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r-process nucleosynthesis
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� Rapid neutron-capture process 
(r process):
9Create ~half of the nuclei 

heavier than iron
9Occurs in neutron-rich 

environments
9Abundance peaks: A~82, 

A~130, A~196 (closed shell 
structures at N = 50, N = 82, 
and N = 126 )
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1st peak 2nd peak

lanthanide 
(138<A<179)

3rd peak actinide 
(A>220)
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Weak r process: 2nd peak + some lanthanides
Main/Robust r process: 3rd peak, actinides & beyond



Magnetar giant flare
(e.g., Patel+2025)

exotic supernovae 
(e.g., Fischer+2020)

primordial black hole 
+ neutron star (e.g., 
Fuller+2017)

etc.
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r-process sites: a mystery

Magneto-rotational supernovae
(e.g., Reichart+2020, Nishimura+2017, Mosta+2018)

Mosta, P., et al., 2018 

Neutron star + neutron star/black hole mergers
(e,g, Nedora+2020, Foucart+2020, George+2020, etc.)

University of Warwick/Mark Garlick

Collapsars
(e.g., Siegel+2019, Miller+2019)

Credit: NASA/Dana Berry/Skyworks Digital

Core collapse 
Supernovae?
(e.g., 
Meyer+1992, 
Roberts+2012)

Credit: NASA, ESA, J. Hester and A. Loll
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� Prompt electromagnetic emissions
� Kilonova: a transient powered by the radioactive decay of the r-process 

isotopes synthesized from the r-process sites like neutron star merger
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Astrophysical observables of r-process radioisotopes

UV, optical, and NIR light curves of the counterpart 
of GW170817. (Cowperthwaite, P. S., et al., 2017)

Gamma rays from a nearby kilonova. 
(Korobkin. O., et al., 2020)11/5/2026 OECE2026-Xilu Wang
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� isotope measurements in the solar system samples (Earth, moon, 
meteorites)

Fields, B., et al. 2019, BAAS, 51,410 Wallner, A., et al. 2021, Science, 372, 6543

௠௘௔୬ǡమలలబி௘ݐ ൌ ͵Ǥ͹ͺ ݎݕܯ

௠௘௔௡ǡݐ వరమరర௉୳ ൌ ͳͳͷ ݎݕܯ

Near-earth event:
within~100pc; 
occur ~ 3Myr ago
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Astrophysical observables of r-process radioisotopes

OECE2026-Xilu Wang



Neutron star mergers (NSM)
� GW170817: multi-wavelength observationsÆconfirmed r-

process nucleosynthesis sites
¾ Kilonova light curve: Lanthanides production
¾ Strontium and Tellurium elements indicated from spectroscopy

� GRB211211A and GRB230307A: kilonova lightcurve; tellerium
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Abbott, B. P. et al., 2017

UV, optical, and NIR light curves of the counterpart of 
GW170817. (Cowperthwaite, P. S., et al., 2017)

Blue kilonova+red 
kilonova: indicated 
lanthanide 
production

Sr lines are identified
in a re-analysis of
GW170817 spectra
(Watson, D., et al.,
2019)

Spectral series of the kilonova AT 2017gfo from X-shooter 
on VLT. (Hotokezaka, K., et al., 2023)

Infrared spectral
line: interpreted
as tellurium

11/5/2026 OECE2026-Xilu Wang



Did the GW170817 merger produce actinides?
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1st peak 2nd peak

lanthanide 
(138<A<179)

3rd peak actinide 
(A>220)

TeSr

漨 漨
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Incident neutron strikes

Deformation

Scission

Prompt Neutron Emission

Energy release 
Q~200 MeV, TKE~170 MeV

E-delayed emission from 
n-rich fission products

Prompt ys
 (fission)

Delayed ys
(Beta-decay)

Fission in astrophysical environments
Gammas > 3.5 MeV: signature of prompt and delayed 

fission gammas in an astrophysical event! 

fission

Credit: Nicole Vassh
9Wang, X., Vassh, N., et al. 2020 , 

ApJL, 903, L3
11/5/2026 OECE2026-Xilu Wang



MeV light curve and contributions from 
individual fissioning nuclei

Flux at ܧఊ ൐ ͵Ǥͷܸ݁ܯ

Very neutron rich dynamical ejecta from Rosswog et al., 2013, Piran et al., 2013.  
Nuclear data based on FRDM and FRLDM nuclear models
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Total signal: black
Beta-decay: green
Fission: purple

NSM Ejecta

Expanding v

observer
shell 

core 

a

Distance D

㻌 㻌

㻌

㻌

㻌

Wang, X., Vassh, N., et al. 2020 , 
ApJL, 903, L3
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Robust fission

Limited fission

No fission

Variations on neutron-richness (Ye) and the actinide 
production

Low entropy parameterized outflow found in Radice et al., 2018, Just et al., 2015.  
Nuclear data based on FRDM and FRLDM nuclear models Wang, X., Vassh, N., et al. 2020 , 

ApJL, 903, L3

NSM Ejecta

Expanding v

observer
shell 

core 

a

Distance D

㻌 㻌

㻌

㻌

㻌

௘ܻ ൌ
݊௘
݊௕

ൌ ͳ െ
݊௡

݊௡ ൅ ݊௣
Smaller ௘ܻ: more neutron rich

Total signal: black
Beta-decay: green
Fission: purple
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Variations on neutron-richness (Ye) and the actinide 
production

Low entropy parameterized outflow found in Radice et al., 2018, Just et al., 2015.  
Nuclear data based on FRDM and FRLDM nuclear models

NSM Ejecta

Expanding v

observer
shell 

core 

a

Distance D

㻌 㻌

㻌

㻌

㻌

௘ܻ ൌ
݊௘
݊௕

ൌ ͳ െ
݊௡

݊௡ ൅ ݊௣
̱ͲǤͲͳͷ

Smaller ௘ܻ: more neutron rich
Robust fission

Limited fission

No fission

Total signal: black
Beta-decay: green
Fission: purple

Visible for up to 1000 days post-event

12Wang, X., Vassh, N., et al. 2020 , 
ApJL, 903, L3
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Vassh, N., Wang, X., et al., 2024,
 PRL, 132, 052701

Thallium-208: A Beacon of In Situ Neutron Capture 
Nucleosynthesis
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Th232
14 bill. y
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r-process abundances
for a NSM at 6.7s

i-process abundances
383 minutes after
building from iron seeds

neutron capture processes can populate species along the well-known Th-232 
decay chainÆ yielding Tl-208;
Detection of Tl-208 represents the only identified prospect for a direct signal of 
lead production (implying 3rd r-process peak synthesis like gold) in a real-time
event.

r process in mergers
i process in rapidly accreting 

white dwarfs (RAWDs)

11/5/2026 OECE2026-Xilu Wang



¾the 2.6 MeV Tl-208 line explicitly show itself in the spectrum at the timescales: ~12hours -
~10days (after Tl is populated by Pb-212 and Ra-224 decays); 1-20 years (Ra-228 decays);
¾Next generation MeV gamma-ray detectors will be able to detect the Tl-208 lines from
NSM in Milky Way or nearby galaxies at these timescales.

Vassh, N., Wang, X., et al., 2024,
 PRL, 132, 052701

Very neutron rich dynamical ejecta from Rosswog et al., 2013, Piran et al., 2013.  
Nuclear data based on FRDM and FRLDM nuclear models

hours

days

years

hours-days

years
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2.6 MeV Tl-208 lines emitted from neutron star mergers

11/5/2026 OECE2026-Xilu Wang



MeV lines from weak and main r-process isotopes in NSMs

Maude Larivière
University of British Columbia 

& TRIUMF

NSM simulation: the 1.2 - 1.4 Mٖ NSM 
results from D. Radice et al. (2018) 
(assuming M0 neutrino treatment);
d-10kpc; Mej=0.01 Mٖ
Nuclear variations:
¾ Nuclear mass models: FRDM2012, 

HFB27, TF
¾ ɴ-decay treatments: Moller et al. (top) 

and Marketin et al. (bottom) 
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Larivière, M., et al., arXiv:2605.17213 

Isotopes/lines search criteria:
dominate the total flux ;шϱϬйͿ≥ŝŶ≥ƚŚĞ≥line
emission bin ±0.1 MeV with flux above a 
detectability threshold of 10оϳ≥counts sоϭ≥
cmоϮ for explosion epoch (t < 10yrs); 10о10 

counts sоϭ≥cmоϮ for remnant epoch (t >
10yrs);

Explosion

Remnant

11/5/2026 OECE2026-Xilu Wang



MeV lines from weak and main r-process isotopes in NSMs

16
Larivière, M., et al., arXiv:2605.17213 

Astrophysical variations:
9 Ye and 8 entropies = 72 trajectories
¾ Ye between 0.01 and 0.32
¾ Entropies between 10 and 75 

(entropy per baryon, s/kB)

Remnant-weak

Remnant-main

Rh-106: a unique opportunity to distinguish between main 
and weak r-process emission11/5/2026 OECE2026-Xilu Wang



SN1987A

From how far could we see signals given projected detector sensitivity?
Detectability of fission gammas (>3.5 MeV) and Tl-208 2.6 MeV gamma line & Rh-
106 1.56 MeV gamma line with the next general MeV telescope: 
predicted detectability distance depends on nuclear model assumptions and
astrophysical conditions of the outflow

Wang,Vassh+ (in prep)

1711/5/2026 OECE2026-Xilu Wang

Larivière, M., et al., arXiv:2605.17213 



Magnetar giant flare
(Patel+2025)

exotic supernovae 
(e.g., Fischer+2020)

primordial black hole 
+ neutron star (e.g., 
Fuller+2017)

etc.
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r-process sites: a mystery

Magneto-rotational supernovae
(e.g., Reichart+2020, Nishimura+2017, Mosta+2018)

Mosta, P., et al., 2018 

Neutron star + neutron star/black hole mergers
(e,g, Nedora+2020, Foucart+2020, George+2020, etc.)

University of Warwick/Mark Garlick

Collapsars
(e.g., Siegel+2019, Miller+2019)

Credit: NASA/Dana Berry/Skyworks Digital

Core collapse 
Supernovae?
(e.g., 
Meyer+1992, 
Roberts+2012)

Credit: NASA, ESA, J. Hester and A. Loll

11/5/2026 OECE2026-Xilu Wang
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MeV gamma-ray from rare supernovae with r-process

Snapshot of the MR-SN model 35OC-RS 
from Reichert et al. (2021) at the end of 
the simulation time (1.306 s).

Zhenghai Liu
North Carolino State University

Abundance patterns from the MR-SN 
model 35OC-RS tracers from Reichert 
et al. (2021)

Liu, Z., et al., 2025, ApJ, 995, 1, 34
11/5/2026 OECE2026-Xilu Wang
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MeV gamma-ray from rare supernovae with r-process

¾ MeV gamma-ray spectra: prominent r-process isotopes features
like 106Rh and 125Sb in addition to Fe group isotopes

Liu, Z., et al., 2025, ApJ, 995, 1, 34
11/5/2026 OECE2026-Xilu Wang
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MeV gamma-ray from rare supernovae with r-process

Observability of 126Sb 666 keV line with COSI 
and next-generation MeV telescopes if a 
supernova remnant originated from a rare
magneto-rotational-SN with r-process occurs.

Liu, Z., et al., 2025, ApJ, 995, 1, 34
11/5/2026 OECE2026-Xilu Wang



Another interesting astrophysical observables to be 
ĞǆƉůŽƌĞĚ͙͙

11/5/2026 22OECE2026-Xilu Wang
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Live radioisotope measurements on the Earth and 
moon --- 60Fe

Fields, B., et al. 2019, BAAS, 51,410

Credit: Brian Fields

Near-earth event:
within~100pc; 
occur ~ 3Myr ago

௠௘௔୬ǡమలలబி௘ݐ ൌ ͵Ǥ͹ͺ ݎݕܯ

23OECE2026-Xilu Wang
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௠௘௔୬ǡమలలబி௘ݐ ൌ ͵Ǥ͹ͺ ݎݕܯ

Credit: Brian Fields

AMS: 
Accelerator Mass Spectrometry

Ferromamanganese (FeMn) Crust

24OECE2026-Xilu Wang
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Live radioisotope measurements on the Earth and 
moon --- 244Pu

244Pu: only made 
in r-process

௠௘௔௡ǡݐ వరమరర௉୳ ൌ ͳͳͷ ݎݕܯ

Æ other long-lived r-
process radioisotopes 
should also be 
present

Wang, X., et al., 2021, ApJ 923, 219

25OECE2026-Xilu Wang
Koll, D., et al. 2026, Nature
Astronomy, 10, 1001瀤1010
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Long lived r-process radioisotopes
1st peak 2nd peak

lanthanide 
(138<A<17
9)

3rd peak actinide 
(A>220)
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Wang, X., et al., 2021, ApJ 923, 219

OECE2026-Xilu Wang
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r-process calculations

Core collapse 
Supernovae

Credit: NASA, ESA, J. Hester and A. 
Loll

Magneto-rotational supernovae (MHD)

Mosta, P., et al., 2018 

Neutron star mergers (kilonovae)
University of Warwick/Mark Garlick
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Wang, X., et al., 2021, ApJ 923, 219

Nucleosynthesis simulation with PRISM
1) Baseline: AME2016 + FRDM2012 masses; Nubase2016 spontaneous fission and ȕ decay rates; theoretical calculations from LANL (HF for n 
capture and n-induced fission; QRPA+HF for ȕ-delayed fission and ȕ-delayed neutron emission); symmetric split fission yields.
2) Variations: HFB masses (Goriely et al. 2009); ȕ-decay rates from Marketin et al. (2016) (MKT); fission yields from Kodama & Takahashi (1975).OECE2026-Xilu Wang
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r-process calculations

28

� SN: 60Fe mostly comes from explosive 
nucleosynthesis and stellar burning Æ 60Fe 
in r process production serve as a lower 
limit for SN models SA and SB

� For direct deposition, 60Fe/244Pu:
¾ KN models fail
¾ ´PRGLILHGm´m61mQHXWULQRmGULYHQmZLQGm

and MHD SN can work Æ must be 
rare SN 

60Fe only from 
r process

OECE2026-Xilu Wang
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244Pu: Two-Step Kilonova Scenario

proto Local 
Bubble

K
N244Pu

244Pu

244Pu
Kilonovae/Neutron Star mergers:
¾ Robust r-process sites Æ ample 244Pu productions
¾ Rare events
¾Unlikely within Local Bubble

³7ZR-VWHS´mVFHQDULRmIRUmKilonovae:
� More than10-20׽ Mya, a KN exploded, ejecting 

244Pu-bearing r-process material
�  Some of the KN ejecta collided with and was 

mixed into the molecular cloud giving rise to the 
Local Bubble

� Some of the 244Pu was incorporated into dust grains, 
and a more recent SN swept the 244Pu-bearing dust 
to bombard the Earth. Local Bubble

244Pu

SN
60Fe

60Fe

60Fe244Pu

Earth
29

Wang, X., et al., 2021, ApJ 923, 219
OECE2026-Xilu Wang
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244Pu from Near-Earth Supernovae or Kilonovae

30

Wang, X., et al., 2023, ApJ 948, 113

3Mya SN r process
+explosive

10Mya KN r process
+ 3Mya normal SN

OECE2026-Xilu Wang

Koll, D., et al. 2026, Nature
Astronomy, 10, 1001瀤1010

� 60Fe/244Pu measurement :
¾ Direct deposition: 

´PRGLILHGm´m61m
neutrino driven wind 
and MHD SN can 
work Æ must be rare 
SN 

¾ Two step KN scenario: 
10Mya-50Mya KN + a 
normal non-r-process 
SN

� Tests: other long-lived r-
process species 93Zr, 129I, 
182+I«w

Non-detection of 247Cm
Æan old r-process event



Predictions for future measurement of the r-Process 
Radioisotopes

31Wang, X., et al., 2023, ApJ 948, 113

Lunar regolith samples
Æ Avoid anthropogenic 

contamination
Æ Future measurements of the 

samples from &KDQJ¶H and
Artemis missions

11/5/2026 OECE2026-Xilu Wang



S(z,t): the spatiotemporal source term
Æcontinuous for maturity, episodic for supernova-derived 60Fe, and
continuous/depth-dependent for cosmogenic 60Fe)

New Lunar Gardening Model: Guide the Search for
Supernova Debris in the Lunar Regolith

3211/5/2026
Costello, E., «� Wang, X., 2026, PRL 137, 071005

Lunar impacts redistribute regolith by excavating, compacting, and 
burying material. We present a mass-conservative analytic model of 
this transport efficiency with the net vertical transport depth as:

The evolution of concentration or number density C(z,t) is obtained
from the Advection-Diffusion Equation (ADE):

Advection ௭ݒ ൌ
డ஽೥
డ௧

Diffusion



New Lunar Gardening Model: Guide the Search for
Supernova Debris in the Lunar Regolith

3311/5/2026

Validation: Regolith Maturity
ÆSurface maturity Is/FeO  profiles 
for Apollo 15, 16, and 17 samples that 
validate the unified gardening model. 
The ages of these samples are 
independently constrained by cosmic 
ray tracks and radionuclide 
benchmarks

OECE2026-Xilu Wang
Costello, E., «� Wang, X., 2026, PRL 137, 071005



New Lunar Gardening Model: Guide the Search for
Supernova Debris in the Lunar Regolith

3411/5/2026

Solid line H1: 244Pu and r-process delivery is correlated with SN 
pulses centered at 2.3 Myr and 7.3 Myr
Dashed line H2: short-term continuous influx over the last 10 Myr
with an injection time of 50 Myr
Dotted line H3: long-term continuous influx over the last 80 Myr

OECE2026-Xilu Wang
Costello, E., «� Wang, X., 2026, PRL 137, 071005



Outlooks
� What are the origins of the heaviest elements in our universe?
¾Solution: Combination of theory, simulations, and experiments & observations

¾A multi-disciplinary community working to illuminate heavy element origins
¾r-Process radioisotopes are especially interesting to identify direct signals from individual astrophysical 

transients
35

Foucart+16

Connecting RIB facilities with the cosmos 51

techniques. Generally, decay propert ies can be studied with the lowest beam intensit ies
and therefore for the most neutron-rich nuclei accessible, while masses require somewhat
higher beam intensit ies, and react ion studies are only possible closer to stability where
beam intensit ies are st ill 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). Unt il
recent ly, 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 facilit ies are coming online and developments
of experimental devices for mass measurements of exot ic nuclei are completed. New
facilit ies that are already operat ing and will provide a large number of r -process masses
in the very near future include CARIBU at ANL and RIBF at RIKEN.

N=50�

N=82�
N=126�

ANL�Trap:�Mass�

Jyvaskyla�
Trap:�Mass�

TRIUMF�Trap:�Mass�

CERN/ISOLDE�
Trap:�Mass�

GSI�ESR�
�Ring:�Mass�

RIKEN�T1/2���

NSCL�T1/2�Pn��

CERN/ISOLDE�
�T1/2�Pn��

GSI�
�T1/2�Pn��

FRIB�Reach�

Figure 7. Recent r -process mot ivated experiments measuring masses or ȕ-decay half-
lives T1/ 2 at various radioact ive beam facilit ies. The colors of the legend boxes match
the colors of the chart and denote a speci¿c facility or experimental collaborat ion. 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 essent ial for validat ing theoret ical mass models since some of the r -process
nuclei are not experimentally reachable today and thus the simulat ions have to rely on
theoret ical mass predict ions. As discussed below in Secs. 7.1.1 and 7.2.1, current energy
density funct ionals used in DFT calculat ions of nuclear masses ere de¿cient near the

Horowitz+18
Bogner+

11/5/2026

Vassh,Wang+24Costello+26
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�Thanks for your attention. Questions?

11/5/2026 OECE2026-Xilu Wang
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