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r-process astrophysical sites

8

t ≠ tmrg = ≠0.3 ms

Ye

t ≠ tmrg = 1.2 ms

t ≠ tmrg = 0.6 ms

t ≠ tmrg = 2.5 ms

Figure 2. Volume rendering of the electron fraction of the ejecta for the simulation SFHo M135135 M0. The ray-casting opacity is linear
in the logarithm of the rest-mass density. From the top-left in clockwise direction, the transparency minimum – maximum in the opacity
scale are (1011 � 1014) g cm�3, (108 � 1011) g cm�3, (108 � 1011) g cm�3, and (107 � 1011) g cm�3. The last panel of this figure should
be compared with Fig. 14 where we plot a cut of the data in the xz-plane.

Binary neutron star 
mergers

(also neutron star-
black hole mergers?)

Radice+2019

Nucleosynthesis in magneto-rotational supernovae 7

Figure 6. Mass fractions of individual isotopes for every model. Isotopes of
a same elements are indicated by a given color and connected by a line. The
element names are given at the top of each panel. Nuclei with mass fractions
 10�8 are not included.

neutron-rich material of this group that is ejected very early along the
jets shifts to the sides of the jet at later times. The late configuration
consists of proton-rich jets surrounded by neutron-rich clumps where
the r-process occurs.

3.2 Impact of rotation and the weak r-process

The e�ect of rotation can be investigated by comparing the two
models with similar weak magnetic fields: 35OC-Rw and 35OC-
RRw. Both models produce abundances for alpha elements and up
to the iron group2.

Model 35OC-RRw with strong rotation and weak magnetic field
is characterized by only proton-rich ejecta in addition to the U and
U-Fe groups. Rotation reduces the accretion and thus the accretion
luminosity, and this makes the explosion slower and matter stays
exposed to neutrinos for a longer time. The result is that the ejecta
are proton rich as shown in Fig. 4. Here, we find typical nucleosyn-
thesis produced by the ap-process when the matter flow runs on the
proton-rich side of stability (Fröhlich et al. 2006; Pruet et al. 2006;
Wanajo 2006). In addition, for conditions with .4 ⇠ 0.5 or slightly
proton- or neutron-rich, the flow goes along stability. The proton-rich
conditions produce characteristic isotopic abundances including p-
nuclei as shown in the bottom panel of Fig. 6, see Bliss et al. (2018);
Eichler et al. (2018), and Wanajo et al. (2018) for more details about
the nucleosynthesis in proton-rich supernova ejecta.

In the model with slower rotation (35OC-Rw), most of the matter

2 Note that the outer layers of the progenitor are not included here and they
contribute to the alpha elements, see e.g., Eichler et al. (2018).
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Figure 7. Electron fraction of model 35OC-Rw in a region around the PNS at
C ⇠ 1.4 s (left-hand panel) and 2.2 s (right-hand panel). Contours of constant
density (1014, 1013, .. gcm�3) are indicated with the white, dashed lines. The
pink contours correspond to the neutrinospheres.

is ejected with .4 ⇠ 0.5 and a small amount is slightly neutron rich
and the weak r-process produces the lighter heavy elements up to
around Ag (see e.g., Bliss et al. 2017). In addition, there is a late
matter ejection (C & 2 s) with .4 ⇠ 0.3. The sudden appearance of
such a population of tracers is the consequence of a relatively abrupt
change in the PNS structure that had occurred slightly earlier. Up to
C ⇠ 1.4 s, the PNS is almost spherical with a decreasing radius and
an aspect ratio close to unity despite having a very high rotational
energy. Eventually, however, its magnetic field grows su�ciently
to redistribute angular momentum to the outer layers. The excess
centrifugal support causes these layers to expand and leads to a
growth of the ratio between equatorial and polar radius beyond a
value of two (Fig. 7). This expansion a�ects matter of very low .4
(marked by the blue colours in the figure), some of which even ends up
outside the neutrinospheres. The turbulent fluid flows in this region
stochastically advect parcels of this very neutron-rich matter into
the polar outflows. These fluid elements will be ejected at very high
speeds and .4 stays low (Fig. 4). We note that no similar transition
from a spherical to an oblate PNS takes place in model 35OC-RO.
There, the magnetic field is strong enough to cause a high aspect ratio
already early on. Although we find neutron-rich matter outside the
neutrinospheres also in this case, the amount is less and the structure
of the PNS makes it less likely for this matter to enter the outflow,
thus suppressing the weak r-process group.

3.3 Impact of the magnetic field and the r-process

Models 35OC-Rw, 35OC-RO, and 35OC-Rs show the impact of in-
creasing magnetic field strengths on the abundances (Fig. 1). When
increasing the magnetic field from model 35OC-Rw to model 35OC-
RO, then elements around the second r-process peak are not produced
anymore. This is related to the late evolution of model 35OC-Rw, dis-
cussed above. We note, however, that this non-monotonicity, caused
by the presence or the absence of late neutron-rich fluid elements,
only a�ects a small fraction of the ejecta. When these fluid elements
are ignored, the distribution of the ejecta across .4 behaves mono-
tonically with initial magnetic field strength (Fig. 4).

Explosions with strong magnetic fields, like 35OC-Rs, have been
suggested as a potential r-process site (e.g., Meier et al. 1976; Meyer
1994; Nishimura et al. 2006; Winteler et al. 2012; Nishimura et al.
2015, 2017; Mösta et al. 2018). The magnetic field produces a jet-
like explosion and prompt ejection of neutron-rich material (Fig. 5).

MNRAS 000, 1–13 (2020)

Exotic supernovae (?)

Winteler+2012

Reichert+2021

The Astrophysical Journal Letters, 789:L39 (6pp), 2014 July 10 Wanajo et al.

Figure 2. Color-coded distributions for density, temperature, Ye, and S/kB (from left to right) on the x–y (lower panels), x–z (positive sides of top panels), and y–z
(negative sides of top panels) planes at the end of simulation.
(A color version of this figure is available in the online journal.)
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Figure 3. Mass fractions outside 150 km from the center vs. Ye (top) and S/kB
(bottom) at the end of simulation for the x–y, x–z, and y–z planes. The widths
of Ye and S/kB are chosen to be ∆Ye = 0.01 and ∆S/kB = 1, respectively.
(A color version of this figure is available in the online journal.)

for the orbital and non-orbital planes, respectively (with higher
values for higher Ye), which are sizably greater than those in
Goriely et al. (2011, S/kB ∼ 1–3) with the Shen’s EOS.

3. THE r-PROCESS

The nucleosynthesis analysis makes use of the thermody-
namic trajectories of the ejecta particles traced on the orbital
plane. A representative particle is chosen from each Ye-bin (from
Ye = 0.09 to 0.44 with the interval of ∆Ye = 0.01 (Figure 3).
For simplicity, we analyze only the x-y components because of
the dominance of the ejecta masses close to the orbital plane.
Each nucleosynthesis calculation is initiated when the tempera-
ture decreases to 10 GK, where the initial composition is given
by Ye and 1 − Ye for the mass fractions of free protons and
neutrons.

The reaction network consists of 6300 species from single
neutrons and protons to the Z = 110 isotopes. Experimental
rates, when available, are taken from the latest versions of REA-
CLIB7 (Cyburt et al. 2010) and Nuclear Wallet Cards.8 Other-
wise, the theoretical estimates of fusion rates9 (TALYS; Goriely
et al. 2008) and β-decay half-lives (GT2; Tachibana et al.
1990) are adopted, where both are based on the same nuclear
masses (HFB-21; Goriely et al. 2010). Theoretical fission prop-
erties adopted are those estimated on the basis of the HFB-14
mass model. For fission fragments, a Gaussian-type distribution
is assumed with emission of four prompt neutrons per event.
Neutrino captures are not included, which make only slight
shifts of Ye (typically an increase of ∼0.01 from 10 GK to
5 GK).

The hydrodynamical trajectories end with temperatures
∼5 GK. Further temporal evolutions are followed by the density
drop such as t−3 and with the temperatures computed with the
EOS of Timmes & Swesty (2000) by adding the entropies gen-
erated by β-decay, fission, and α-decay. This entropy generation

7 https://groups.nscl.msu.edu/jina/reaclib/db/index.php
8 http://www.nndc.bnl.gov/wallet/
9 http://www.astro.ulb.ac.be/pmwiki/Brusslib/Brusslib

3

Wanajo+2014

4



r-process observables: abundance patterns

Arnould+2007, Hotokezaka+2018

solar system 
r-process residuals

Holmbeck+2020

Observational effort to identify and characterize metal-poor stars

1,903 stars observed

585 published 
>10 papers, including Placco, Holmbeck, et al. (2017); Hansen, Holmbeck, et al. (2018); 

Holmbeck et al. (2018); Holmbeck et al. (submitted)

32 new r-II stars identified
15

est. 2017

r-process elements 
in metal-poor stars
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consistent r-process pattern: evidence for fission cycling? 
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• Can we exploit knowledge of fission and fissioning isotopes to 
interpret r-process observables?

• What can we learn about the fission properties of neutron-rich 
actinides from r-process observables?

7

connecting fission properties to r-process observables



• Can we exploit knowledge of fission and fissioning isotopes to 
interpret r-process observables?

• What can we learn about the fission properties of neutron-rich 
actinides from r-process observables?
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r-process observables: electromagnetic signatures

Electromagnetic counterpart to

the neutron star merger GW signal

kilonova SSS17a bolometric light curve 

bolometric compilation: Waxman+ 2017 
models: Kasen+2017 

SSS17a bolometric          

lanthanide rich
lanthanide poor

Material with significant opacity is the best fit to the data Slide credit: Dan

Kasan Suggests lanthanides were made in the r-process.

NS merger kilonova
M ~ 10-2 Msun

r-process decay powered

Type Ia SN
M ~ 1.4 Msun
 56Ni-powered

simulated r-process (kilonova) light curves

Li and Paczynski (1998) 
Kulkarni (2005)
Metzger et al. (2010)
Roberts et al. (2011)
Goriely et al (2012)
Grossman et al (2013)

barnes&kasen 2013
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Watson+2019

Hotokezaka+2023
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NSM evidence for specific elements



?

11

NSM evidence for specific elements



Did the GW170817 merger produce actinides?

Zhu, Wollaeger, Vassh, Surman, Sprouse, Mumpower, 
Möller, McLaughlin, Korobkin, Jaffke, Holmbeck, Fryer, 
Even, Couture, Barnes, ApJL 2018

excess KN heating 
at ~100 days

12



Zhu, Wollaeger, Vassh, Surman, Sprouse, Mumpower, 
Möller, McLaughlin, Korobkin, Jaffke, Holmbeck, Fryer, 
Even, Couture, Barnes, ApJL 2018

4 M. M. Kasliwal et al.

imately (Kasen & Barnes 2018)

f(t) ⇡ p�(1� e�t2�/t2) + pe(1 + t/te)
�n, (1)

where p� ⇡ 0.4, pe ⇡ 0.2 are the fraction of beta-decay
energy emitted as gamma-rays and electrons, respectively.
For ejecta masses and velocities in the range M ⇡ 0.01 �
0.05 M�, v ⇡ 0.1c�0.2c the timescale for gamma-rays to be-
come ine�cient to thermalization is t� ⇡ 0.5� 2 days while
that for electrons is te ⇡ 10� 40 days. The exponent n ⇡ 1
for typical conditions, though n can be larger depending on
the details of the thermalization and decay physics (Kasen
& Barnes 2018).

Figure A1 shows calculations of the radioactive power
✏̇(t) derived from detailed r-process nuclear reaction net-
works for outflows with a range of physical conditions (ini-
tial electron fractions Ye = 0.05 � 0.5, expansion velocity
of 0.2c, ejecta mass of 0.05 M� Rosswog et al. 2018). At
+43 d, the radioactive power ranges from ✏̇ ⇡ 0.5 � 2.5 ⇥
108 erg s�1 g�1. Adopting the ⌫L⌫ luminosity at epoch 1
of L43 = 7.8 ⇥ 1038 erg s�1 and using an e�ciency factor
f = 0.1 (appropriate for te ⇡ 30 days) implies an ejecta
mass of Mej ⇡ 1.6�7.8⇥10�2 M�. Within large uncertain-
ties, the mass range is consistent with that inferred from
analysis of early time observations of GW170817 (Coulter
et al. 2017; Drout et al. 2017; Evans et al. 2017; Kasliwal
et al. 2017; Smartt et al. 2017; Soares-Santos et al. 2017;
Cowperthwaite et al. 2017; Arcavi et al. 2017), and provides
additional evidence that the neutron star merger produced
a large quantity of radioactive ejecta.

Between the two epochs of Spitzer observations, the lu-
minosity dropped by a factor L1/L2 ⇡ 6.2 corresponding to
a power-law L/ t�3.4±0.2. This is steeper than the L / t�7/3

dependence of statistical distribution of isotopes with power
✏̇ / t�4/3 with ine�cient thermalization f(t) / t�1. Alter-
nately, the observed decline can be explained if the e�ciency
drops even more rapidly, f(t) / t�2, as suggested by Wax-
man et al. (2017) (although such a steep dependence of f(t)
is not consistent with the numerical thermalization calcu-
lations of (Barnes et al. 2016)). Based on late-time optical
data, Waxman et al. 2017 and Arcavi 2018 also suggested a
similarly steep late-time power-law slope of t�3.

It is possible that the decline in luminosity between the
two Spitzer epochs is a result of the spectral energy progres-
sively moving out of 4.5µm band, such that the bolometric
correction increases with time. If such a color evolution oc-
curred, the spectrum must have moved redward of 5 µm, as
the upper limits in the 3.6µm band rule out a substantial
increase of the flux at bluer wavelengths.

If we assume, on the other hand, that the bolomet-
ric correction remained largely unchanged between the two
epochs, the two Spitzer epochs suggest that the underlying
radioactivity has deviated from the ✏̇ / t�4/3 power-law be-
havior. This is expected to occur when the decay becomes
dominated by one or a few isotopes rather than a statistical
distribution (Kasen & Barnes 2018; Wu et al. 2018). For a
single dominant isotope the energy generation rate follows
✏̇(t) / e�t/ti where ti is the decay timescale. Taking into
account the e↵ects of ine�cient thermalization, the heating
from a single isotope at times t & te is (Kasen & Barnes

Figure 2. Comparing early-time bolometric data (circles, Kasli-
wal et al. 2017) and late-time Spitzer detections (stars, this paper)
with the predicted radioactive luminosity as a function of time
(lines). The dashed colored lines show a luminosity L = Mej ✏̇(t)
f(t), where the ejecta mass Mej = 0.05 M�, the thermalization
e�ciency f(t) is from Kasen & Barnes 2018, and the radioactive
power ✏̇(t) is from the detailed nuclear reaction network calcu-
lations of Rosswog et al. 2018. ✏̇(t) explores a range of electron
fraction Ye and expansion velocity from 0.1c to 0.4c. Outflows
with Ye<0.25 synthesize the heaviest r-process elements in the
second-peak and third-peak and show a steeper late time decline,
whereas those with Ye&0.25 produce relatively lighter elements
and have a shallower decline due to the presence of longer lived
radioactive isotopes. Also shown is the power law inferred from
early-time data (gray solid line) and an analytic estimate of beta
decay rates assuming a statistical distribution (magenta solid line;
Hotokezaka et al. 2017).

2018)

L /
exp

h
� 3
p

3t/2te(te/ti)
i

(t/te)7/3
. (2)

From Equation 2 and using te = 30 days the observed ratio
L1/L2 ⇡ 6.2 implies heating dominated by an isotope with
decay time ti ⇡ 14 days.

If the late time radioactivity is indeed dominated by a
single isotope, this provides constraints on the ejecta compo-
sition. For merger outflows with electron fractions Ye . 0.25
the nucleosynthesis proceeds to the 3rd r-process peak (Fig-
ure A1) and the radioactive power ✏̇(t) steepens at times
t & 40 days to a decline rate consistent with the two Spitzer
epochs (Figure 2). For electron fractions Ye & 0.25, in con-
trast, the r-process stalls at the first or second r-process
peak and the heating rate is flatter at late times due to the
presence of long-lived radioisotopes. Thus, the Spitzer data
provides conditional evidence that GW170817 produced 3rd
peak r-process elements.

Another simple check to this inference is to compare
the bolometric light curve to the electron heating rates cal-
culated based on the solar abundance pattern (Figure 3).
The Spitzer detections cannot be explained only by radioac-
tive decay of elements in the first abundance peak as none
of them have half-life between between 10–100 days. Abun-
dant elements with relevant half-life include 89Sr, 125Sn, 131I,

MNRAS 000, 1–6 (2018)

Did the GW170817 merger produce actinides?
GW170817 with HST 9

Figure 4. The spectral energy distribution of the kilonova (rest-frame days 5.06–11.31) and GRB afterglow (110.38–170.50
days) components of AT 2017gfo as constrained by HST detections and upper limits (circles) and described in Section 3.1 and
Section 3.2. The horizontal error bars correspond to the equivalent rectangular width of the corresponding filter as described in
Rodrigo et al. (2012). We overplot the average kilonova and GRB afterglow models for data obtained within ±0.5 day of the
average day given next to each model. For the first model at 5.06 days (violet), there are two kilonova models from Kasen et al.
(2017) within this time range, which are plotted as a shaded region between the brighter (upper) and fainter (lower) model.

2017), or possibly from accretion outflows from a disk
that forms around the merger (Miller et al. 2019).

3.2. The GRB Afterglow Light Curve After 2017

December 6

After the field once again became observable with
HST at > 100 rest-frame days from merger, the optical
and near-IR emission from AT 2017gfo was dominated
by GRB afterglow (Lyman et al. 2018; Mooley et al.
2018; Troja et al. 2018; Fong et al. 2019; Lamb et al.
2019). Novel to this work are the late-time templates
described in Section 2, which enabled four new detec-
tions in F814W, F110W, and F160W. To compare our
updated photometry and upper limits from AT 2017gfo
at these epochs, we compare its HST light curve to the
afterglow model based on an o↵-axis relativistic struc-
tured jet and presented in Hajela et al. (2019). We adopt
the updated parameters of Hajela et al. (2021) for a rel-
ativistic structured jet viewed at an angle of ✓obs = 23�

and interstellar medium density n0 = 0.01 cm�3. We
choose these models for comparison over other afterglow

models (e.g., JetFit models in Wu & MacFadyen 2018,
2019, with ✓obs ⇡ 30�) because the predicted obser-
vation angle is consistent with independent constraints
from superluminal motion in the relativistic jet (⇡20�

in Mooley et al. 2018).
The resulting optical and near-IR light curves are

shown on the right side of Figure 3 with the correspond-
ing spectral energy distributions in Figure 4. These
models are relatively good fits to the observed HST data,
with minimal inverse-variance weighted average residu-
als of 0.1 mag compared with measurement uncertainties
in each detection of 0.15–0.29 mag.
Consistent with the findings of Fong et al. (2019),

Lamb et al. (2019), and Hajela et al. (2019), we find no
evidence for a change in spectral shape across the optical
and near-IR spectral energy distribution (Figure 4). Our
best constraints come from the afterglow light curve at
109.6 and 170.5 rest-frame days from merger, with two
and three detections over a span of ⇡2 days, respec-
tively. In both cases, the observations are consistent
with a constant spectral index of f⌫ / ⌫

�0.6, reinforcing

HST observations
Kilpatrick+2021

data at ~100 days 
matches a GRB 
afterglow

Spitzer mid-infrared
Kasliwal+2019

excess KN heating 
at ~100 days
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Subsequent KNe show similar late time behavior
GW170817 with HST 9

Figure 4. The spectral energy distribution of the kilonova (rest-frame days 5.06–11.31) and GRB afterglow (110.38–170.50
days) components of AT 2017gfo as constrained by HST detections and upper limits (circles) and described in Section 3.1 and
Section 3.2. The horizontal error bars correspond to the equivalent rectangular width of the corresponding filter as described in
Rodrigo et al. (2012). We overplot the average kilonova and GRB afterglow models for data obtained within ±0.5 day of the
average day given next to each model. For the first model at 5.06 days (violet), there are two kilonova models from Kasen et al.
(2017) within this time range, which are plotted as a shaded region between the brighter (upper) and fainter (lower) model.

2017), or possibly from accretion outflows from a disk
that forms around the merger (Miller et al. 2019).

3.2. The GRB Afterglow Light Curve After 2017

December 6

After the field once again became observable with
HST at > 100 rest-frame days from merger, the optical
and near-IR emission from AT 2017gfo was dominated
by GRB afterglow (Lyman et al. 2018; Mooley et al.
2018; Troja et al. 2018; Fong et al. 2019; Lamb et al.
2019). Novel to this work are the late-time templates
described in Section 2, which enabled four new detec-
tions in F814W, F110W, and F160W. To compare our
updated photometry and upper limits from AT 2017gfo
at these epochs, we compare its HST light curve to the
afterglow model based on an o↵-axis relativistic struc-
tured jet and presented in Hajela et al. (2019). We adopt
the updated parameters of Hajela et al. (2021) for a rel-
ativistic structured jet viewed at an angle of ✓obs = 23�

and interstellar medium density n0 = 0.01 cm�3. We
choose these models for comparison over other afterglow

models (e.g., JetFit models in Wu & MacFadyen 2018,
2019, with ✓obs ⇡ 30�) because the predicted obser-
vation angle is consistent with independent constraints
from superluminal motion in the relativistic jet (⇡20�

in Mooley et al. 2018).
The resulting optical and near-IR light curves are

shown on the right side of Figure 3 with the correspond-
ing spectral energy distributions in Figure 4. These
models are relatively good fits to the observed HST data,
with minimal inverse-variance weighted average residu-
als of 0.1 mag compared with measurement uncertainties
in each detection of 0.15–0.29 mag.
Consistent with the findings of Fong et al. (2019),

Lamb et al. (2019), and Hajela et al. (2019), we find no
evidence for a change in spectral shape across the optical
and near-IR spectral energy distribution (Figure 4). Our
best constraints come from the afterglow light curve at
109.6 and 170.5 rest-frame days from merger, with two
and three detections over a span of ⇡2 days, respec-
tively. In both cases, the observations are consistent
with a constant spectral index of f⌫ / ⌫

�0.6, reinforcing

HST observations
Kilpatrick+2021

data at ~100 days 
matches a GRB 
afterglow

GRB 230307A
Levan+23
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Vassh, Vogt, 
Surman, Randrup, 

Sprouse, 
Mumpower, 
Jaffke, Shaw, 

Holmbeck, Zhu, 
McLaughlin, 2018

254Cf: dependence on nuclear inputs
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Gamma rays from a nearby event

Korobkin, Hungerford, Fryer, Mumpower, Misch, Sprouse, Lippuner, 
Surman, Couture, Bloser, Shirazi, Evan, Vestrand, Miller 2020

also Hotokezaka+2016; Li 2019; Wu+2019; Ruiz-Lapuente, Korobkin 2020
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“Could a Kilonova
Kill: a Threat 
Assessment”

Perkins, Ellis, Fields, 
Hartmann, Liu, 
McLaughlin, Surman, 
Wang 2024



Wang, Vassh, Sprouse, Mumpower, Vogt, 
Randrup, Surman, ApJL 2020

Wang, Vassh+ in preparation 2024

PRELIMINARY

17

Gamma rays from fission



• Can we exploit knowledge of fission and fissioning isotopes to 
interpret r-process observables?

• What can we learn about the fission properties of neutron-rich 
actinides from r-process observables?

18

connecting fission properties to r-process observables



Vassh, Mumpower, McLaughlin, 
Sprouse, Surman 2020

Fission yield signatures

Cowan+2011

Rh Pd Ag
La       Eu
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Vassh, Mumpower, McLaughlin, 
Sprouse, Surman 2020

Cowan+2011

Rh Pd Ag
La       Eu

[La/Eu]

[Pd/Eu]

Fission yield signatures
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Fission yield signatures

21

Roederer, Vassh, Holmbeck, Mumpower, Surman, 
Cowan, Beers, Ezzeddine, Frebel, Hansen, Placco, 
Sakari, Science 2023



The origin of the heaviest elements in the r-process of nucleosynthesis has been one 
of the greatest mysteries in nuclear astrophysics for decades.

Despite considerable progress in the past several 
years, including the first direct detection of an r-
process event, the r-process site(s) has not been 
definitively determined. 

An understanding of fission is crucial for the 
interpretation of r-process observables such as 
abundance patterns and light curves.

Additionally, as other nuclear physics uncertainties are 
reduced, details of fission properties of neutron-rich 
actinides may be extractable from r-process data.

summary

accessible FRIB Day 1
FRIB full reach

Mumpower, Surman, McLaughlin, 
Aprahamian, JPPNP 2016
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