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The astrophysical reaction rate of 12C(α, γ)16O plays a key role in massive star evolution. However, this reaction

rate and its uncertainties have not been well determined yet, especially at T9=0.2. The existing results even disagree with

each other to a certain extent. In this paper, the E1, E2 and total (E1+E2) 12C(α, γ)16O reaction rates are calculated in

the temperature range from T9=0.3 to 2 according to all the available cross section data. A new analytic expression of the
12C(α, γ)16O reaction rate is brought forward based on the reaction mechanism. In this expression, each part embodies

the underlying physics of the reaction. Unlike previous works, some physical parameters are chosen from experimental

results directly, instead of all the parameters obtained from fitting. These parameters in the new expression, with their

3σ fit errors, are obtained from fit to our calculated reaction rate from T9=0.3 to 2. Using the fit results, the analytic

expression of 12C(α, γ)16O reaction rate is extrapolated down to T9=0.05 based on the underlying physics. The 12C(α,

γ)16O reaction rate at T9=0.2 is (8.78 ± 1.52) × 1015 cm3s−1mol−1. Some comparisons and discussions about our new
12C(α, γ)16O reaction rate are presented, and the contributions of the reaction rate correspond to the different part

of reaction mechanism are given. The agreements of the reaction rate below T9=2 between our results and previous

works indicate that our results are reliable, and they could be included in the astrophysical reaction rate network.

Furthermore, we believe our method to investigate the 12C(α, γ)16O reaction rate is reasonable, and this method can

also be employed to study the reaction rate of other astrophysical reactions. Finally, a new constraint of the supernovae

production factor of some isotopes are illustrated according to our 12C(α, γ)16O reaction rates.
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1. Introduction

In the last five decades, nuclear astrophysics has

attracted much interest from scientists keen to explore

the elements synthesis in the universe.[1,2] It has been

shown that most elements are produced in the stel-

lar burning process. The stellar reaction rate is a key

input to the star evolution, and many scholars have

contributed studies on it.[3−8] At the end of helium

burning in a massive star, the main production is 12C,

but 12C can capture α particles through the reaction

channel 12C(α, γ)16O and then form 16O and emit

photons. The 12C(α, γ)16O is a principal reaction

which completes during helium burning in a massive

star to determine the yields of 12C and 16O. The abun-

dance ratio of 12C and 16O is the beginning condition

of the continuing nuclear process, which has consider-

able influence on the nucleosynthesis and star evolu-

tion of massive stars. This abundance ratio of 12C and
16O is determined by the astrophysical 12C(α, γ)16O

reaction rate, which is an essential input of massive

stellar evolution.

The temperature when the reaction 12C(α, γ)16O

occurs in the star is about 0.2×109 K (T9=0.2), corre-
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spondingly, the Ec.m. of the reaction is about 0.3MeV

according to Gamow theory. The cross section of
12C(α, γ)16O is about 10−17 barn at Ec.m.=0.3MeV,

so it is too small to be measured. So far, there are

more than 30 experiments to study 12C(α, γ)16O cross

section at the low Ec.m., but no experimental data

available below Ec.m.=0.9MeV around.[9] Recently,

we proposed performing the photodisintegration re-

action 16O(γ, α)12C experiment, which is promising

to obtain the cross section at the Ec.m.=0.8MeV.[10]

Another experiment of α(12C,16O)γ reaction is in

progress, and the cross section at Ec.m.=0.7MeV can

be measured.[11,12] On the other hand, the theoretical

approach has become the unique way to understand

the 12C(α, γ)16O reaction at lower energies. In gen-

eral, the cross sections are obtained by R-matrix[13]

fitting to experimental data and extrapolating down

to lower Ec.m., and the astrophysical reaction rate is

usually calculated based on the theoretical cross sec-

tion. So far, there are four reports on the 12C(α, γ)16O

reaction rate. References [14] and [15] obtained the

reaction rate from their own experimental and fitting

data, while references [16] and [17] are the compila-

tion of astrophysical reaction rate. Up to now, many

experimental and theoretical works have been done to

contribute to the 12C(α, γ)16O reaction rate, so an

updated reaction rate is necessary.

Often an analytic expression with an appropriate

parametrization is requested for the stellar evolution

models. An analytic expression of the 12C(α, γ)16O

reaction rate is introduced by Ref.[14] for computa-

tional purposes, but the underlying physics of the re-

action is not embodied in this expression. However,

we believe an analytic expression of the reaction rate

with the underlying physics can be extrapolated to

the temperature range where the reaction mechanism

is physical, and it could be requested for the calcu-

lation of the star evolution. Therefore, based on the
12C(α, γ)16O reaction mechanism, we attempt to give

a new analytic expression of the reaction rate.

This article is organized as follows. In Section 2,

we calculate the astrophysical 12C(α, γ)16O reaction

rate. Then, a new theoretical expression of 12C(α,

γ)16O reaction rate, based on the reaction mechanism,

is presented in Section 3. The fit and extrapolation

results of this new 12C(α, γ)16O reaction rate expres-

sion are obtained in Section 4, which are compared

with other works and discussed in Section 5. After

a simple astrophysical implication of this new 12C(α,

γ)16O reaction rate is illustrated in Section 6, and the

conclusions are given finally.

2. Direct calculation of the 12C(α,

γ)16O reaction rate

In stellar energies, the reaction rate of two-nuclei

reaction in the star at temperature T , is[18]

NA〈συ〉 = NA
(8/π)1/2

µ1/2(kBT )3/2

×

∫

σ(E)E exp(−E/kBT )dE, (1)

where we assume that the star can be considered as a

perfect gas following the Maxwell–Boltzmann distri-

bution. In Eq.(1), NA is Avogadro’s number, µ is the

dimensionless reduced mass, and kB is Boltzmann’s

constant, σ(E) is the cross section related to the reac-

tion energies E. For each temperature T , the reaction

rate can be calculated according to Eq.(1) and the

cross section data. In general, the integral range of

Eq.(1) is chosen as [0, E0 + 3∆E0]. Here

E0 =

[

π
e2

c~
Z1Z2kBT

(

µmNc2

2

)1/2]2/3

(2)

and

∆E0 = 4(E0kBT/3)1/2 (3)

are deduced based on Gamow theory, where T9 is the

temperature expressed in 109 K.

A proper set of cross section data is essential for

the 12C(α, γ)16O reaction rate calculation. Consid-

ering the independence of each work contributing to
12C(α, γ)16O, we argue that the mean values of all

published 12C(α, γ)16O cross section can be consid-

ered as a reliable data set for reaction rate calcula-

tion. Therefore, we evaluate the mean values of E1,

E2 and total cross sections of 12C(α, γ)16O based on

these published literatures.[19−32] The reason why we

choose these cross section data for calculation is that

these theoretical results are deduced from various ex-

perimental data, which are obtained by different ex-

perimental approach. To our best knowledge, almost

all published 12C(α, γ)16O cross section data are all

included. The contribution to the reaction rate re-

sulting from cascade cross section of 12C(α, γ)16O is

negligible in the calculation.

As with the integral range for Eq.(1), the E1, E2

and total (E1+E2) reaction rates of 12C(α, γ)16O are

calculated according to the mean values of these E1,

E2 and total cross sections and these results are shown
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in Fig.1. In our calculation, the minimum of temper-

ature range is limited to T9 = 0.3. Because below

Ec.m.=0.4MeV (corresponding to T9 = 0.3 based on

Gamow theory), these cross sections used for reaction

rate calculation are very diverse, there would be larger

uncertainty of reaction rate if these cross sections are

involved in the calculation of reaction rate. A detailed

and quantitative study about this chosen temperature

range is given by Ref.[33]. Meanwhile, the reaction

rate below T9 = 0.3 will be explored by our new ap-

proach presented later in this article. On the other

hand, the maximum temperature range is limited to

T9 = 2 following Ref.[14].

Fig.1. The results of E1, E2 and total (E1+E2) reac-

tion rate of 12C(α, γ)16O, which are evaluated according

to the mean values of the E1, E2 and total cross section

of all available cross section data. See the text for the

literature on the cross section data used for calculation.

3. A new theoretical expression

of the 12C(α, γ)16O reaction

rate

For the low energy astrophysics reaction, there

are two types of reaction mechanism, i.e., the direct

and resonance capture process. The reaction rate of

direct capture process can be parametrized as

NA〈συ〉DC =
p0

T
2/3
9

exp

(

−
C

T
1/3
9

)( N
∑

i=1

piT
i
9+1

)

. (4)

Here pi (i=1, 2...) are fitted to the reaction rate cal-

culated and

C = 3

(

µπ2

2kB

)1/3(
e2Z1Z2

~

)2/3

. (5)

While, the reaction rate of resonance capture process

can be deduced by a modified Breit–Wigner approxi-

mation and written as

NA〈συ〉res =
p0

T
2/3
9

exp

(

−
C

T
1/3
9

−

(

T9

Tf

)2)

×
1

(E0 − Er)2 + Γ 2/4

( N
∑

i=1

piT
i
9 + 1

)

.

(6)

Here, the definitions of pi (i=1, 2...) and C are the

same as Eq.(4). Er and Γr are the position and re-

duced width of the resonance state in the reaction

centre of mass system, respectively. The definition

of E0 is the same as Eq.(2), and Tf is the cut-off tem-

perature, which means that the reaction rate is only

contributed below Tf .

For 12C(α, γ)16O, the E1 and E2 transition are

dominative below T9=2. Thus, the total reaction rate

can be written as

NA〈συ〉Etotal = NA〈συ〉E1 + NA〈συ〉E2. (7)

According to Eq.(4), Eq.(6) and the 12C(α, γ)16O re-

action mechanism, the expressions of E1 and E2 reac-

tion rates are given respectively as

NA〈συ〉E1 =
p0

T
2/3
9 ((E0 − E11)2 + Γ 2

11/4)

× exp

(

−
C

T
1/3
9

−

(

T9

Tf1

)2)

× (1 + p1T9 + p2T
2
9 )

+
p3

T
2/3
9 ((E0 − E12)2 + Γ

2
12/4)

× exp

(

−
C

T
1/3
9

)

× (1 + p4T9 + p5T
2
9 )

(8)

and

NA〈συ〉E2 =
p6

T
2/3
9 ((E0 − E21)2 + Γ 2

21/4)

× exp

(

−
C

T
1/3
9

−

(

T9

Tf2

)2)

× (1 + p7T9 + p8T
2
9 )

+
p9

T
2/3
9

exp

(

−
C

T
1/3
9

)

× (1 + p10T9 + p11T
2
9 ). (9)

The first part of the right-hand side of Eq.(8)

presents the contribution of E1 subthreshold reso-

nance reaction rate (16O:1−(7.117MeV)→ 0+(g.s.))

to the total 12C(α, γ)16O reaction rate. The sec-

ond part of the right-hand side of Eq.(8) presents

contribution of E1 broad resonance reaction rate

(16O:1−(9.582 MeV)→ 0+(g.s.)) to the total reaction
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rate. E11 and Γ11 are the position energy and the re-

duced width of the subthreshold resonance state, and

E12 and Γ12 are the position energy and the reduced

width of the broad resonance state, respectively. The

first part of the right-hand side of Eq.(9) presents

the contribution of E2 subthreshold resonance reac-

tion rate (16O:2+(6.917 MeV)→ 0+(g.s.)) to the total

reaction rate. The second part of the right-hand side

of Eq.(9) presents the contribution of E2 direct cap-

ture reaction rate to the total reaction rate. E21 and

Γ21 are the position energy and the reduced width

of the subthreshold resonance state respectively. In

Eqs.(8) and (9), Tf1 and Tf2 are the temperature lim-

its, and p0 − p11 are the parameters which need to be

fitted. The improvements of this analytic expression

are that each part of Eqs.(8) and (9) embodied the un-

derlying physics and some parameters are physically

determinant. Furthermore, these physical parameters

could be adjusted if more accurate 12C(α, γ)16O res-

onant properties (position energy and reduced width)

are determined from experiments.

4. The fit and extrapolation of

the 12C(α, γ)16O reaction rate

In Eqs.(8) and (9), the parameters p0 − p11, as

well as the 3σ fitting errors of these parameters, are

obtained from fitting to the calculated reaction rate

shown in Fig.1. In the fitting procedure, Tf1=Tf2=2

are chosen. For the coincidence between the calcu-

lation and the fit of reaction rate, the mean values

of the resonance position energy and width of 12C(α,

γ)16O are evaluated based on the same published liter-

atures which are used for the reaction rate calculation

in Section 2. All parameter results are listed in Ta-

ble 1. In Fig.2, the relative deviation of the 12C(α,

γ)16O reaction rate between the calculated result ac-

cording to numerical integration shown in Fig.1 and

the calculated result from the new analytic expres-

sion of Eqs.(8) and (9) is shown. One can find the

maximum deviation of them is less than 1% in the

temperature range of T9 = 0.3 to 2. Therefore, this

new analytic expression reproduced the 12C(α, γ)16O

reaction rate precisely.

Fig.2. The relative deviation of the 12C(α, γ)16O reaction

rate between the calculated result according to numerical in-

tegration shown in Fig.1 and calculated result from the new

analytic expression of Eqs.(8) and (9). The label of (fit) means

the total 12C(α, γ)16O reaction rate calculated from the an-

alytical expression of Eqs.(8) and (9), and the label of (cal)

means the total 12C(α, γ)16O reaction rate calculated accord-

ing to numerical integration shown in Fig.1.

Table 1. All parameter results of the analytic expression (equation (8) and equation (9)) of 12C(α, γ)16O

reaction rate. The 3σ fit errors of p0 − p11 are also given.

E1 part E2 part

parameter value parameter value

Tf1 2 Tf2 2

C 32.1 C 32.1

E11 –0.045 E21 –0.245

Γ11 0.292 Γ21 0.265

E12 2.42

Γ12 0.551

p0 (2.25 ± 0.348) × 108 p6 (2.13 ± 0.312) × 108

p1 −0.126 ± 0.0429 p7 −0.556 ± 0.114

p2 0.0457 ± 0.0153 p8 0.598 ± 0.0504

p3 (1.60 ± 0.0675) × 108 p9 (1.08 ± 0.0423) × 108

p4 0.932 ± 0.0145 p10 −0.710 ± 0.00936

p5 −0.371 ± 0.00543 p11 0.219 ± 0.00564
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This new analytic expression of 12C(α, γ)16O re-

action rate, Eqs.(8) and (9), can be extrapolated be-

low T9=0.3 because of the underlying physics. Below

T9=2, the 12C(α, γ)16O reaction rate calculated based

on this new expression and the parameter results in

Table 1 could be included in the astrophysical reac-

tion rate networks and used for the study of stellar

evolution.

Under astrophysical environment, the 12C(α,

γ)16O occurs at the end of helium burning, when the

temperature is T9=0.2. So the reaction rate under this

temperature is crucial. Extrapolating Eqs.(8) and (9),

we can evaluate the recommended value, as well as the

up and low limits of the 12C(α, γ)16O astrophysical

reaction rate at T9=0.2 according to the parameters

listed in Table 1. Notice that the up and low limits

of the reaction rate are calculated according to the 3σ

fitting errors of the parameters p0 − p11. These val-

ues are compared with the results of Refs.[14–17] and

listed in Table 2. One can find that our constraint of

the reaction rate at T9=0.2, are covered by the results

suggested by previous works.[14,15,17] Thus, we believe

that our extrapolated results are reliable. Meanwhile,

we give a relative smaller uncertainty of 12C(α, γ)16O

reaction rate at T9=0.2.

Table 2. Comparison of the astrophysical 12C(α,

γ)16O reaction rate at T9=0.2. The unit for the reac-

tion rate is cm3mol−1s−1.

works recommended low limit up limit

Ref.[14] 7.04 × 1015 3.04 × 1015 13.4 × 1015

Ref.[15] 7.58 × 1015 5.25 × 1015 10.2 × 1015

Ref.[16] 4.73 × 1015

Ref.[17] 9.11 × 1015 5.44 × 1015 12.8 × 1015

present 8.78 × 1015 7.27 × 1015 10.3 × 1015

5. Comparison and discussion

In the temperature range of T9=0.05 to 2, the
12C(α, γ)16O reaction rates, i.e., the recommended

value and the constraint (the up and low limits), are

calculated based on Eqs.(8) and (9) and the parame-

ters in Table 1. Notice that the constraint is evaluated

according to the 3σ fitting errors of the parameters

p0−p11 (see Table 1). These results are compared with

previous works and shown in Fig.3, where the ratios of

the 12C(α, γ)16O reaction rate given by Refs.[14–17]

to our recommend reaction rate are illustrated. The

grey band shows the uncertainty of our recommend

reaction rate, i.e., the edges of the grey band are the

reaction rate ratios of our up and low limits to our rec-

ommended result. We can see that in the whole tem-

perature region displayed, our results present an av-

erage trend of three recent works.[14,15,17] Especially,

the latest reaction rate result determined from the ex-

periment described in Ref.[15] is well covered by our

reaction rate constraint. The agreement proves that

the 12C(α, γ)16O reaction rate is well described by

our new expression with its underlying physics. So we

believe that the reaction rate results are reliable be-

low T9=2, and this fitting and extrapolation method

is reasonable. Notice that the reaction rate compiled

by Ref.[16] is lower than the rest results by a factor

of 2 approximately, possibly the reason is that there

are no adequate experimental and theoretical 12C(α,

γ)16O cross sections can be employed for reaction rate

calculation at that time.

Fig.3. The ratios of the 12C(α, γ)16O reaction rate given

by Refs.[14–17] to our recommend reaction rate. The grey

band shows the uncertainty of our recommend reaction

rate. See the text for more details.

The contributions of the 12C(α, γ)16O reaction

rate correspond to different part of reaction mecha-

nism are also calculated based on our theoretical ex-

pression, and the results are illustrated in Fig.4. The

figure shows that the contributions of the E1 and E2

subthreshold resonance reaction rate are dominative

below T9 = 1, while the contribution of the reac-

tion rate corresponding to the E1 broad resonance at

9MeV of 16O is dominative above T9 = 1.5. The

proportion of the reaction rate corresponding to the

direct capture of E2 transition is small and almost a

constant. These trends are accordant to the results

of Ref.[15], which are directly obtained from the cross

section fitted to experimental data. Consequently, the

underlying physics in our theoretical expression is em-

bodied and it is effective below T9 = 2.



1426 Xu Yi et al Vol. 18

Fig.4. The contributions of reaction rate with different part

of reaction mechanism to the total reaction rate of 12C(α,

γ)16O.

6. An astrophysical implication

So far, many works devote to study the nucleosyn-

thesis and evolution of massive star after helium burn-

ing, which can help us to understand the explosion of

type-II supernovae and the production mechanism of

neutron star and black hole.[34] As well known, the
12C(α, γ)16O reaction rate plays a key role on nucle-

osynthesis in massive star evolution. The relationships

between the astrophysical 12C(α, γ)16O reaction rate

and the properties of massive star evolution have been

studied by Refs.[35, 36] and so on. However, reference

[36] points out that a more precise 12C(α, γ)16O re-

action rate, with the smaller uncertainty, is needed

to match the reaction rate deduced from astronomical

observation. The similar conclusion is also given by

Ref.[37].

Our 12C(α, γ)16O reaction rate results can be em-

ployed for the study of massive star evolution, which

could improve on this situation. Here, we attempt

to re-investigate the results of massive star evolution

obtained by Ref.[36] and give a simple astrophysical

implication of our new reaction rate. The supernovae

production factors of selected isotopes, calculated by

Ref.[36], are plotted against to various 12C(α, γ)16O

reaction rates in Fig.5. The supernovae production

factor is defined as the ratio of the abundance of

isotopes produced in supernovae to their solar abun-

dance. In Fig.5, one can find that the supernovae pro-

duction factors of these isotopes are indeed sensitive to

the 12C(α, γ)16O reaction rate. The supernovae pro-

duction factor determined by our recommended value

and constraint of the 12C(α, γ)16O reaction rate are il-

lustrated with solid line and grey band in Fig.5, where

the results given by Ref.[38] are also shown. We can

see that the constraint of the supernovae production

factors of these isotopes determined by our reaction

rate results is included in the constraint of Ref.[38],

and the recommended results of both works agree well

with each other.

Fig.5. The supernovae production factors for selected iso-

topes calculated by Ref.[36] as a function of the various 12C(α,

γ)16O reaction rate. The grey band and the solid line illus-

trate the supernovae production factor results determined by

our constraint and recommended value of the 12C(α, γ)16O re-

action rate, respectively. The dash line and the dash-dot lines

illustrate the recommended and limits results determined by

Ref.[38].

7. Conclusions

The 12C(α, γ)16O reaction rates are studied in

this paper. We calculate the E1, E2 and total 12C(α,

γ)16O reaction rates in the temperature range from

T9=0.3 to 2 according to all the available cross sec-

tion data up to now. Then the 12C(α, γ)16O reaction

rates with their uncertainties are explored in the tem-

perature range of T9=0.05 to 2 by using an analytic

expression with the underlying physics. The proce-

dure is presented as follows. Firstly, we give the ana-

lytic expression of the reaction rate based on the re-

action mechanism. Secondly, in the expression, some

parameters are physical and chosen from experimen-

tal results; the rest parameters, with the fitting errors,

are obtained by fitting to the calculated reaction rate.

Then, the reaction rate, with its uncertainty, is evalu-

ated based on the parameters and its fitting errors in

the expression. Finally, the analytic expression is ex-

trapolated to the even lower temperature range where

the reaction mechanism is reasonable.

At the temperature of helium burning in star,

i.e. T9=0.2, the reaction rate with its uncertain-

ties is (8.78 ± 1.52) × 1015 cm3s−1mol−1, which

is close to recent experimental and theoretical

determination.[14,15,17] This agreement confirms that

the extrapolated 12C(α, γ)16O reaction rate and its
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uncertainty are reliable at T9=0.2. After comparing

with previous works of 12C(α, γ)16O reaction rate at

T9=0.05 to 2, we find the agreement between our re-

sult and the result of Refs.[14, 15, 17] is good. How-

ever, the reaction rate of Ref.[16] is lower than our re-

sult by a factor of 2 approximately, which could be re-

vised by using the updated cross sections. Finally, we

give an astrophysical implication, namely the new con-

straint of the supernovae production factors of some

isotopes, based on our 12C(α, γ)16O reaction rate. It

is shown that this new reaction rate results could rem-

edy the massive star evolution possibly.

Through the calculations and discussions, we con-

clude that our new results of the 12C(α, γ)16O reaction

rate are reliable below T9=2, and we hope that our re-

sults can be included in the astrophysical reaction rate

networks. Moreover, the method presented to inves-

tigate the 12C(α, γ)16O reaction rate could also be

employed to study other astrophysical reaction rate,

which might be useful for the study of star evolution.
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