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Soomi Cha 

Center for Exotic Nuclear Studies,
Institute for Basic Science

Experimental study on astrophysically important 22Mg nucleus 

via resonant scattering of 18Ne+α

Background Image:
Courtesy of J. DePasquale.
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18Ne(α,p)21Na reaction

Neutron star

Companion star

• one of the break-out candidates from the 
hot-CNO cycle, fueling the rp-process

• affects on the characteristics of X-ray burst 
(light curve, ash composition)

R. Wallace & S. Woosely, ApJ. S. (1981)

Z. Meisel et al., ApJ (2019)
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R. H. Cyburt et al., ApJ (2016)
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M. Anastasiou et al., PRC (2022)

Previous studies on the 18Ne(α,p)21Na reaction  

• two measurements at Louvain-la-Neuve

- Bradfield-Smith et al., PRC (1999) : Ecm = 2.0-3.0 MeV

- Groombridge et al., PRC (2002) : Ecm = 1.7-2.9 MeV

• recent measurement at FSU

- Anastasiou et al., PRC (2022) : Ecm = 2.5-4 MeV

• studies of the structure of 22Mg 

- 24Mg(p,t)22Mg, 12C(16O,6He)22Mg, 25Mg(3He,6He)22Mg, …

- several resonance parameters obtained

• time reversal reaction : 21Na(p,a)18Ne

- Salter et al., PRL(2012) : Ecm = 1.19-2.57 MeV 

- only (a,p0) measured → considered as a lower limit

Indirect measurements

K. Chae et al., 
PRC (2009)

P.J.C. Salter et al., 
PRL (2012)

Direct measurements
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Experiment – Goals & Strategies

• Energy level properties of 22Mg above the Eα-thres. dominates the 18Ne(α,p)21Na reaction

• 18Ne+α resonant scattering can populate the energy levels of 22Mg !

• Thick target method in inverse kinematics adopted.

18Ne + α 22Mg
Compound 

Nucleus 

21Na + p

← Region of interest

Energy levels of 22Mg
g.s.
1st Ex.st

…

0.5 < T < 3 GK
8.8 < Ex < 11.9 MeV

18Ne

Ex in 22Mg (Ec.m. of  18Ne+α)

𝒅𝒅σ
𝒅𝒅Ω

4He gas

K. P. Artemov et al., Sov. J. Nucl. Phys. 52, 408 (1990)



• Predicted 1- and 3- doublets arose from the α-cluster structure in 22Mg

• Not observed in the previous experiment

22Mg
???

GCM calculation : 22Mg
Jπ Ex (MeV) θα

2 (%)
1- 12.14 11.5
1- 13.04 6.7
3- 12.46 11.6
3- 13.19 11.7

22Ne

1-

1-

3- 3-
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M. Dufour & P. Descouvemont, NPA (2003)

Theoretical Prediction

Experiment

ETCM calculation : 22Ne 
Jπ Ex (MeV) θα2 (%)
1- 12.58 13
1- 13.53 8
3- 12.92 13
3- 13.69 11

α-cluster structure in 22Mg nucleus

G.V. Rogachev et al., PRC (2001)
V. Goldberg et al., PRC (2004)
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M. Dufour & P. Descouvemont, NPA (2003)

Theoretical Prediction

Experiment

ETCM calculation : 22Ne 
Jπ Ex (MeV) θα2 (%)
1- 12.58 13
1- 13.53 8
3- 12.92 13
3- 13.69 11

α-cluster structure in 22Mg nucleus

G.V. Rogachev et al., PRC (2001)
V. Goldberg et al., PRC (2004)

1. To enhance our knowledges on the 18Ne(α,p)21Na reaction

2. Observation of 1- and 3- states could be the evidence of the α-cluster states in 
22Mg nucleus.

3. Investigating wide energy range will provide the first spectroscopic study for 
Ex > 14 MeV !



16O 8.3 MeV/u
450 pnA

18Ne

3He gas 
(360 Torr, ~90K)

𝒒𝒒𝒒𝒒𝒒𝒒 =
𝑨𝑨𝑨𝑨𝟐𝟐

𝝆𝝆
→ 𝑩𝑩𝝆𝝆 =

𝒑𝒑
𝒒𝒒

𝒒𝒒𝒒𝒒 = 𝒒𝒒𝒒𝒒𝒒𝒒 → 𝒗𝒗 =
𝑬𝑬
𝑩𝑩

CNS Radio-Isotope Beam separator
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18Ne
2.54 MeV/u
~3x105 pps, 
~60%

• 18Ne beam produced by In-flight fragment : 16O(3He,n)18Ne

• recoiling α particle measurement by silicon detector 
telescopes (energy, position)

• Tracks of 18Ne beam particles obtained by two PPACs 
(extrapolation)

• kinematics reconstruction by considering the energy loss 
of the beam and recoiling α particles 

• Excitation function of 22Mg extracted !

Beam-like α

18Ne(α,α)18Ne measurement at CRIB
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18Ne(α,α)18Ne measurement at CRIB

F3 : purified 18Ne beam !F2 : RI beam ID

Wien 
Filtere

Beam monitoring /Beam  trajectory 
extrapolation by two F3 PPACs

Silicon detector telescopes for energy and position measurement

CRIB Wien FilterA bird eye’s view of F2 focal plane



Sep. 21, 2023 NIC-XVII, Soomi Cha (CENS, IBS) 9

Excitation function of 18Ne+α system (22Mg)

0° < θc.m. < 7°



Sep. 21, 2023 NIC-XVII, Soomi Cha (CENS, IBS) 10

Excitation function of 18Ne+α system (22Mg)

0° < θc.m. < 7°
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Excitation function of 18Ne+α system (22Mg)

0° < θc.m. < 7°
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Astrophysical implication

• Two small bumps were observed at the astrophysically
important energy range (T9 < 2 GK ↔ Ex < 2.9 MeV)

• Two energy levels have been reported in the previous direct 
measurement.

• The existence of these resonances is not obvious in our data 
possibly due to the insufficient statistics.

Present Work Groombridge et al.

Ec.m. (MeV) Ec.m. (MeV)

2.63 2.52 ± 0.14

2.75 2.72 ± 0.14

dEcm=50-100keV
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Astrophysical implication

• Two small bumps were observed at the astrophysically
important energy range (T9 < 2 GK ↔ Ex < 2.9 MeV)

• Two energy levels have been reported in the previous direct 
measurement.

• The existence of these resonances is not obvious in our data 
possibly due to the insufficient statistics.

• Upper limits on the 18Ne(α,α)18Ne cross section were set (one-
sigma confidence level).

Present Work Groombridge et al.

Ec.m. (MeV) Ec.m. (MeV)

2.63 2.52 ± 0.14

2.75 2.72 ± 0.14

dEcm=50-100keV
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Astrophysical implication

• 18Ne(α,p)21Na reaction cross section was calculated 
using the Breit-Wigner formula.

• Er, Γα adopted from the two observed bumps

• Jπ adopted as 0+

• Γp in this energy region has not been reported
→ approximated Γp  by two different approaches! 

D. Groombridge et al., PRC (2002)

considering the Wigner limit, global mean reduced proton width, ...
assuming Γtot = Γα+Γp   & Γtot  adopted from Groombridge et al.
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Astrophysical implication

• 18Ne(α,p)21Na reaction cross section was calculated 
using the Breit-Wigner formula.

• Er, Γα adopted from the two observed bumps

• Jπ adopted as 0+

• Γp in this energy region has not been reported
→ approximated Γp  by two different approaches! 

D. Groombridge et al., PRC (2002)

considering the Wigner limit, global mean reduced proton width, ...
assuming Γtot = Γα+Γp   & Γtot  adopted from Groombridge et al.

Experimental studies of the Γp are highly required 
for a conclusive understanding on the 18Ne(α,p)21Na reaction cross section !
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R-matrix analysis

• Evident peaks observed at Ex ~ 11 – 16 MeV ! 

• Resonance parameters of 22Mg nucleus (Er , Γα , Jπ) 
can be constrained by R-matrix analysis.

• performed R-matrix calculation using SAMMY8 

• All possible spin and natural parity combinations 
was considered during the analysis.

• χ2 analysis is performed to deduce possible 
resonance parameters for each peak.0° < θc.m. < 7°

• calculated the dimensionless partial width (θα
2) for each level to provide a direct comparison with 

theoretical prediction
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1- and 3- candidates ?

Red : 1- state
Blue : 3- state

• Cluster model (CM) and Shell model (SM) 
calculation performed

• 1- states obtained from both CM and SM calculation

• More discussions on 3- states and reduction of α-
widths required

Present Work Dufour & 
Descouvemont Goldberg et al.

Ex
(MeV)

Γα
(keV)

Jπ θα
2

(%)
Ex

GCM

(MeV)
Jπ θ2

GCM
(%)

Ex
(MeV)

J

11.493 7 1- 4.78 12.25 1- 11.5 11.462 1

11.705 3 3- 12.30 12.57 3- 11.6 11.798 2

11.869 6 1- 2.40 13.15 1- 6.7 11.842 1

12.352 19 1- (4+) 3.72 13.30 3- 11.7 11.9 0

12.744 11 3- 6.80 12.362 1

12.974 8 3- 3.65

13.456 4 3-

(0+,1-)
1.06
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First spectroscopic result of 22Mg

• No information from NNDC
• No information from the theory
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First spectroscopic result of 22Mg

• Best fitting result : J π = 0+, 4+, 4+, and 5- for four peaks
• cannot exclude other possibilities

χ2/DOF=0.955

0+
4+

4+ 5-
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Summary

• The α resonant scattering on 18Ne was measured in inverse kinematics to understand the 
astrophyscially important 18Ne(α,p)21Na reaction and the α-clustering of proton-rich 22Mg nucleus.

• The measurement of 18Ne + α scattering was done at CRIB in RIKEN by adopting the thick target 
method.

• The excitation function of 22Mg was obtained for Ex= 10–16 MeV.

• Since energy levels were not clearly observed at the astrophysically important energy range, upper 
limits on the 18Ne(α,α)18Ne cross section were set.

• The astrophysical impact was also investigated by estimating the 18Ne(α,p)21Na cross section.

• R-matrix analysis was performed to constrain the energy level properties of 22Mg.
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Astronomical Photographer of the year 2023 
“People and Space” category
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Energy levels of  22Ne 

ETCM calculation Experimental data

Jπ Ex (MeV) θα2 (%) Jπ Ex (MeV) θα2 (%)

1- 12.58 13 1- 12.58 10

1- 13.53 8 1- 12.84 20

3- 12.92 13 3- 13.19 19

3- 13.69 11 3- 13.41 11
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18Ne(α,p)21Na 

hot CNO

18Ne(2p,γ)20Mg 

15O(2p,γ)17Ne 

M. Wiesher et al., 
JPG (1999)
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