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All chemical elements were synthesized 
by nuclear reactions starting from protons and neutrons.

Triple alpha reaction is the doorway for all heavy elements. 

Nucleosynthesis in the Universe

Are  we fully understand
the Triple Alpha Reaction?
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1H + n → 2H
2H + 2H → 3He +n
2H +3He → 4He +p

Nucleosynthesis suspended at A = 4.

5Li
5He

8Be

A = 5

Triple Alpha Reaction
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Most of 3α states decay back to 3α particles,
but rarely de-excite into 12C

Normal Stellar Environments (ρ~103̶5 g/cm3, T~108 K)
3α reaction proceeds via the 0+2 state at Ex = 7.65 MeV
De-excitation prob. via the γ decay is known [4.4(5)×10-4].

High Temp. (T > 109 K)
High-lying 3α resonances
(2+2, 3-1, 0+3, 0+4) are important.
De-excitation by γ decays.
γ-decay prob. are unknown. 

Triple Alpha Rate and De-Excitation Prob.

High Density (ρ > 106 g/cm3)
Scattering with BG particles
Cross sections are unknown.

De-excitation probability 
determines the 3α rate

3α reaction under extreme conditions（High T and ρ）
has never been fully understood.

γ-ray emission
Scattering with BG particles
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8Be(g.s.)+α

8Be(2+
1)+α

8.87 MeV

3α
7.27 MeV

12C levels

(Hoyle state)

2+
29.84 MeV

The 3α reaction rate strongly depends on γ-decay probablity. 

At high T (T > 109 K), the highly excited states 
such as 31- and 22+ states become important.

Γγ/Γ of 31- in 12C must be determined.

However, the γ-decay probabilities 
of these states are still unknown.

Γγ /Γ of the 
Hoyle state 

~ 4.4×10-4

Ga

Γα/Γ ~ 1  → decay to 3α
Γγ/Γ << 1 → decay to 12C(g.s.)

Γγ ≪ Γα

3α Reaction and γ-decay Probability



First star is massive and 
temperature reaches T9 ~ 5.

Large Impact on Heavy element 
abundance by νp process

Angulo99: Include 3-1 and 2+2*
CF88: 0+2 and 3-1*

*Not experimental information

Triple alpha reaction rate

NACRE

C. Angulo et al., Nucl. Phys. A656 3—187 (1999).
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New data on the 2+2 were published. 
Recent Update

W. R. Zimmerman et al., Phys. Rev. Lett. 110, 152502 (2013).

H. O. U. Fynbo et al.,
Nature 433, 136 (2005). M. Itoh et al., 

Phys. Rev. C 84, 054308 (2011).

3α rate significantly 
suppressed at high T.

How about the 3-1 state ?

No 2+2 !!

2+2 exists!!



3-1 in 12C Total width
G

γ-decay width
G g

γ-decay probability
Gg/G

Lower limit
34(5) keV

0.31(4) meV 9.1 × 10-9

Upper limit 28 meV (2s C. L.) 4.1 × 10-7

Direct γ-decay
to the g. s.

taken from 
(e,e’)

Difficult to
measure!! 

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

Background due to 
13C contaminants

Previous experiment

γ-decay probability of the 31- state
Difficult to measure the Γγ/Γ of the 31- state because it is very small.

Use 12C beam 
not 12C Target !

No 13C contaminants in 12C beam!!

2+
1

3 -1

?

0+
1

100%
γ-decay

12C(α, α’12C) 
From
(e,e’)



Experimental procedure
Using the inverse kinematic reaction H(12C, 12C p), recoil protons and 
scattered 12C will be measured simultaneously instead of γ-rays.

p
Hydrogen
Target

12C Beam

γ-decay events

p
Hydrogen
Target

12C Beam
3α

α-decay events

A
ll 
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d 
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EX in 12C is determined from the 
energy and angle of the recoiled proton.

Number of all excited events

The scattered 12C should be detected 
in coincidence with the recoiled proton.

Number of γ-decay events

=
Number of γ-decay events

γ-decay probability Γγ / Γ
Γγ

Γ Number of all excited events

Ø Thin solid hydrogen target.
Ø Recoil proton detector.

12C*

12C*

12C

12C

12C



Anti-coin between 
2 scintillators

→12C trigger
1mm

10mm

12Cα
Scattered 12C detector

Drift Chambers
1 mm & 10 mm
Plastic Scintilator

250 MeV
12C beam

Grand Raiden
spectrometer

Solid
Hydrogen

Target

Gion

2.8°

35.5°

Particle-identified
by Gion (Si+GAGG telescope).

Recoile proton detector

The experiment was performed at the cyclotron facility in RCNP.

Select 
γ-decay events

→ Ex of the scattered 12C

Experimental Setup

Count
the excited events

0.5 mmt

15 mm
Solid Hydrogen Target
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Results
γ-decay from 3-1 was observed !

Peak significance: 91%

Singles event

γ decay event
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Gamma Decay Probability
γ-decay probability is given by

Γγ

Γ
=

# of γ  decay events
# of singles events

×
1

geo. eff.

Geometrical efficiency should be estimated by MC calculation.

The present results are consistent 
with the previous result on the 0+2 and 1+1 states, 

but not with the recent report for the 0+2 state by Kibedi et al.

0+2 1+1 3-1
Geo. Efficiency 0.117(2) 0.186(9) 0.229(3)

Γγ/Γ Previous
4.16(11)×10-4

2.21(7)×10-2 Unknown
6.2(6) ×10-4

Γγ/Γ Present 4.3(8)×10-4 2.6(7)×10-2 1.3(8)×10-6

Γγ for the 3-1 state is 
larger than the previous upper limit [8.2 × 10-7 (2σ)].
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Triple Alpha Reaction Rate
Triple reaction rate was calculated using the measured Γγ/Γ
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The 3α rate is partially restored, and consistent with NACRE...
Recently published in M. Tsumura, T. K. et al., Phys. Lett. B 817, 136283 (2021).
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Only de-excitation by gamma decay was considered so far.

Exothermic inelastic 
scattering with 
background particles 
should be considered at 
high density environment.

Triple Alpha Reaction Rate at high ρ

2þ state to the Hoyle state are larger because of the
influence of a spin factor of 5.
For applications, it is the sums of the two cross sections

of each projectile that are relevant. We see from Fig. 3 that
these enhancements can be large for sufficiently large T9

and ρ. For neutrons only, enhancements are larger for small
T9. Based on the cross section uncertainties, it seems a fair
summary to conclude that the enhancements are known to
within about a factor of 2 to 3. Thus, for example, the
enhancement factor for neutrons at T9 ¼ 1.0, is 115, the
sum of the two values for neutrons shown in Fig. 3. For a
factor of 3 uncertainty, it would lie between 38 and 345.
Such large enhancements should be taken into account in
calculations at high T, ρ.
To investigate the magnitude of these effects in an

astrophysical scenario, we calculated the enhancements
for an adiabatic model [26] as implemented by Schatz et al.
[27]. In this model the initial protons and neutrons are in
nuclear statistical equilibrium and are later incorporated
into alpha particles, then into 12C, and eventually into
heavier seeds. The results in Fig. 4 show that these
enhancements are large.
It has usually been found that in this model the ααn

process leading to 9Be dominates the flow into 12C, but if
the 3α process is sufficiently enhanced and competes
strongly, the overall flow into heavy seeds may increase,
leading to a larger number of seeds, a smaller neutron to
seed ratio, and a less robust r process. We have made a
preliminary estimate based on the above adiabatic model as
summarized in Fig. 4, and find that the enhanced 3α rate
dominates the production of 12C, presumably leading to a
larger seed abundance. This would remain true if the
enhanced rates are a factor of 3 smaller than calculated
here. On the other hand, if there were a strong resonance at
low neutron energies, as there is for the proton channel, the
enhancements might be still larger. We intend to investigate

these possibilities systematically in future work using more
realistic models [28].
Another site where significant enhancements of the 3α

rate might be important is accreting neutron stars and the
resulting x-ray bursts. An increased formation of 12C could
increase energy generation during the giant outbursts seen
in some x-ray bursters. However, the densities and temper-
atures seen in two possible models of the process [29]
indicate that the enhancement would reach a maximum of
30% during the onset of the burst.
One might ask whether the enhancement processes

considered here could affect other reaction rates. Indeed,
any process involving gamma decay of a state with a larger
particle decay width will have a rate proportional to the
radiative width and be susceptible to enhancement. But
since radiative widths are usually large (compared to that of
the Hoyle state) enhancements are less likely to be
important. That is the case for the ααn process dis-
cussed above.
The situation for the present then appears to be that, in

situations where the densities and temperature are large, a
reasonable estimate of the triple alpha reaction rate is given
by the enhancement factor of Fig. 3. Uncertainties are
probably a factor of 3, and the enhancements could
presumably be larger or smaller. If such enhancements
cause a significant change in calculated astrophysical
phenomena, a significant experimental and theoretical
effort would then be warranted to better constrain the
enhancements.
The neutron cross section from the ground state to the

Hoyle state can, in principle, be measured, but the cross
sections are relatively small and the measurements will be

FIG. 3. Ratios of the rate induced by the indicated transitions to
the measured (gamma þ pair decay) rate. The ratios were calcu-
lated for a particle density of 106 g cm−3. The alpha ratios are
plotted on the expanded scale on the right-hand ordinate.

FIG. 4. On the left-hand ordinate are shown, as a function of
time, the neutron, proton, and alpha particle densities calculated
following the adiabatic model. Initially, the temperature was set at
T9 ¼ 9 to insure nuclear statistical equilibrium, the entropy at
S ¼ 90kB, Ye ¼ 0.45, and velocity ¼ 7500 km sec−1. The cal-
culated overall enhancement, owing to induced deexcitation of
the Hoyle state by protons, neutrons, and alpha particles is shown
on the right-hand ordinate.

PRL 119, 112701 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

15 SEPTEMBER 2017

112701-4

12C(Hoyle)(n,n’)12C(g.s.) might 
enhances the triple alpha reaction 
rate by a factor of 60̶100.

Need to determine the cross sections.

M. Beard et al., 
Phys. Rev. Lett. 119, 11701 (2017).

ρ = 106 g/cm3



Direct measurement of 12C(Hoyle)(n,n’)12C(g.s.)  is impossible.
→ Time inverse reaction should be measured.

Time Inverse Reaction

Time Inverse Reaction

Astrophysical Reaction

Hoyle State

Thermal 
Nuetron

(< 100 keV)

12C Fast Neutron

Ground State
(~ 8 MeV)

Hoyle State

Thermal 
Neutron

(< 100 keV)

12C Fast Neutron

Ground State
(~ 8 MeV)

However, 
measurements of low-E 
neutrons or alpha 
particles are not easy.

→ MAIKo Active Traget

channels. The probabilities for the creation and decay of the
compound nucleus are expressed in terms of the trans-
mission functions for its formation and break up. For
particle channels, the transmission functions are obtained
from optical model calculations. Aside from the trans-
mission functions, one requires level densities, width
fluctuation corrections, and other descriptive details of
the target.
For this light system one cannot expect a priori that the

basic assumptions outlined above are well fulfilled; we use
the HF approach because there are no realistic alternatives.
A related uncertainty lies in the choice of a particular
optical potential for the HF calculations. We used the
default models of TALYS (version 1.8) [18]: for protons and
neutrons, a global and local potential based on the Koning
and Delaroche model [19]; and for alpha particles, the
potentials of Avrigeanu et al. [20].
To evaluate the resulting uncertainties in a conservative

manner, we calculate all cross sections in a systematic
fashion, using the TALYS default parameter values, com-
pare the results to the available data and, thereby, assess the
reliability of the model. Cross sections were also calculated
for n, p, and α inelastic reactions using different optical
model parameters (three for protons and neutrons and nine
for alpha particles, as cited in Ref. [18]). The default results
and the spread of results for the other models are shown in
Fig. 2. Although they are not directly relevant to our
enhancement calculations, we also show the cross sections
for the transition from the ground state to the 2þ state at
4.44 MeV since more experimental data are available for
this strong transition.
Cross sections calculated with the various OMPs differ

by less than 30% up to approximately 20 MeV; cross
sections within 2 MeVof threshold generally dominate the
enhancements. The calculations generally lie within about a
factor of 2 to 3 of the sparse experiential data, sometimes
higher and sometimes lower; the energy dependence of the
cross sections is generally reproduced. The single excep-
tion is for the resonance in proton scattering to the Hoyle
state. This overall level of agreement is similar to that
obtained for heavier nuclei.
The energy dependencies of the cross sections for

neutrons have well-known behaviors that differ from those
of the charged particles because of the absence of a
Coulomb barrier. The forward, endothermic, cross sections
shown here vary approximately as E01=2. The inverse,
exothermic, cross sections exhibit the well-known
1=E01=2 or 1=v behavior. As we shall see, this can lead,
for neutrons, to large 3α enhancements even at relatively
low temperatures.
The enhancements were calculated for the inverse of

each of the contributing transition rates: gs → 7.65
(Hoyle), and 4.44 → 7.65 state for incident neutrons,
protons and alpha particles, using Eq. (6). For the case
of the proton inelastic scattering to the Hoyle state we used

the experimental data up to 2.30 MeV; at lower energies the
cross section has strong resonances that are not reproduced
by the TALYS calculations. Otherwise the default TALYS

cross sections were used. The cross sections were (accu-
rately) fitted with cubic splines and the integrations
performed with the MathCad routine over the energy range
from near threshold to 10 MeV above threshold.
Most contributions to the enhancements are for energies

less than 2 MeVabove threshold; except for the small alpha
enhancements, all have converged to within 3% by 5 MeV,
even in the most demanding case: T9 ¼ 10. Thus, the factor
of 2 or 3 cross section uncertainties at higher energies
shown in Fig. 2 have small effects on the ratios. The
calculated ratios are shown in Fig. 3.
As expected, the neutron-induced enhancements are

largest, proton-induced enhancements are smaller, and
the alpha-induced enhancements smaller still. Except for
the proton-induced transitions, where the larger ground
state enhancement owes to the large resonant cross sections
at low energies, the enhancements from from the 4.44 MeV

FIG. 2. Inelastic scattering cross sections for neutrons (top
panel) and protons (bottom panel). Results for the default OMPs
described in the text are shown as solid lines, and the maximum
and minimum cross sections for other potentials noted in the text
are included within the shaded areas. For each projectile results
are shown for scattering leading from the ground state to the
4.44 MeV 2þ state, the ground state to the 7.65 MeV Hoyle state,
and the 4.44 MeV 2þ state to the Hoyle state. Available
experimental results are shown as discrete points, for neutrons
from Refs. [21,22], for protons from Refs. [8,23–25].

PRL 119, 112701 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

15 SEPTEMBER 2017

112701-3

No data!

channels. The probabilities for the creation and decay of the
compound nucleus are expressed in terms of the trans-
mission functions for its formation and break up. For
particle channels, the transmission functions are obtained
from optical model calculations. Aside from the trans-
mission functions, one requires level densities, width
fluctuation corrections, and other descriptive details of
the target.
For this light system one cannot expect a priori that the

basic assumptions outlined above are well fulfilled; we use
the HF approach because there are no realistic alternatives.
A related uncertainty lies in the choice of a particular
optical potential for the HF calculations. We used the
default models of TALYS (version 1.8) [18]: for protons and
neutrons, a global and local potential based on the Koning
and Delaroche model [19]; and for alpha particles, the
potentials of Avrigeanu et al. [20].
To evaluate the resulting uncertainties in a conservative

manner, we calculate all cross sections in a systematic
fashion, using the TALYS default parameter values, com-
pare the results to the available data and, thereby, assess the
reliability of the model. Cross sections were also calculated
for n, p, and α inelastic reactions using different optical
model parameters (three for protons and neutrons and nine
for alpha particles, as cited in Ref. [18]). The default results
and the spread of results for the other models are shown in
Fig. 2. Although they are not directly relevant to our
enhancement calculations, we also show the cross sections
for the transition from the ground state to the 2þ state at
4.44 MeV since more experimental data are available for
this strong transition.
Cross sections calculated with the various OMPs differ

by less than 30% up to approximately 20 MeV; cross
sections within 2 MeVof threshold generally dominate the
enhancements. The calculations generally lie within about a
factor of 2 to 3 of the sparse experiential data, sometimes
higher and sometimes lower; the energy dependence of the
cross sections is generally reproduced. The single excep-
tion is for the resonance in proton scattering to the Hoyle
state. This overall level of agreement is similar to that
obtained for heavier nuclei.
The energy dependencies of the cross sections for

neutrons have well-known behaviors that differ from those
of the charged particles because of the absence of a
Coulomb barrier. The forward, endothermic, cross sections
shown here vary approximately as E01=2. The inverse,
exothermic, cross sections exhibit the well-known
1=E01=2 or 1=v behavior. As we shall see, this can lead,
for neutrons, to large 3α enhancements even at relatively
low temperatures.
The enhancements were calculated for the inverse of

each of the contributing transition rates: gs → 7.65
(Hoyle), and 4.44 → 7.65 state for incident neutrons,
protons and alpha particles, using Eq. (6). For the case
of the proton inelastic scattering to the Hoyle state we used

the experimental data up to 2.30 MeV; at lower energies the
cross section has strong resonances that are not reproduced
by the TALYS calculations. Otherwise the default TALYS

cross sections were used. The cross sections were (accu-
rately) fitted with cubic splines and the integrations
performed with the MathCad routine over the energy range
from near threshold to 10 MeV above threshold.
Most contributions to the enhancements are for energies

less than 2 MeVabove threshold; except for the small alpha
enhancements, all have converged to within 3% by 5 MeV,
even in the most demanding case: T9 ¼ 10. Thus, the factor
of 2 or 3 cross section uncertainties at higher energies
shown in Fig. 2 have small effects on the ratios. The
calculated ratios are shown in Fig. 3.
As expected, the neutron-induced enhancements are

largest, proton-induced enhancements are smaller, and
the alpha-induced enhancements smaller still. Except for
the proton-induced transitions, where the larger ground
state enhancement owes to the large resonant cross sections
at low energies, the enhancements from from the 4.44 MeV

FIG. 2. Inelastic scattering cross sections for neutrons (top
panel) and protons (bottom panel). Results for the default OMPs
described in the text are shown as solid lines, and the maximum
and minimum cross sections for other potentials noted in the text
are included within the shaded areas. For each projectile results
are shown for scattering leading from the ground state to the
4.44 MeV 2þ state, the ground state to the 7.65 MeV Hoyle state,
and the 4.44 MeV 2þ state to the Hoyle state. Available
experimental results are shown as discrete points, for neutrons
from Refs. [21,22], for protons from Refs. [8,23–25].

PRL 119, 112701 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

15 SEPTEMBER 2017

112701-3

M. Beard et al., PRL 119, 112701 (2017).



Test Measurement with MAIKo

OKTAVIAN

p MAIKo TPC
ü Two images of 2D-projected trajectories.
ü Detect low-E particles over large Ω
ü iC4H10(10%) + H2 or He @100, 450 hPa

p BC-501 Liquid Scintillator
ü Determine the neutron flux.

Test measurement was carried out at OKTAVIAN, Osaka.

BC-501

Tritium 
Target

Neutron Beam

2H Beam
300 keV

MAIKoCollimated to 20 mmφ
(~10 kcps)

T. Doi,  Master Thesis, Kyoto University (2020).
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Eye-Scan Analysis
Two track images were analyzed by human eyes.

60K events by 11 people

ü Number of trajectories
ü Scattering point
ü Stop positions

ü Reconstruct 3D trajectories
→ Ranges → Kinematic energies
→ Emission angles

ü Invariant mass spectroscopy of 12C.



7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 120

2

4

6

8

10

12

14

16

18

20

22

ExC {good==1&&EventId==3&&K>0.11}
co

un
ts

/5
0 

ke
V

12.08.0 10.07.0 11.09.0

100 hPa + 450 hPa

Two peaks at 7.65 MeV and 
9.64 MeV were successfully 

identified.

θ12C*

E12C*

Scattering angle

Kinematic Energy

Neutron
12C

12C*0!" (7.65 MeV)
Hoyle State

3#$ (9.64 MeV)

Excitation Energy of 12C  (MeV)
0

10

20

15

5

12C(n,3α)n

0 0.2 0.4 0.6 0.8 1 1.20

0.5

1

1.5

2

2.5

3

{pres==450&&good==1 H2}

0 40 6020

1.0

2.0

3.0

0

iC4H10+H2@450 hPa

Kinematic curve
for 12C*(9.64)

E 1
2C
*
(M
eV
)

0 0.2 0.4 0.6 0.8 1 1.20

0.5

1

1.5

2

2.5

3

{pres==100&&good==1 H2}

0 40 6020

1.0

2.0

3.0

0

Kinematic curve
for 12C*(7.65)

iC4H10+H2@100 hPa

E 1
2C
*
(M
eV
)

θ12C*θ12C*

Event Reconstruction



19

Front View

Front View

Side View

Side View

2 tracks "$C + n → "%C∗
→ 'Be + !He

9Be

9Be
4He

4He
9Be

4He

4He

9Be

Front View Side View
1 track !He n, n( !He

Side
View

Front View

4He
4He
4He

4He

Side ViewFront View

4He
4He
4He

4He

3 or 2 tracks ?
3α (4He)？

Not easy 
to judge ... ?

?

?

Track examples

Reconstruction Efficiency
Requirements: 

ü 3αs stopped in the sensitive volume.
ü Human eyes can find 3 tracks.

ü Test images were generated by Simulation.
→ BG events were randomly mixed.

ü Eye-scan analysis was carried out to estimate 
the reconstruction efficiency.

K. Himi, Bachelor Thesis, Osaka University (2021).
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iC4H10 + H2 works better 
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as the detection gas.

Eye-Scan Analysis, again
8 scanners analyzed the simulated data.
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Consistent with the previous data by K. Kondo et al. 
[J. Nucl. sci. Tech. 45, 103 (2008).]

8.4 mb for 7.65 MeV,  69 mb for 9.64 MeV
→ Experimental feasibility has been confirmed. 
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Summary
n Triple alpha reaction rates under extreme 
conditions were measured.
n Measurement of the γ-decay probability of the 31-
state in 12C
n Triple alpha reaction rate at high T has been updated.

n New measurement of the cross sections for the 
12C(n,n’)12C* reaction is in progress.
n Triple alpha reaction rate at high ρ. 
n Experimental feasibility has been confirmed.
n Upgrade of MAIKo is now ongoing.

(Sensitive volume 10 x 10 x 10 cm3 → 30 x 30 x 30 cm3)


