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Outline
1. What is i process and how does it differ from the s and r processes?
2. Multi-zone and one-zone models of i-process nucleosynthesis.
3. What are CEMP stars and their s, r, and s/r sub-classes? 
4. Direct and indirect signatures of i-process nucleosynthesis in stars.
5. On the important role of the split of a He-shell flash convection zone in 

limiting the i-process neutron exposure time.
6. Comparison of results obtained with one- and multi-zone models.
7. A conclusion that some of the CEMP-s stars may actually be the CEMP-i 

stars.
8. MC simulations with one- and multi-zone i-process models for n-capture 

reaction rate uncertainty studies of unstable isotopes.
9. Comparison of i-process simulations with multi-zone RAWD and AGB 

models.
10. CaNPAN computational tools and related experiments.
11. Conclusions
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3
Slow (s-), rapid (r-), and intermediate (i-) neutron-capture processes

Characteristic neutron densities:

Nn,s ≲ 1012 cm-3, 
Nn,r ≳ 1020 cm-3,

1012 ≲ Nn,i ≲ 1016 cm-3

Figure from Lugaro, M. et al., 
2023, Annual Review of Nuclear 
and Particle Science, 73, 315

Figure from Prantzos, N. et al., 2020, 
MNRAS, 491, 832Ba

Eu
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Multi-zone and one-zone models of i-process nucleosynthesis in stars

H

He/C

Multi-zone model: temperature (T) and density (ρ) are 
both increasing with depth. Convection driven by a He-
shell flash ingests H into He- and C-rich zones, in which 
the reactions 12C(p,γ)13N(e+ ν)13C(α,n)16O release 
neutrons. Therefore, the neutron density Nn is also 
increasing with depth. 

One-zone model: T, ρ, and Nn are all 
constant in the zone.

C+O



Beers, T.C., Christlieb, N., 2005, ARA&A, 43,531

JINAbase 
(https://jinabase.pythonanywhere.com)
Abohalima, A., Frebel, A., 2018, ApJS, 238, 36 

Pollution of CEMP-r/s (CEMP-i) stars by products of i-process nucleosynthesis? 5

[A/B] = log10 [X(A)/X(B)] - log10 [X⊙(A)/X ⊙(B)],
where X(A) is the mass fraction of A 

https://jinabase.pythonanywhere.com


Beers, T.C., Christlieb, N., 2005, ARA&A, 43,531

JINAbase 
(https://jinabase.pythonanywhere.com)
Abohalima, A., Frebel, A., 2018, ApJS, 238, 36 

CEMP stars and equilibrium i-process abundances from the one-zone model 6

https://jinabase.pythonanywhere.com


One-zone computations of i-process nucleosynthesis: 
equilibrium abundances at the neutron exposure 𝜏 = ∫!

"𝑁n𝑣n,th𝑑𝑡 ≫ 1

Nd is used as a pin

First, Dardelet, L. et al., 
(2014nic..confE.145D), 
and then
Hampel, M., et al. (2019, 
ApJ, 887, 11) estimated 
1011 ≤ Nn(cm-3) ≤ 1014 and
 1.1 ≤ τ (mbarn-1) ≤ 23.2 for 
24 CEMP-r/s stars, with 
Nn=1014 cm-3 and τ=3.4 
mbarn-1 for CS31062-050
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Johnson, J., A., Bolte, M., 2004, ApJ, 
605,462

Lai, D.K., et al.. 2007, ApJ, 667, 1185

Bisterzo, S., et al., 2011, MNRAS, 418, 
284

Indeed, some of the CEMP-r/s stars are probably CEMP-i stars

Note: [Ba/La] is sensitive to the 
value of Nn for the i-process 
equilibrium abundances calculated 
for constant values of Nn!

i-process path at
Nn=3.16×1014 cm-3
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Multi-zone i-process models: He-shell flashes in the post-AGB Sakurai’s object, 
rapidly-accreting white dwarfs (RAWDs), and low-mass metal-poor AGB stars
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Multi-zone i-process models: He-shell flashes in the post-AGB Sakurai’s object, 
rapidly-accreting white dwarfs (RAWDs), and low-mass metal-poor AGB stars

From Blue Waters User Portal
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Comparison of one-zone and multi-zone RAWD and AGB models 11

or MWD ≳ 0.8 M⊙ 

zone: 2

zone: 5

Ba La



Some of the CEMP-s stars may actually be the CEMP-i stars: one-zone models

Note: [Ba/La] is sensitive to the value of Nn for the i-process equilibrium abundances calculated for constant values of Nn!

i-process path at
Nn=3.16×1014 cm-3

(n,γ) reaction rate uncertainties and a 
possibility that in some of the CEMP-i 
stars the [Ba/La] ratio has not reached 
its equilibrium value (curves have τ > 1.5 
mbarn-1) have to be taken into account
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Some of the CEMP-s stars may actually be the CEMP-i stars: multi-zone models 13



It takes a longer time for [Ba/La] to reach its equilibrium value

Nd is used as a pin

First, Dardelet, L. et al., 
(2014nic..confE.145D), 
and then
Hampel, M., et al. (2019, 
ApJ, 887, 11) estimated 
1011 ≤ Nn(cm-3) ≤ 1014 and
 1.1 ≤ τ (mbarn-1) ≤ 23.2 
for 24 CEMP-i/r stars with 
Nn=1014 cm-3 and τ=3.4 
mbarn-1 for CS31062-050
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Hauser-Feshbach calculations of (n,γ) reaction rates for unstable isotopes

i-process path at
Nn=3.16×1014 cm-3
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Random variations of (n,γ) reaction rates for unstable isotopes in MC calculations
• Experimental (n,γ) rates are used for stable isotopes.
• We ignore possible correlations between (n,γ) rates for 

selected unstable isotopes (the lower two panels show 
that when TALYS rates correlate the corresponding 
experimental rates do not necessarily correlate and can be 
outside of TALYS ranges, even for stable isotopes).

• We vary (n,γ) rates ri for selected unstable isotopes 
multiplying their NuGrid values by the factors fi = (p/virand) 
+ (1-p)virand, where p is assigned a value 0 or 1 with equal 
probability, and virand are randomly chosen from uniform 
distributions between 1 and the ratios vimax = rimax/rimin for 
the TALYS rates.  

• This method allows us to identify rates whose variations 
have the strongest impacts on predicted abundances.  
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Comparison of MC simulation results for one-zone and multi-zone RAWD models 17



Identifying (n,γ) reaction rates having the strongest impact on the predicted 
elemental abundance ratios for one-zone model with Nn=3.16×1013 cm-3
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Comparison of MC simulation results for one-zone and multi-zone RAWD models 19



Identifying (n,γ) reaction rates having the strongest impact on the predicted 
elemental abundance ratios for multi-zone RAWD model
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Comparison of i-process nucleosynthesis conditions in RAWD and AGB models 21

From Choplin, A. et al., 2022, A&A, 667, A155 From Denissenkov, P. et al., 2019, MNRAS, 488, 258



Comparison of i-process elemental abundances from RAWD and AGB models 22



Comparison of MC simulation results 23

Element AGB model RAWD model log10Nn=13.5
Sr 88Kr 88Rb 88Kr, 88Rb

Y 89Sr 89Rb 89Rb

Zr 90Sr 90Sr 90Sr

Ba 137Xe, 137Cs, 138Cs 137Cs, 138Cs 137Cs

La 139Ba 139Ba 139Ba

Ce 140Ba, 142La 139Ba, 140Ba 140Ba

Pr 141La 141La 141La

Nd 144Ce 144Ce 144Ce

Sm 147Pr, 147Nd 147Pr, 149Nd 147Pr

Eu 151Pm, 153Sm 151Nd, 151Pm 151Nd

Gd 156Sm 156Sm 156Sm

Dy 161Tb, 162Tb, 163Tb 162Tb, 163Tb 163Tb

Er 166Dy 166Dy 166Dy

Hf 177Yb, 178Yb 177Yb, 178Yb 178Yb

Table of unstable isotopes whose (n,γ) reaction rate uncertainty has the strongest impact on the predicted i-
process abundance of a given element (AGB model from Martinet, S. et al. 2024, A&A, 684, A8)



CaNPAN computational tools and experiments (see at https://canpan.ca)
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CONCLUSIONS

• Most of the CEMP-r/s stars are actually the CEMP-i stars.

• Some of the CEMP-s stars may also be the CEMP-i stars in which [Ba/La] has not reached its 

equilibrium value yet, e.g. because of i-process shutdown caused by the split of the He 

convection zone.

• The peak neutron densities characteristic for the i process whose signatures are seen in the 

CEMP-i stars lie between 1013 and 1015 cm-3.

• One-zone models with constant neutron densities can be used in MC computations to identify 

(n,γ) reaction rates whose uncertainties have the strongest impact on predicted i-process 

elemental and isotopic abundances.

• Right now, the most important reactions whose rates need to be constrained experimentally to 

improve i-process nucleosynthesis models are 151Nd(n,γ), 88Kr(n,γ), and 89Rb(n,γ).

• Unlike RAWD models, the low-mass low-Z AGB models predict lower second- to first-peak 

elemental abundance ratios than those observed in the CEMP-i stars, require too high fractions 

of i-process abundances in them, and they seem to disagree with the lack of CEMP-i stars in 

globular clusters with [Fe/H] ≲ -2 and signatures of i-process nucleosynthesis in pre-solar dust 

grains (see my talk tomorrow).   
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