail-
able. These curves are derived mainly from terrestrial,
meteoritic, and solar data, and in some cases from other
astronomical sources. Abundance determinations for
f Refer to Bibliography at end of paper.

50
t l

l00 l50
ATOMIC WEIGHT

200

FIG. I,i. Schematic curve of atomic abundances as a function
of atomic weight based on the data of Suess and Urey (Su56).
Suess and Urey have employed relative isotopic abundances to
determine the slope and general trend of the curve. There is still
considerable spread of the individual abundances about the curve
illustrated, but the general features shove are now fairly well
established. These features are outlined in TaMe I,2. Note the
overabundances relative to their neighbors of the alpha-particle
nuclei A = 16, 20, ~ ~ 40, the peak at the iron group nuclei, and the
twin peaks at A =80 and 90, at 130 and 138, and at 194 and 208.

the sun were first derived by Russell (Ru29) and the
most recent work is due to Goldberg, Aller, and Muller
(6057). Acc111'a'te relative lsotoplc Rbu11daIlces al'e
available from mass spectroscopic data, and powerful
use was made of these by Suess and Urey in compiling
their abundance table. This table, together with some
solar values given by Goldberg et ul. , forms the basic
data for this paper.
It seems probable that the elements all evolved from

hydrogen, since the proton is stable while the neutron
is not. Moreover, hydrogen is the most abundant
element, and helium, which is the immediate product of
hydrogen burning by the pp chain and the CN cycle,
is the next most abundant element. The packing-frac-
tion curve shows that the greatest stability is reached
at iron and nickel. However, it seems probable that iron
and nickel comprise less than 1% of the total mass of
the galaxy. It is clear that although nuclei are tending
to evolve to the con6gurations of greatest stability,
they are still a long way from reaching this situation.
It has been generally stated that the atomic abun-

dance curve has an exponential decline to A j.00 and
is approximately constant thereafter. Although this is
very roughly true it ignores many details which are
important clues to our understanding of element syn-
thesis. These details a,re shown schematically in Fig. I,j.

Burbidge, Burbidge, Fowler, and Hoyle (B2FH) (1957) 

Solar heavy elements 
= r-process  (rapid  neutron capture) 
+ s-process (slow neutron capture) + ?

The solar composition can be decomposed into many processes
multiple nucleosynthesis sites enriched the solar system 



So many messengers

Meteorites

Our Sun
Stars in the Milky Way 
disk and halo

Stars in galaxies near 
the Milky Way

Deep-sea ocean crusts

Drilling Project (DSDP) at location 17!300 N, 113!000 W at
3,763m water depth and covers a time period of B0.5–2.1 My BP
(W. Smith, Scripps Geological Collections, USA, personal
communication). The crust sample, covering a total area of
227.5 cm2 and a time range of 25 My, was split into four layers (1–
4) representing different time periods in the past (see Table 1).
Each layer was subdivided into three vertical sections (B, C
and D) with areas between 70 and 85 cm2, totalling 12 individually
processed samples. The surface layer (layer 1, with a time range
from present to 500,000 years BP) contains also the anthropogenic
Pu signal originating from global fallout of atmospheric weapons
testing38,39. Next, layer 2 spans a time period from 0.5–5 My BP,
layer 3 5–12 My and layer 4 12–25 My (ref. 30). We note, the age
for samples older than 14 My, where no 10Be dating is
possible29,37, is more difficult to establish; different age models
suggest a time period of 12 toB18–20 My (ref. 44), another model
up to B30 My (ref. 45) for layer 4). Finally, sample X, the bottom
layer of hydrothermal origin (Fig. 1) served as background sample.

For archives accumulating millions of years, the expected 244Pu
abundance range (see discussion) is well within reach of accelerator
mass spectrometry (AMS), an ultra-sensitive method46–48 of ion
identification and detection. Based on the ingestion efficiency of Pu
into deep-sea manganese crusts (21%) and on the AMS 244Pu-
detection efficiency (1! 10" 4, see Methods), we calculate a
measurement sensitivity expressed as a 244Pu flux onto Earth of the
order of 0.1 to 1 atom per cm2 per My 244Pu from ISM deposition.
Thus, for the crust with a 25 My accumulation period and with
200 cm2 surface area B500–4,000 244Pu-detection events are
expected, and about a factor 100 less for the sediment sample (1.64
My time period and 4.9 cm2 surface area).

AMS experimental data of 244Pu abundances in Earth archives.
We have developed the capability to detect trace amounts of
244Pu in terrestrial archives by AMS46 and our technique provides
background-free 244Pu detection with an overall efficiency (atoms
detected/atoms in the sample) of B1! 10" 4 (see Methods and
Supplementary Tables 1–4). The AMS measurements determine
the atom ratio 244Pu/APu where APu (A¼ 236 or 242) is a spike
of known amount (added during the chemical processing of the

sample) from which the number of 244Pu nuclei in the sample is
obtained (see Methods). In addition to 244Pu counting, we also
measured the shorter lived 239Pu (t1/2¼ 24.1 ky) content as an
indicator of anthropogenic Pu signature.

The results for the four crust layers and the blank sample,
obtained from the AMS measurements on 11 individual crust
samples, are listed in Tables 1 and 3 (see also Supplementary
Tables 1 and 2; identification spectra are plotted in Fig. 2). We
observed one single event in each of the two crust subsamples,
namely layer 3, section B (B3), and layer 4, section D (D4). No
244Pu was registered in the other seven crust subsamples or the
blank sample (X). A clear anthropogenic 239Pu and 244Pu signal,
originating from atmospheric atomic-bomb tests from B1950 to
1963, was observed in the top layer (16 events of 244Pu detected).

Table 1 | 244Pu detector events and corresponding ISM flux compared with galactic chemical models assuming steady state.

Deep-sea
archive

Time
period
(My)

Sample
area
(cm2)

Sample
mass
(g)

Integral sensitivity
(eff.! area! time period)

(cm2 My)

244Pu
detector
events

(2r limit)*

244Pu flux into terrestrial
archive (atoms per cm2 per

My)

244Pu flux ISM at Earth
orbit (atoms per cm2 per

My)w

Crust_modern 0–0.5 227.2 80 0.006 16 — —
Layer X Blank B100 364 — 0 — —

Layer 2 0.5–5 227.2 473 0.016 0 (o3) o188 o3,500

Layer 3 5–12 227.2 822 0.075 1 (o5) 13þ53
" 12 (o66) 247þ 1,000

" 235

Layer 4 12–25 142.2 614 0.060 1 (o5) 17þ66
" 16 (o83) 320þ 1,250

"300

Crust 0.5–25 182 1,909 0.151 2 (o6.7) 13þ 31
" 11 (o44) 250þ 590

" 205

Sediment 0.53–2.17 4.9 101 0.0013 1 (o5) 750þ 3,000
" 710 3,000þ 12,000

" 2,850

Model and satellite dataz Steady-state model and ISM flux data at 1AU from satellite Cassini 20,000–160,000

eff., efficiency; ISM, interstellar medium.
The FeMn crust sample was split into four layers 1–4 (see Methods). The top layer (1mm, ‘crust modern’) was removed for measuring the anthropogenic Pu content. In total two 244Pu detector events
were registered using AMS in all older crust samples over a 72 h counting time (column 6). We calculate from our data an extraterrestrial 244Pu flux and a 2s limit fromo6.7 extraterrestrial 244Pu
events49. The sediment sample also gave one 244Pu detector event and none were registered in any of the blank samples. The term ‘integral sensitivity’ represents a quantity that combines the overall
measurement eff., the flux integration area and the time period covered by the individual samples.
*Because of the low 244Pu event rate, we also display 2s upper levels (95% confidence levels) applying low-level statistics49.
wUsing an incorporation efficiency e¼ (21±5)% for the crust and 100% for the sediment sample (Methods). The mean area for the crust sample is 182 cm2 (accounting for the different time periods)
and 4.9 cm2 for the sediment sample. For calculating the ISM flux at Earth orbit, the measured 244Pu flux into the terrestrial archives was corrected for the incorporation efficiency and was multiplied by a
factor of 4 to account for the ratio of Earth’s surface to its cross-section (that is, assuming a unidirectional and homogeneous ISM flux relative to the Solar System).
zthe steady-state 244Pu flux is based on the actinide (U and Th) abundances measured in meteorites, and on present-day Pu/U and Pu/Th ISM concentrations deduced from galactic chemical evolution
models. The Pu flux at 1 AU (Earth orbit) is corrected for the filtration of interstellar dust particles when entering the heliosphere of our Solar System (3–9%, see Methods).
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Figure 1 | Crust sample 237KD. This FeMn crust (with a total thickness of
25 cm) was sampled in 1976 from the Pacific Ocean at 4,830m water
depth: large samples used in this work were taken from one part of the crust
(hydrogenous crust, layers 1–4, left in the figure)) and from the bottom
(hydrothermal origin, layer X, crust started to grow B65 My ago43, see
also refs 44,45).
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Multi-messenger single events

GW170817: 
Binary neutron star merger

UV (NASA Swi< satellite)
IR (Gemini South telescope)
Radio (Very Large Array)
g-ray, X-ray, and opJcal 
also observed
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and the GROWTH collab.
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Very neutron-
rich cold, 1dal 
ejecta

Hot, shocked 
ejecta 

r-process sites in compact object mergers

Accretion disk winds
(mass ejection mechanism and 
neutron richness varies) 

Owen&Blondin 05

Dynamical ejecta



The r process in very neutron-rich conditions

Movie by 
N. Vassh

Lanthanides Actinides 



Primordial black hole + 
neutron star

Fuller+17

Credit: APS/Alan Stonebraker, via Physics

Siegel+18; see also 
McLaughlin&Surman 05, 
Miller+19

Some candidate sites for r-process element production

Collapsar disk 
winds

Winteler+12; see also Mosta+17

Magneto-rotationally 
driven (MHD) supernovae



Which astrophysical sites 
produced the heavy isotopes 

in our solar system? 

Neutron star 
mergers

Palm+14

MHD SNe



Solar abundances and 
nuclear structure

ANRV352-AA46-08 ARI 15 July 2008 11:46

2003; see also the recent r-process review by Arnould, Goriely & Takahashi 2008). Regrettably,
none of these models has been entirely successful in synthesizing the total abundance distribution
of r-process nuclei seen in nature. Thus, though much work has been done to understand how
the r-process operates, its astrophysical sites have still not been confirmed (but see Section 6.2 for
further discussion of this issue).

3. SOLAR-SYSTEM ABUNDANCES
The Solar-system abundance distribution has been investigated repeatedly for more than a century.
The first comprehensive evaluation was done by Suess & Urey (1956; see their paper for reviews
of earlier studies). Figure 3 compares the early work of Cameron (1959) to the recent compila-
tion of Lodders (2003). It illustrates isotopic number-density abundances on the meteoritic scale
(NSi = 106) as a function of mass number. Additional Solar-system compilations include those of
Anders & Grevesse (1989), Grevesse & Sauval (1998), and Grevesse, Asplund & Sauval (2007).
The Cameron and Lodders Solar-system abundances agree qualitatively very well, as do the other
studies. The broad outlines of Solar-system abundances have been understood for decades.

Breakdowns of Solar-system isotopic abundances into s-, r-, and p-process components have
been done by a number of researchers, beginning with the pioneering study of Cameron (1973).
Such analyses usually involve first determining the s-process contributions. As discussed in Section
2, the classical approach is to fit the σNs for nuclei lying along the s-process path for nuclides far
from neutron-magic nuclei to the Solar-system abundances of s-only nuclei, and then the s-process
contributions to other nuclei are determined by subtraction of this curve from the total Solar-
system abundances. In this manner, and having first experimentally obtained σ , the s-process
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Figure 3
The total Solar-system abundances by mass number based upon the Si = 106 (meteoritic) scale.
Comparison is made between the early work of Cameron (1959) ( filled red circles) and the more recent
compilation by Lodders (2003) (solid blue line).
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neutron lies very close in energy to the continuum, and the
two most energetic shells are not well separated.

The idea that magic numbers are actually not immutable
occurred only during the past 10 years, as experimenters
began to probe exotic nuclei. For example, the nucleus beryl-
lium-12 would be expected to exhibit the properties of a nu-
cleus with magic number N = 8, but as illustrated in figure
2, the expected large separation in shell energies was not ex-
perimentally verified. Similarly, the magic character of neu-
tron number N = 20 appears to have vanished in the exotic
nucleus magnesium-32. It had been widely speculated that
doubly magic oxygen-28 would be particularly stable, as is
doubly magic 16O. Experiments, however, showed that 28O is
not even bound. On the other hand, strong indications point
to large shell gaps suggestive of magic numbers in other nu-
clei far from stability: The figure identifies four of those.
Three exotic doubly magic nuclei—neutron-deficient tin-100
and neutron-rich nickel-78 and tin-132—are showing sur-
prises as well. For example, the measured half-life of 78Ni is
1/3 to 1/4 as much as theorists predict.4 Unstable nuclei near
magic numbers may also decay in particularly interesting
ways. Researchers have long understood that nuclei along
the proton drip line decay by proton emission, and experi-

mental evidence now indicates a new and exotic two-proton
decay mode5 in doubly-magic 48Ni or the recently discovered6

three-proton decay mode in iron-45.
Experimental observations thus suggest that away from

the valley of stability, some aspects of nuclear interactions are
amplified in exotic systems and significantly alter nuclear
properties. Although the properties of nuclei far from stabil-
ity may seem a bit esoteric, getting a handle on them could
have a profound impact on scientists’ understanding of ele-
ment production in the universe. After all, a number of im-
portant nucleosynthesis processes, especially those produc-
ing nuclei heavier than carbon and oxygen, occur in nuclei
that are very neutron rich or very neutron poor. 

Nature does not have the luxury of dealing only with sta-
ble nuclei. An understanding of how the elements were and
are made depends on an ability to calculate the reaction rates
for their production. Those rates, in turn, depend critically on
the shell structure of exotic nuclei.

Nuclei far from stability are much more readily influ-
enced by the presence of continuum, resonance, and scatter-
ing states than are their stable cousins. The influence is espe-
cially pronounced at the neutron drip line. Consider, for
example, helium-6 and lithium-11, for which two neutrons
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Figure 2. New magic numbers
are emerging through accurate
measurements of nuclear masses.
This enlarged view of the low-
mass region of the nuclear land-
scape indicates several nuclei
with unexpected energy gaps be-
tween nuclear shells.
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Proton drip line Figure 1. The nuclear landscape
depicted here is a chart of nuclides
in a plane arranged by neutron
and proton number. The black
squares represent stable nuclei; the
orange region, measured nuclei;
and the green region, nuclei that
are stable according to calculation
but otherwise have not been ex-
plored. Red lines indicate magic
numbers. The rapid neutron-
capture (r-process) path, which
describes an important stellar
nucleosynthesis chain, lies almost
entirely in unexplored territory. 
The insets show nuclear potentials
for protons (red) and neutrons
(blue) in a stable nucleus (top) 
and a neutron-rich weakly bound
nucleus (bottom) whose binding 
or separation energy Es is rather
small. The energy separating major
nuclear shells is denoted by ∆S.
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neutron lies very close in energy to the continuum, and the
two most energetic shells are not well separated.

The idea that magic numbers are actually not immutable
occurred only during the past 10 years, as experimenters
began to probe exotic nuclei. For example, the nucleus beryl-
lium-12 would be expected to exhibit the properties of a nu-
cleus with magic number N = 8, but as illustrated in figure
2, the expected large separation in shell energies was not ex-
perimentally verified. Similarly, the magic character of neu-
tron number N = 20 appears to have vanished in the exotic
nucleus magnesium-32. It had been widely speculated that
doubly magic oxygen-28 would be particularly stable, as is
doubly magic 16O. Experiments, however, showed that 28O is
not even bound. On the other hand, strong indications point
to large shell gaps suggestive of magic numbers in other nu-
clei far from stability: The figure identifies four of those.
Three exotic doubly magic nuclei—neutron-deficient tin-100
and neutron-rich nickel-78 and tin-132—are showing sur-
prises as well. For example, the measured half-life of 78Ni is
1/3 to 1/4 as much as theorists predict.4 Unstable nuclei near
magic numbers may also decay in particularly interesting
ways. Researchers have long understood that nuclei along
the proton drip line decay by proton emission, and experi-

mental evidence now indicates a new and exotic two-proton
decay mode5 in doubly-magic 48Ni or the recently discovered6

three-proton decay mode in iron-45.
Experimental observations thus suggest that away from

the valley of stability, some aspects of nuclear interactions are
amplified in exotic systems and significantly alter nuclear
properties. Although the properties of nuclei far from stabil-
ity may seem a bit esoteric, getting a handle on them could
have a profound impact on scientists’ understanding of ele-
ment production in the universe. After all, a number of im-
portant nucleosynthesis processes, especially those produc-
ing nuclei heavier than carbon and oxygen, occur in nuclei
that are very neutron rich or very neutron poor. 

Nature does not have the luxury of dealing only with sta-
ble nuclei. An understanding of how the elements were and
are made depends on an ability to calculate the reaction rates
for their production. Those rates, in turn, depend critically on
the shell structure of exotic nuclei.

Nuclei far from stability are much more readily influ-
enced by the presence of continuum, resonance, and scatter-
ing states than are their stable cousins. The influence is espe-
cially pronounced at the neutron drip line. Consider, for
example, helium-6 and lithium-11, for which two neutrons
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neutron lies very close in energy to the continuum, and the
two most energetic shells are not well separated.

The idea that magic numbers are actually not immutable
occurred only during the past 10 years, as experimenters
began to probe exotic nuclei. For example, the nucleus beryl-
lium-12 would be expected to exhibit the properties of a nu-
cleus with magic number N = 8, but as illustrated in figure
2, the expected large separation in shell energies was not ex-
perimentally verified. Similarly, the magic character of neu-
tron number N = 20 appears to have vanished in the exotic
nucleus magnesium-32. It had been widely speculated that
doubly magic oxygen-28 would be particularly stable, as is
doubly magic 16O. Experiments, however, showed that 28O is
not even bound. On the other hand, strong indications point
to large shell gaps suggestive of magic numbers in other nu-
clei far from stability: The figure identifies four of those.
Three exotic doubly magic nuclei—neutron-deficient tin-100
and neutron-rich nickel-78 and tin-132—are showing sur-
prises as well. For example, the measured half-life of 78Ni is
1/3 to 1/4 as much as theorists predict.4 Unstable nuclei near
magic numbers may also decay in particularly interesting
ways. Researchers have long understood that nuclei along
the proton drip line decay by proton emission, and experi-

mental evidence now indicates a new and exotic two-proton
decay mode5 in doubly-magic 48Ni or the recently discovered6

three-proton decay mode in iron-45.
Experimental observations thus suggest that away from

the valley of stability, some aspects of nuclear interactions are
amplified in exotic systems and significantly alter nuclear
properties. Although the properties of nuclei far from stabil-
ity may seem a bit esoteric, getting a handle on them could
have a profound impact on scientists’ understanding of ele-
ment production in the universe. After all, a number of im-
portant nucleosynthesis processes, especially those produc-
ing nuclei heavier than carbon and oxygen, occur in nuclei
that are very neutron rich or very neutron poor. 

Nature does not have the luxury of dealing only with sta-
ble nuclei. An understanding of how the elements were and
are made depends on an ability to calculate the reaction rates
for their production. Those rates, in turn, depend critically on
the shell structure of exotic nuclei.

Nuclei far from stability are much more readily influ-
enced by the presence of continuum, resonance, and scatter-
ing states than are their stable cousins. The influence is espe-
cially pronounced at the neutron drip line. Consider, for
example, helium-6 and lithium-11, for which two neutrons

N
u

m
b

er
o

f
p

ro
to

n
s

Number of neutrons

Shell gap larger than expected

Shell gap smaller than expected

28

28

20

20

8

8

2

2
12Be

28O 32Mg

Figure 2. New magic numbers
are emerging through accurate
measurements of nuclear masses.
This enlarged view of the low-
mass region of the nuclear land-
scape indicates several nuclei
with unexpected energy gaps be-
tween nuclear shells.
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neutron lies very close in energy to the continuum, and the
two most energetic shells are not well separated.

The idea that magic numbers are actually not immutable
occurred only during the past 10 years, as experimenters
began to probe exotic nuclei. For example, the nucleus beryl-
lium-12 would be expected to exhibit the properties of a nu-
cleus with magic number N = 8, but as illustrated in figure
2, the expected large separation in shell energies was not ex-
perimentally verified. Similarly, the magic character of neu-
tron number N = 20 appears to have vanished in the exotic
nucleus magnesium-32. It had been widely speculated that
doubly magic oxygen-28 would be particularly stable, as is
doubly magic 16O. Experiments, however, showed that 28O is
not even bound. On the other hand, strong indications point
to large shell gaps suggestive of magic numbers in other nu-
clei far from stability: The figure identifies four of those.
Three exotic doubly magic nuclei—neutron-deficient tin-100
and neutron-rich nickel-78 and tin-132—are showing sur-
prises as well. For example, the measured half-life of 78Ni is
1/3 to 1/4 as much as theorists predict.4 Unstable nuclei near
magic numbers may also decay in particularly interesting
ways. Researchers have long understood that nuclei along
the proton drip line decay by proton emission, and experi-

mental evidence now indicates a new and exotic two-proton
decay mode5 in doubly-magic 48Ni or the recently discovered6

three-proton decay mode in iron-45.
Experimental observations thus suggest that away from

the valley of stability, some aspects of nuclear interactions are
amplified in exotic systems and significantly alter nuclear
properties. Although the properties of nuclei far from stabil-
ity may seem a bit esoteric, getting a handle on them could
have a profound impact on scientists’ understanding of ele-
ment production in the universe. After all, a number of im-
portant nucleosynthesis processes, especially those produc-
ing nuclei heavier than carbon and oxygen, occur in nuclei
that are very neutron rich or very neutron poor. 

Nature does not have the luxury of dealing only with sta-
ble nuclei. An understanding of how the elements were and
are made depends on an ability to calculate the reaction rates
for their production. Those rates, in turn, depend critically on
the shell structure of exotic nuclei.

Nuclei far from stability are much more readily influ-
enced by the presence of continuum, resonance, and scatter-
ing states than are their stable cousins. The influence is espe-
cially pronounced at the neutron drip line. Consider, for
example, helium-6 and lithium-11, for which two neutrons
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neutron lies very close in energy to the continuum, and the
two most energetic shells are not well separated.

The idea that magic numbers are actually not immutable
occurred only during the past 10 years, as experimenters
began to probe exotic nuclei. For example, the nucleus beryl-
lium-12 would be expected to exhibit the properties of a nu-
cleus with magic number N = 8, but as illustrated in figure
2, the expected large separation in shell energies was not ex-
perimentally verified. Similarly, the magic character of neu-
tron number N = 20 appears to have vanished in the exotic
nucleus magnesium-32. It had been widely speculated that
doubly magic oxygen-28 would be particularly stable, as is
doubly magic 16O. Experiments, however, showed that 28O is
not even bound. On the other hand, strong indications point
to large shell gaps suggestive of magic numbers in other nu-
clei far from stability: The figure identifies four of those.
Three exotic doubly magic nuclei—neutron-deficient tin-100
and neutron-rich nickel-78 and tin-132—are showing sur-
prises as well. For example, the measured half-life of 78Ni is
1/3 to 1/4 as much as theorists predict.4 Unstable nuclei near
magic numbers may also decay in particularly interesting
ways. Researchers have long understood that nuclei along
the proton drip line decay by proton emission, and experi-

mental evidence now indicates a new and exotic two-proton
decay mode5 in doubly-magic 48Ni or the recently discovered6

three-proton decay mode in iron-45.
Experimental observations thus suggest that away from

the valley of stability, some aspects of nuclear interactions are
amplified in exotic systems and significantly alter nuclear
properties. Although the properties of nuclei far from stabil-
ity may seem a bit esoteric, getting a handle on them could
have a profound impact on scientists’ understanding of ele-
ment production in the universe. After all, a number of im-
portant nucleosynthesis processes, especially those produc-
ing nuclei heavier than carbon and oxygen, occur in nuclei
that are very neutron rich or very neutron poor. 

Nature does not have the luxury of dealing only with sta-
ble nuclei. An understanding of how the elements were and
are made depends on an ability to calculate the reaction rates
for their production. Those rates, in turn, depend critically on
the shell structure of exotic nuclei.

Nuclei far from stability are much more readily influ-
enced by the presence of continuum, resonance, and scatter-
ing states than are their stable cousins. The influence is espe-
cially pronounced at the neutron drip line. Consider, for
example, helium-6 and lithium-11, for which two neutrons
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neutron lies very close in energy to the continuum, and the
two most energetic shells are not well separated.

The idea that magic numbers are actually not immutable
occurred only during the past 10 years, as experimenters
began to probe exotic nuclei. For example, the nucleus beryl-
lium-12 would be expected to exhibit the properties of a nu-
cleus with magic number N = 8, but as illustrated in figure
2, the expected large separation in shell energies was not ex-
perimentally verified. Similarly, the magic character of neu-
tron number N = 20 appears to have vanished in the exotic
nucleus magnesium-32. It had been widely speculated that
doubly magic oxygen-28 would be particularly stable, as is
doubly magic 16O. Experiments, however, showed that 28O is
not even bound. On the other hand, strong indications point
to large shell gaps suggestive of magic numbers in other nu-
clei far from stability: The figure identifies four of those.
Three exotic doubly magic nuclei—neutron-deficient tin-100
and neutron-rich nickel-78 and tin-132—are showing sur-
prises as well. For example, the measured half-life of 78Ni is
1/3 to 1/4 as much as theorists predict.4 Unstable nuclei near
magic numbers may also decay in particularly interesting
ways. Researchers have long understood that nuclei along
the proton drip line decay by proton emission, and experi-

mental evidence now indicates a new and exotic two-proton
decay mode5 in doubly-magic 48Ni or the recently discovered6

three-proton decay mode in iron-45.
Experimental observations thus suggest that away from

the valley of stability, some aspects of nuclear interactions are
amplified in exotic systems and significantly alter nuclear
properties. Although the properties of nuclei far from stabil-
ity may seem a bit esoteric, getting a handle on them could
have a profound impact on scientists’ understanding of ele-
ment production in the universe. After all, a number of im-
portant nucleosynthesis processes, especially those produc-
ing nuclei heavier than carbon and oxygen, occur in nuclei
that are very neutron rich or very neutron poor. 

Nature does not have the luxury of dealing only with sta-
ble nuclei. An understanding of how the elements were and
are made depends on an ability to calculate the reaction rates
for their production. Those rates, in turn, depend critically on
the shell structure of exotic nuclei.

Nuclei far from stability are much more readily influ-
enced by the presence of continuum, resonance, and scatter-
ing states than are their stable cousins. The influence is espe-
cially pronounced at the neutron drip line. Consider, for
example, helium-6 and lithium-11, for which two neutrons
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2003; see also the recent r-process review by Arnould, Goriely & Takahashi 2008). Regrettably,
none of these models has been entirely successful in synthesizing the total abundance distribution
of r-process nuclei seen in nature. Thus, though much work has been done to understand how
the r-process operates, its astrophysical sites have still not been confirmed (but see Section 6.2 for
further discussion of this issue).

3. SOLAR-SYSTEM ABUNDANCES
The Solar-system abundance distribution has been investigated repeatedly for more than a century.
The first comprehensive evaluation was done by Suess & Urey (1956; see their paper for reviews
of earlier studies). Figure 3 compares the early work of Cameron (1959) to the recent compila-
tion of Lodders (2003). It illustrates isotopic number-density abundances on the meteoritic scale
(NSi = 106) as a function of mass number. Additional Solar-system compilations include those of
Anders & Grevesse (1989), Grevesse & Sauval (1998), and Grevesse, Asplund & Sauval (2007).
The Cameron and Lodders Solar-system abundances agree qualitatively very well, as do the other
studies. The broad outlines of Solar-system abundances have been understood for decades.

Breakdowns of Solar-system isotopic abundances into s-, r-, and p-process components have
been done by a number of researchers, beginning with the pioneering study of Cameron (1973).
Such analyses usually involve first determining the s-process contributions. As discussed in Section
2, the classical approach is to fit the σNs for nuclei lying along the s-process path for nuclides far
from neutron-magic nuclei to the Solar-system abundances of s-only nuclei, and then the s-process
contributions to other nuclei are determined by subtraction of this curve from the total Solar-
system abundances. In this manner, and having first experimentally obtained σ , the s-process
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Figure 3
The total Solar-system abundances by mass number based upon the Si = 106 (meteoritic) scale.
Comparison is made between the early work of Cameron (1959) ( filled red circles) and the more recent
compilation by Lodders (2003) (solid blue line).
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neutron lies very close in energy to the continuum, and the
two most energetic shells are not well separated.

The idea that magic numbers are actually not immutable
occurred only during the past 10 years, as experimenters
began to probe exotic nuclei. For example, the nucleus beryl-
lium-12 would be expected to exhibit the properties of a nu-
cleus with magic number N = 8, but as illustrated in figure
2, the expected large separation in shell energies was not ex-
perimentally verified. Similarly, the magic character of neu-
tron number N = 20 appears to have vanished in the exotic
nucleus magnesium-32. It had been widely speculated that
doubly magic oxygen-28 would be particularly stable, as is
doubly magic 16O. Experiments, however, showed that 28O is
not even bound. On the other hand, strong indications point
to large shell gaps suggestive of magic numbers in other nu-
clei far from stability: The figure identifies four of those.
Three exotic doubly magic nuclei—neutron-deficient tin-100
and neutron-rich nickel-78 and tin-132—are showing sur-
prises as well. For example, the measured half-life of 78Ni is
1/3 to 1/4 as much as theorists predict.4 Unstable nuclei near
magic numbers may also decay in particularly interesting
ways. Researchers have long understood that nuclei along
the proton drip line decay by proton emission, and experi-

mental evidence now indicates a new and exotic two-proton
decay mode5 in doubly-magic 48Ni or the recently discovered6

three-proton decay mode in iron-45.
Experimental observations thus suggest that away from

the valley of stability, some aspects of nuclear interactions are
amplified in exotic systems and significantly alter nuclear
properties. Although the properties of nuclei far from stabil-
ity may seem a bit esoteric, getting a handle on them could
have a profound impact on scientists’ understanding of ele-
ment production in the universe. After all, a number of im-
portant nucleosynthesis processes, especially those produc-
ing nuclei heavier than carbon and oxygen, occur in nuclei
that are very neutron rich or very neutron poor. 

Nature does not have the luxury of dealing only with sta-
ble nuclei. An understanding of how the elements were and
are made depends on an ability to calculate the reaction rates
for their production. Those rates, in turn, depend critically on
the shell structure of exotic nuclei.

Nuclei far from stability are much more readily influ-
enced by the presence of continuum, resonance, and scatter-
ing states than are their stable cousins. The influence is espe-
cially pronounced at the neutron drip line. Consider, for
example, helium-6 and lithium-11, for which two neutrons
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neutron lies very close in energy to the continuum, and the
two most energetic shells are not well separated.

The idea that magic numbers are actually not immutable
occurred only during the past 10 years, as experimenters
began to probe exotic nuclei. For example, the nucleus beryl-
lium-12 would be expected to exhibit the properties of a nu-
cleus with magic number N = 8, but as illustrated in figure
2, the expected large separation in shell energies was not ex-
perimentally verified. Similarly, the magic character of neu-
tron number N = 20 appears to have vanished in the exotic
nucleus magnesium-32. It had been widely speculated that
doubly magic oxygen-28 would be particularly stable, as is
doubly magic 16O. Experiments, however, showed that 28O is
not even bound. On the other hand, strong indications point
to large shell gaps suggestive of magic numbers in other nu-
clei far from stability: The figure identifies four of those.
Three exotic doubly magic nuclei—neutron-deficient tin-100
and neutron-rich nickel-78 and tin-132—are showing sur-
prises as well. For example, the measured half-life of 78Ni is
1/3 to 1/4 as much as theorists predict.4 Unstable nuclei near
magic numbers may also decay in particularly interesting
ways. Researchers have long understood that nuclei along
the proton drip line decay by proton emission, and experi-

mental evidence now indicates a new and exotic two-proton
decay mode5 in doubly-magic 48Ni or the recently discovered6

three-proton decay mode in iron-45.
Experimental observations thus suggest that away from

the valley of stability, some aspects of nuclear interactions are
amplified in exotic systems and significantly alter nuclear
properties. Although the properties of nuclei far from stabil-
ity may seem a bit esoteric, getting a handle on them could
have a profound impact on scientists’ understanding of ele-
ment production in the universe. After all, a number of im-
portant nucleosynthesis processes, especially those produc-
ing nuclei heavier than carbon and oxygen, occur in nuclei
that are very neutron rich or very neutron poor. 

Nature does not have the luxury of dealing only with sta-
ble nuclei. An understanding of how the elements were and
are made depends on an ability to calculate the reaction rates
for their production. Those rates, in turn, depend critically on
the shell structure of exotic nuclei.

Nuclei far from stability are much more readily influ-
enced by the presence of continuum, resonance, and scatter-
ing states than are their stable cousins. The influence is espe-
cially pronounced at the neutron drip line. Consider, for
example, helium-6 and lithium-11, for which two neutrons
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neutron lies very close in energy to the continuum, and the
two most energetic shells are not well separated.

The idea that magic numbers are actually not immutable
occurred only during the past 10 years, as experimenters
began to probe exotic nuclei. For example, the nucleus beryl-
lium-12 would be expected to exhibit the properties of a nu-
cleus with magic number N = 8, but as illustrated in figure
2, the expected large separation in shell energies was not ex-
perimentally verified. Similarly, the magic character of neu-
tron number N = 20 appears to have vanished in the exotic
nucleus magnesium-32. It had been widely speculated that
doubly magic oxygen-28 would be particularly stable, as is
doubly magic 16O. Experiments, however, showed that 28O is
not even bound. On the other hand, strong indications point
to large shell gaps suggestive of magic numbers in other nu-
clei far from stability: The figure identifies four of those.
Three exotic doubly magic nuclei—neutron-deficient tin-100
and neutron-rich nickel-78 and tin-132—are showing sur-
prises as well. For example, the measured half-life of 78Ni is
1/3 to 1/4 as much as theorists predict.4 Unstable nuclei near
magic numbers may also decay in particularly interesting
ways. Researchers have long understood that nuclei along
the proton drip line decay by proton emission, and experi-

mental evidence now indicates a new and exotic two-proton
decay mode5 in doubly-magic 48Ni or the recently discovered6

three-proton decay mode in iron-45.
Experimental observations thus suggest that away from

the valley of stability, some aspects of nuclear interactions are
amplified in exotic systems and significantly alter nuclear
properties. Although the properties of nuclei far from stabil-
ity may seem a bit esoteric, getting a handle on them could
have a profound impact on scientists’ understanding of ele-
ment production in the universe. After all, a number of im-
portant nucleosynthesis processes, especially those produc-
ing nuclei heavier than carbon and oxygen, occur in nuclei
that are very neutron rich or very neutron poor. 

Nature does not have the luxury of dealing only with sta-
ble nuclei. An understanding of how the elements were and
are made depends on an ability to calculate the reaction rates
for their production. Those rates, in turn, depend critically on
the shell structure of exotic nuclei.

Nuclei far from stability are much more readily influ-
enced by the presence of continuum, resonance, and scatter-
ing states than are their stable cousins. The influence is espe-
cially pronounced at the neutron drip line. Consider, for
example, helium-6 and lithium-11, for which two neutrons
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Eu (Z=63)

Spotlight on the impact of nuclear masses

Mumpower+15

Masses determine key quantities that go into calculating capture and 
decay rates; for instance:

Neutron capture rates depend on the one neutron separation energy:

𝑆!(𝑍, 𝐴 + 1) = 𝑀",$ +𝑀! −𝑀",$%&

b--decay rates depend on the Q-value:

𝑄'! = 𝑀()*+,- −𝑀.)/01-+* 𝑐2
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Fig. 8. Neutron separation-energy contours with Sn = 1, 2, 3, and 4 MeV in the
FRDM(1992) and FRDM(2012). Most of the staggering in the contour lines seen for
FRDM(1992) are absent in the FRDM(2012) results.

Fig. 9. Analogous to Fig. 3, but for the FRLDM, which contains no Coulomb
redistribution terms. This leads to the systematic negative deviations for proton-
rich nuclei in the heavy region, which indicate that these calculated masses are
systematically too high.

The FRLDM(2012), which does not treat Coulomb redistribution
effects, is somewhat less accurate than the FRDM(2012), with an
18% larger �th, as is seen in Fig. 9 and, in nuclear-chart format, in
Fig. 10, aswell as in Fig. 11. It is particularly in the heavy region that
the FRLDM(2012) extends farther away from the zero deviation
line, than does the FRDM(2012). There is also a systematic
isospin effect on the differences, an effect which is absent in the
FRDM(2012), which is especially clear in Fig. 11. This is a sign
that the Coulomb redistribution effect is not treated in the FRLDM,
which results in too low binding energies for heavy proton-rich
nuclides [88]. We will further illustrate this issue in Section 5.1.

But, in contrast to the FRDM, we can calculate fission barriers
in the FRLDM. We have recently published a calculation of fission-
barrier heights for 5239 nuclides for all nuclei between the proton
and neutron drip lines for the region 171  A  339 [61].
This calculation was carried out exactly like here with the minor
differences that (1) we have now improved the calculation of the
ground-state correlation (‘‘zero-point’’) energies and readjusted
the macroscopic parameter set. That is, the shape space for the
ground-state and fission saddle-point determinations are the same
in the published barrier study as here.We include axial asymmetry
corrections at the ground state in both calculations. We expect a

Fig. 10. Top panel: Difference between experimental masses from the AME2012
evaluation and masses calculated in the FRLDM(2012). Bottom panel: We compare
here the previous FRLDM(1992) to the same experimental data evaluation. (For a
color version of this figure the reader is referred to the web version of this article.)

negligible effect on barrier heights if they were calculated in the
precise current model version. We have checked this for 180

80Hg100,
for which we tabulated in Ref. [89] a barrier height 9.81 MeV.
With the current parameter set and the other features here we
obtain a barrier height 9.65 MeV. We use the same experimental
barrier data set as in Ref. [57] in our adjustment to barrier heights.
We show in Table C and in Fig. 12 a comparison of the calculated
barriers to the experimental data set.

Conventional wisdom has usually assumed that because the
Coulomb and surface-energy terms in the macroscopic energy
contribute with the same sign one cannot accurately determine
the surface-energy constants from an adjustment to masses alone
Rather one would need to also adjust the model parameters to
fission-barrier heights because the terms contribute to the barrier
heights with different signs. Obviously, if we were dealing with
a completely accurate model this would not be necessary. We
have tested this conventional wisdom by adjusting the FRLDM
macroscopic constants (the usual 6 of them) considering only the
AME2003 data set of 2149masses and excluding fission barriers. In
such an adjustment we obtain �th = 0.6364 MeV for the FRLDM.
It is somewhat remarkable that the agreement with experimental
fission-barrier evaluations does not deteriorate greatly; we in this
case obtain an rms deviation of 1.475 MeV with respect to the 31
barriers, which probably indicates the robust character of ourmass
models. We plot these deviations as (red) diamonds in Fig. 12.

5.1. Extrapability

One test of the reliability of a nuclear mass model is to compare
differences between measured and calculated masses in new
regions of nuclei that were not considered when the constants of
the model were determined. It is common to characterize a mass
model error (or accuracy) in a certain region of nuclear masses
by the rms deviation. However, as we pointed out in Section 2.1

A nuclear feature in the rare-earths and peak formation

Möller+12 When nuclei encounter a ‘kink’ in the r-process path, 
a local pileup occurs and abundance peaks form  

(n,g)          (g,n) equilibrium: 𝒀(𝒁,𝑵%𝟏)
𝒀(𝒁,𝑵)

~ 𝒆𝑺𝒏(𝒁,𝑵%𝟏)/𝒌𝑩𝑻

the r-process path (location of the max abundance for all 
isotopic chains) tends to lie along contours of constant 𝑆!

No kink 
encountered

Introduce kink Surm
an+97
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Figure 1. (Color online) Absolute value of quadrupole deformation parameter β2 calculated
with SkM∗ parameter set. The red (blue) color means that nucleus has a well quadrupole-
deformed (spherical) shape. See text for details.
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In Table 1, we show calculated deformation parameters (β3, β2, γ) for octupole deformed
nuclei with β3 != 0. They are qualitatively consistent with experimental data and the former
works, though there are some differences. For instance, the experimental data for 220Rn and
224Ra [13] suggest that both β2 and β3 are larger in 224Ra than in 220Rn, which is consistent with

Connecting RIB facilities with the cosmos 43

relevant mass region are strongly deformed (for the even-even nuclei this corresponds

to a large quadrupole deformation �2) which may lead to a localized enhancement in

stability that causes the rare earth peak to form. Another possible formation mechanism

is strongly asymmetric fission of neutron-rich actinides.

The significance of these two formation mechanisms is that they are intimately

coupled to the astrophysical conditions. While the dynamical mechanism can potentially

operate in both hot and cold freezeout conditions, the fission formation mechanism

requires more extreme conditions where fission recycling can occur, such as the tidal

ejecta of neutron stars. Further, the dynamical mechanism formation can be studied

in the laboratory at RIB facilities o↵ering a path forward in ruling out this possibility

(e.g. in the case that no feature is found in nuclear structure) and in understanding the

late-time r-process conditions. In either case, the properties of the involved nuclei play

an important role for understanding the r-process.

During extremely neutron-rich conditions, rare-earth nuclei with Sn ⇠ 2 � 3 MeV

will set the r-process path. In this phase, the nuclear properties shape the peaks and

troughs in the abundance pattern [329]. During freeze-out, the radioactive progenitor

nuclei will decay to stability and form the final r-process abundance distribution. As �-

decay drives the abundances towards less neutron-rich nuclei, the shapes of the relevant

nuclei may change. This induces changes in trends for nuclear masses and neutron

capture rates that a↵ect the final abundances. However, the location of these shape

transitions on the chart of nuclides are predicted di↵erently by various theoretical

models.
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Fig. 2. (Color online) Illustration of the systematic application of the TD-EDF theory to nuclei

including pairing (adapted from
39,40

). (a) all nuclei that have been considered in the systematic

study. Spherical, quadrupole deformed and triaxial nuclei are indicated by di↵erent colors. (b)

Schematic view of the e↵ect of deformation on the Giant Quadrupole Resonance (GQR). The

deformation will induce a fragmentation of the nuclear response. (c) Systematic study of the

splitting of collective energy (in quadrupole deformed nuclei) as a function of a deformation

parameter �.

the strength of the external field is in the non-linear regime one could a priori study
anharmonic e↵ects, coupling between di↵erent phonons as well as the onset of mul-
tiphonons.41–44 Larger amplitude motion in heavy systems like the fission process
can be studied using the TD-EDF. As pointed out soon after the introduction of
this approach in nuclear physics,7,45 the fission of atomic nuclei is certainly one of
the most complex problem to describe in a many-body fermionic interacting sys-
tem.46 This stems from the coexistence of quantum e↵ects in both single-particle
and collective space (see for instance the recent review47). The description of fission
passes through the proper treatment of quantum tunneling in many-body system,
spontaneous symmetry breaking, non-adiabatic e↵ects,... In spite of this complex-
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anharmonic e↵ects, coupling between di↵erent phonons as well as the onset of mul-
tiphonons.41–44 Larger amplitude motion in heavy systems like the fission process
can be studied using the TD-EDF. As pointed out soon after the introduction of
this approach in nuclear physics,7,45 the fission of atomic nuclei is certainly one of
the most complex problem to describe in a many-body fermionic interacting sys-
tem.46 This stems from the coexistence of quantum e↵ects in both single-particle
and collective space (see for instance the recent review47). The description of fission
passes through the proper treatment of quantum tunneling in many-body system,
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A statistical approach to exploit the interplay between 
nuclear properties and astrophysical outcomes

Nuclear structure (shell closures, 
deforma2on…) affects abundances 

Dong+19

We have mass data to inform us but don’t yet know 
masses of some important neutron-rich nuclei

Markov Chain Monte Carlo

Arnould+07
Ye=0.2, s/k=30, 
t=70 ms

Nuclear masses are key inputs for 
reaction and decay rates



Markov Chain Monte Carlo 
(MCMC) procedure

Black  – solar abundance data
Grey – AME 2012 data

§ Monte Carlo mass corrections

§ Calculate: 

§ Calculate: 

§ Update nuclear quantities and rates 

§ Perform nucleosynthesis calculation

§ Calculate

§ Update parameters OR revert to last success

Red – values at current step
Blue – best step of entire run

Movie by 
N. Vassh



Applying physical constraints
run for an additional ∼10,000 steps and reaching ∼30,000
steps in total) did not locate a distinctly different solution with
the lowest χ2 and therefore did not change our overall results.
We note that if we calculate the Gelman–Rubin metric for this
subset of the 10 longest runs we do see the metric further
approach 1, with R(a94)=1.179 and R(a104)=1.41 and with
metric values for all parameters being less than 1.88. This small
decrease in R(a104) from 1.42 to 1.41 highlights the computa-
tional expense of pushing toward lower values of the Gelman–
Rubin metric with our particular MCMC problem.

We note that although the literature tends to aim for values
of the Gelman–Rubin metric less than 1.2, this might not be
practical for our application given the complexity of our
problem, as well as the computational expense of a step, and
given that our choice of parameterization was motivated by
physics reasons rather than aiming for model parameters that
can achieve a particularly low variance. Our parameterization is
set up in a way that does not make any a priori assumptions as
to whether a given parameter is influential in peak formation
for a given type of astrophysical condition. Parameters such as
a94, which are indirectly informed by experimental mass data,
can achieve the lowest Gelman–Rubin measures while
parameters such as a104 (which control the masses of nuclei
with N= 104 neutrons) have no experimental information
guiding them. For this and many other parameters it is solely
the rare-earth abundances from A=150–180 that provide
guidance, and this range of abundances is affected by the
properties of many nuclei and therefore many MCMC
parameters. Given this, our calculated Gelman–Rubin values
are reasonable because they all approach 1.

Appendix D
Impact of Dn Metric Check

We use the neutron pairing metric, ( ) ( )� � �D Z N, 1n
N 1

( ( ) ( ))� �S Z N S Z N, 1 ,n n , to provide the algorithm with
feedback as to whether mass parameters have entered an
unphysical regime. It is a useful diagnostic since it is clearly
connected to nuclear structure, being influenced by odd–even
effects and being largest at closed shells. Additionally, a
negative value for the Dn metric implies a reversal in the odd–
even staggering of the one-neutron separation energies, and
such odd–even behavior is not supported by any nuclear
physics models or experimental measurements to date.

In order to ensure that algorithm parameters maintain
physical values, our modified likelihood function enforces that
at each time step we check that Dn>0 before propagating the
MC parameters to the nuclear rates and calculating the
likelihood ratio. The Dn check thus prevents computational
resources from being spent in unphysical regimes. Prior to
implementing this check, roughly 40%–50% of preliminary
runs located solutions that violated the condition that Dn remain
positive. One such solution is shown in Figure 25. Solutions
with Dn<0 are able to effectively produce pile-up in the
abundances via an odd–even reversal in the one-neutron
separation energy, as can be seen at N=110 in the figure.

In addition to requiring that Dn remain positive, we
implement the criterion that at neutron numbers between
N=82 and N=126, the Dn metric cannot be larger than the
values at these closed shells. That is, with D82 being the value
of this metric given by AME2012 mass data and D126 being the
value predicted by the Duflo–Zuker mass model, at each step
we check Dn<D82, Dn<D126, Dn−DN−1<D126−D125,

and Dn−DN−1<D82−D81. Such a check is performed not
only for the isotopic chain at which the calculation is centered,
i.e., Z=C, but also for the nearby isotopic chains Z=C−1,
Z=C+1, and Z=C+2. These checks on the height of
the Dn metric were implemented following several solutions
located during preliminary runs with the cold outflow. In such
cold outflows where the r-process path lies close to the neutron
dripline, the algorithm exploited the ability to effectively
produce a new shell closure between N=82 and N=126,
which is not supported by experimental measurements.

Figure 25. The predictions of mass surface (top), one-neutron separation
energy (middle), and Dn metric (bottom) for an MCMC run that implemented
the requirement Dn>0 (red) as compared to an MCMC solution found prior to
implementing this check (orange). Sharp transitions in mass as shown by the
orange line produce an odd–even reversal in Sn, which we took to be
unphysical.
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run for an additional ∼10,000 steps and reaching ∼30,000
steps in total) did not locate a distinctly different solution with
the lowest χ2 and therefore did not change our overall results.
We note that if we calculate the Gelman–Rubin metric for this
subset of the 10 longest runs we do see the metric further
approach 1, with R(a94)=1.179 and R(a104)=1.41 and with
metric values for all parameters being less than 1.88. This small
decrease in R(a104) from 1.42 to 1.41 highlights the computa-
tional expense of pushing toward lower values of the Gelman–
Rubin metric with our particular MCMC problem.

We note that although the literature tends to aim for values
of the Gelman–Rubin metric less than 1.2, this might not be
practical for our application given the complexity of our
problem, as well as the computational expense of a step, and
given that our choice of parameterization was motivated by
physics reasons rather than aiming for model parameters that
can achieve a particularly low variance. Our parameterization is
set up in a way that does not make any a priori assumptions as
to whether a given parameter is influential in peak formation
for a given type of astrophysical condition. Parameters such as
a94, which are indirectly informed by experimental mass data,
can achieve the lowest Gelman–Rubin measures while
parameters such as a104 (which control the masses of nuclei
with N= 104 neutrons) have no experimental information
guiding them. For this and many other parameters it is solely
the rare-earth abundances from A=150–180 that provide
guidance, and this range of abundances is affected by the
properties of many nuclei and therefore many MCMC
parameters. Given this, our calculated Gelman–Rubin values
are reasonable because they all approach 1.

Appendix D
Impact of Dn Metric Check

We use the neutron pairing metric, ( ) ( )� � �D Z N, 1n
N 1

( ( ) ( ))� �S Z N S Z N, 1 ,n n , to provide the algorithm with
feedback as to whether mass parameters have entered an
unphysical regime. It is a useful diagnostic since it is clearly
connected to nuclear structure, being influenced by odd–even
effects and being largest at closed shells. Additionally, a
negative value for the Dn metric implies a reversal in the odd–
even staggering of the one-neutron separation energies, and
such odd–even behavior is not supported by any nuclear
physics models or experimental measurements to date.

In order to ensure that algorithm parameters maintain
physical values, our modified likelihood function enforces that
at each time step we check that Dn>0 before propagating the
MC parameters to the nuclear rates and calculating the
likelihood ratio. The Dn check thus prevents computational
resources from being spent in unphysical regimes. Prior to
implementing this check, roughly 40%–50% of preliminary
runs located solutions that violated the condition that Dn remain
positive. One such solution is shown in Figure 25. Solutions
with Dn<0 are able to effectively produce pile-up in the
abundances via an odd–even reversal in the one-neutron
separation energy, as can be seen at N=110 in the figure.

In addition to requiring that Dn remain positive, we
implement the criterion that at neutron numbers between
N=82 and N=126, the Dn metric cannot be larger than the
values at these closed shells. That is, with D82 being the value
of this metric given by AME2012 mass data and D126 being the
value predicted by the Duflo–Zuker mass model, at each step
we check Dn<D82, Dn<D126, Dn−DN−1<D126−D125,

and Dn−DN−1<D82−D81. Such a check is performed not
only for the isotopic chain at which the calculation is centered,
i.e., Z=C, but also for the nearby isotopic chains Z=C−1,
Z=C+1, and Z=C+2. These checks on the height of
the Dn metric were implemented following several solutions
located during preliminary runs with the cold outflow. In such
cold outflows where the r-process path lies close to the neutron
dripline, the algorithm exploited the ability to effectively
produce a new shell closure between N=82 and N=126,
which is not supported by experimental measurements.

Figure 25. The predictions of mass surface (top), one-neutron separation
energy (middle), and Dn metric (bottom) for an MCMC run that implemented
the requirement Dn>0 (red) as compared to an MCMC solution found prior to
implementing this check (orange). Sharp transitions in mass as shown by the
orange line produce an odd–even reversal in Sn, which we took to be
unphysical.
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run for an additional ∼10,000 steps and reaching ∼30,000
steps in total) did not locate a distinctly different solution with
the lowest χ2 and therefore did not change our overall results.
We note that if we calculate the Gelman–Rubin metric for this
subset of the 10 longest runs we do see the metric further
approach 1, with R(a94)=1.179 and R(a104)=1.41 and with
metric values for all parameters being less than 1.88. This small
decrease in R(a104) from 1.42 to 1.41 highlights the computa-
tional expense of pushing toward lower values of the Gelman–
Rubin metric with our particular MCMC problem.

We note that although the literature tends to aim for values
of the Gelman–Rubin metric less than 1.2, this might not be
practical for our application given the complexity of our
problem, as well as the computational expense of a step, and
given that our choice of parameterization was motivated by
physics reasons rather than aiming for model parameters that
can achieve a particularly low variance. Our parameterization is
set up in a way that does not make any a priori assumptions as
to whether a given parameter is influential in peak formation
for a given type of astrophysical condition. Parameters such as
a94, which are indirectly informed by experimental mass data,
can achieve the lowest Gelman–Rubin measures while
parameters such as a104 (which control the masses of nuclei
with N= 104 neutrons) have no experimental information
guiding them. For this and many other parameters it is solely
the rare-earth abundances from A=150–180 that provide
guidance, and this range of abundances is affected by the
properties of many nuclei and therefore many MCMC
parameters. Given this, our calculated Gelman–Rubin values
are reasonable because they all approach 1.

Appendix D
Impact of Dn Metric Check

We use the neutron pairing metric, ( ) ( )� � �D Z N, 1n
N 1

( ( ) ( ))� �S Z N S Z N, 1 ,n n , to provide the algorithm with
feedback as to whether mass parameters have entered an
unphysical regime. It is a useful diagnostic since it is clearly
connected to nuclear structure, being influenced by odd–even
effects and being largest at closed shells. Additionally, a
negative value for the Dn metric implies a reversal in the odd–
even staggering of the one-neutron separation energies, and
such odd–even behavior is not supported by any nuclear
physics models or experimental measurements to date.

In order to ensure that algorithm parameters maintain
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implementing this check, roughly 40%–50% of preliminary
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and Dn−DN−1<D82−D81. Such a check is performed not
only for the isotopic chain at which the calculation is centered,
i.e., Z=C, but also for the nearby isotopic chains Z=C−1,
Z=C+1, and Z=C+2. These checks on the height of
the Dn metric were implemented following several solutions
located during preliminary runs with the cold outflow. In such
cold outflows where the r-process path lies close to the neutron
dripline, the algorithm exploited the ability to effectively
produce a new shell closure between N=82 and N=126,
which is not supported by experimental measurements.

Figure 25. The predictions of mass surface (top), one-neutron separation
energy (middle), and Dn metric (bottom) for an MCMC run that implemented
the requirement Dn>0 (red) as compared to an MCMC solution found prior to
implementing this check (orange). Sharp transitions in mass as shown by the
orange line produce an odd–even reversal in Sn, which we took to be
unphysical.
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The one neutron pairing metric:   
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since, as can be seen from Figure 4, this metric is predicted to
be positive and has never been experimentally observed to have
negative values. Additionally, relative to the method described
in Orford et al. (2018), we include an update to the MCMC
procedure to check that along an isotopic chain the value of the
Dn metric does not exceed that of the N=82 and N=126
shell closures (i.e., the height of the largest peaks in Figure 4).
That is, our modified likelihood function also includes the step
function
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The impact of these Dn metric checks is further discussed in
Appendix D. The complete modified likelihood function,
which restricts the search to physically meaningful parameters,
is then

( ( )) ( ( )) ( ( )) ( )R T R Ra �$ $ M M D Z A D Z A, , , . 8n nrms AME12 1 2

Note that since we use the σrms check against AME2012 data
along with the Dn metric checks to reject some combinations of
parameters outright before a step is taken, we effectively
explore even more of the parameter space than would be
implied from examining the steps taken in Figure 2.

4. Distinct Astrophysical Outflows

The nuclear physics feature that our mass adjustments can
introduce, such as a sub-shell closure, produces a pile-up of
material in order to form the peak. The location where the
algorithm finds such a feature to be needed depends on which r-
process nuclei are dominantly populated when the neutron flux
becomes exhausted (freeze-out) and decays to stability begin to
take over. Therefore peak formation is determined by two
aspects: (1) the initial location of the r-process path, i.e., the
nuclei most populated along an isotopic chain prior to freeze-out,

and (2) the dynamics that govern how the r process proceeds
after freeze-out. We therefore considered outflow conditions
with distinct behavior: “hot” scenarios in which the path prior to
freeze-out is the equilibrium path determined by (n,γ)�(γ,n)
equilibrium (i.e., the Saha equation), and for which photo-
dissociation continues to play a role after freeze-out, and “cold”
scenarios in which (n,γ)�(γ,n) equilibrium fails before the path
populates the rare-earth region; we therefore see nuclei closer to
the dripline more strongly populated prior to freeze-out, and find
little to no influence from photodissociation after freeze-out. We
consider such hot and cold scenarios for parameterized outflows
that are moderately neutron-rich and low in entropy, and will
undergo heavy element nucleosynthesis. We emphasize that
although considering the heating introduced by nuclear reactions
can sometimes make cold dynamics differ from their behavior
when such reheating is neglected, this is not the case with all
cold scenarios. In fact we find that several scenarios can retain
their cold behavior after including the reheating during the
nucleosynthesis calculation, and thus cold dynamics remain a
physically realizable possibility in astrophysical environments.
The outflow conditions considered in this work are all examples
that find nuclear reheating to have little to no influence on the
expansion dynamics.
Guided by merger simulations, we adopt three distinct types

of outflows (Metzger et al. 2008; Surman et al. 2008; Perego
et al. 2014; Fernández et al. 2015; Just et al. 2015; Radice et al.
2018), which could take place in both accretion disk and
dynamical ejecta: (1) a hot outflow with an entropy (s) of
30 kB/baryon and a dynamical timescale (τ) of 70 ms, (2) a
cold outflow with s=10 kB/baryon and τ=3 ms, and (3) a
“hot/cold” outflow with s=20 kB/baryon and τ=10 ms.
Here we call this a “hot/cold” outflow since it starts out
characterized by hot r-process dynamics, and therefore the r-
process path prior to freeze-out is the equilibrium path, but
behaves similar to a cold outflow after freeze-out. All outflows
considered here are moderately neutron-rich with an electron
fraction (Ye) of 0.20. These outflow parameters are summarized
in Table 1. We note that in Orford et al. (2018) we investigated
whether our MCMC result given outflow (1) was a viable
solution in cases with similar outflow properties by considering
slight adjustments to the entropy and expansion timescale. We
found that indeed similar expansion dynamics would require
similar mass predictions in order to form a rare-earth peak
comparable to the solar data. Therefore, since similar outflows
require similar masses, the differences in required masses given
distinct outflow conditions such as those in Table 1 can be used
to discern the type of outflows capable of accommodating both
peak formation and the latest mass measurements.
All conditions considered here are such that a similar amount

of material—that is, a comparable summed mass fraction—
reaches the third peak at N=126 and beyond. This summed
mass fraction is low relative to that suggested by solar
abundances since the conditions adopted here were chosen due
to their high lanthanide mass fractions. We find that

Figure 4. The one-neutron pairing metric, Dn, for the neodymium chain
(Z = 60) predicted by the models considered in Figure 1 as compared to data
from AME2012 (Audi et al. 2012) and CPT at CARIBU (Orford et al. 2018).

Table 1
Ejecta Outflow Parameters

Outflow Type Entropy (s/kB) Timescale (ms) Ye

Hot 30 70 0.2
Hot/cold 20 10 0.2
Cold 10 3 0.2
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Appendix D. The complete modified likelihood function,
which restricts the search to physically meaningful parameters,
is then
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Note that since we use the σrms check against AME2012 data
along with the Dn metric checks to reject some combinations of
parameters outright before a step is taken, we effectively
explore even more of the parameter space than would be
implied from examining the steps taken in Figure 2.

4. Distinct Astrophysical Outflows

The nuclear physics feature that our mass adjustments can
introduce, such as a sub-shell closure, produces a pile-up of
material in order to form the peak. The location where the
algorithm finds such a feature to be needed depends on which r-
process nuclei are dominantly populated when the neutron flux
becomes exhausted (freeze-out) and decays to stability begin to
take over. Therefore peak formation is determined by two
aspects: (1) the initial location of the r-process path, i.e., the
nuclei most populated along an isotopic chain prior to freeze-out,

and (2) the dynamics that govern how the r process proceeds
after freeze-out. We therefore considered outflow conditions
with distinct behavior: “hot” scenarios in which the path prior to
freeze-out is the equilibrium path determined by (n,γ)�(γ,n)
equilibrium (i.e., the Saha equation), and for which photo-
dissociation continues to play a role after freeze-out, and “cold”
scenarios in which (n,γ)�(γ,n) equilibrium fails before the path
populates the rare-earth region; we therefore see nuclei closer to
the dripline more strongly populated prior to freeze-out, and find
little to no influence from photodissociation after freeze-out. We
consider such hot and cold scenarios for parameterized outflows
that are moderately neutron-rich and low in entropy, and will
undergo heavy element nucleosynthesis. We emphasize that
although considering the heating introduced by nuclear reactions
can sometimes make cold dynamics differ from their behavior
when such reheating is neglected, this is not the case with all
cold scenarios. In fact we find that several scenarios can retain
their cold behavior after including the reheating during the
nucleosynthesis calculation, and thus cold dynamics remain a
physically realizable possibility in astrophysical environments.
The outflow conditions considered in this work are all examples
that find nuclear reheating to have little to no influence on the
expansion dynamics.
Guided by merger simulations, we adopt three distinct types

of outflows (Metzger et al. 2008; Surman et al. 2008; Perego
et al. 2014; Fernández et al. 2015; Just et al. 2015; Radice et al.
2018), which could take place in both accretion disk and
dynamical ejecta: (1) a hot outflow with an entropy (s) of
30 kB/baryon and a dynamical timescale (τ) of 70 ms, (2) a
cold outflow with s=10 kB/baryon and τ=3 ms, and (3) a
“hot/cold” outflow with s=20 kB/baryon and τ=10 ms.
Here we call this a “hot/cold” outflow since it starts out
characterized by hot r-process dynamics, and therefore the r-
process path prior to freeze-out is the equilibrium path, but
behaves similar to a cold outflow after freeze-out. All outflows
considered here are moderately neutron-rich with an electron
fraction (Ye) of 0.20. These outflow parameters are summarized
in Table 1. We note that in Orford et al. (2018) we investigated
whether our MCMC result given outflow (1) was a viable
solution in cases with similar outflow properties by considering
slight adjustments to the entropy and expansion timescale. We
found that indeed similar expansion dynamics would require
similar mass predictions in order to form a rare-earth peak
comparable to the solar data. Therefore, since similar outflows
require similar masses, the differences in required masses given
distinct outflow conditions such as those in Table 1 can be used
to discern the type of outflows capable of accommodating both
peak formation and the latest mass measurements.
All conditions considered here are such that a similar amount

of material—that is, a comparable summed mass fraction—
reaches the third peak at N=126 and beyond. This summed
mass fraction is low relative to that suggested by solar
abundances since the conditions adopted here were chosen due
to their high lanthanide mass fractions. We find that

Figure 4. The one-neutron pairing metric, Dn, for the neodymium chain
(Z = 60) predicted by the models considered in Figure 1 as compared to data
from AME2012 (Audi et al. 2012) and CPT at CARIBU (Orford et al. 2018).
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Ejecta Outflow Parameters

Outflow Type Entropy (s/kB) Timescale (ms) Ye

Hot 30 70 0.2
Hot/cold 20 10 0.2
Cold 10 3 0.2
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techniques. Generally, decay properties can be studied with the lowest beam intensities

and therefore for the most neutron-rich nuclei accessible, while masses require somewhat

higher beam intensities, and reaction studies are only possible closer to stability where

beam intensities are still higher. In the following we discuss various experimental

approaches in more detail.

6.1. Masses

There are many methods to determine binding energies of nuclei. In the past decade

a large number of mass measurements of neutron-rich nuclei have been performed,

approaching, and in some places reaching, the path of the r-process (Fig. 7). Until

recently, mass measurements of nuclides in the r-process path have been rare, and

measurements lag behind decay studies that have reached much more neutron-rich

nuclei. This is about to change as new facilities are coming online and developments

of experimental devices for mass measurements of exotic nuclei are completed. New

facilities that are already operating and will provide a large number of r-process masses

in the very near future include CARIBU at ANL and RIBF at RIKEN.
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Figure 7. Recent r-process motivated experiments measuring masses or �-decay half-
lives T1/2 at various radioactive beam facilities. The colors of the legend boxes match
the colors of the chart and denote a specific facility or experimental collaboration. The
pink area denotes the reach of the future FRIB facility.

Experimental mass values are not only needed as input for r-process models, but

are also essential for validating theoretical mass models since some of the r-process

nuclei are not experimentally reachable today and thus the simulations have to rely on

theoretical mass predictions. As discussed below in Secs. 7.1.1 and 7.2.1, current energy

density functionals used in DFT calculations of nuclear masses ere deficient near the

Horowitz+18

along and near stability. A case-in-point is the photodisintegration-driven p-process operating in
supernovae, which is currently the favored creation mechanism of the so-called p-nuclides whose
origins cannot be explained by the s and r processes [29]. Sustained e↵orts have reduced the
nuclear physics uncertainties of this process, where the focus has generally been on constraining
the Wolfenstein-Hauser-Feshbach reaction theory that provides essential input to astrophysics
models in the absence of experimental data (e.g. Refs. [34, 35]). Additional measurements on
and near stability have focused on reducing the uncertainties in nuclear weak rates that limit
the ability to describe the mechanisms through which supernovae operate (e.g. Ref. [36]). Here
theory calculations have provided important guidance, identifying the most essential nuclear
data and filling in the large gaps left by insu�cient experimental information [31].
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Figure 2. Predicted FRIB production rates in particles per second [37]. See Ref. [38] for a
similar prediction for FAIR.

5. FRIB, FAIR, and the future
Roughly 100 years after its inception, nuclear astrophysics research continues to enhance our
understanding of nature. At present the field is poised to build upon our current body of
knowledge by leaps and bounds, in no small part due to upcoming developments such as
new recoil separators [32, 39], underground laboratories [33], and storage rings dedicated to
nuclear physics studies [38]. Frontier nuclear physics facilities such as FRIB and the NuSTAR
experiments at FAIR will play a central role in this advancement by providing unprecedented
access to ever more exotic nuclides (See Fig. 2.). Meanwhile, stable beam facilities will continue
to play a complementary role in answering astrophysical questions both new and old. In the
near future, together with advances in observation and theory, experimental nuclear astrophysics
studies from dripline to dripline promise to o↵er profound insight into how our universe operates.
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application of modern optimization and statistical methods, together
with high-performance computing, has revolutionized nuclear DFT
during recent years.
In our study, we use quasi-local Skyrme functionals15 in the

particle–hole channel augmented by the density-dependent, zero-
range pairing term. The commonly used Skyrme EDFs reproduce total
binding energies with a root mean square error of the order of
1–4MeV (refs 15, 16), and the agreement with the data can be signifi-
cantly improved by adding phenomenological correction terms17. The
Skyrme DFT approach has been successfully tested over the entire
chart of nuclides on a broad range of phenomena, and it usually per-
forms quite well when applied to energy differences (such as S2n), radii
and nuclear deformations. Other well-calibrated mass models include

the microscopic–macroscopic finite-range droplet model (FRDM)18,
the Brussels–Montreal Skyrme–HFB models based on the Hartree–
Fock–Bogoliubov (HFB) method17 and Gogny force models19,20.
Figure 2 illustrates the difficulties with theoretical extrapolations

towards drip lines. Shown are the S2n values for the isotopic chain of
even–even erbium isotopes predicted with different EDF, SLy421, SV-
min13, UNEDF015, UNEDF122, and with the FRDM18 and HFB-2117

models. In the region for which experimental data are available, all
models agree and well reproduce the data. However, the discrepancy
between various predictions steadily grows when moving away from
the region of known nuclei, because the dependence of the effective
force on the neutron-to-proton asymmetry (neutron excess) is poorly
determined. In the example considered, the neutron drip line is
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Mean drip lines and their uncertainties (red) were obtained by averaging the
results of different models. The two-neutron drip line of SV-min (blue) is

shown together with the statistical uncertainties at Z5 12, 68 and 120 (blue
error bars). The S2n5 2MeV line is also shown (brown) together with its
systematic uncertainty (orange). The inset shows the irregular behaviour of the
two-neutron drip line around Z5 100.
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of 2.15 and 1.33, respectively. That the predicted half-lives
of even-even nuclei are on average twice the experimental
value is surprising because, similarly to our calculation, the
model should be more suitable for these nuclei. This fact may
have important consequences for r-process nucleosynthesis
and might be responsible for the differences in r-process
nucleosynthesis discussed on Sec. III D. However, waiting-
point nuclei also include odd-Z and even-N nuclei, and in
both models there is a cancellation between even-even and
odd-Z nuclei.

On the other hand, the half-lives of odd-Z and odd-odd
nuclei are underestimated by approximately 30% and 50%,
respectively. The standard deviations are comparable between
the two models for odd-A nuclei, but are smaller for even-even
and especially for odd-odd nuclei. Still, for both models the
odd-N and odd-odd nuclei are the most difficult to describe and
result in the largest spreads. So, even though the average r̄ of
the FRDM is close to zero, it is actually a result of the cancella-
tion of overestimated and underestimated half-lives in different
types of nuclei. This behavior has also appeared in previous
evaluations of the β-decay rates (see Ref. [62], Table B), where
the half-lives of short-lived even-even nuclei were, on average,
overestimated by almost a factor of 4, while the half-lives of
odd-A and odd-odd nuclei were underestimated by a factor
of 2. In comparison, the results of the present work are more
consistently close to reproducing the data, even though the
larger standard deviations highlight some unresolved issues.

Finally, in Fig. 9 we plot the ratio of half-lives obtained in
the present study with the FRDM half-lives [19]. For light and
medium-heavy nuclei, the results are quite similar. Close to
the valley of stability, the D3C∗ model tends to provide longer
half-lives than the FRDM for particular nuclei, especially so
in the regions “northwest” of the doubly closed nuclei 78Ni
and 132Sn. Farther from the valley of stability the two models
provide comparable results, with the difference that the present
calculation predicts smoother increase in the decay rates. For

very heavy nuclei with N > 126, however, the present study
predicts half-lives to be shorter, by more than an order of
magnitude, than the FRDM predictions. This is especially
clear in nuclei with high atomic numbers, i.e., Z ! 95 where
the difference is as large as three orders of magnitude. This
may have significant consequences on the dynamics of the r-
process nucleosynthesis in neutron star merger conditions [70].

B. Impact of first-forbidden transitions

The results presented in this manuscript are the first global
calculations of β-decay half-lives for neutron-rich nuclei that
treat Gamow-Teller and first-forbidden transitions on an equal
footing. In this section, we provide a detailed analysis on
the impact of first-forbidden transitions, with particular focus
on nuclei with magic neutron numbers N = 50, 82, and 126
that have been the subject of many theoretical calculations.
Additionally, for N = 50 and 82, experimental data is available
that has contributed to constrain the calculations.

Figure 10 compares the β-decay half-lives for r-process
nuclei with neutron magic numbers N = 50, 82, and 126 with
the FRDM+QRPA model [19], the shell-model calculations
of Ref. [18], and data [37]. For the N = 50 isotones (upper
panel) with Z " 28 the present calculations fail to reproduce
the measured half-lives. In these nuclei the f7/2 proton shell
is fully occupied, suppressing low energy Gamow-Teller
transitions. The decay consequently proceeds mainly by first-
forbidden transitions, resulting in long decay half-lives. As
a consequence, the model predicts a large contribution of
forbidden transitions to the decay rate (see Fig. 11). This is
probably a limitation of the QRPA type calculations that are
not able to produce enough correlations around the proton
magic number Z = 28. This problem does not seem to be
present in the FRDM+QRPA approach. However, one should
keep in mind that in this approach the Gamow-Teller and
first-forbidden contributions are not derived based on the same
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FIG. 9. Ratio of half-lives computed in the present manuscript to those based on the FRDM+QRPA approach [19]. Black lines indicate
the position of (predicted) closed proton and neutron shells.
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