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Nucleosynthesis network calculations
Abundance of 22Na in novae: solver of an 8 ordinary differential equation system

https://nugrid.github.io
https://github.com/nuc-astro/WinNet

Software freely available (WinNet, NuGrid, integrated MESA,…)

https://docs.mesastar.org/en/24.08.1
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Nuclear reaction rates
Reaction rate = < cross section 𝜎 x particle velocity distribution in plasma 𝜈 >

A
p (⍺,…)
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Nuclear reaction rates

Gamow window Tó Ecm
Energy region of compound system A+p where reaction most likely occurs at T

Reaction rate = < cross section 𝜎 x particle velocity distribution in plasma 𝜈 >

A
p (⍺,…)

Charged particles
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Nuclear reaction rates (charged particles)

Reaction rate = < cross section 𝜎 x particle velocity distribution in plasma 𝜈 >
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Nuclear reaction rates (charged particles)

Reaction rate = < cross section 𝜎 x particle velocity distribution in plasma 𝜈 >

• In medium-hot stellar environments: T ≲ 1 GK, Ecm ≲ MeV, σ << 1 mb

Er = Ex - Q   resonance energy Breit-Wigner cross section
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Nuclear reaction rates (charged particles)

Reaction rate = < cross section 𝜎 x particle velocity distribution in plasma 𝜈 >

Resonance measurement• In medium-hot stellar environments: T ≲ 1 GK, Ecm ≲ MeV, σ << 1 mb
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Nuclear reaction rates (charged particles)

Reaction rate = < cross section 𝜎 x particle velocity distribution in plasma 𝜈 >

Resonance measurement• In medium-hot stellar environments: T ≲ 1 GK, Ecm ≲ MeV, σ << 1 mb

Er = Ex - Q   resonance energy Breit-Wigner cross section ∝ Ga, Gb (partial decay widths)
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• In hot stellar environments: T > 1 GK, Ecm ~ MeV/u, σ ≳ 1 mb Cross section measurement
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Astrophysical 
landscape
Few burning questions 

1
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Low energy 𝛾–ray astronomy of novæ

M. Hernanz (2017)
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Spectroscopy of 19Ne (EX>Sp)
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E𝛾 = 1.809 MeV

Plüschke et al. (2001)



Disposition : Titre et contenu 2 colonnes

PhyNuBE 3rd meeting 2024 (Oléron, France) 14

Low energy 𝛾–ray astronomy of novæ
• Short-lived (~day) 18F à ejecta stage Uncertainties in 18F(p,𝛼)15O
• Medium-lived (~year) 22Na à novae properties Uncertainties in 22Na(p,𝛾)23Mg
• Long-lived (>Myr) 26Al à ongoing galactic nucleosynthesis and novae contribution 

26Al

E𝛾 = 1.809 MeV

Plüschke et al. (2001)

(p, 𝛾)(p, 𝛼)

𝛽+

24Mg

25Al

26Si

25Mg

7.2 s

2.2 s

26Algs

26Aliso

27Si 28Si

27Al

4.1 s

0.7 Myr
26Mg* 26Mggs

6.4 s

𝛾 1.809 MeV



Disposition : Titre et contenu 2 colonnes

PhyNuBE 3rd meeting 2024 (Oléron, France) 14

Low energy 𝛾–ray astronomy of novæ
• Short-lived (~day) 18F à ejecta stage Uncertainties in 18F(p,𝛼)15O
• Medium-lived (~year) 22Na à novae properties Uncertainties in 22Na(p,𝛾)23Mg
• Long-lived (>Myr) 26Al à ongoing galactic nucleosynthesis and novae contribution Uncertainties in 25Al(p,𝛾)26Si 

26Al

E𝛾 = 1.809 MeV

Plüschke et al. (2001)

(p, 𝛾)(p, 𝛼)

𝛽+

24Mg

25Al

26Si

25Mg

7.2 s

2.2 s

26Algs

26Aliso

27Si 28Si

27Al

4.1 s

0.7 Myr
26Mg* 26Mggs

6.4 s

𝛾 1.809 MeV

Novae contribution to 26Al galactic production
10 – 30 % 



Disposition : Titre et contenu 2 colonnes

PhyNuBE 3rd meeting 2024 (Oléron, France) 14

Low energy 𝛾–ray astronomy of novæ
• Short-lived (~day) 18F à ejecta stage Uncertainties in 18F(p,𝛼)15O
• Medium-lived (~year) 22Na à novae properties Uncertainties in 22Na(p,𝛾)23Mg
• Long-lived (>Myr) 26Al à ongoing galactic nucleosynthesis and novae contribution Uncertainties in 25Al(p,𝛾)26Si 

26Al

E𝛾 = 1.809 MeV

Plüschke et al. (2001)

(p, 𝛾)(p, 𝛼)

𝛽+

24Mg

25Al

26Si

25Mg

7.2 s

2.2 s

26Algs

26Aliso

27Si 28Si

27Al

4.1 s

0.7 Myr
26Mg* 26Mggs

6.4 s

𝛾 1.809 MeV

Novae contribution to 26Al galactic production
10 – 30 % 

Resonance strength measurement in 25Al+p
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Experimental 
methods
p-capture resonances

2
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PhD L. Dienis à see her poster, E863 scheduled 2025
Aim high-resolution spectroscopy in 19Ne at Sp=6.4 MeV

Accessing (Er, J, 𝛤𝛼) via resonant elastic scattering 

De Oliveira Santos, Prog. in Part. and Nuc. Phys., In press. hal-04673993 (2024) 
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𝛼
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1020 at./cm2

beam stopped in exit window
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Separation of d-wave contribution from the total cross section with angular distribution of 𝛾-rays?
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Spectroscopy of a resonant state
22Na(p,𝛾)23Mg

23Mg

22Na
Sp

7.785 BRp

0.451 (5/2+)

(3+)

22
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Spectroscopy of a resonant state
22Na(p,𝛾)23Mg

23Mg

22Na
Sp

7.785 7/2+BRp

0.451 (5/2+)

(3+)

Jenkins, Phys. Rev. L 92 (2004)
Fougères, EPJ Web Conf 279 (2023)

Jenkins (2004) Kirsebom (2016)
0

2

4

6

8

10

12

14

16

 (f
s)

τ

Perajarvi (2000) Saastamoinen (2011) Friedman (2020)
0

1

2

3

4

5 (%
)

p
BR

GANIL E710 C. Michelagnoli, F. de Oliveira Santos, al. 22



Disposition : Titre et contenu 2 colonnes

22Na(p,𝛾)23Mg

PhyNuBE 3rd meeting 2024 (Oléron, France) 23

Reasonant state population

24Mg at 4.6 MeV/u

Target + Beam Catcher
3He surface implantation in gold
1017 at.cm-2

3He(24Mg,4He)23Mg*
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Reasonant state population

24Mg at 4.6 MeV/u

VAMOS++
Zero-degree setup
𝛼-reaction efficiency ~ 4 % 
Resolution Ex = 250 keV, 𝜃 = 0.5 deg

Plastic photomultiplicator
Time of flight w.r.t cyclo. HF𝛽𝑒𝑗𝑒𝑐𝑡𝑖𝑙, 𝜃𝑒𝑗𝑒𝑐𝑡𝑖𝑙, 𝐸𝑥!"#$%

Target + Beam Catcher
3He surface implantation in gold
1017 at.cm-2

3He(24Mg,4He)23Mg*
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Reasonant state population
3He(24Mg,4He)23Mg*(𝛾)

24Mg at 4.6 MeV/u

3He/gold Target 
1017 at.cm-2

Beam Catcher

VAMOS++
Zero-degree setup
𝛼-reaction efficiency ~ 4 % 
Resolution Ex = 250 keV, 𝜃 = 0.5 deg

𝛽𝑒𝑗𝑒𝑐𝑡𝑖𝑙, 𝜃𝑒𝑗𝑒𝑐𝑡𝑖𝑙, 𝐸𝑥!"#$%

AGATA
31 crystals X 36 segments 

Pulse Shape Analysis
local level

(X,Y,Z,E,t)i

Compton tracking
global level
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Reasonant state population

24Mg at 4.6 MeV/u

3He/gold Target 
1017 at.cm-2

Beam Catcher

𝛽𝑒𝑗𝑒𝑐𝑡𝑖𝑙, 𝜃𝑒𝑗𝑒𝑐𝑡𝑖𝑙, 𝐸𝑥!"#$%

AGATA
31 crystals X 36 segments 

Pulse Shape Analysis
local level

(X,Y,Z,E,t)i

Compton tracking
global level

𝐸𝛾, θ𝛾 
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Reasonant state identification
3He(24Mg,4He)23Mg*(𝛾)
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Reasonant state identification
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Reasonant state identification
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Accessing femtosecond nuclear lifetimes
22Na(p,𝛾)23Mg

3He(24Mg,4He)23Mg*(𝛾)
(1) Particle-particle correlations
• βreac from (𝛽𝑏𝑒𝑎𝑚, 𝛽𝑒𝑗𝑒𝑐𝑡𝑖𝑙, 𝜃𝑒𝑗𝑒𝑐𝑡𝑖𝑙) with 2-body kinematics
• βems from (E𝛾, 𝜃) with Doppler effect 
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Accessing femtosecond nuclear lifetimes
22Na(p,𝛾)23Mg

(1) Particle-particle correlations  (2) Angle-integrated velocity-difference profile         (3) 𝜒2 analysis
• βreac from (𝛽𝑏𝑒𝑎𝑚, 𝛽𝑒𝑗𝑒𝑐𝑡𝑖𝑙, 𝜃𝑒𝑗𝑒𝑐𝑡𝑖𝑙) with 2-body kinematics       Δβ = βreac - βems

• βems from (E𝛾, 𝜃) with Doppler effect 
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slowing-down in gold target

Fougères, Nat. Commun. 14  (2023)

High energy and spatial resolution for particle- and 𝛾–ray spectrometers
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Accessing p-branching-ratio
22Na(p,𝛾)23Mg

SPIDER
Si telescope ΔE-E

3He(24Mg,4He)23Mg*(p)
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Accessing p-branching-ratio
22Na(p,𝛾)23Mg

3He(24Mg,4He)23Mg*(p)
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Accessing p-branching-ratio
22Na(p,𝛾)23Mg

3He(24Mg,4He)23Mg*(p)

Fougères, Nat. Commun. 14  (2023)
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Towards 
observations3
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Determination of reaction rates
E710 C. Michelagnoli, F. de Oliveira Santos, C.Fougères, et al. 3He(24Mg,4He)23Mg* @4.6MeV/u

(lifetime, p-branching) of p-unbound state

28PhyNuBE 3rd meeting 2024 (Oléron, France) 

22Na(p,𝛾)23Mg
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Determination of reaction rates
E710 C. Michelagnoli, F. de Oliveira Santos, C.Fougères, et al. 3He(24Mg,4He)23Mg* @4.6MeV/u

(lifetime, p-branching) of p-unbound state

Longland, Nuc. Phys. A 240 (2010)

Uncertainties 10 – 40 %
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Impact on
ejected 22Na 
in novae?

22Na(p,𝛾)23Mg



Disposition : Titre et contenu 2 colonnes

PhyNuBE 3rd meeting 2024 (Oléron, France) 29

Expectations in ONe novae (1)
22Na*

Stellar modelling
Paxton, Astrophys. J. 
Suppl. Ser. 208 (2013)

SHIVA
José, CRC Press (2016)

Input parameter

22Na abundance in novae

Fougères, Nat. Commun. 14  (2023)
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Expectations in ONe novae (2)
22Na*

Stellar modelling
Paxton, Astrophys. J. 
Suppl. Ser. 208 (2013) Nova at 0.6 kpc, MWD = 1.2 M☉ 
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Expectations in ONe novae (2)
22Na*

Stellar modelling
Paxton, Astrophys. J. 
Suppl. Ser. 208 (2013)

Input parameter

Nova at 0.6 kpc, MWD = 1.2 M☉ 

Input parameter
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Expectations in ONe novae (2)
22Na*

Stellar modelling
Paxton, Astrophys. J. 
Suppl. Ser. 208 (2013)

Input parameter

Nova at 0.6 kpc, MWD = 1.2 M☉ 

Input parameter

Constrain novae parameters with observed flux
Fougères, Nat. Commun. 14  (2023)
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Future of low energy 𝛾–ray astronomy (1)

~ 2027

INTEGRAL/ESA 

©ESA

e-ASTROGAM COSI

COSI/NASA
Photon sensitivity = 1.7x10-6 ph.cm-2s-1

Energy range = [0.2, 5] MeV 

Tomsick, Proc. Of Science 444 (2023)
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Future of low energy 𝛾–ray astronomy (1)

~ 2027
R.D.

INTEGRAL/ESA 

« AMEGO/NASA »

©ESA

e-ASTROGAM COSI

COSI/NASA
Photon sensitivity = 1.7x10-6 ph.cm-2s-1

Energy range = [0.2, 5] MeV 

Tomsick, Proc. Of Science 444 (2023)

Photon sensitivity = 3x10-6 ph.cm-2s-1

Energy range = [0.3, 3000] MeV 

« e-ASTROGAM/ESA »

©ESA

e-ASTROGAM COSI

De Angelis, Tatischeff, Journ. of High E. Astro. 19 (2018)



Disposition : Titre et contenu 2 colonnes

PhyNuBE 3rd meeting 2024 (Oléron, France) 32

Future of low energy 𝛾–ray astronomy (2)
Survey of 8 observed ONe novae (60 yr) Hachisu, Astrophys. J. Suppl. Ser. 242 (2019)     José, CRC Press (2016)
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Future of low energy 𝛾–ray astronomy (2)
Survey of 8 observed ONe novae (60 yr) Hachisu, Astrophys. J. Suppl. Ser. 242 (2019)     José, CRC Press (2016)

22Na 𝛾–ray flux
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Future of low energy 𝛾–ray astronomy (2)
Survey of 8 observed ONe novae (60 yr) Hachisu, Astrophys. J. Suppl. Ser. 242 (2019)     José, CRC Press (2016)

Low limit in detection frequency 
≥1 event / 60 yr
≥1 event / 20 yr

Limit in detection distance 
e-ASTROGAM De Angelis (2018)

2.7(5) kpc 
COSI Tomsick (2020)

4.0(7) kpc

22Na 𝛾–ray flux
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Future of low energy 𝛾–ray astronomy (2)
Survey of 8 observed ONe novae (60 yr) Hachisu, Astrophys. J. Suppl. Ser. 242 (2019)     José, CRC Press (2016)

Low limit in detection frequency 
≥1 event / 60 yr
≥1 event / 20 yr

Limit in detection distance 
e-ASTROGAM De Angelis (2018)

Rdet  2.7(5) kpc 
COSI Tomsick (2020)

Rdet  4.0(7) kpc

22Na 𝛾–ray flux

High limit
Fnovae x (Rdet. / Rgalaxy)2 
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Future of low energy 𝛾–ray astronomy (2)
Survey of 8 observed ONe novae (60 yr) Hachisu, Astrophys. J. Suppl. Ser. 242 (2019)     José, CRC Press (2016)

Detection frequency 
1 evt / 3 yr ≥  F  ≥ 1 evt / 60 yr
3 evt / 4 yr ≥   F  ≥ 1 evt / 20 yr

22Na 𝛾–ray flux

Limit in detection distance 
e-ASTROGAM De Angelis (2018)

Rdet  2.7(5) kpc 
COSI Tomsick (2020)

Rdet  4.0(7) kpc
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Future 
investigations?4
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Measurements of p–capture resonances strengths
Constraining sulphur Abundances in Novae presolar grains: 32S/33S strong hint of novae origin w.r.t. SNe II?

34

33Cl(𝑝,𝛾)34Ar unc. rate >x2
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Measurements of p–capture resonances strengths
Constraining sulphur Abundances in Novae presolar grains: 32S/33S strong hint of novae origin w.r.t. SNe II?

34

33Cl(𝑝,𝛾)34Ar unc. rate >x2

Kennington, Phys. Rev. L 124 (2020) 
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Measurements of p–capture resonances strengths
Constraining sulphur Abundances in Novae presolar grains: 32S/33S strong hint of novae origin w.r.t. SNe II?

34

33Cl(𝑝,𝛾)34Ar unc. rate >x2

Kennington, Phys. Rev. L 124 (2020) 

EXPERIMENTAL SETUP
• Radioactive fragmentation beam 33Cl@20MeV/u à LISE/GANIL, ARIS/FRIB, …
• Particle recoil spectrometer à ZDD, S800, …
• 𝛾–ray spectrometer à EXOGAM, GRETINA , …
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Measurements of p–capture resonances strengths
Constraining sulphur Abundances in Novae presolar grains: 32S/33S strong hint of novae origin w.r.t. SNe II?

3’

33Cl(𝑝,𝛾)34Ar unc. rate >x2

Kennington, Phys. Rev. L 124 (2020) 

EXPERIMENTAL SETUP
• Radioactive fragmentation beam 33Cl@20MeV/u à LISE/GANIL, ARIS/FRIB, …
• Particle recoil spectrometer à ZDD, S800, …
• 𝛾–ray spectrometer à EXOGAM, GRETINA , …

Sp

4.852
4.881

4.964
4.967
5.061

2.091

3.289

4.132

E𝛾=2.76 (67%)
E𝛾=4.88 (39%)
E𝛾=0.83 (100%)
E𝛾=2.87 (100%)
E𝛾=1.77 (100%)

Radiative spectroscopy of 34Ar (EX>Sp) 
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Another explosive site of interest: X-ray bursts
Explosive H-, He burning (T ≲ 2 GK)
Matter accretion at surface of compact star (NS)

Sn-Sb

Opened questions
Compact star mass?
Accretion?
Light Curve?
Heaviest element / 
nucleosynthesis end?

hot-CNO  à
𝛼p- and rp-process 
(⍺/p,p/𝛾), β+ decay

Cyburt et al., ApJ 830 (2016)

Light curve
15O(𝛼,𝛾)19Ne rate
Light Curve luminosity?
X-ray burst periodicity?
Flow hot-CNO à rp-process?

PhyNuBE 3rd meeting 2024 (Oléron, France) 
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Spectroscopy of 𝛼–unbound 19Ne*
Lifetime: particle-particle correlations and angle-integrated velocity-difference profile  (Δβ = βreac - βems)
𝛼-branching: particle-particle correlation and quantification of excited state decay channels BR𝛼 = 1 / ( 1 + CountsEx&𝛾 / CountsEx&𝛼 )
Spin: angular distribution of particle decay

EXPERIMENTAL SETUP
• Stable beam 20Ne@4MeV/u à GANIL, ATLAS, LEGNARO,…
• Particle spectrometer à VAMOS, FMA, PRIMSA, ..
• 𝛾–ray spectrometer à AGATA, GRETINA

F. de Oliveira Santos et al.
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Spectroscopy of 𝛼–unbound 19Ne*
Lifetime: particle-particle correlations and angle-integrated velocity-difference profile  (Δβ = βreac - βems)
𝛼-branching: particle-particle correlation and quantification of excited state decay channels BR𝛼 = 1 / ( 1 + CountsEx&𝛾 / CountsEx&𝛼 )
Spin: angular distribution of particle decay

High energy and spatial resolution for particle- and 𝛾–ray spectrometers
EXPERIMENTAL SETUP
• Stable beam 20Ne@4MeV/u à GANIL, ATLAS, LEGNARO,…
• Particle spectrometer à VAMOS, FMA, PRIMSA, ..
• 𝛾–ray spectrometer à AGATA, GRETINA

F. de Oliveira Santos et al.

19Ne at EX = 4.7 MeV 
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Another explosive site of interest: X-ray bursts
Explosive H-, He burning (T ≲ 2 GK)
Matter accretion at surface of compact star (NS)

Sn-Sb

hot-CNO  à
𝛼p- and rp-process 
(⍺/p,p/𝛾), β+ decay

PhyNuBE 3rd meeting 2024 (Oléron, France) 

Cyburt, ApJ 830 (2016)

Direct 𝛼–capture cross sections measurements 37
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Direct 𝛼–capture cross-section measurements
Direct cross section measurement at astrophysical energy with an active target in inverse kinematics
• Stellar environment T > 1 GK, Ecm ~ MeV/u ó σ ≳ 1 mb
• High (thickness, efficiency) 
• Excitation function in a single experiment

38
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Direct 𝛼–capture cross-section measurements
Direct cross section measurement at astrophysical energy with an active target in inverse kinematics
• Stellar environment T > 1 GK, Ecm ~ MeV/u ó σ ≳ 1 mb
• High (thickness, efficiency) 
• Excitation function in a single experiment

Carnelli, NIMA 799 (2015), Avila, Phys. Rev. C 94 (2016) Ionization chamber MUSIC

Anode segmentation 
Reaction at different energies 

PPAC
Time of flight (radioactive beams)

Jayatissa, Phys. Rev. L 131 (2023) 

22Mg(𝝰,p)25Al

38



Disposition : Titre et contenu 2 colonnes

PhyNuBE 3rd meeting 2024 (Oléron, France) 

Direct 𝛼–capture cross-section measurements
Direct cross section measurement at astrophysical energy with an active target in inverse kinematics
• Stellar environment T > 1 GK, Ecm ~ MeV/u ó σ ≳ 1 mb
• High (thickness, efficiency) 
• Excitation function in a single experiment

Carnelli, NIMA 799 (2015), Avila, Phys. Rev. C 94 (2016) Ionization chamber MUSIC

Anode segmentation 
Reaction at different energies 

PPAC
Time of flight (radioactive beams)

18Ne(𝝰,p)21Na N. de Séréville et al.

EXPERIMENTAL SETUP
• Radioactive beam 18Ne@2.7MeV/u à RAISOR/ANL, …
• Active gaseous target à MUSIC, …

Jayatissa, Phys. Rev. L 131 (2023) 

22Mg(𝝰,p)25Al

38
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Direct 𝛼–capture cross-section measurements
Direct cross section measurement at astrophysical energy with an active target in inverse kinematics
• Stellar environment T > 1 GK, Ecm ~ MeV/u ó σ ≳ 1 mb
• High (thickness, efficiency) 
• Excitation function in a single experiment

18Ne(𝝰,p)21Na N. de Séréville et al.

EXPERIMENTAL SETUP
• Radioactive beam 18Ne@2.7MeV/u à RAISOR/ANL, …
• Active gaseous target à MUSIC, …
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The last words

q Need of nuclear data for processes involved in astrophysics
High-resolution spectroscopy of compound nuclei
Direct access of resonances strengths

q Active experimental programs
@GANIL p-capture resonances & novae à resonant spectroscopy & 18F in novae
@FRIB p-capture resonances & novae

q Prospects for explosive nucleosynthesis in novae & X-ray bursts
High-resolution spectroscopy of compound nuclei à high resolution 𝛾–ray arrays
Direct cross-section measurements of 𝛼 captures à active gaseous targets
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Progress in explosive H-burning nucleosynthesis thanks to
(+) radioactive beam luminosity

(+) energy and spatial resolution of 𝛾–ray and particle spectrometer
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The last words

q Need of nuclear data for processes involved in astrophysics
High-resolution spectroscopy of compound nuclei
Direct access of resonances strengths

q Active experimental programs
@GANIL p-capture resonances & novae à resonant spectroscopy & 18F in novae
@FRIB p-capture resonances & novae

q Prospects for explosive nucleosynthesis in novae & X-ray bursts
High-resolution spectroscopy of compound nuclei à high resolution 𝛾–ray arrays
Direct cross-section measurements of 𝛼 captures à active gaseous targets
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The collaboration 
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Measurements of p–capture resonances strengths
Explosive H-, He burning (T ≲ 2 GK)
Matter accretion at surface of compact star (NS)

Sn-Sb

hot-CNO  à
𝛼p- and rp-process 
(⍺/p,p/𝛾), β+ decay

PhyNuBE 3rd meeting 2024 (Oléron, France) 

EXPERIMENTAL SETUP
• Radioactive beams @20MeV/u à ARIS/FRIB, …
• Particle spectrometer à S800, …
• 𝛾–ray spectrometer à GRETINA , …

(𝑝,𝛾) resonance strengths in X-ray bursts via angle-integrated transfer measurement F. Hammache et al. 37

Cyburt, ApJ 830 (2016)
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Shell model insights
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22Na(p,𝛾)23Mg

Spin consideration
𝛾-ray decay path à 7/2+
𝛽-delayed probability 
log10(ft) = 3.305(23) vs {4.6(1), 3.9(1)} à (5/2, 7/2)+   
No mixing with the Ex = 7.801MeV IAS (5/2+)  à 7/2+


