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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.
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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.
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The solar composition shows signatures of many processes
enriched by multiple nucleosynthesis sites

65 years of nuclear astrophysics



Many observables tied to distinct 
time epochs and event types

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.
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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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Many observables tied to distinct 
time epochs and event types
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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.
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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).

Layer 1

Layer 2

Layer 3

Layer 4

V
A

13
/2

Layer X

8 
cm

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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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.
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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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*observed kilonova light curve implies at least lanthanide 
elements made; no direct evidence for elements beyond such as 
gold or uranium

*unclear whether NSMs make enough to be Solar System source; 
still exploring other r-process candidate sites (e.g. MHD SN)
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is expected since the three calculations do not necessar-
ily span the range of Hauser Feshbach parametrizations
that the Monte Carlo calculation includes. However, it
is notable that the Monte Carlo abundances vary sim-
ilarly to the three single reaction rate calculations in a
few mass regions, while they are surpassed in variation by
the spread of single calculations in one mass region. For
example, a similar magnitude of abundance variation is
observed in the case of the low-entropy wind of figure 13a
for isotopes with 130 < A < 140, 180 < A < 195, and
A ⇡ 200. The non-Monte Carlo results diverge even more
than the Monte Carlo study in the NSM dynamical ejecta
scenario of figure 13b for nuclei with 125 < A < 135.
These observations serve as a suggestion that the Monte
Carlo technique does not globally overestimate the nu-
cleosynthesis yield variation. The Monte Carlo results
are within the range of what could be obtained by per-
forming traditional network calculations using theoretical
neutron capture rates, and its use as a tool to explore the
sensitivity of abundance yields to the model uncertain-
ties inherent in Hauser Feshbach extrapolations seems
justified.

The Monte Carlo calculations of figure 13 can be com-
pared with the study of figure 1 in the Introduction. The
pink band of results suggests an abundance uncertainty
for most isotopes that is comparable to the results ob-
tained by randomly varying each reaction rate within a
factor of 10 uncertainty in the sensitivity study of figure
1. Within the uncertainty band, the nucleosynthesis cal-
culation for both astrophysical scenarios generally agrees
with the shape of the r-process abundances pattern for
145 < A < 190. However, the magnitude of the uncer-
tainty does not allow to extract any conclusion regarding
the detailed shape of the calculated abundances in the
region of agreement.

V. CONCLUSION

E↵orts to solve the puzzle of the synthesis of elements
heavier than iron depend critically on the micro-physics
input to astrophysics models. Ideally, a reliable set of
experimentally measured neutron capture rates for most
of the nuclei involved in the r-process is required. Due
to the technological limitations that prevent us from de-
veloping a reaction target made out of neutrons or some
other equivalent accelerator apparatus, we can not cur-
rently use the available radioactive beams to measure
neutron capture reactions on short-lived nuclei directly.
Hence, neutron capture rates for r-process currently come
from theoretical calculations that contain a large number
of parameters that are not adequately constrained. It is
the consensus of the community that these calculations
infer large uncertainties to astrophysics calculations.

To evaluate the yield outcome of various astrophysics
scenarios we need to be able to reproduce in nucleosyn-
thesis calculations, complex features of abundance yield
patterns. For such comparisons to be meaningful, un-

(a) Results for a low-entropy hot neutrino driven wind
environment.

(b) Results for a neutron star merger environment.

FIG. 13: Monte Carlo study of the e↵ect of the reaction
rate uncertainties identified in this work for two

nucleosynthesis scenarios. The study is compared with
single network calculations using specific neutron

capture rates. Abundances are plotted as a function of
mass number. Pink area: Monte-Carlo. Red line: single
network with reaction rates from Rauscher et al [38].
Blue line: idem, by Mumpower et al [39], Green line:

idem,with rates by Beard et al [40]. Circles: Normalized
r-process abundances based on [41]

certainties in the nuclear input that a↵ect nucleosyn-
thesis calculations have to be identified, and their in-
fluence evaluated. To address this need, we investigated
the sources of uncertainty that are most influential to
the extrapolation of Hauser-Feshbach calculations away
from stability and traced them back to the description of
model ingredients that mostly influence neutron capture
reaction rates, namely the level density, and the gamma-
ray strength distribution. We calculated reaction rates
using a number of adequate level density and gamma
strength models for the neutron-rich isotopes of elements
from oxygen to uranium. For this extensive list of iso-
topes, we compared the results of di↵erent calculations
for each reaction rate and calculated the ratio of mini-
mum to maximum result for temperatures up to 10GK.
We found results that vary up to a few orders of magni-
tude for each reaction rate and studied how the combined
e↵ect of inconsistent model predictions for the level den-
sity and the �-ray strength created increased uncertainty
and reduced the reliability of neutron capture rates away
from stability. Based on these results it is clear that
improvements in the current reaction theory and in par-
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sensitivity of abundance yields to the model uncertain-
ties inherent in Hauser Feshbach extrapolations seems
justified.
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1. Within the uncertainty band, the nucleosynthesis cal-
culation for both astrophysical scenarios generally agrees
with the shape of the r-process abundances pattern for
145 < A < 190. However, the magnitude of the uncer-
tainty does not allow to extract any conclusion regarding
the detailed shape of the calculated abundances in the
region of agreement.
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E↵orts to solve the puzzle of the synthesis of elements
heavier than iron depend critically on the micro-physics
input to astrophysics models. Ideally, a reliable set of
experimentally measured neutron capture rates for most
of the nuclei involved in the r-process is required. Due
to the technological limitations that prevent us from de-
veloping a reaction target made out of neutrons or some
other equivalent accelerator apparatus, we can not cur-
rently use the available radioactive beams to measure
neutron capture reactions on short-lived nuclei directly.
Hence, neutron capture rates for r-process currently come
from theoretical calculations that contain a large number
of parameters that are not adequately constrained. It is
the consensus of the community that these calculations
infer large uncertainties to astrophysics calculations.

To evaluate the yield outcome of various astrophysics
scenarios we need to be able to reproduce in nucleosyn-
thesis calculations, complex features of abundance yield
patterns. For such comparisons to be meaningful, un-
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nucleosynthesis scenarios. The study is compared with
single network calculations using specific neutron

capture rates. Abundances are plotted as a function of
mass number. Pink area: Monte-Carlo. Red line: single
network with reaction rates from Rauscher et al [38].
Blue line: idem, by Mumpower et al [39], Green line:

idem,with rates by Beard et al [40]. Circles: Normalized
r-process abundances based on [41]

certainties in the nuclear input that a↵ect nucleosyn-
thesis calculations have to be identified, and their in-
fluence evaluated. To address this need, we investigated
the sources of uncertainty that are most influential to
the extrapolation of Hauser-Feshbach calculations away
from stability and traced them back to the description of
model ingredients that mostly influence neutron capture
reaction rates, namely the level density, and the gamma-
ray strength distribution. We calculated reaction rates
using a number of adequate level density and gamma
strength models for the neutron-rich isotopes of elements
from oxygen to uranium. For this extensive list of iso-
topes, we compared the results of di↵erent calculations
for each reaction rate and calculated the ratio of mini-
mum to maximum result for temperatures up to 10GK.
We found results that vary up to a few orders of magni-
tude for each reaction rate and studied how the combined
e↵ect of inconsistent model predictions for the level den-
sity and the �-ray strength created increased uncertainty
and reduced the reliability of neutron capture rates away
from stability. Based on these results it is clear that
improvements in the current reaction theory and in par-
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Modeling the r-process: nucleosynthesis networks and post-processing

Rosswog+13

NSM dynamical ejecta

Hydrodynamic simulations 
provide us with a “trajectory”: 
density / temperature / position 
as a function of time

Both experimental + theoretical 
nuclear inputs:

The need for nuclear inputs is not isolated to reactions and 
decays in the network: 
• input initial composition dependent on EOS
• outputs are post-processed to evaluate nuclear heating, light 

curves, gamma spectra…

N Vassh
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Beta decay
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Branching ratios

Neutron capture
Fission rates / yields
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Other reaction rates (e.g.(𝛼,n))
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Fission yields and rates for neutron-induced, b-delayed, and spontaneous

Ei

(n,f) yields with excitation energy Ei + Sn differ from sf yields at zero 
excitation energy (below from GEF 2016)

Yield dependent on Ei
temperature on the order of 1 GK (~0.1 MeV) 

important regime for r-process  

Vassh+19 (JPhysG)
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Regions which models commonly predict to fission strongly 
in r-process simulations

Yield dependent on Ei
temperature on the order of 1 GK (~0.1 MeV) 

important regime for r-process  
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Fission yields and rates for neutron-induced, b-delayed, and spontaneous

Ei

Regions which models commonly predict to fission strongly 
in r-process simulations

Vassh+19 (JPhysG)

Yield dependent on Ei
temperature on the order of 1 GK (~0.1 MeV) 

important regime for r-process  

*beta-minus delayed fission has never been experimentally 
observed, confirmation alone progress (note this is what prevents 
r-process calcs from populating superheavies…)



r-process path
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FRIB customers now and for years to come
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FRIB reach in key regions impacting the evolution of r-process abundances
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r-process studies in the FRIB era
A central question of r-process studies:

*What was the main astrophysical source for heavy elements our Solar System?

Additionally this is a rich-field with many open questions that can be systematically addressed:

*What is the nature of the last r-process event that enriched the Solar System?

*Why are Solar abundances enhanced in the rare-earths (i.e. the so-called rare-earth peak)? Does 
this point to a nuclear structure effect? Fission contributions?

*What abundance signatures can we use to isolate r-process contributions from i-process?

*What astrophysical events enriched the metal-poor stars we see in our Galaxy and nearby 
galaxies? NSMs? Collapsars? Special Supernovae? Rapidly accreting WDs?

*Are actinides produced in neutron star mergers? 

*Exactly how heavy of species can be produced in nature? Superheavies?

*Can we identify NSM remnants in our galaxy?



r-process studies in the FRIB era
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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
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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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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
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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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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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Figure 4. Quadrupole deformation �2 as predicted by the mass models FRDM [330],
SkM⇤ [331], SLy4 [332] and UNEDF0 [333]. Note that the quadrupole deformations
of odd-A and odd-odd nuclei are interpolated from the predicted values for even-even
nuclei in the last three models. The dotted-dashed line marks the limit of known
(neutron-rich) nuclei (as given on the NuDat website, http://www.nndc.bnl.gov/
nudat2/).
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Markov Chain Monte Carlo (MCMC):
Uses observational data to discern nuclear properties such as masses 
as well as constrain the conditions present at nucleosynthesis sites

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

See Orford,Vassh+18 (PRL), Vassh+21 (ApJ), 
Orford,Vassh+22 (PRC Letters), Vassh+22 (Frontiers in Phys.) 
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hot low entropy accretion disk wind (moderately n-rich)
Markov Chain Monte Carlo (MCMC):
Uses observational data to discern nuclear properties such as masses 
as well as constrain the conditions present at nucleosynthesis sites

§ Monte Carlo mass corrections

§ Calculate: 

§ Calculate: 

§ Update nuclear quantities and rates 

§ Perform nucleosynthesis calculation

§ Calculate

§ Update parameters OR revert to last success

See Orford,Vassh+18 (PRL), Vassh+21 (ApJ), 
Orford,Vassh+22 (PRC Letters), Vassh+22 (Frontiers in Phys.) 



Orford,Vassh+22 (PRC Letters)

hot vs cold low entropy accretion disk winds
(moderately n-rich) 
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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
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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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• FRIB Day 1 can reach the N=104 feature forming the peak in hot conditions

• Future FRIB reach will cover the N=108 and N=106 features utilized with cold and in between dynamics

FRIB 
Day 1
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Recent work:

Solar abundance variations A wider variety of n-richness

Very n-rich conditions with fission deposition

*Mass bands coming soon!

Vassh+22 (Frontiers in Phys.) Vassh+22 (sub.) Spoiler alert! No matter the details we almost always need a local enhanced stability somewhere between 
N=104-108 in the isotopic chains of Z~57-63
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r-process 
path (most 
abundant)

Current state of the r-process N=126 peak

Little to no experimental data on the 
neutron-rich side at N=126

*Nuclear mass models predict different 
shell closure strengths = different 
amounts of elements like Au, Pt

time

Local b-decay and neutron capture competition near 
N=126 can shift and narrow the peak

*FRIB can constrain the beta-decay properties (half-lives, neutron 
emission, strength functions…) responsible for peak structure

*The N=126 shell closure is the 
“gateway” to the actinides: e.g. affects 
production of uranium-238, etc.
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𝛼-decay a source of nuclear 
heating affecting kilonova

light curves

Cf strongly populated

fission depopulates 
Cf feeders 

Vassh+19 (JPhysG)

Thermalization efficiency 
in kilonovae

Zhu+21



r-process studies in the FRIB era



Very n-rich dynamical ejecta

Arnould+07

Wind ejecta (s/k=10, 𝑌!=0.27)

“Weak” r-process: 
multiple astrophysical sites produce these nuclei



Wind ejecta (s/k=10, 𝑌!=0.27)

“Weak” r-process: 
multiple astrophysical sites produce these nuclei

Black line = TALYS, 
magenta = (𝛼,n) 
variationsPereira+20

Core-collapse
Supernovae

Côté, Denissenkov, 
Herwig+18

i-process in 
rapidly accreting 

white dwarfs

Arnould+07



Wind ejecta (s/k=10, 𝑌!=0.27)
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variationsPereira+20

Core-collapse
Supernovae

Côté, Denissenkov, 
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i-process in 
rapidly accreting 

white dwarfs

Arnould+07
“Correlation of Triaxial Deformation with Inertial Dynamics, 
Masses and r-Process Nucleosynthesis”,
FRIB PAC1 exp 21035 (J. Almond+ (including Vassh))
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1.2-1.4 M☉ NSM dynamical ejecta 
(hydro simulation Rosswog+13) 

with theoretical fission yields from LANL 

“Universality” or “robustness” of 
r-process abundances 

10 r-process rich halo stars compared to solar: 
similar lanthanide abundance ratios

and light precious metal (Ag,Pd)

Vassh+20 (ApJ) 
See also Roederer,Vassh+23 (submitted to Science)

*would connect 
FRIB to upcoming 
Hubble Space 
Telescope 
Observations 
(Cd, Z=48)
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Gamma-ray emission and kilonova
heating from b-decays near N=82

Both gamma-ray calculations @ 10 kpc (within Milky Way)

Searching for neutron star merger remnants: 
modeling spectral lines from b-decay and a-decay gammas

might primarily decay via spontaneous fission. Therefore, while
the α-heating in this region is sensitive to the amount of material
that reaches the region, it is also sensitive to the relative rates of
α-decay and spontaneous fission along the relevant decay chains.
By examining the ordered list of contributors to α-decay heating,
we find that in simulations where isotopes from this second region
are important, they tend to supply an increasing fraction of the
total α-decay heating as time progresses. We find that the two
most consistent isotopes from the second region, 253Es and 255Fm,
are present in most nuclear model simulations from this sample,
but are restricted to simulations using lower Ye values (only below
0.18). Finally, while many nuclei in this region have measured
α-decay rates, some do not, making both theoretical predictions
and measurements for these α-decays particularly important.

5.3. Impact on Beta-decay Heating

We find the largest variation in fractional effective heating in
the contribution from β-decay heating. Depending on the time
post-merger, varying the fission prescription, nuclear models,
and astrophysical conditions can result in β-decay heating
comprising anywhere between 10% to more than 90% of the
total effective heating. The spontaneous fission reactions and
α-decays discussed in the previous sections have direct impacts
on the β-decay heating, as these processes are a significant
factor in determining the population of nuclei that eventually
β-decay. Figure 17 shows the frequency of isotopes responsible
for all or part of 80% of the β-decay heating at 8 (left) and 50
(right) days: a more complete list is found in the Appendix.
Close to stability, there are a few important isotopes that show
up in nearly every simulation. Further away from stability, and
as early as 30 days, we start to see the significant impact of

254Cfspontaneous fission daughter products in the A=130
region. Given that the simulations we compare in this section
span Ye values from 0.02–0.24, it is expected that the
abundance of 254Cfvaries from simulation to simulation, and
therefore the fraction of β-heating that comes from decays of
daughter products of 254Cfis also not uniform; this is reflected
in Figure 17. Surrounding the two distinct green patches seen
in the bottom right panel of Figure 17 is a more diffuse
distribution of isotopes (yellow patches) that appear to be
significant in few simulations. These are primarily found in
simulations using HFB nuclear models with Kodama fission
yields and KZ spontaneous fission rates. This highlights the
potential importance of isotopes with unmeasured character-
istics in the high-Z region (100�Z�106), both directly via
spontaneous fission or α-decay, as well as indirectly via the
decay products of these processes. The amount of heating from
spontaneous fission, α-decay, and subsequently, β-decay, is
ultimately sensitive to whether the synthesis of heavy nuclei
reaches this high-Z region, and if it does, the process by which
they preferentially decay.

6. Conclusion

Observations of the electromagnetic signal that comes from
an NSM present a unique opportunity to investigate both the
type and amount of the elements that are ejected in these
events. It is generally believed that a high-opacity material,
likely rich in lanthanides, was ejected from the recent NSM
GW170817. These elements are synthesized via the r-process,
so this suggests that at least some r-process material was
produced in this NSM.

Figure 17. Top panel: frequency of β-decay nuclei in the top 80% of the total β-heating rate at 8 (left) and 50 (right) days. The colored bar indicates the number of
simulations (out of 224 total) in which each isotope was listed as being part of the top 80%. Dots indicate isotopes that have a measured β-decay rate. Bottom panel:
zoom-in of the region where more consistent spontaneous fission daughter products appear after at least 50 days.

16

The Astrophysical Journal, 906:94 (19pp), 2021 January 10 Zhu et al.

Key b-decay heaters for kilonovae
8 days

# of sim
ulations in w

hich 
species in top 80%

 of heaters

Zhu+21 (including Vassh) (ApJ)

Wang,Vassh+20 (ApJ Letters)

Gamma-rays from nearby events and b-decay of n-rich fission 
fragments: how well are these measured above 3.5 MeV?  

Korobkin+20; see also Wu+19 
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r-process studies in the FRIB era
A central question of r-process studies:

*What was the main astrophysical source for heavy elements our Solar System?

Additionally this is a rich-field with many open questions that can be systematically addressed:

*What is the nature of the last r-process event that enriched the Solar System?

*Why are Solar abundances enhanced in the rare-earths (i.e. the so-called rare-earth peak)? Does 
this point to a nuclear structure effect? Fission contributions?
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*Are actinides produced in neutron star mergers? 

*Exactly how heavy of species can be produced in nature? Superheavies?

*Can we identify NSM remnants in our galaxy?



r-process studies in the FRIB era
A central question of r-process studies:

*What was the main astrophysical source for heavy elements our Solar System?

Additionally this is a rich-field with many open questions that can be systematically addressed:

*What is the nature of the last r-process event that enriched the Solar System?
Masses, beta-decays of nuclei feeding 129I 

*Why are Solar abundances enhanced in the rare-earths (i.e. the so-called rare-earth peak)? Does 
this point to a nuclear structure effect? Fission contributions?
Rare-earth elements (Z~57 to 63) with isotopes at N~100 to 117

*What abundance signatures can we use to isolate r-process contributions from i-process?
Constraints on neutron capture from indirect methods (e.g. (d,p)) 

*What astrophysical events enriched the metal-poor stars we see in our Galaxy and nearby 
galaxies? NSMs? Collapsars? Special Supernovae? Rapidly accreting WDs?
Mass measurements 50<N<82 to constrain weak r-process and possible fission contributions

*Are actinides produced in neutron star mergers? 
Mapping out n-rich actinides: 254Cf fission gammas, yields; half-life / branching of 254Bk, 271Rf… 

*Exactly how heavy of species can be produced in nature? Superheavies?
Masses/ beta-decay near N=126; first detection of / constraints on beta-minus delayed fission

*Can we identify NSM remnants in our galaxy?
Gamma spectra from the beta-decay of n-rich nuclei


