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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.

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

+ more...
Palm+14

Neutron star mergers

The solar composi.on can be 
decomposed into many processes

mul.ple nucleosynthesis sites 
enriched the solar system 



Nuclear properties shape the solar abundances

Arnould, Goriely, and Takahashi (2007)

Smith&Rehm 01
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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.

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

Solar heavy elements 
= r-process  (rapid  neutron capture) 
+ s-process (slow neutron capture) + ?
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Nuclear properties shape the solar abundances

Arnould, Goriely, and Takahashi (2007)

Burbidge, Burbidge, 
Fowler and Hoyle
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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.

50
t l

l00 l50
ATOMIC WEIGHT

200

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

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

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

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

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

Fuller+17

Credit: APS/Alan Stonebraker, via Physics

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

Some candidate sites for r-process element production

Collapsar disk 
winds

Winteler+12; also Mosta+17

Magneto-rotationally 
driven (MHD) supernovae
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Over ~70 observing teams (~1/3 of the worldwide 
astronomical community) followed up on the merger event! 

Observed in UV, infrared, radio, g-ray, X-ray, and op]cal 

Lanthanide and/or ac]nide mass frac]on ↑, opacity ↑, 
longer dura]on kilonova light curve shi_ed toward infrared

Abbott+17
Hurt/Kasliw

al/Hallinan, Evans 
and the G

RO
W

TH collab.
The GW170817 binary neutron star merger
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Actinide production and kilonovae: 
what is the reach of the r process in mergers? 

Zhu, Wollaeger, Vassh+18 (ApJ LeBers 863, L23);
See also Vassh+19 (J. Phys. G 46, 065202), 
Zhu, Lund+21 (including NV) (ApJ 906, 94)
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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 spalla]on on UCx target

Marchetto+15

Actinide production and kilonovae: 
what is the reach of the r process in mergers? 

Zhu, Wollaeger, Vassh+18 (ApJ Letters 863, L23);
See also Vassh+19 (J. Phys. G 46, 065202), 
Zhu, Lund+21 (including NV) (ApJ 906, 94)



Côté, Fryer, Belczynski, Korobkin, Chruślińska, Vassh+18 (ApJ 855, 2)

Do binary NS mergers make enough 
heavy elements?

Abundance range from 10 mass models

Neutron star mergers

Palm
+14

Galactic 
Chemical 
Evolution

Nucleosynthesis Predictions:

nuclear physics uncertainties

GCE w
ith 

Solar Abund.

Updated LIGO/Virgo, Abboh+21* 

*Now another confirmed NSNS merger GW190425 observed by LIGO 
as well as a June 2021 confirma]on of two observed NSBH mergers GW200105 and 200115!



A modern approach to exploit the interplay between 
nuclear properties and astrophysical outcomes

Nuclear masses are key inputs for 
reac8on and decay rates

Nuclear structure (shell closures, 
deformation…) affects abundances 

Dong+19

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

Markov Chain Monte Carlo

Arnould+07

Rare-earth peak



Vassh+21 (ApJ 907, 98);
Orford,Vassh+18 (Phys. Rev. Lett. 120, 262702)

MCMC results in similar vs 
dis(nct astrophysical ouAlows 

Sm (Z=62)

Neutron star merger accretion disk winds with: 
Hot = extended (n,g)⇆(g,n) equilibrium  
Cold = photodissociation falls out early



MCMC results in similar vs 
distinct astrophysical outflows 

Sm (Z=62)

Neutron star merger accre?on disk winds with: 
Hot = extended (n,g)⇆(g,n) equilibrium  
Cold = photodissocia?on falls out early

Neutron-rich 
rare-earths

Photofission on U target

MarcheDo+15



Additional neutron capture processes hidden in the solar abundances?

− i-process  (intermediate neutron capture) − …?  
r-process  (rapid  neutron capture) = Solar − s-process  (slow neutron capture)

*Studies suggest r+s cannot explain 
some stellar patterns

The details of the best-!tting model for all 20 stars, i.e., how
many measurements the !t is based on, the neutron density of
the model, dilution factor and Dmin

2 of the best !t, are listed in
Table 2. For most of the stars, the majority of the elemental
abundances can be reproduced within the uncertainty of the
observational measurements. One signi!cant exception is
SDSSJ0912+0216, which has an unusual abundance pattern
that is unlike the other stars in the sample. It cannot be
reproduced by either an i or s process. Further study of this
object is warranted. Two stars, BS16080-175 and BS17436-
058, only have measurements of heavy elements for barium,
lanthanum and europium that the !t can be based on. Due to
this low number of observations, their !ts are less meaningful
than for the remaining stars with signi!cantly more observed
abundances. Interestingly, most of the abundance patterns of
the remaining 17 stars can be best modeled by a neutron
capture process operating at a neutron density of
n!=!1014 cm!3, which is the case for 12 stars. Four stars are
better described by processes operating at the lower neutron
densities of n!=!1012 cm!3 (CS22881-036 and HD187861)
and n!=!1013 cm!3 (CS22948-027 and HD224959). The only
star for which the best !t to the data is achieved by the i-
process model operating at a neutron density of n!=!1015 cm!3,
is CS31062-050. However, the abundances of CS31062-050
can be modeled almost as well by the simulation of
n!=!1014 cm!3 with !2!=!26.7 compared to !2!=!26.5 for
n!=!1015 cm!3. Therefore, it is arguable that a neutron density
around n!=!1014 cm!3 is suf!cient to reproduce the abundance
patterns of most CEMP-s/r stars, because this is the case that
results in both high Eu abundances and xBa Eu 0.6[ ] as
observed in CEMP-s/r stars.

3.2. Comparison to Other Studies

While the original idea for the i process is not new (Cowan
& Rose 1977), there have been few studies of its production

of the heavy elements to which we can compare our results.
In the context of CEMP-s/r stars, Dardelet et al. (2014)
examined its effects on three CEMP-s/r stars: CS22898-027,
CS31062-050, HE0338-3945. As with our simulations, these
authors used a single-zone nucleosynthesis code to compute
the effects of the i process, but rather than using a constant
neutron density, they adopt a constant combined C+H mass
fraction of 0.7 to simulate proton ingestion. For the three
systems they studied, they found similar !tting neutron
densities to those we obtained and essentially the same
resulting abundance pattern.
Figure 4 shows the observed abundance pattern of LP625-44

and the best-!tting model from this work, along with the best-
!tting model from the studies of Abate et al. (2015a) and
Bisterzo et al. (2012). It can be seen that the main problems of

Figure 4. Best-!tting model for CEMP-s/r star LP625-44 (red dots): the best-
!tting models from Abate et al. (2015a) with AGB nucleosynthesis (cyan) and
from Bisterzo et al. (2012) with the s process and initial [r/Fe] = 1.5 (orange)
compared to the best-!tting model from the neutron capture nucleosynthesis
calculations with a neutron density of n!=!1014 cm!3 (blue). Lower panel,
vertical lines and uncertainties, as in Figure 3.

Figure 5. Best-!tting i-process model for CEMP-s/r star CS31062-050 (red
dots). The s-process best !t with initial [r/Fe] = 1.6 can be found in Figure!26
of Bisterzo et al. (2012).

Figure 6. Best-!tting i-process model for CEMP-s/r star HE0338-3945 (red
dots). The s-process best !t with initial [r/Fe] = 2 can be found in Figure!19 of
Bisterzo et al. (2012).
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The Astrophysical Journal, 831:171 (14pp), 2016 November 10 Hampel et al.

The details of the best-!tting model for all 20 stars, i.e., how
many measurements the !t is based on, the neutron density of
the model, dilution factor and Dmin

2 of the best !t, are listed in
Table 2. For most of the stars, the majority of the elemental
abundances can be reproduced within the uncertainty of the
observational measurements. One signi!cant exception is
SDSSJ0912+0216, which has an unusual abundance pattern
that is unlike the other stars in the sample. It cannot be
reproduced by either an i or s process. Further study of this
object is warranted. Two stars, BS16080-175 and BS17436-
058, only have measurements of heavy elements for barium,
lanthanum and europium that the !t can be based on. Due to
this low number of observations, their !ts are less meaningful
than for the remaining stars with signi!cantly more observed
abundances. Interestingly, most of the abundance patterns of
the remaining 17 stars can be best modeled by a neutron
capture process operating at a neutron density of
n!=!1014 cm!3, which is the case for 12 stars. Four stars are
better described by processes operating at the lower neutron
densities of n!=!1012 cm!3 (CS22881-036 and HD187861)
and n!=!1013 cm!3 (CS22948-027 and HD224959). The only
star for which the best !t to the data is achieved by the i-
process model operating at a neutron density of n!=!1015 cm!3,
is CS31062-050. However, the abundances of CS31062-050
can be modeled almost as well by the simulation of
n!=!1014 cm!3 with !2!=!26.7 compared to !2!=!26.5 for
n!=!1015 cm!3. Therefore, it is arguable that a neutron density
around n!=!1014 cm!3 is suf!cient to reproduce the abundance
patterns of most CEMP-s/r stars, because this is the case that
results in both high Eu abundances and xBa Eu 0.6[ ] as
observed in CEMP-s/r stars.

3.2. Comparison to Other Studies

While the original idea for the i process is not new (Cowan
& Rose 1977), there have been few studies of its production

of the heavy elements to which we can compare our results.
In the context of CEMP-s/r stars, Dardelet et al. (2014)
examined its effects on three CEMP-s/r stars: CS22898-027,
CS31062-050, HE0338-3945. As with our simulations, these
authors used a single-zone nucleosynthesis code to compute
the effects of the i process, but rather than using a constant
neutron density, they adopt a constant combined C+H mass
fraction of 0.7 to simulate proton ingestion. For the three
systems they studied, they found similar !tting neutron
densities to those we obtained and essentially the same
resulting abundance pattern.
Figure 4 shows the observed abundance pattern of LP625-44

and the best-!tting model from this work, along with the best-
!tting model from the studies of Abate et al. (2015a) and
Bisterzo et al. (2012). It can be seen that the main problems of

Figure 4. Best-!tting model for CEMP-s/r star LP625-44 (red dots): the best-
!tting models from Abate et al. (2015a) with AGB nucleosynthesis (cyan) and
from Bisterzo et al. (2012) with the s process and initial [r/Fe] = 1.5 (orange)
compared to the best-!tting model from the neutron capture nucleosynthesis
calculations with a neutron density of n!=!1014 cm!3 (blue). Lower panel,
vertical lines and uncertainties, as in Figure 3.

Figure 5. Best-!tting i-process model for CEMP-s/r star CS31062-050 (red
dots). The s-process best !t with initial [r/Fe] = 1.6 can be found in Figure!26
of Bisterzo et al. (2012).

Figure 6. Best-!tting i-process model for CEMP-s/r star HE0338-3945 (red
dots). The s-process best !t with initial [r/Fe] = 2 can be found in Figure!19 of
Bisterzo et al. (2012).
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and r-process such as those near the first s-process abundance peak. We propose to address this 
uncertainty with a unique, cutting edge method which approaches theoretical neutron capture in a 
different manner from what has been considered in previous nucleosynthesis calculations. We will also 
use sophisticated statistical methods to perform a consistent uncertainty propagation from our neutron 
capture calculations to the determination of i-process abundances. Such a method provides a path forward 
toward pinning down the synthesis capabilities of the i-process and would therefore illuminate the picture 
of heavy element production in general. 
 
Fig. 1 shows nucleosynthesis calculation results for astrophysical scenarios which populate primarily the 
light heavy element region between the first (A~80) and second (A~130) r-process peaks of the Solar 
residuals: (1) an i-process which could take place in the late He-shell flash of a post-AGB white dwarf 
remnant or rapidly accreting white dwarf (neutron density 1015 cm-3, He burning temperature 0.2 GK) and 
(2) a 'weak' r-process (populating elements up to mass number A~130 and not reaching lanthanide or 
actinide species) which could take place in collapsars, core-collapse supernovae, or in the winds from an 
accretion disk formed around the remnant of a neutron star merger event (with temperatures evolving 
from 8 GK to ~0.1 GK and an initial neutron density ~1030 cm-3 dropping to ~1024 cm-3 during 
nucleosynthesis). For the calculations shown in the figure we make use of the NuGRID PPN 
nucleosynthesis network [JINA 2020] for the i-process calculations and the PRISM network code 
[Mumpower 2018] for the r-process calculations. Since the exact amount that each process has 
contributed to the Solar System is unknown, due to uncertainties in the mass ejection amount and rate of 
such astrophysical events, nucleosynthesis calculations must 'scale' abundances when comparing to Solar 
data. Shown here are the so-called Solar 'r-residuals' determined from subtracting out the s-process 
contribution. Since an i-process and weak r-process are capable of synthesizing similar species, a more 
thorough analysis of the abundance features of each process is the way to disentangle their relative 
contributions. However, this is complicated in part by uncertainties in the neutron capture rates of 
neutron-rich nuclei. This is demonstrated explicitly in Fig. 1 where the i-process calculation has been 
reconsidered with neutron capture rates being an order of magnitude lower for five nuclei found to be 
important: 85,87Br and 87,88,89Kr. Therefore, the neutron capture studies outlined in this proposal directly 

Fig. 1. Calculated i-process abundances pre-decay (red) and weak r-process abundances (blue) 
separately scaled to the Solar observational data which has the s-process contribution subtracted out 
(black dots). Shown in orange is the i-process prediction when the neutron capture rates are decreased 
for five key i-process nuclei (see text for more details). 
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