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Nucleosynthesis & Triple α reaction 

・p-p chain : 4He production	

・A=5,8 wall are bottle neck	

・triple-alpha :12C production	


Fred Hoyle proposed “3α-
like” resonance excited state 
in 12C.	


Hoyle state	

02

+ (7.65 MeV) 

Stars are factory of nucleus.  

Triple a reaction is 	

important to synthesis 	

heavier nuclei. 



At high temperature 
At T > 109 K, the states 	

above the Hoyle state	

 become important. 
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Figure 12. Same as Figure 2, but for variations on the triple-α rate.
(A color version of this figure is available in the online journal.)

Figure 10 shows that 7Be(α, γ )11C and 10B(α, p)13C exhibit
similar roles to triple-α in the temperature range relevant to the
νp-process. Therefore, we select these three reactions for the
sensitivity tests. Note that the unstable isotope 11C produced
is followed by 11C(α, p)14N (see Hayakawa et al. 2010 for a
recent experimental evaluation of this rate) before decaying back
to 11B.

All the data of these three reactions, from Wagoner (1969, for
10B(α, p)13C) and Caughlan & Fowler (1988, for the remain-
der) in the REACLIB compilation, are based on experimental
information of single resonance states. Contribution from (pos-
sible) resonances at higher excitation energies could thus sizably
change these rates. As an example, the triple-α rate of Angulo
et al. (1999), which includes contribution from the 9.2 MeV
2+ state that is predicted theoretically, leads to a factor of 2–10
higher values (for the temperature range relevant to seed produc-
tion, T9 = 7–3) than that of Caughlan & Fowler (1988) based
on the single 7.6 MeV 0+ (Hoyle) state. Recent experimental
works did not confirm the presence of the 9.2 MeV state, but
other levels in this energy region as well as those at higher en-
ergies might contribute to this rate (Austin 2005; Diget et al.
2005, 2009).

The result of sensitivity tests for the triple-α rate is shown in
Figure 12, where the forward and inverse rates are multiplied or
divided by factors of 2 and 10. We find substantial changes in
the production of p-nuclei with A ∼ 100–110 for a factor of two
variation on the rate, and more drastic changes for a factor of
10 variation. It can be mainly attributed to the resulting proton-
to-seed ratio Yp/Yh (at T9 = 3) and thus ∆n (third and fourth
lines in Table 3). Note that nν̄e (= 0.0834; first line in Table 1)
remains the same for all the cases here. A larger triple-α rate
leads to a more efficient seed production and thus smaller Yp/Yh

mass number

re
la

tiv
e 

to
 s

ol
ar

50 60 70 80 90 100 110 120
103

104

105

106

107

108

7Be(α,γ)11C *
/

Mn

Fe

Co

Ni

Cu

Zn

Ga

Ge

As

Se

Br

Kr

Rb

Sr

Y

Zr

Nb

Mo
Ru

Rh

Pd

Ag

Cd

In

Sn

 10

re
la

tiv
e 

to
 s

ta
nd

ar
d

10-1

100

101 7Be(α,γ)11C *
/  10

m
as

s 
fr

ac
tio

n

10-6
10-5

10-4

10-3
10-2

10-1
100

7Be(α,γ)11C *
/  10

  2

  2

  2

 10

 10

 10

  2

  2

  2

  1

  1

  1

Figure 13. Same as Figure 2, but for variations on the 7Be(α, γ )11C rate.
(A color version of this figure is available in the online journal.)

and ∆n. A larger rate during the νp-process phase (T9 = 1.5–3)
also yields more carbon and other intermediate-mass nuclei that
act as proton poison. As a result, efficiency of the νp-process
for heavy element synthesis decreases. The same interpretation
is applicable to the opposite case with a smaller rate.

We find that a replacement of the triple-α rate by that of
Angulo et al. (1999) inhibits production of p-nuclei for A > 80
(Figure 12). In fact, the net effect of including the 9.2 MeV state
(not confirmed by recent experiments) by Angulo et al. (1999)
corresponds to the rate of Caughlan & Fowler (1988) multiplied
by a factor of 10. This demonstrates the importance of future
re-evaluations of (possible) contribution from higher levels than
the 7.64 MeV state in 12C.

Figures 13 and 14 show the result for 7Be(α, γ )11C
and 10B(α, p)13C. We find non-negligible differences in the
p-abundances with A ∼ 100–110, although the impact is much
smaller than that for triple-α. Note that a larger rate has a stronger
impact than a smaller rate (middle panels). This is a consequence
of the fact that the larger rate of a given channel increases the to-
tal efficiency for the breakout from the p–p chain region, while
the other two channels are still active for the smaller rate (see
Figure 10).

7Be(α, γ )11C competes with triple-α only during the late
phase of the νp-process (T9 ! 2; Figure 10). A larger rate
during this phase leads to more production of intermediate-mass
nuclei that act as proton poison. A variation of this rate does not
substantially affect Yp/Yh (at T9 = 3) and ∆n at the onset of
νp-processing (Table 3). 10B(α, p)13C however competes with
triple-α at T9 ∼ 2–3.5 (Figure 10). Hence, a variation on the
rate also affects Yp/Yh at the beginning of νp-processing and ∆n
(Table 3).
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Figure 10 shows that 7Be(α, γ )11C and 10B(α, p)13C exhibit
similar roles to triple-α in the temperature range relevant to the
νp-process. Therefore, we select these three reactions for the
sensitivity tests. Note that the unstable isotope 11C produced
is followed by 11C(α, p)14N (see Hayakawa et al. 2010 for a
recent experimental evaluation of this rate) before decaying back
to 11B.

All the data of these three reactions, from Wagoner (1969, for
10B(α, p)13C) and Caughlan & Fowler (1988, for the remain-
der) in the REACLIB compilation, are based on experimental
information of single resonance states. Contribution from (pos-
sible) resonances at higher excitation energies could thus sizably
change these rates. As an example, the triple-α rate of Angulo
et al. (1999), which includes contribution from the 9.2 MeV
2+ state that is predicted theoretically, leads to a factor of 2–10
higher values (for the temperature range relevant to seed produc-
tion, T9 = 7–3) than that of Caughlan & Fowler (1988) based
on the single 7.6 MeV 0+ (Hoyle) state. Recent experimental
works did not confirm the presence of the 9.2 MeV state, but
other levels in this energy region as well as those at higher en-
ergies might contribute to this rate (Austin 2005; Diget et al.
2005, 2009).

The result of sensitivity tests for the triple-α rate is shown in
Figure 12, where the forward and inverse rates are multiplied or
divided by factors of 2 and 10. We find substantial changes in
the production of p-nuclei with A ∼ 100–110 for a factor of two
variation on the rate, and more drastic changes for a factor of
10 variation. It can be mainly attributed to the resulting proton-
to-seed ratio Yp/Yh (at T9 = 3) and thus ∆n (third and fourth
lines in Table 3). Note that nν̄e (= 0.0834; first line in Table 1)
remains the same for all the cases here. A larger triple-α rate
leads to a more efficient seed production and thus smaller Yp/Yh
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and ∆n. A larger rate during the νp-process phase (T9 = 1.5–3)
also yields more carbon and other intermediate-mass nuclei that
act as proton poison. As a result, efficiency of the νp-process
for heavy element synthesis decreases. The same interpretation
is applicable to the opposite case with a smaller rate.

We find that a replacement of the triple-α rate by that of
Angulo et al. (1999) inhibits production of p-nuclei for A > 80
(Figure 12). In fact, the net effect of including the 9.2 MeV state
(not confirmed by recent experiments) by Angulo et al. (1999)
corresponds to the rate of Caughlan & Fowler (1988) multiplied
by a factor of 10. This demonstrates the importance of future
re-evaluations of (possible) contribution from higher levels than
the 7.64 MeV state in 12C.

Figures 13 and 14 show the result for 7Be(α, γ )11C
and 10B(α, p)13C. We find non-negligible differences in the
p-abundances with A ∼ 100–110, although the impact is much
smaller than that for triple-α. Note that a larger rate has a stronger
impact than a smaller rate (middle panels). This is a consequence
of the fact that the larger rate of a given channel increases the to-
tal efficiency for the breakout from the p–p chain region, while
the other two channels are still active for the smaller rate (see
Figure 10).

7Be(α, γ )11C competes with triple-α only during the late
phase of the νp-process (T9 ! 2; Figure 10). A larger rate
during this phase leads to more production of intermediate-mass
nuclei that act as proton poison. A variation of this rate does not
substantially affect Yp/Yh (at T9 = 3) and ∆n at the onset of
νp-processing (Table 3). 10B(α, p)13C however competes with
triple-α at T9 ∼ 2–3.5 (Figure 10). Hence, a variation on the
rate also affects Yp/Yh at the beginning of νp-processing and ∆n
(Table 3).
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Figure 10 shows that 7Be(α, γ )11C and 10B(α, p)13C exhibit
similar roles to triple-α in the temperature range relevant to the
νp-process. Therefore, we select these three reactions for the
sensitivity tests. Note that the unstable isotope 11C produced
is followed by 11C(α, p)14N (see Hayakawa et al. 2010 for a
recent experimental evaluation of this rate) before decaying back
to 11B.

All the data of these three reactions, from Wagoner (1969, for
10B(α, p)13C) and Caughlan & Fowler (1988, for the remain-
der) in the REACLIB compilation, are based on experimental
information of single resonance states. Contribution from (pos-
sible) resonances at higher excitation energies could thus sizably
change these rates. As an example, the triple-α rate of Angulo
et al. (1999), which includes contribution from the 9.2 MeV
2+ state that is predicted theoretically, leads to a factor of 2–10
higher values (for the temperature range relevant to seed produc-
tion, T9 = 7–3) than that of Caughlan & Fowler (1988) based
on the single 7.6 MeV 0+ (Hoyle) state. Recent experimental
works did not confirm the presence of the 9.2 MeV state, but
other levels in this energy region as well as those at higher en-
ergies might contribute to this rate (Austin 2005; Diget et al.
2005, 2009).

The result of sensitivity tests for the triple-α rate is shown in
Figure 12, where the forward and inverse rates are multiplied or
divided by factors of 2 and 10. We find substantial changes in
the production of p-nuclei with A ∼ 100–110 for a factor of two
variation on the rate, and more drastic changes for a factor of
10 variation. It can be mainly attributed to the resulting proton-
to-seed ratio Yp/Yh (at T9 = 3) and thus ∆n (third and fourth
lines in Table 3). Note that nν̄e (= 0.0834; first line in Table 1)
remains the same for all the cases here. A larger triple-α rate
leads to a more efficient seed production and thus smaller Yp/Yh
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and ∆n. A larger rate during the νp-process phase (T9 = 1.5–3)
also yields more carbon and other intermediate-mass nuclei that
act as proton poison. As a result, efficiency of the νp-process
for heavy element synthesis decreases. The same interpretation
is applicable to the opposite case with a smaller rate.

We find that a replacement of the triple-α rate by that of
Angulo et al. (1999) inhibits production of p-nuclei for A > 80
(Figure 12). In fact, the net effect of including the 9.2 MeV state
(not confirmed by recent experiments) by Angulo et al. (1999)
corresponds to the rate of Caughlan & Fowler (1988) multiplied
by a factor of 10. This demonstrates the importance of future
re-evaluations of (possible) contribution from higher levels than
the 7.64 MeV state in 12C.

Figures 13 and 14 show the result for 7Be(α, γ )11C
and 10B(α, p)13C. We find non-negligible differences in the
p-abundances with A ∼ 100–110, although the impact is much
smaller than that for triple-α. Note that a larger rate has a stronger
impact than a smaller rate (middle panels). This is a consequence
of the fact that the larger rate of a given channel increases the to-
tal efficiency for the breakout from the p–p chain region, while
the other two channels are still active for the smaller rate (see
Figure 10).

7Be(α, γ )11C competes with triple-α only during the late
phase of the νp-process (T9 ! 2; Figure 10). A larger rate
during this phase leads to more production of intermediate-mass
nuclei that act as proton poison. A variation of this rate does not
substantially affect Yp/Yh (at T9 = 3) and ∆n at the onset of
νp-processing (Table 3). 10B(α, p)13C however competes with
triple-α at T9 ∼ 2–3.5 (Figure 10). Hence, a variation on the
rate also affects Yp/Yh at the beginning of νp-processing and ∆n
(Table 3).
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 [Wanajo et.al., 	

The astrophys. j. 	

729, 46 (2011).] 	
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DETAILED DESCRIPTION OF PROPOSED RESEARCH

1. Scientific Motivations

Excited states in 12C nuclei plays a very important role in the nucleosynthesis in the

universe. As shown in Fig. 1, 12C nuclei are synthesized by the triple α reaction. Firstly,

excited states in 12C are produced as 3α resonance states. Most of these excited states

immediately decay into three α particles via the inverse reaction, however, a tiny

fraction of the excited states decays into the ground state of 12C by emitting γ rays.

In the normal sequence of the stellar nucleosynthesis, the triple α reaction for the

helium burning proceeds through the 0+2 state (Hoyle state) at Ex = 7.65 MeV in 12C.

The radiative decay width of the 0+2 state is known to be Γγ = 3.7 ± 0.5 meV while

the total width for this state is Γ = 8.5± 1.0 eV [1], thus, 4.4× 10−4 of the produced

0+2 states synthesize the 12C nuclei.

Since the highly excited 3α resonances such as the 3−1 state at Ex = 9.64 MeV and the

2+2 state at Ex = 9.84 MeV [2] locate about 2 MeV above the α-decay threshold, these

states contribute little to the triple α reaction under the normal sequence of the stellar

revolution. However, these highly excited resonances might play a part of the triple α

reaction at very high temperature T9 > 1.

The production rate of 12C in the second reaction (α+8Be) in the triple α process is

given by [3]

〈σv〉α8Be =
8π

µ2
α8Be

(
µα8Be

2πkBT

)3/2 ∫ ∞

0

σα8Be(E) exp(−E/kBT )E dE, (1)

where µα8Be is the reduced mass of the α+8Be system, and E is the energy with respect

to its threshold. The reaction cross section σα8Be is parametrized by

σα8Be(E) =
∑

J=0, 2, 3

(2J + 1)
πh̄2

2µα8BeE

Γα(12CJ , E)Γγ(12CJ , E)

(E − EJ
r )

2 + 1
4Γ(

12CJ , E)2
, (2)

where the sum runs over the 0+2 , 2
+
2 , and 3−1 resonances at energies EJ

r . The widths

of the resonances are given by Γ = Γα + Γγ. The α-decay width is Γα(12CJ , E) =

Γα(12CJ)Pl(E)/Pl(EJ
r ) where Pl is the penetration factor associated with the relative

angular momentum l and the channel radius taken as a = 1.4(41/3 + 81/3) fm. The

γ-decay width is given by Γγ(12CJ , E) = Γγ(12CJ)(ET +E)5/(ET +Er
r )

5. The photon

threshold energy ET is 7.363 MeV for the 2+1 state, and 7.363− 4.439 = 2.928 MeV for

the 0+2 and 3−1 states, respectively. The cascade decay of the 2+2 state via the 2+1 state

and the direct decay of the 0+2 and 3−1 states to the ground state are ignored here.

As seen in Eqs. (1) and (2), the triple α reaction rate is strongly depends on the

resonance parameters of the 0+2 , 2
+
2 , and 3−1 states. The radiative decay width for the

3



lower limit 

Γ = Γα + Γγ = 34 keV Γα � Γγ

Total decay width 
γ transition of 31

- state 

4.44 MeV 

7.65 MeV	

(Hoyle state) 

9.64 MeV 

2+
1 

0+
2 

3-
1 

g.s. 0
+

1 
12C levels 

α decay	

threshold 

Gamma decay width is still unknown. 

・Direct decay	

　Measured by electron scattering.	

    = 0.31±0.04 meV 
・Cascade decay via the Hoyle state 	

  Contributes little to the total gamma width. 

Γ3−1 →g.s. Γ3−1 →0+2 →g.s. Γ3−1 →2+1 →g.s.
Γγ = + +

・Cascade decay via the 2+
1 state might be 	


   a main decay branch. 
known 

Typical width of isospin forbidden 	

E1 transition   ～ 10 meV  

E1 

100% 



Upper limit 
68% CL : 4.1×10-7 (14 meV)	

95% CL : 8.2×10-7 (28 meV)   

Previous Experiment 
Measurement by 12C(α, α’ 12C) reaction. 

[D. Camberlin et.al., Phys.Rev.C 10, 2 (1974).] 

Only to get the upper limit due to	

 contamination in 12C enriched target.	


12C   C target	

(with 13C) 

α beam 

α	


   C target	

 

α beam 

α	


decay 3α	


γ decay α decay 
13C causes serious backgroundcontamination in 12C enriched target.	




Our test measurement 

Target                  : natCH2(Background run → natC)	

Recoiled proton : Si+CsI telescope	

Scattered 12C      : Grand Raiden spectrometer & Plastic Scintillator	


measured in March 2012 in RCNP.  

proton 

proton	

 Target 

12C Beam	

12C 

proton 

proton	

 Target 

12C Beam	

3a 

α decay events γ decay events 
Excited events 

branching ratio 

To remove background events from 13C, 	

we measured the inverse kinematic CH2(12C, 12C*p) reaction. 



Detector & Setup 

Si: 3mm×48mm	

     ×16strips×2	

     325um thick	

	

CsI: 30mm×30mm	

       ×4blocks×2	

 

•  natCH2(12C, 12C*p )	

•  Beam Energy: 250MeV	

•  Target: cold CH2 2mg/cm2 

1mm 10mm 

12C 
α 

Only a can	

penetrate	

 1mm-Scintillator	

→ trigger 

    CH2	

Target 

12C Beam	

250MeV 

37° 

3° 

Grand Raiden Spectrometer	

(cover 2.5°～3.8°) 

↓	

→ select γ decay events 

→ select proton 

Si + CsI	

(cover 31.3°～

42.7°)	


Plastic Scintillators	

1mm & 10mm 

brass collimator 

CsI & 	

ESR film 



results of test measurement 

Ex(MeV) 

g.
s. 

4.
44

M
eV
 

9.
64

M
eV
 

12
.7

M
eV
 

Single(Si+CsI) 

Coincidence (Si+CsI & GR) 

Γ =34keV 
branching ratio 

1σ-CL	

2σ-CL 

 3.87×10-6 (132meV)	

 1.27×10-5 (432meV) 

1σ-CL	

2σ-CL 

 4.12×10-7(14meV)	

 8.24×10-7(28meV) 

cf.) Previous experiment 

[D. Camberlin et.al., Phys.Rev.C 10, 2 (1974).] 

Our measurement(8 hours) 
Upper limit of branching ratio 

co
un

ts 

Ex(MeV) 

ΔEx=680 keV	

      (FWHM) 



Upgraded experiment 
We need to accumulate more statistics and to improve the signal-to-noise ratio. 

To accumulate more statistics	

•  Beam time 8 hours -> 10 days	

•  Large Si strip detector     1.7 times	

To improve S/N	

•  Target: CH2 -> Solid Hydrogen Target	


	
… decrease background events from C	

•  Introduce Si+CsI detector for event tagging	


	
… remove accidental coin events from H	

•  Track 12C with low-material MWDC	

         …select using scattering angle	


1 mm & 10 mm	

Plastic Scintilator 

12C 	

Beam	


Si+CsI 

Si+CsI for event tagging 

Grand Raiden spectrometer 

MWDC(CH4&He)  

SHT 

12C beam 

Target 

True coincidence Accidental coincidence 
12C beam 

detect	

12C or α 

detect p 



Monte Carlo Simulation 
Monte Carlo Simulation was carried out considering experimental condition as below. 

Beam	

Energy: 250 MeV(20.8 MeV/u) 	

Intensity: 0.1pnA	

Energy spread: 0.2 MeV (sigma) 	

Angular spread:  2 mr (sigma, in-plane) 	

Spot size: 0.5 mm (sigma)	


Si+CsI detector	

Angle: 35.5°	

Distance from target: 125 mm	

Energy resolution: 0.3 MeV (sigma)	


Target : Solid Hydrogen Target 0.5 mm	

	
                             (0.0763 g/cm2) 

Grand Raiden spectrometer	

Angle: 2.8°	

Acceptance:     ±14 mr (Horizontal)	


	
 	
 	
 ±35 mr (Vertical) 	

	
 	
 	
 	
∆p/p = ±2%	


Focal plane detector	

Intrinsic angular resolution: 2 mr (sigma, Horizontal)	

                                              4 mr (sigma, Vertical)	

Detector thickness:  60 mg/cm2	




Accidental coin events ���
from H(12C,12C*) 

24 mm 

128 mm	

(4 mmごと) 

1st segment	

(trigger,	

2 mmごと) 
2nd segment 	

for event tag	

   (6 mmごと) 

24 mm 

Accidental coin events from H(12C, 12C*) can be reduced by a factor of 190 . 

Accidental coincidence events from 1H(12C, 12C*) , especially from 	

1H(12C, 12C(4.44 MeV)), is serious. 

Jπ use only 1st segment 1st and 2nd segment 
01

+(g.s.) 1.0 × 10-3 cps 1.0 × 10-4 cps 
21

+(4.44 MeV) 5.6 × 10-1 cps 2.7 × 10-3 cps 
02

+(7.65 MeV) 4.4 × 10-5 cps 8.8 × 10-7 cps 

Accidental coincidence rate for each states are estimated as below: 

12C beam 

Target 

True coincidence Accidental coincidence 
12C beam 

detect	

12C or α 

detect p 



Background elimination gate 
true accidental φ gate 

γ gate 

Ex ～ Eγ 	

        = Ebeam – Ep –E12C	


using scattering azimuthal angle 
φ12C ～ φp 

The φ and γ gates suppress	

 the accidental coincidence 	

        events by a factor of 35. 

θp 

θ12C φ 



Yield estimation 

Jπ Γ Γγ Γγ/Γ εcoin Number of events 
0+

1  0.0 
2+

1 10.8 (6) meV  10.8 (6) meV 1 0.021 6.0 × 107 

0+
2 8.3 (10) eV  3.7 (5) meV 4.4 (5) × 10−4 0.535 8.2 × 104 

3-
1 34 (5) keV < 14 meV < 4.1 × 10−7 0.753 < 2.4 × 103 

>0.31±0.04meV >9.1×10−9 >54 

Numbers of the coincidence events between proton and 12C was estimated  as below	

for 10 days beam time. 

Using Si+CsI for event tag, SHT, φ and γ gates 

test setup upgraded setup 
Background from H(12C,12C*) 450 k 67 
Background from X(12C, 12C*) 150 k 104 

Even if the γ decay width of 31
- state is 0.31 meV (Γγ/Γ～10-8,	


lower limit) ,  γ decay width can be determined. 	


Number of accidental coin events: 



Summary 
•  Purpose: 	

    measure the rare γ decay width for 12C(31

- → g.s.)	

•   Our test measurement indicated the effectiveness of 	

    using inverse kinematic reaction 1H(12C, 12C*p) .	

•  Detail simulation for upgraded experiment was done.	

–  Our upgraded experiment has sensitivity of 10-8 about Γγ/Γ . 	


•  2nd test measurement is scheduled in this October.	


Thank you for your attention!! 


