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I. INTRODUCTION 

 Low-lying continuum states of 12C in 3-a model 

 

 Photodisintegration of 12C(01
+) & 12C(21

+) 

  (1) 12C(21
+) + g(E2)       a + a + a (J=0) 

                     S. I., PRC 87, 055804 (2013) 

  (2) 12C(01
+) + g(E2)       a + a + a (J=2) 

  

 The inverse of the triple-alpha (3a) reaction 

     𝛼 + 𝛼 + 𝛼 → C12 + γ  
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3a Process 𝛼 + 𝛼 + 𝛼 → C12 + γ 

• Key step to produce heavy elements in stars 

 

 

 

 

 

 

• 3a reaction rate 𝛼𝛼𝛼  is an important input for simulation 

of the stellar evolution 

 

• 𝛼𝛼𝛼  is obtained from cross section of the inverse reaction  

𝛼𝛼𝛼 ∝  𝑑𝐸
𝐸𝛾
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II. FORMALISM 
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Photo-induced 3a breakup of 12C 

1. Def. wave function for the disintegration process 
 

 

 

                                                          R: Hyper-radius,   Q: Hyper-angle 

 

 

2. Apply the Faddeev theory to calculate |Ψ  

 

 

 

 

3. 3-body problem with Coulomb(+short-range) interactions 

     “Sasakawa-Sawada method” 
    Refs.        p-d system: S. I., PRC 80, 054002 (2009). 

                    3a system:  S. I., PRC 87, 055804 (2013). 
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III. 3-ALPHA MODEL 
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Shallow a-a potential (no forbidden state) 

aR (fm) VR
(0)  (MeV) VR

(2) (MeV) aA (fm) VA( MeV) 

AB(D) 1.40 500.0 320.0 2.11 -130.0 

       
2 2
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Ali & Bodmer, NP80, 99 (1966) 

aa phase-shift parameters 
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a-a-a Potentials 

(1) D.V. Fedorov and A. S. Jensen, PLB 389, 631 (1996) 

(2) O.Portilho, D.A. Agrello, and S.A. Coon, PRC 27, 2923 (1983) 
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Model Eq. a (fm) W0(MeV) W2 (MeV) 

D (1) 3.39 -30.95 -15.3 

VL (2) 3.33 -12.21 -7.7 

VS (2) 2.5 -39.64 -22.4 
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Strength for J=0 [J=2] is determined to reproduce 12C(02
+) [12C(21

+)] energy  



IV. RESULTS 
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Study of 0+-3a state 

by 
12C(21

+) + g(E2)  a + a + a (J=0) 

    (0 < E < 0.6 MeV) 
              S. I., PRC 87, 055804 (2013) 
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12C(21
+) + g(E2)  a + a + a (J=0) 

(0 < E < 0.6 MeV) 
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Study of 2+-3a state 

by 

12C(01
+) + g(E2)  a + a + a (J=2) 
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12C(01
+) + g(E2)  a + a + a (J=2) 

AB(D) + D   

AB(D) + VL  

AB(D) + VS Width 

15 

(p,p’), (a,a’)   Freer et al.,  PRC 86, 034320 (2012) 

(g,a)               Zimmerman et al., PRL 110, 152502 (2013) 

NACRE  Nuclear Astrophysics Compilation of REaction Rates,  

                  Angulo et al., [NPA656  (1999) 3] 



B(E2,22
+
01

+) 

e2fm4 

(g,a’) 0.73(13) 

AB(D)+D 2.3 

AB(D)+VL 3.6 

AB(D)+VS 1.8 

16 
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aaa reaction rate 
Inverse reaction: Photo induced 3a breakup of 12C 
 
 
 
   12C(21

+) + g(E2)  a + a + a (J=0) 

   

  12C(01
+) + g(E2)  a + a + a (J=2) 
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3a reaction rate  <aaa> 

- - - NACRE 

- AB(D)+D 

- AB(D)+VL 

- AB(D)+VS 

 is normalized with respect to the E2 transition strength. 12 2
1(2 ) 3C g a


 
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(=T / 109 K) 



aaa reaction rate   

(Ratio to NACRE rate) 

- AB(D)+D 

- AB(D)+VL 

- AB(D)+VS 

J=0 state 

22
+ 

Er (Ga)  MeV 

1.95 (0.4) 

 

2.2 (0.9) 

2.35 (1.0) 

NACRE:  22
+   Er =1.75 MeV , Ga=0.4 MeV 

(=T / 109 K) 
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12C(02
+) 

Non-resonant 



V. SUMMARY 
 3a model calculations of 12C 

 Ali-Bodmer aa potential +3a potential 

 3a potential parameters: 

        12C(02
+)[Hoyle resonance]、12C(21

+)  

 3a Breakup reaction   0+、 2+ resonances 
     12C(21

+) + g(E2)  a + a + a (J=0) 

     12C(01
+) + g(E2)  a + a + a (J=2) 

 Larger E2-Strength of 12C(22
+)  12C(01

+) than 

the experimental value  

    [Note: Model dependence] 

 Effects on 3a reaction rate (2 109 K < T <1010 K) 
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Uncertainties of 12C(22
+) resonances 

Bound states 

3a threshold 

NACRE 

Ajzenberg-Selove 

 (1990) 

-- Temporary -- 

Recent exp. 

(a,a’)  

(p,p’) 
(g,a’) 

Hoyle state 

NACRE  Nuclear Astrophysics Compilation of REaction Rates,            
C. Angulo et al., [NPA656  (1999) 3] 

Energy (MeV) 
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12C(22
+) resonance parameters 

Er (MeV) Ga (MeV) B(E2,22
+
01

+) 

e2fm4 

AB(D)+D 2.35 1.0 2.3 

AB(D)+VL 1.95 0.4 3.6 

AB(D)+VS 2.2 0.9 1.8 

NACRE 1.75 0.65 

Exp. 

(a,a’) (p,p’) 2.48(15) 0.750(150) 1.6(2), 1.83(9) 

(g,a’) 2.76(11) 0.800(130) 0.73(13) 

(a,a’) (p,p’)  Freer et al., PRC 86, 034320 (2012) 

(g,a’)   Zimmerman et al., PRL 110, 152502 (2013) 
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Calculated 12C resonance parameters 

AB(D) AB(D) AB(D) Exp. 

3BP D VL VS 

02
+ Er  (MeV) 0.379177 0.379338 0.379627 0.3794 

Ga (eV) 6.2 7.5 6.5 8.3(1.0) 

Gg (meV) 2.2 1.4 1.5 3.7(5) 

03
+ Er (G)  

(MeV) 

1.1  (1.2) 

 

1.0 (1.1) 1.1  (1.6) 1.77 (1.45) 

04
+ 

 

Er (G)  

(MeV) 

3.7 

(?) 

4.02 

(0.14) 

3.3 (0.6) 3.29 (1.42) 

22
+ Er (G)  

(MeV) 

2.35 (1.0) 1.95 (0.4) 2.2 (0.9) 2.48(0.750) 

2.76(0.800) 

1.75(0.65) 

23
+ Er (G)  

(MeV) 

4.4 (?) 4 (?) 3.89 (0.43) 

 

24
+ Er (G)  

(MeV) 

7.1 (1.8) 6.45 (1.3) 6.73 (1.2) 8.17 (1.5) 
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