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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)).
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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.

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

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

r-process observational anchor 1: Solar abundance peaks

Snapshot @ ~1 sec for very n-rich r-process conditions



Metal-poor stars (e.g. low in Fe) likely enriched by one to 
few events; probe of rare processes such as r process

r-process observational anchor 2: metal-poor stars

Definitions and stellar data from JINAbase



Figure 2: Yield production comparison between 10 µA,
500 MeV protons on a 25 g/cm2 UCx target (top) and 10 mA,
50 MeV electrons on a Hg converter and 15 g/cm2 UCx target
(bottom).

experimental hall adjacent to the TRIUMF cyclotron that
has been re-purposed as the e-linac accelerator vault (e-hall).
The e-linac installation is staged.

E-LINAC DESIGN
The e-hall sits on the west side of the cyclotron vault. Here

the stray magnetic field of the cyclotron measures an average
of 3 G. The configuration of the e-linac inside the e-hall is
shown in fig. 3. The e-linac (depicted in red) is positioned
such that a recirculating ring can be accommodated in the
future. The ring is part of a future energy recovery linac
(ERL) with injection and extraction between 5 � 10 MeV
and so a single cavity o�-line injector cryomodule (EINJ in
fig. 3) was chosen plus two 2-cavity accelerating modules
(EACA and EACB).

The e-linac operate at 1.3 GHz. This choice take advan-
tage of the development already made on this technology
worldwide The linac architecture was determined by the
choice of final cw beam power and the available commer-
cial cw rf couplers at the design rf frequency of 1.3 GHz.
The CPI produced coupler developed with Cornell for the
ERL injector cryomodule is capable of operation at 50 kW
cw. The cavity design allows two CPI couplers per cavity
arranged symmetrically around one end delivering a total
of 100 kW of beam loaded power. This sets a maximum
gradient per cavity at 10 MV/m. A total of five cavities are
required to reach 50 MeV and 0.5 MW beam power.

Electron Gun

The electron source [4] (e-gun) provides electron bunches
with charge up to 15.4 pC at a repetition frequency of

Figure 3: Layout of the ARIEL electron linac.

650 MHz. The main components of the source are a gridded
dispenser cathode in a SF6 filled vessel, and an in-air high
voltage power supply. The beam is bunched by superimpos-
ing a RF modulation to overcome a DC suppression voltage
on the grid. Unique features of the gun are its cathode/anode
geometry to reduce field emission and transmission of RF
modulation via a dielectric (ceramic) waveguide through
the SF6. The latter obviates the need for a HV platform
inside the vessel to carry the RF generator and results in a
significantly smaller/simpler vessel. An impedance network
inside an HV shroud matches the waveguide to the cathode.

Cavities

The cavities installed in both the injector and accelerating
cryomodules are superconducting nine-cell TESLA type
with modified end groups.

Cavity parameters include: ⌫ = 1.3 GHz, L = 1.038 m,
R/Q = 1000, Ea = 10 MV/m. For Q0 = 1 · 1010 the cavity
power is Pcav = 10 W.

The end groups are modified to accept the two power
couplers and to help push high order modes (HOMs) to
dampers located on each end as represented in fig. 4.

On the power coupler end there is a stainless steel (SS)
damping tube coaxial with the beam tube and extending

Figure 4: e-linac jacketed cavity with HOM dumper on each
end.
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Proton spallation on UCx target

Photofission on UCx target

The nuclear properties of exotic isotopes 
imprinted in stars

Brown, Gade,…,Vassh, et al. (JPhysG 2025)Marchetto+15



r-process observational anchor 3: 
electromagnetic emission from rare events 
(e.g. binary neutron star 
merger GW170817)

Villar+17; see also Cowperthwaite+17
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MeV gamma rays as fingerprints of astrophysical isotope production

COMPTEL all-sky image of 26Al 1.8 
MeV emission from Galactic disk Emission from NSM remnants

D=10 kpc

Korobkin+19; see also Wu+19

Emission from a nearby mergers

Hotokazaka+16



Prompt

Delayed

Wang,Vassh+20 (ApJ Letters 903, L3)

Predictions for observable MeV gamma emission from 
fission and the decays of neutron-rich nuclei in mergers 

Spectrum with significant emission >3.5 MeV signifies that an 
astrophysical event produced fissioning species 



Majorana demonstrator
(76Ge neutrinoless double 𝛽-decay search)

The 2.6 MeV gamma-ray line from Tl-208 𝛽-decay: 
a beacon for numerous disciplines and astrophysics

Vassh, Wang+24 
(PRL 132, 052701) r process in NSMs

Alvis+19



Majorana demonstrator
(76Ge neutrinoless double 𝛽-decay search)

The 2.6 MeV gamma-ray line from Tl-208 𝛽-decay: 
a beacon for numerous disciplines and astrophysics
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accreting WD

Alvis+19



Remnant timescales (>10 years)

Larivière, Vassh, Deng, Wang, and Surman 26 
(submitted, arXiv:2605.17213)

• Consider a mass weighted 
sum of merger ejecta from 
NSM sim. of Radice et al.  

• Apply a peak finding 
algorithm to identify when 
lines from the decay of 
specific isotopes may be 
visible in the total 
predicted spectrum

UBC/TRIUMF PhD 
student Maude 
Lariviere



K-42, Fe-59, Co-60, Ga-72, 
Ge-77, Rb-88, Nb-95, Ru-103, 
Rh-106, Ag-112, In-128, Sb-125, 
Sb-126, Sb-128, I-131, I-132, 
La-140, Pr-144, Eu-156, Ir-194, 
Tl-208, Tl-209, Ac-228, Am-246

Main r-process variations Mass weighted total ejecta from 
Radice et al. NSM hydrosim

Weak r-process variations 

* Overall, find Fe-59, Co-60, Ga-72, Ge-77, Rb-88, Zr-95, Nb-95, Ru-103, Rh-106, Ag-112, Sn-125, Sb-125, Sb-126, Sb-128, 
I-131, I-132, La-140, Eu-156, Ir-194, Tl-208, Tl-209, Pb-214, Ac-228 most frequently reported across calculation variations; 
note appendix also features species with long half-lives that are significantly populated but presently report no strong lines

Rb-88, Nb-95, Ru-103, Rh-106, Ag-112, 
Sn-125, Sn-127, Sb-125, Sb-126, 
Sb-128, Sb-129, I-131, I-132, I-133,
I-135, Xe-133, La-140, La-142, Pr-144, 
Eu-155, Eu-156, Hf-181, Ta-182, Ta-185, 
Re-188, Ir-194, Tl-208, Tl-209, Pb-211, 
Pb-214, Ac-228, Pu-243, Am-246

Na-24, K-42, Fe-59, Co-60, Cu-66, 
Cu-67, Zn-72, Ga-72, Ge-77, Kr-85, 
Kr-88, Rb-88, Y-91, Zr-95, Nb-95, 
Ru-103, Rh-106, Ag-112, Sn-125, 
Sb-125, Sb-126, Sb-127, Sb-128, 
Sb-129, I-131, I-132, La-140

Isotopes with decay lines dominating spectrum some time between 1 day to 1 Gyr

Larivière, Vassh, Deng, Wang, and Surman 26 (submitted, arXiv:2605.17213)



Larivière, Vassh, Deng, Wang, and Surman 26 
(submitted, arXiv:2605.17213)

Smoking guns of solely weak r-process production: 
Ga-72 and Rh-106 spectral takeover



Detailed analysis of competition 
between fission gammas and 𝛽-decay 

emission

Larivière, Vassh, Deng, Wang, and Surman 26 
(submitted, arXiv:2605.17213)

Top: very n-rich case (Ye=0.01), 
bottom: moderately n-rich case (Ye=0.19)

Energies >3.5 MeV dominated by prompt fission 
gammas over beta-decay emission at times > 1 
day in all calculation variations; almost all higher 
energy beta-decay lines from fission daughters 
(flux below prompt); notable exception Rb-88’s 
4.7 MeV strong line (only at earlier times)
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Yeh, Cordova, Wang, et al (including Vassh) (submitted, arXiv:2608.05476)

TITAN mass measurements: 
Cs, Ba



no fission

fission

Affects comparisons to Solar and metal-poor star 
trends for key r-dominated lanthanide abundances 

in cases both w/ and w/o fission deposition

TITAN mass measurements: 
Cs, Ba

Yeh, Cordova, Wang, et al (including Vassh) (submitted, arXiv:2608.05476)
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Latent
Space

Input Output

Encoder
Layer 1

Encoder
Layer 2

Decoder
Layer 1

Decoder
Layer 2

Hydrodynamic simulations of r process and s process 
events show distinct elemental abundance patterns

Stellar abundance patterns are available for 
> 100 metal-poor stars

r

s

i

Machine learning can 
classify patterns = 

Machine learning can 
classify stars

Vassh, Wang, Woloshyn, Kutchera, Larivière, Majic, Côté (ApJ 2025, arXiv:2505.14563)

Ba, La, Ce, Pr, Nd, Sm, Eu, Dy, Er (Z=56, 57, 58, 59, 60, 62, 63, 66, 68) as one 
feature set. Also considered a second feature set with Er replaced by Pb.

metal-poor stars

Monash, FRUITY

Radice, Just



Binary classifier 
(supervised training on r and s)

UBC/TRIUMF PhD 
student Yilin Wang

Machine learning to classify metal-poor stars as r or s

Binary Cross Entropy Loss Function

Vassh, Wang, Woloshyn, Kutchera, Larivière, Majic, Côté (ApJ 2025, arXiv:2505.14563)



One-class classifier 
(unsupervised training on r or s)

…

… … … …

…

Latent
Space

Input Output

Encoder
Layer 1

Encoder
Layer 2

Decoder
Layer 1

Decoder
Layer 2
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Vassh, Wang, Woloshyn, Kutchera, Larivière, Majic, Côté (ApJ 2025, arXiv:2505.14563)

Machine learning to classify metal-poor stars as r or s



* 2/5 i stars fall into 
the r or s group

* 3/5 i stars are 
almost never
identified as r or s! 

22 53 57 59 60 
63 64 66 70 71 
75 78 93 94 95 
96 99 105 106 

108 110 112 113
10

48

22 53 57 59 60 
63 64 66 70 71 
75 78 93 94 95 
96 99 105 106 

108 110 112 113
10

48

* This application demonstrated that some stars recently labeled to be of i-process origins are actually compatible with r 
or s groups BUT some stars were not found to belong to either group à first ML predictions of a process beyond r and s 

Vassh, Wang, Woloshyn, Kutchera, Larivière, Majic, Côté (ApJ 2025, arXiv:2505.14563)

Machine learning to classify metal-poor stars as r or s or i



SHAP Permutation Feature Importance (PFI)

Wang, Vassh, Woloshyn+ (in prep)

ML feature importance: which elemental abundances are most informative?

First consider the feature set without Pb: Ba, La, Ce, Pr, Nd, Sm, Eu, Dy, Er

Note SHAP and PFI consider a baseline and 
then permute values of subsets of features 

within the data to see how predictions 
change relative to this baseline; must take 

care to not be skewed by unphysical 
combinations! 

r

s



SHAP
Conditional SHAP (considers covariance 

when sampling feature values)

Wang, Vassh, Woloshyn+ (in prep)

ML feature importance: which elemental abundances 
are most informative?

Next consider the feature set with Pb: Ba, La, Ce, Pr, Nd, Sm, Eu, Dy, Pb



Li, Sprouse, Meyer, and Mumpower
(Phys. Lett. B 2024)

Pb isotopic chainMixed Density Neural Network to predict nuclear masses

Using ML to predict masses across the nuclear chart

N3AS postdoc 
Mengke Li



Find the subset of predicted global models which are physical and would match observation if a given 
astrophysical event were both the source of main r-process elements for our Sun and metal-poor star HD22295

Li, Mumpower, Vassh and Surman (Phys. Rev. Res. Lett. 2025)

Using ML with Solar and metal-poor star abundances to constrain masses



Li, Wang, Engel, Mumpower, Vassh and Surman (in prep.)

Using ML to infer 𝛽-decay half-lives 
and uncertainties 



Li, Wang, Engel, Mumpower, Vassh and Surman (in prep.)

Using ML to infer 𝛽-decay half-lives 
and uncertainties 
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Ab initio nuclear theory: new reach into r-process nuclei

This work
Previous ab initio reach

Dripline ab initio
Dripline HFB-24

AME 2020 
FRIB reach

r-process path

Kuske,Miyagi+(2025)

Hu, Larivière, Vassh, and Holt (in prep)



Ab initio nuclear theory: new reach into r-process nuclei

This work
Previous ab initio reach

Dripline ab initio
Dripline HFB-24

AME 2020 
FRIB reach

r-process path

Kuske,Miyagi+(2025)

Hu, Larivière, Vassh, and Holt (in prep)



New ab initio masses change predictions for key heavies like Os, Ir, Pt in NSM nucleosynthesis calculations, 
adjusting what may have been concluded about Solar and stellar enrichment sources

Ab initio nuclear theory: new reach into r-process nuclei

Hu, Larivière, Vassh, and Holt (in prep)
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Towards refining calculations of
r-process observables Interdisciplinary 

science and integrated 
approaches are key


