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The radiative neutron capture reaction rates for 6Li(n, γ)7Li,
10B(n, γ)11B, 12C(n, γ)13C and 14N(n, γ)15N have been studied at very low
energies which are of interest for nuclear astrophysics. The rates of these
reactions have remained independent of temperature so far. The temper-
ature dependence of the thermonuclear reaction rates has been explored
within the statistical model. Apart from the compound nuclear contribu-
tion, the pre-equilibrium as well as the direct effects have been taken into
account. The corresponding Maxwellian-averaged thermonuclear reaction
rates of relevance in astrophysical plasmas at temperatures in the range
from 106K to 1010K have been calculated. New reaction rates have been
obtained for 6Li(n, γ)7Li, 10B(n, γ)11B, 12C(n, γ)13C and 14N(n, γ)15N. For
6Li(n, γ)7Li, an analytical expression as a function of T9 has been obtained.
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1. Introduction

The astrophysical thermonuclear reactions generate energy that makes
stars shine. These are also responsible for the synthesis of the elements in
stars. The interstellar medium is enriched with the nuclear ashes when stars
dislodge a portion of their content via various channels. These processes
provide the elementary units for the creation of new stars as well as planets
and life itself. The ‘nucleosynthesis’ which is a theory of production of ele-
ments is exceptionally successful in representing these nuclear processes in
stars that are located quite far away from us in space and time. The process
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of synthesis of the elements can be broadly classified into two categories: the
primordial or Big Bang Nucleosynthesis and the stellar nucleosynthesis. As
the name suggests, the primordial nucleosynthesis refers to what happened
at the beginning of the Universe when light elements such as D, T, 3,4He,
6,7Li and 7Be were synthesized while stellar nucleosynthesis occurs in stars
and causes synthesis of heavier elements. It is also worth attention how
the nucleosynthesis prognosticates these processes on the basis of quantum
mechanical properties of atomic nuclei. The generation of nuclear energy
in stars, nucleosynthesis and various other issues at the crossway of nuclear
physics and astrophysics compose the science of nuclear astrophysics. Sim-
ilar to most areas of physics, it involves both experimental and theoretical
activities.

The nuclear reaction cross sections and its convolution with the Maxwell–
Boltzmann distribution of energies are important for modeling many physical
phenomena occurring under extreme conditions [1–3]. Such environments of
very high temperature or density exist in main-sequence stars and com-
pact stars which are in final stages of their evolutionary development. The
exothermic nuclear fusion drives nuclear explosions in the surface layers of
the accreting white dwarfs (nova events), in the cores of massive accreting
white dwarfs (type Ia supernovae) [4, 5], and in the surface layers of ac-
creting neutron stars (type I X-ray bursts and superbursts [6–9]). All these
astrophysical processes require precise knowledge of nuclear reaction rates
obtained by convoluting cross sections with the Maxwell–Boltzmann distri-
bution of energies. The Maxwellian-averaged thermonuclear reaction rate
per particle pair 〈σv〉 at temperature T can be represented by the integral
[10–12] described below

〈σv〉 =
[

8

πm(kT )3

]1/2 ∫
σ(E)E exp

(
−E
kT

)
dE , (1)

where v is the relative velocity, E is the energy in the centre-of-mass system,
k and m are the Boltzmann constant and the reduced mass of the reacting
nuclei, respectively. Therefore, the reaction rate between two nuclei can be
written as r12 = n1n2

1+δ12
〈σv〉, where n1 and n2 are the number densities of

nuclei of types 1 and 2. The Kronecker delta δ12 prevents double counting
in the case of identical particles.

Several works [13–17] regarding reaction rates have been done in the past.
Except for a few neutron-induced reactions, all other reaction rates have tem-
perature dependences. At thermal energies, the neutron absorption cross
section shows an approximate 1/v behavior. Hence, using σ(E) ∝ E−1/2

in Eq. (1) immediately shows that the reaction rates are approximately
constant with respect to the temperature at low energies. However, this
fact is true for thermal neutrons (∼ 0.025 eV) only with energies of the
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order of eV and below. However, at energies of astrophysical interest, the
neutron-induced reaction cross sections can be given by σ(E) = R(E)

v [18],
where R(E) is a gently varying function of energy [19] which is similar to
the astrophysical S-factor, and one expects 〈σv〉 to be dependent on tem-
perature. Since 6Li(n, γ)7Li, 10B(n, γ)11B, 12C(n, γ)13C and 14N(n, γ)15N
are the reactions with rates independent of temperature, it attracted special
attention for further investigation of the temperature dependence.

2. Theoretical formalism

The thermonuclear reaction rates can be obtained by convoluting fusion
cross sections with the Maxwell–Boltzmann distribution of energies. These
cross sections can vary by several orders of magnitude across the required
energy range. The low-energy fusion cross sections σ, some of which are not
sufficiently well-known, can be obtained from laboratory experiments. How-
ever, there are cases, in particular involving the weak interaction such as the
basic p+ p fusion to deuterium in the solar p–p chain, where no experimen-
tal data are available and one completely relies on theoretical calculations
[10]. The predictions of the thermonuclear reaction rates calculated theoret-
ically depend upon various approximations used. Several factors affect the
cross-section values measured experimentally. We need to account for the
Maxwellian-averaged thermonuclear reaction rates in the network calcula-
tions used in the primordial and stellar nucleosynthesis.

The reaction rates used in the Big Bang Nucleosynthesis (BBN) reaction
network have temperature dependences except for 6Li(n, γ)7Li, 10B(n, γ)11B,
12C(n, γ)13C and 14N(n, γ)15N which are constant with respect to tempera-
ture. The computer code TALYS [20] allows a comprehensive astrophysical
reaction rate calculations apart from other nuclear physics calculations. To
a good approximation, in the interior of stars, the assumption of a ther-
modynamic equilibrium holds and nuclei exist both in the ground and ex-
cited states. This assumption along with cross sections calculated from the
compound nucleus model for various excited states facilitates Maxwellian-
averaged reaction rates. For stellar evolution models, this is quite an im-
portant input. The nuclear reaction rates are generally evaluated using the
statistical model [21, 22] and astrophysical calculations mostly use these re-
action rates. Stellar reaction rate calculations have been routinely done in
past [23, 24]. However, TALYS has extended these Hauser–Feshbach statis-
tical model [25] calculations by adding some new and important features.
Apart from coherent inclusion of fission channel, it also includes a reaction
mechanism that occurs before equilibrium is reached, multi-particle emis-
sion, competition among all open channels, width fluctuation corrections in
detail, coupled channel description in the case of deformed nuclei and level
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densities that are parity-dependent. The nuclear models are also normalized
for available experimental data using separate approaches such as on photo-
absorption data, the E1 resonance strength or on s-wave spacings, the level
densities.

In the low-energy domain, a compound nucleus is formed by the fusion
of the projectile and the target nuclei. While the total energy Etot is fixed
from energy conservation, the total spin J and parity Π can have a range
of values. The reaction obeys the following conservation laws:

Ea + Sa = Ea′ + Ex + Sa′ = Etot , energy conservation ,

s+ I + l = s′ + I ′ + l′ = J , angular momentum conservation ,

π0Π0(−1)l = πfΠf (−1)l
′
= Π , parity conservation .

The formula for binary cross section, assuming the compound nucleus model,
is given by

σcomp
αα′ = Dcomp π

k2

lmax+I+s∑
J=mod(I+s,1)

1∑
Π=−1

2J + 1

(2I + 1)(2s+ 1)

×
J+I∑

j=|J−I|

j+s∑
l=|j−s|

J+I′∑
j′=|J−I′|

j′+s′∑
l′=|j′−s′|

δπ(α)δπ
(
α′
)

×
T Jαlj(Ea)

〈
T Jα′l′j′ (Ea′)

〉
∑

α′′,l′′,j′′ δπ (α
′′)
〈
T Jα′′l′′j′′ (Ea′′)

〉W J
αljα′l′j′ , (2)

where

Ea = the energy of the projectile,
l = the orbital angular momentum of the projectile,
s = the spin of the projectile,
j = the total angular momentum of the projectile,
π0 = the parity of the projectile,

δπ(α) =

{
1 if (−1)lπ0Π0 = Π
0 otherwise

,

α = the designation of the channel for the initial projectile–target system:
α = {a, s, Ea, E0

x, I, Π0}, where a and E0
x are the type of the projectile

and the excitation energy (which is zero usually) of the target nucleus,
respectively,
lmax = the maximum l-value of the projectile,
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Sa = the separation energy,
Ea′ = the energy of the ejectile,
l′ = the orbital angular momentum of the ejectile,
s′ = the spin of the ejectile,
j′ = the total angular momentum of the ejectile,
πf = the parity of the ejectile,

δπ(α
′) =

{
1 if (−1)l′πfΠf = Π
0 otherwise

,

α′ = the designation of channel for the ejectile–residual nucleus final sys-
tem:
α′ = {a′, s′, Ea′ , Ex, I ′, Πf}, where a′ and Ex are the type of the ejectile
and the residual nucleus excitation energy, respectively,
I = the spin of target nucleus,
Π0 = the parity of target nucleus,
I ′ = the spin of residual nucleus,
Πf = the parity of residual nucleus,
J = the total angular momentum of the compound system,
Π = the parity of the compound system,
Dcomp = the depletion factor so as to take into account for pre-equilibrium
and direct effects,
k = the wave number of the relative motion,
T = the transmission coefficient,
W = the correction factor for width fluctuation (WFC).

The velocities of both the targets and projectiles obey the Maxwell–
Boltzmann distributions corresponding to ionic plasma temperature T at
the site. The astrophysical nuclear reaction rate can be calculated by fold-
ing the Maxwell–Boltzmann energy distribution for energies E at the given
temperature T with the cross section given by Eq. (2). Additionally, target
nuclei exist both in ground and excited states. The relative populations
of various energy states of nuclei with excitation energies Eµx and spins Iµ
in thermodynamic equilibrium follows the Maxwell–Boltzmann distribution.
In order to distinguish between different excited states the superscript µ is
used along with the incident α channel in the formulas that follow. Taking
due account of various target nuclei excited state contributions, the effec-
tive nuclear reaction rate in the entrance channel α → α′ can be finally
expressed as
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NA〈σv〉∗αα′(T ) =

(
8

πm

)1/2 NA

(kT )3/2G(T )

×
∞∫
0

∑
µ

(2Iµ + 1)

(2I0 + 1)
σµαα′(E)E exp

(
−E + Eµx

kT

)
dE , (3)

where NA is the Avogadro number which is equal to 6.023×1023, k andm are
the Boltzmann constant and the reduced mass in the α channel, respectively,
and

G(T ) =
∑
µ

(2Iµ + 1)

(2I0 + 1)
exp

(
−Eµx
kT

)
is the temperature-dependent normalized partition function. By making use
of the reciprocity theorem [26], the reverse reaction cross sections or rates
can also be estimated.

3. Calculations and results

All the reaction rates used in the BBN reaction network have tem-
perature dependences except for a few such as 6Li(n, γ)7Li, 10B(n, γ)11B,
12C(n, γ)13C and 14N(n, γ)15N. The experimental status is that only one di-
rect measurement of the 6Li(n, γ)7Li cross sections has been performed [27]
at stellar energies. The Malaney–Fowler reaction rate [14] for 6Li(n, γ)7Li
in the BBN reaction network calculations has been taken as 5.10 × 103

cm3s−1mol−1 which is constant with respect to temperature. In a recent
calculation [28] it was found to be (8.5± 1.7)× 103 cm3s−1mol−1, where the
error resulted from the uncertainties of spectroscopic factors and scattering
potential depth. The astrophysical reaction rate was found to be higher by
a factor of 1.7 than the value adopted in previous reaction network calcula-
tions [29–31]. For the reactions 10B(n, γ)11B, 12C(n, γ)13C and 14N(n, γ)15N,
rates constants with respect to temperature given by 6.62× 104, 4.50× 102

and 9.94× 103 cm3s−1mol−1, respectively [32], have been used.
The radiative neutron capture cross section varies inversely as velocity in

the range of thermal energies. At these energies, the feature of σ(E) ∝ E−1/2
leads to approximate constancy of thermonuclear reaction rates with respect
to plasma temperature. However, above thermal energies, especially in the
domain of astrophysics, the neutron-induced reaction cross section deviates
from the 1/v law and rather follows the dependence given by σ(E) = R(E)

v
[18]. Thus, it is expected that 〈σv〉 has to have a temperature dependence.
As discussed earlier, all the thermonuclear reaction rates do have tempera-
ture dependences except for a few neutron-induced reactions. These rates
have remained independent of temperature so far and, therefore, attracted
special attention for further investigation of their temperature dependences.
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Due to the reason that the cross sections involved in nuclear astrophysics
are very low, one of the main problems is the extrapolation of the data avail-
able down to very low energies. For this purpose, various models, such as
microscopic approaches or the potential model, are extensively used. These
are, in general, not very flexible to describe the data with reasonably good
accuracy. Obviously, the polynomial approximation is the simplest way to
extrapolate these data [15]. Usually, this method is used to investigate
electron screening effects, where the cross section between bare nuclei is
obtained from extrapolating the high-energy data by a polynomial approx-
imation. Though very simple, the polynomial approximation is not based
upon a rigorous analysis of the energy dependence of the cross section, and
may induce significant inaccuracies. As mentioned in the previous section,
a more rigorous approach has been used here.

The statistical model can be applied for the majority of nuclear reactions
in astrophysics [23]. This is appropriate only if the level density in the con-
cerned energy window near the peak of the projectile energy distribution is
substantially high to justify a statistical treatment. The estimated critical
level density is about 5 to 10 MeV−1 [21]. Moreover, the compound nucleus
picture would provide a good description only when the energy of the in-
cident particle is low enough. While the latter point is mostly satisfied in
astrophysical environments, the level density criterion may not. It may fall
below the critical value for very neutron-rich or proton-rich isotopes near
the drip lines with correspondingly low separation energies and in certain
nuclei lighter than Fe, at shell closures. In these cases, direct capture or sin-
gle resonances contributions will become significant and have to be treated
individually. In the present calculations, these effects have been taken into
consideration.

The reaction rates for the reactions 6Li(n, γ)7Li, 10B(n, γ)11B,
12C(n, γ)13C and 14N(n, γ)15N have been calculated theoretically using the
TALYS [20] code. Although in these reactions the nuclei involved are light,
the results of the calculations are expected to be reasonable, particularly
as the reaction being induced by low-energy neutrons and not by charged
particles [16] implying dominant contributions from a compound nuclear re-
action. Moreover, apart from the compound nuclear contribution, TALYS
accounts for the pre-equilibrium and the direct effects as well. However,
the pre-equilibrium effects do not play any role for 6Li(n, γ)7Li at ener-
gies below the 7Li neutron separation energy of 7.25 MeV. The results of
the calculations for 6Li(n, γ)7Li reaction rate in units of cm3s−1mol−1 as
a function of temperature T9 generated from the TALYS code have been
presented in Table I, whereas for the rest of the reactions, 10B(n, γ)11B,
12C(n, γ)13C and 14N(n, γ)15N, the rates have been found to be approx-
imately constant given by 5.3318 × 103 ± 8.67, 2.8749 × 103 ± 5.81 and
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4.2081 × 104 ± 3.97 × 101 cm3s−1mol−1, respectively. In Table I, the reac-
tion rates with the asterisk (*) mark are the results of calculations for the
reaction 6Li(n, γ)7Li with the direct capture effects included. Inclusion of
the direct capture effects also modify the reaction rates (which still remain
approximately independent of temperature) for 10B(n, γ)11B, 12C(n, γ)13C
and 14N(n, γ)15N to 2.2014 × 105 ± 1.76 × 102, 4.0473 × 104 ± 3.72 × 101

and 6.8963 × 104 ± 2.28 × 101 cm3s−1mol−1, respectively. However, even
when the direct capture effects are included, the cross-section values for the
6Li(n, γ)7Li reaction are underestimated, the reason being that the Hauser–
Feshbach theory is not suitable for such a low-mass system with a low-level
density, as mentioned earlier. The 7Li spectrum, however, presents five levels
within an interval of ∼ 6 MeV above the 6Li+n threshold. This corresponds
to a level density of less that∼ 1/MeV. Therefore, the code TALYS is not very
suitable to obtain reliable results for such a light system. The 6Li(n, γ)7Li
neutron radiative capture reaction cross sections can be obtained reliably
from the Gamow shell model formulated in the coupled-channel representa-
tion [33].

TABLE I

Reaction rate in units of cm3s−1mol−1 for the 6Li(n, γ)7Li reaction as a function of
temperature T9 (expressed in units of 109 K) generated from TALYS. The reaction
rates with the asterisk (*) mark are the results of calculations with the direct
capture effects included.

T9 Reaction Reaction T9 Reaction Reaction T9 Reaction Reaction
rate rate* rate rate* rate rate*

0.0001 408.43 889.21 0.3 436.44 1006.48 2.5 824.89 1745.76
0.0005 440.24 970.66 0.4 466.02 1057.18 3.0 883.00 1854.84
0.001 423.09 940.34 0.5 492.41 1102.93 3.5 936.22 1948.29
0.005 414.78 949.75 0.6 516.58 1145.66 4.0 985.55 2028.21
0.01 392.78 912.98 0.7 539.18 1186.48 5.0 1074.75 2154.22
0.05 369.81 889.08 0.8 560.55 1225.87 6.0 1153.17 2244.31
0.1 375.42 902.00 0.9 580.88 1264.05 7.0 1222.50 2308.07
0.15 388.01 923.75 1.0 600.31 1301.12 8.0 1284.74 2353.98
0.2 403.71 950.52 1.5 686.76 1471.30 9.0 1342.36 2389.40
0.25 420.29 978.86 2.0 760.28 1618.70 10.0 1397.99 2420.41

4. Analytical parametrization of reaction rates

In order to provide analytical parametrization of reaction rate, the results
presented in Table I have been fitted quite accurately as a function of T9.
The parameterization adapted for this neutron-induced reaction is
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NA〈σv〉(T ) = a0

(
1 +

N∑
i=1

aiT
i
9

)
(4)

which provides an excellent fit to the calculated values as evident from Fig. 1.
The values of the parameters obtained are a0 = 387.75±0.95, a1 = 0.5659±
0.0059, a2 = (−0.52746 ± 0.01586) × 10−1 and a3 = (0.22354 ± 0.01168) ×
10−2. For the results of calculations with the direct capture effects included,
these parameters get modified to a0 = 897.394± 0.79, a1 = 0.4910± 0.0020,
a2 = (−0.51663±0.00542)×10−1 and a3 = (0.19537±0.00393)×10−2. The
errors in the fitted parameters are calculated from the correlation matrix in
the final stage of the fitting procedure when changes in the fitted parameters
by amounts equal to the corresponding uncertainties in the fitted parameters
cause changes in the corresponding quantity by less than the stipulated
value. Thus, large uncertainty in a fitted parameter implies that the hyper-
surface is rather flat with respect to that parameter. We also find that the
contributions from terms containing higher orders of T9 are insignificant.
Hence, terms only up to third order in T9 have been retained in Eq. (4).
Moreover, any other form such as that provided in [17] for charged-particle-
induced reactions could not be fitted with even a reasonable value of chi-
square per degrees of freedom.
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Fig. 1. Plot of reaction rate as a function of temperature T9. The dots represent
results of the present calculations while the continuous line represents the fit to it.
The upper curve corresponds to the results of calculations with the direct capture
effects included.
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The plot of reaction rate as a function of temperature T9 is shown in
Fig. 1. The dots represent results of the present calculations provided in
Table I, while the continuous line represents its fitting by the function of
T9: 387.75×

[
1 + 0.5659T9 − 0.052746T 2

9 + 0.0022354T 3
9

]
. This yields a new

reaction rate equation given by

NA〈σv〉 = (387.75± 0.95) + (219.45± 1.91)T9

−(20.45± 0.59)T 2
9 + (0.867± 0.045)T 3

9 (5)

expressed in units of cm3s−1mol−1. When the direct capture effects are
included, this rate equation gets modified to

NA〈σv〉 = (897.39± 0.79) + (440.63± 1.53)T9

−(46.36± 0.46)T 2
9 + (1.753± 0.035)T 3

9 . (6)

As mentioned in the previous section, the TALYS code is not very suitable to
obtain reliable results for a light system like 6Li(n, γ)7Li neutron radiative
capture reaction cross sections. These can be reliably obtained from the
Gamow shell model formulated in the coupled-channel representation [33]
which at very low energies can be reasonably parametrized by the expansion

σ(E) =
8.12828√

E
− 0.496429 + 2.78499

√
E . (7)

In Fig. 2, the calculated radiative neutron capture cross section for the
reaction 6Li(n, γ)7Li has been plotted as a function of energy using the
above equation and compared with the available experimental data [34–41].
Furthermore, using the above equation in Eq. (1) yields the reaction rate
equation given by

NA〈σv〉 = 1799391.963×
(
4.06414− 0.08221833T

1/2
9 + 0.179993902T9

)
.

(8)
The plot of the above reaction rate as a function of T9 is also shown in Fig. 3.
As can be seen from Fig. 1, the reaction rate obtained from the TALYS calcu-
lation is largely underestimated for the reaction 6Li(n, γ)7Li. The reaction
rates obtained in the present work, Eq. (8) and others as mentioned in Sec-
tion 3, are meant to supersede the earlier reaction rates. When used in
the BBN calculations by incorporating in the Kawano/Wagoner BBN code
[32, 42, 43] modified by Singh et al. [31], the primordial elemental abun-
dances, however, remained unchanged.
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Fig. 2. The cross sections of the radiative neutron capture reaction 6Li(n, γ)7Li at
low energies. The experimental results are from Refs. [34–41] and the line represents
the theoretical calculations.
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5. Conclusions

A new analytical expression for the thermonuclear reaction rate of
6Li(n, γ)7Li neutron capture reaction has been developed as a function of T9.
This has been achieved by fitting the results of the reaction rate generated
from nuclear reaction theory calculations. Apart from the compound nuclear
contribution, the pre-equilibrium and the direct effects have been accounted
for. The thermonuclear reaction rate for 6Li(n, γ)7Li has been found to
be temperature-dependent which increases monotonically beyond thermal
neutron energies up to 10T9 that corresponds to ∼ 0.86 MeV, while those
for 10B(n, γ)11B, 12C(n, γ)13C and 14N(n, γ)15N remained constant within
the same range of temperatures. Such a result implies that the compound
nucleus picture is more or less true representation of slightly heavier nuclei
such as 11B, 13C and 15N. The primordial elemental abundances, however,
remained unchanged when these new reaction rates have been used for it.
This is expected as these reactions do not play any significant role in the
standard Big Bang Nucleosynthesis because of the fact that there are little
free neutrons available. Besides, in neutron-rich nucleosynthesis, the rate is
too slow to compete with other reactions. Nevertheless, these new reaction
rates may find usefulness in other domains of nuclear astrophysics such as
stellar burning and stellar nucleosynthesis.
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