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Within the modified potential cluster model (MPCM) with forbidden states, the
total cross sections are calculated for capture in the ground and first excited states
of the 9Li nucleus in the n8Li channel in the energy range from 10−5 eV to 5 MeV
based on F1 and M1 transitions. The experimentally proved resonance at Ec.m. =
0.232 MeV in the 4P5/2 wave and ab initio-predicted 4P3/2 resonance at 1.32 MeV
[Phys. Rev. C 103, 035801 (2021)] are considered. The strong impact of the
asymptotic constant and channel spectroscopic factors on the total capture
cross sections are responsible for the variation in the absolute values within
factor two. As a consequence, the thermal cross sections are σtherm �
24–46.8 mb. The evaluation of σtherm based on the extrapolation of ab initio
cross sections yields ~85 mb. The reaction rate is calculated in the temperature
range from 0.01 to 10 T9. The reported reaction rates are compared at the
benchmark point 1 T9. The comparison of two datasets [Phys. Rev. C 103,
035801 (2021) and Phys. Rev. C 105, 064608 (2022)] on reaction rates recently
calculated in microscopic models in extended temperature intervals shows the
essential quantitative and qualitative differences. The comparative joint analysis of
the reaction rates of radiative neutron capture on the lithium isotopes 6,7,8Li is
suggested for the choice of an optimal interval for the asymptotic constants.
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1 Introduction

The implication of an 8Li(n,γ)9Li reaction is under discussion since it was included in the
following primordial nucleosynthesis chain suggested by Mao and Champagne (1991) and
Kajino (1995):

. . .7Li n, γ( )8Li n, γ( )9Li α, n( )12B β+( )12C . . . . (1)
The experimental study of the 8Li(n,γ)9Li reaction performed using the Coulomb

dissociation method reported by Zecher et al. (1998) is still the only study since
1998 and provides only two cross-section points. The promising prospect for new
experimental measurements is reported in the recent proposal of the study of the
breakup of 9Li on a 208Pb target at a different energy regime (Gupta et al., 2022). This
process is included in one of the chains of primordial nucleosynthesis.
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Since this reaction plays a bridge role from the synthesis of light-
seed nuclei A ≤ 7 to the heavy elements, theoretical model
calculations are in high demand. The early theoretical
calculations of cross sections and reaction rates presented by
Malaney et al. (1988), Mao and Champagne (1991), Thielemann
et al. (1991), Descouvemont (1993), Rauscher et al. (1994), Bertulani
(1999), Kobayashi et al. (2003), Li et al. (2005), Guimarães et al.
(2007), Banerjee et al. (2008), andMa et al. (2012) differ significantly
from each other (see Table 6 in Section 7 for details). A modern
investigation of the 8Li(n,γ)9Li reaction is provided by microscopic
models by McCracken et al. (2021) and Dong et al. (2022).

It is important to note that along with the sequence (1), other
branching options involving 8Li are possible: for example, the chain
7Li(n,γ)8Li(α,n)11B(n,γ)12B(β+)12C was suggested as a possible
explanation for the production of A ≥ 12 nuclides, observed in
very metal-poor stars (Paradellis et al., 1990). Paradellis et al. (1990)
raised a series of studies of the 8Li(α,n)11B reaction, covering the test
of an inhomogeneous Big Bang model (Cherubini et al., 2004), as
well as C-N-O Big Bang nucleosynthesis (BBN) (Su-Qing et al.,
2010) at temperatures T9 = 0.5–1.2. The key role of the 8Li(α,n)11B
reaction is recognized in the production of seed nuclei at T9 = 2.5–5,
later burnt to heavier elements via r-capture reactions, during type II
supernova explosions (La Cognata and Del Zoppo, 2011). It is worth
noting that the reaction 8Li(α,n)11B has been more extensively
studied than the radiative neutron capture on 8Li, but their rates
differ from each other within an order of magnitude (Das et al., 2017;
Mondal et al., 2022). Hence, the continuation of the 7Li(n,γ)8Li chain
remains an open area of investigation, and further studies are
needed. Specifically, there is no definitive conclusion regarding
the comparability of the reaction rates for 8Li(n,γ)9Li and 8Li(α,n)
11B during the crucial temperature range of a standard BBN from
0.1 to 1 T9.

Present consideration of the 8Li(n,γ)9Li reaction is performed in
the framework of the modified potential cluster model (MPCM)
(Dubovichenko, 2015; Dubovichenko, 2019). This model is based on
classifying discrete and continuum orbital states by Young diagrams
{f}, which effectively includes the Pauli principle while constructing
the corresponding wave functions. Our results (Dubovichenko and
Dzhazairov-Kakhramanov, 2016) need to be considered due to our
recent research on the 7Li(n,γ)8Li reaction (Burkova et al., 2021). It
was suggested that for the 8Li nucleus, it is necessary to use the
Young diagram {431} instead of {44}, assumed previously in
Dubovichenko and Dzhazairov-Kakhramanov (2016). Such a
diagram changed the entire structure of forbidden and allowed
states for the interaction potentials in the n + 8Li channel.
Therefore, we examined this effect while calculating the total
cross sections and reaction rates. The low-lying resonance at Jπ =
5/2− at the energy Ex = 4.296(15) MeV is considered in comparison
with our previous study (Dubovichenko and Dzhazairov-
Kakhramanov, 2016).

Recently, the properties of 9Li-bound states and low-lying
resonances were studied within the no-core shell model with
continuum (NCSMC) (McCracken et al., 2021). The authors note
that the ab initio-calculated 7Li(n,γ)8Li total cross section at the
energies 20 keV to 1.6 MeV in the center-of-mass reference frame is
nearly a factor two higher than that of our previous result
(Dubovichenko and Dzhazairov-Kakhramanov, 2016). In the
present work, we explain the origin of this discrepancy and come

to an acceptable agreement with McCracken et al. (2021). The
results of the low-temperature reaction rates at T9 < 1 still
remain in question.

Radiative neutron capture reaction rates on 6,7,8Li nuclei are
compared to estimate the “neutron poisoning” lithium isotope
destruction.

This work is organized as follows: Section 2 presents the main
aspects of the MPCM. Section 3 covers calculation methods.
Classification of orbital states and interaction potentials are given
in Section 4 and Section 5, respectively. Section 6 presents the total
cross sections. Reaction rates are provided in Section 7. The
conclusion is given in Section 8.

2 A brief review of the MPCM

The MPCM has been used to calculate the astrophysical S-factor
and total cross section of a number of reactions (Dubovichenko,
2015; Dubovichenko, 2019), also employing the classification of
orbital states according to the Young diagrams (Nemets et al., 1988;
Neudatchin et al., 1992). The main feature of the MPCM is the
concept of states forbidden by the Pauli principle, which are
orthogonal to the allowed states. The interaction potentials are
constructed to fit this orthogonality condition (Dubovichenko
and Uzikov, 2011). The evident success of the MPCM in
describing the total cross sections of 40 radiative capture
reactions is proved, under the assumption of two-body clustering
both in initial and final channels, in monographs (Dubovichenko,
2015; Dubovichenko, 2019) and reviews (Dubovichenko and
Dzhazairov-Kakhramanov, 2017).

The MPCM was introduced in one of our papers about 10 years
ago [see (Dubovichenko et al., 2013)], but in terms of meaning and
calculation methods, we have operated with this model since the
1980s (Dubovichenko and Zhusupov, 1984a; Dubovichenko and
Zhusupov, 1984b; Dubovichenko and Dzhazairov-Kakhramanov,
1990; Dubovichenko et al., 1990). It is important to note that the first
classification of cluster states, according to Young diagrams, was
introduced in the works of V. G. Neudatchin et al. in the early 1970s
(Neudatchin et al., 1971; Neudatchin et al., 1972). We extended this
theory to other light nuclei with A ≤ 8 (Itzykson and Nauenberg,
1966; Dubovichenko, 1997).

The basic principles of the MPCM are formulated in an
extended version in recent papers (Dubovichenko et al.,
2022a; Dubovichenko et al., 2023a). In summary, the MPCM
is a two-particle model that accounts for the internal
characteristics of clusters, such as their sizes, charges, and
masses. The Pauli principle is implemented via the exclusion
of the forbidden states, manifesting in proper node behavior of
the radial wave function. Potentials of the bound states are
constructed based on asymptotic constants and binding
energies. Potentials of the scattering processes are built based
on the spectra of the final nucleus or the scattering phase shifts of
the particles of the input channel. Parameters of the potentials
are fixed or variable within the asymptotic constant error
intervals and vary within the energy or width errors of
resonant or excited states. The radial wave functions of both
continuous and discrete states are constructed to match the
appropriate asymptotic behaviors.
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3 Calculation methods

We use well-known formulas for the total cross sections and
matrix elements for the operators of electromagnetic NJ transitions
(Dubovichenko, 2015; Dubovichenko, 2019). These expressions are
given in reviews (Angulo et al., 1999; Dubovichenko, 1997):

σ NJ, Jf( ) � 8πKe2
Z2k3

μ

2S1 + 1( ) 2S2 + 1( )
J + 1

J 2J + 1( )!![ ]2A
2
J NJ,K( )

× ∑
Li,Ji

P2
J NJ, Jf, Ji( )I2J k, Jf, Ji( ).

(2)
The matrix elements of convection electric EJ transitions have

the following form:

P2
J EJ, Jf, Ji( ) � δSiSf 2J + 1( ) 2Li + 1( ) 2Ji + 1( ) 2Jf + 1( )[ ]

Li0J0
∣∣∣∣Lf0( )2 Li

Jf

S

J

Ji

Lf
{ }2

,
(3)

AJ EJ, K( ) � KJμJ
Z1

mJ
1

+ −1( )JZ2

mJ
2

( ), (4)

IJ k, Jf, Ji( ) � 〈χf rJ
∣∣∣∣ ∣∣∣∣χi〉. (5)

The spin part of the magnetic dipole process M1(S) at J = 1 is
defined as

P2
1 M1, Jf, Ji( ) � δSiSfδLiLf S S + 1( ) 2S + 1( ) 2Ji + 1( ) 2Jf + 1( )[ ]

S

Jf

L

1

Ji

S
{ }2

,

(6)
A1 M1, K( ) � ZK

m0c

�
3

√
μ1
m2

m
− μ2

m1

m
[ ], (7)

IJ k, Jf, Ji( ) � 〈χf
∣∣∣∣∣ rJ−1 χi

∣∣∣∣ 〉. (8)

The notations in Eqs 2–8, i.e., Si, Sf, Lf, Li, Ji, and Jf, are the spins,
orbital, and total angular momentums in the initial (i) and final (f)
channels; m1, m2, Z1, and Z2 are the masses and charges of the
particles of the initial channel; IJ is the integral over the radial wave
functions of initial χi and final χf states, and the radial part of the
multiple operators; m = m1+m2; and μ1 and μ2 are the magnetic
moments of the clusters.

Theneutronmassm1=mn=1.00866491597 amu(NIST,2019),and
the 8Limass ism2 � m8Li = 8.022487 amu (Varlamov et al., 2015). The
magnetic moments in nuclear magnetons µ0 are µ(

8Li) = 1.653560µ0
(Neugart et al., 2008) and µn = −1.91304272µ0 (NIST, 2019).

The radial scattering and bound state functions χi and χf in the
overlap integrals IJ(k, Jf, Ji) defined by Eqs 5, 8 are the numerical
solutions of the Schrödinger equation. For the bound states, we use
the following asymptotical analytical representation via the
dimensionless constant Cw, determined by Plattner and Viollier
(1981):

χL r( ) � ���
2k0

√
CwW−ηL+1/2 2k0r( ). (9)

WηL+1/2 is the Whittaker function, k0 is the wavenumber related to
the channel binding energy, η is the Sommerfeld parameter (here,
η = 0 since we are talking about neutrons), and L is the orbital
momentum of the given bound state.

The asymptotic normalization coefficient (ANC) ANC is related
to the experimental asymptotic constant C by the following
expression (Mukhamedzhanov and Tribble, 1999):

ANC � ��
Sf

√
C, (10)

where Sf is the spectroscopic factor and C is the dimensional
asymptotic constant (AC), which is also represented in terms of
the asymptotic wave functions:

χL r( ) � CW−ηL+1/2 2k0r( ) (11)

For a continuous spectrum, χL(r) found by numerical methods
is matched with asymptotics of another form, which generally
depends on Coulomb functions but on Riccati–Bessel functions if
the Sommerfeld parameter η = 0 (Dubovichenko and Dzhazairov-
Kakhramanov, 2015).

The calculating methods of other quantities within the
framework of the MPCM, i.e., root-mean mass and charge radii
or binding energy, are given, for example, in our works
(Dubovichenko, 2015; Dubovichenko, 2019; Dubovichenko and
Dzhazairov-Kakhramanov, 2015). The energies of bound states
are searched for by the finite difference method outlined by
Dubovichenko (2012), Dubovichenko (2015), and Dubovichenko
(2019). One can use the variational method to control the
correctness of these energies, and such a procedure has been
used, for example, by La Cognata and Del Zoppo (2011), Das
et al. (2017), and in Supplementary Appendix SA of the study by
Dubovichenko and Dzhazairov-Kakhramanov (2015). It should be
noted that the accuracy of searching for the binding energy by these
methods in some cluster systems can reach up to 10 meV or 0.01 eV
(Dubovichenko et al., 2017). The calculation details for a number of
cluster systems are presented in books (La Cognata and Del Zoppo,
2011; Das et al., 2017) and reviews (Neudatchin et al., 1992; Tilley
et al., 2002; Dubovichenko, 2012; Dubovichenko and Dzhazairov-
Kakhramanov, 2015; Sukhoruchkin and Soroko, 2016;
Dubovichenko et al., 2017; Burkova et al., 2021).

4 Classification and structure of 9Li
states

For the 8Li nucleus, as shown by Burkova et al. (2021), we
consider the Young orbital diagram (431), so for the n8Li system, we
consider {431} × {1} = {531} + {441} + {432}. The diagram {531}
corresponds to L = 1, 2, and 3 and is forbidden since the s-shell
cannot contain five nucleons (Neudatchin et al., 1992). Allowed
diagrams {441} and {432} may be put in compliance with the GS of
the 9Li nucleus in the n8Li channel alone with the orbital angular
momentum L = 1. Following Neudatchin et al. (1992), the scattering
states turn out to be mixed by {441} + {432} diagrams, while the
bound states refer only to the {441} diagram. It should be noted that
forbidden states appear as bound only in both discrete and
continuous spectra.

To reconstruct the GS total angular momentum, parity, and
isospin Jπ, T = 3/2−, 3/2 of 9Li, we used the 8Li data Jπ, T = 2+,
1 obtained by Tilley et al. (2002). The spin channel n + 8Li is defined
by the vector addition of 8Li and n total spins, i.e., S = 2 + 1/2, and
allows two states S = 3/2 and S = 5/2. Therefore, a spin-mixed 4+6P3/2
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state is possible for the GS (in the spectral notation 2S+1LJ), but we
consider it a pure 4P3/2 state. There is only one excited state at an
energy of 2.691(5) MeV relative to the GS and binding energy
Eb = −1.3729(5) MeV. The first excited state (1st ES) with Jπ = 1/2− is
assumed a 4P1/2 state.

Figure 1 illustrates the spectrum of the 9Li nucleus in the n8Li
channel. The reliable, experimentally confirmed complete data on
the total angular momentum, parity, excitation energy Ex, and width
Γc.m. are known for the first resonant state only (Tilley et al., 2002;
Sukhoruchkin and Soroko, 2016).

This state with Jπ = 5/2− is located at an excitation energy Ex =
4.296(15) MeV relative to GS or 0.232(15) MeV relative to the
threshold energy Eth of the n8Li channel. Such a state is
considered as a quartet 4P5/2 wave. Dubovichenko (2012) and
Dubovichenko et al. (2017)reported the width Γc.m. = 100(30)
keV. Based on these data, it is possible to construct a completely
unambiguous 4P5/2 elastic scattering potential with a bound
forbidden state. The variations in potential parameters may come
only within the accuracy of the resonance width.

The second excited state at Ex = 5.38(6) MeV [1.32(6) MeV
above Eth] with the width Γc.m. = 600(100) keV is identified as a 3/2−

state in recent works (McCracken et al., 2021). For the third excited
state, experimental data provide a value of Ex at 6.430(15) MeV and

Γc.m. = 40(20) keV, but the total angular momentum and parity 7/2−

were only predicted by McCracken et al. (2021). We consider the
strong E1 and M1 transitions as the estimation of E2 transition
shows its minor role (Dubovichenko and Dzhazairov-
Kakhramanov, 2016).

Table 1 presents all treated transitions to the ground and first
excited states of 9Li in the n8Li channel and P2

J(NJ, Jf, Ji)
coefficients—Eqs 3, 6. The E1 dipole capture occurs from the 4S3/
2 scattering wave to the 4P3/2 GS of 9Li. Since we assume that the
potentials depend on the Young diagrams, the scattering and bound
states have different sets of Young diagrams, and transitions between
states with the same angular momentums are allowed.

5 Interaction potentials

To construct the interaction potentials for the scattering states,
we used the resonant-state parameters Ex, Γc.m., and Jπ. Non-
resonant waves are provided by the potentials leading to the
phase shifts close to zero (if there are no forbidden states), or to
180o if such a state appears in the classification of orbital states
according to the Young diagrams.

The parameters of bound state potentials are conditioned by
reproducing the data on the binding energy, matter, and charge
radii, and the asymptotic constant (Dubovichenko, 2015;
Dubovichenko, 2019; Dubovichenko and Dzhazairov-
Kakhramanov, 2015).

The nuclear two-body interaction potential is represented as a
Gaussoid (Dubovichenko, 2015; Dubovichenko, 2019):

V r, SLJ, f{ }( ) � −V0 SLJ, f{ }( ) exp –α SLJ, f{ }( )r2[ ]. (12)

5.1 Continuous spectrum

The potential parameters of Eq. 12 are listed in Table 2. These
reproduce well the data on the 4P5/2 and

4P3/2 resonant states (Tilley
et al., 2002; Sukhoruchkin and Soroko, 2016). As for the non-
resonant-state 4P1/2, the corresponding potential is deep enough

FIGURE 1
Energy spectrum of 9Li in MeV (Tilley et al., 2002; Sukhoruchkin and Soroko, 2016). Data (*) comprise the ab initio prediction of McCracken et al.
(2021).

TABLE 1 Multipole transitions to GS and first ES of the 9Li nucleus in the n8Li
channel and coefficients P2

J (NJ, Jf , Ji) from Eqs 3, 6.

No. (2S+1LJ)i NJ transition (2S+1LJ)f P2J (NJ, Jf , Ji)
1 4S3/2 E1 4P3/2 4

2 4P1/2 M1 4P3/2 10/3

3 4P3/2 M1 4P3/2 121/15

4 4P5/2 M1 4P3/2 18/5

6 4S3/2 E1 4P1/2 2

7 4P1/2 M1 4P1/2 25/6

8 4P3/2 M1 4P1/2 10/3

Frontiers in Astronomy and Space Sciences frontiersin.org04

Dubovichenko et al. 10.3389/fspas.2023.1251743

https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://doi.org/10.3389/fspas.2023.1251743


to include the forbidden state. The S-wave does not appear in the 9Li
spectrum neither as the bound state nor as the resonant state.
Therefore, the corresponding potential in Table 2 might lead to
zero or near-zero phase shifts.

The corresponding calculated phase shifts are shown in Figure 2.
The δ4P5/2

and δ4P3/2
phase shifts reveal the resonant energy

dependence. The non-resonant δ4P1/2
phase shift corresponds to

the potential with the forbidden state no. 3 given in Table 2. In
accordance with the generalized Levinson theorem, this phase shift
starts from 180° (Neudatchin et al., 1992). For the non-resonant 4S3/2
scattering wave, the parameter no. 4 in Table 2 is found, and the
corresponding δ4S3/2 phase shift shows smooth energy dependence,
as shown in Figure 2.

The comparison between phase shifts obtained in the MPCM
and ab initio NCSMC calculations [digitalized data obtained by
McCracken et al. (2021)] is shown in Figure 2. Phase shifts δ4P5/2

illuminate rather well the agreement of both models within ~10° at
the energies following the resonance at 230 keV. δ4S3/2 phase shifts
are also very close up to ~3,500 keV, and the difference rises up to
~20° at the edge of the treated energy interval Ec.m. = 5 MeV. The
visual distinction is observed in the energy dependence of δ4P3/2

shifts, both in the resonance position and in the whole energy range.
In advance, we may state that the 4P3/2 wave provides a second very
wide resonance at 1.320 MeV in cross sections viaM1 transition and
plays a moderate role (see Section 7).

5.2 Discrete spectrum

The following data on the ANC are considered to build the GS
potential. The experimental values are deduced from the data on the
neutron transfer reaction 8Li(d,p)9Lig.s. obtained by Guimarães et al.
(2006). ANC = 0.96(8) fm−1/2, and in the study by Tilley et al. (2002),
ANC = 1.15(14) fm−1/2. Their average value ANC = 1.06(10) fm−1/2

agrees with the results obtained by Timofeyuk (2013), who reported
a calculated value of 1.08 fm−1/2 for ANC GS. Timofeyuk (2013) also
provided theoretical values of the spectroscopic factors 0.6 and
1.1 obtained by two methods, which correspond to an average
value of Sf = 0.85(25). Other data on the spectroscopic factors
are given in Table 3.

Estimation within the aforementioned limits for ANC =
0.88–1.29 fm−1/2, and the range for the spectroscopic factor Sf =
0.44–1.03 (Table 3) results in Cw = 0.95–2.03. In recent ab initio
extended network calculations, ANC = 1.23(6) fm−1/2 was reported,
along with spectroscopic factors Sf = 0.83–1.06 (Mukhamedzhanov
and Timofeyuk, 1990). At the edges of these intervals, we obtain
Cw = 1.30–1.42.

Huang et al. (2010) and Sargsyan et al. (2022)obtained, for the
first ES of the 9Li nucleus, ANC = 0.4 fm−1/2 (unfortunately, no
uncertainties are available) at Sf = 0.55, which leads to C =
0.54 fm−1/2 or the dimensionless constant Cw = 0.77 at Sf = 0.698.

In CDFE (2023) for GS, the calculations yield ANC = 1.140(13)
fm−1/2, and for the first ES, ANC = 0.308(7) fm−1/2, which leads to
Sw = 0.60(1) at Sf = 0.55. Timofeyuk (2013) reported, for the first ES,
ANC = 0.33 fm−1/2 at �Sf = 0.38(6), which yields Cw = 0.76(4).

The potential parameters for the bound ground and excited
states of the 9Li in n8Li channel are summarized in Table 4. In the
present calculations, we use an 8Li radius equal to 2.327 ± 0.0298 fm
(Sánchez et al., 2007). The radius of 9Li is 2.2462 ± 0.0315 fm
(Sánchez et al., 2007). Nörtershäuser et al. (2005)used radii values
2.299(32) fm for 8Li and 2.217(35) fm for 9Li. Dubovichenko et al.
(2022b) obtained, for these radii, 2.30(4) fm and 2.24(4) fm. The
neutron charge radius is assumed to be zero, and the mass radius of
0.8414 fm coincides with the known proton radius (NIST, 2019).

The upper and lower sets refer to the GS and first ES interaction
potentials, respectively, defined in Table 4, and differ by the Cw

values but lead to the same binding channel energy.

6 Total cross sections of radiative n8Li
capture

The results of the present calculation of the integral total and
partial cross sections are shown in Figure 3A. Strong sensitivity on
the Cw values is observed for the upper and lower sets. The input of
the first ES into the total cross sections is negligible if compared with
that of the GS in both cases. The dipole electric E1 transition from
the 4S3/2 wave to 4P3/2, 1/2 bound states provides low-energy cross
sections and serves as a base for the resonant magnetic
M1 transitions. Both resonances 4P5/2 and

4P3/2 are present at the
energies ~230 keV and 1.32 MeV.

The comparison of the cross sections calculated in the MPCM
and within the microscopic models (McCracken et al., 2021; Dong
et al., 2022), along with the experimental data (Zecher et al., 1998), is
shown in Figure 3B. The red band is obtained by varying Cw between

TABLE 2 Parameters of interaction potentials of n + 8Li continuum.

No. (2S+1LJ)i V0, MeV α, fm−2 Eres, keV Γc.m., keV

1 4P5/2 240.87 0.3 230 (1) 109 (1)

2 4P3/2 1,608.185 2.0 1,320 (10) 608 (10)

3 4P1/2 520.0 1.0 — —

4 4S3/2 20.0 1.0 — —

FIGURE 2
Phase shifts of elastic n8Li scattering: solid curves are the results
of MPCM calculations with the potential parameters given in Table 2;
dashed curves are ab initio results obtained by McCracken et al. (2021)
(digitalized).
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0.93 and 1.4. The results on σ(E) obtained by Dong et al. (2022)
differ essentially in the whole energy range and reach the lower error
bar limits only. Therefore, it is more reasonable to compare the
MPCM and ab initio results obtained by McCracken et al. (2021).
The difference is observed at the energies close to the first resonance
4P5/2: the lower set (red dash-double-dotted curve) and ab initio

cross sections (blue dashed curve) are comparable, contrary to the
upper set application (red solid curve). Out of the resonance range
Ec.m. > 300 keV and up to 1 MeV, the upper set and ab initio cross
sections practically coincide and fit the second experimental point
fairly well. The low-energy cross-section part is discussed in the
following sections.

TABLE 3 Spectroscopic factors for the GS of 9Li in the n + 8Li channel from the studies by Li et al. (2005), Wuosmaa et al. (2005), Kanungo et al. (2008), and Wiringa
(2021).

Reference Reaction from which Sf is determined Spectroscopic factor for n + 8LiGS

Li et al. (2005) 8Li(d,p)9Li 0.68 (14)

Wuosmaa et al. (2005) 2H(8Li,p)9Li 0.90 (13)

Wiringa (2021) 9Be(8Li, 9Li) 8Be 0.62 (7)

Kanungo et al. (2008) d(9Li,t)8Li 0.65 (15)

Kanungo et al. (2008) d(9Li,t)8Li 0.59 (15)

Value interval 0.44–1.03

Mean value 0.74 (30)

Note that in ab initio calculations, the value of the GS spectroscopic factor is equal to 0.99 (Huang et al., 2010), which is close to the results obtained by Blokhintsev et al. (1990),

Mukhamedzhanov and Timofeyuk (1990), Nollett and Wiringa (2011), Timofeyuk (2013), Sargsyan et al. (2022), and CDFE (2023). They are all in agreement within the errors.

TABLE 4 Parameters of the bound ground and excited state potentials of the 9Li in n8Li channel and calculated asymptotic constant Cw, Rch, and Rm radii, and
binding energy Eb.

No. (2S+1LJ)i V0, MeV α, fm−2 Cw Rch, fm Rm, fm Eb, MeV Set

1 4P3/2, GS 295.28320 0.33 1.40(1) 2.36 2.43 4.06390 Upper

2 4P3/2, GS 600.07219 0.70 0.93(1) 2.35 2.35 4.06390 Lower

3 4P1/2, 1st ES 295.6387 0.35 0.77(1) 2.37 2.37 1.37290 Upper

4 4P1/2, 1st ES 581.05205 0.07 0.58(1) 2.36 2.36 1.37290 Lower

FIGURE 3
Total cross sections of radiative 8Li(n,γ)9Li capture in theGS and first ES of the 9Li nucleus. Experimental data on 9Li Coulomb dissociation obtained by
Zecher et al. (1998): green dots on the Pb target and red squares on the U target. (A)MPCMcalculations are explained in the legend. (B)Comparison of the
MPCM and microscopic calculations: present MPCM total cross sections are the same as in panel (A), the blue dashed curve shows the ab initio results
obtained by McCracken et al. (2021), and the green dashed curve shows the results obtained by Dong et al. (2022) (digitalized). The black dashed
curve shows our previous results obtained by Dubovichenko and Dzhazairov-Kakhramanov (2016).
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The total capture cross section of thermal and cold neutrons
shows the following energy dependence (Dubovichenko, 2015;
Dubovichenko, 2019):

σap μb( ) � A�������
E keV( )√ . (13)

Based on one available point, the σ(Emin) constant
A(μb·keV1/2) is determined, and calculation of the thermal
cross section at 25.3 meV may be implemented according to
Eq. 13. The results on σtherm obtained in the present work and
recalculated with data obtained by McCracken et al. (2021) and
Dong et al. (2022) are presented in Table 5, as well as the value
obtained by Descouvemont (1993). In our previous work, we
observed σtherm � 41.3(1)mb (Dubovichenko and Dzhazairov-
Kakhramanov, 2016). The accuracy of approximation (Eq. 13) is
approximately 0.6% and 0.7% for the upper and lower sets,
respectively.

A comparison between various σtherm values shows that our
upper set results are in agreement with the data obtained in RGM by
Descouvemont (1993). Both these values are comparable with
thermal cross sections for the neutron capture on 6Li and 7Li
calculated in MPCM. Firestone and Revay (2016) reported
theoretical values of σtherm = 39.7 mb for n + 6Li and σtherm =
44.2 mb for n + 7Li (Burkova et al., 2021). The results on 6Li and 7Li
are in excellent agreement with experimental data (Iliadis, 2015).
Therefore, in the context of this background, the results of works
(McCracken et al., 2021; Dong et al., 2022) on σtherm do not look
consistent.

7 Reaction rate of radiative n8Li capture

The well-known expression for the radiative neutron capture
reaction rate in terms of the Maxwellian averaged cross sections is

NA〈σv〉 � 3.7313 · 104μ−1/2T−3/2
9 ∫

∞

0

σ E( )E exp −11.605E/T9( )dE,
(14)

where E is expressed in MeV, the total cross section σ(E) is
represented in μb, μ is the reduced mass in amu, and T9 is the
temperature in 109 K (Norman and Schramm, 1979). Based on the
total cross sections shown in Figure 3A, the corresponding reaction
rates are presented in Figure 4A. The band refers to the upper and
lower sets of GS and first ES interaction potentials, as shown in
Table 4, applied to calculate total cross sections. The temperature

dependence of NA〈σv〉MPCM shows near coherent behavior for the
upper and lower Cw sets, with a moderate plateau transforming into
a noticeable increase above 0.2–0.3 T9 due to the resonance at
232 keV. The second resonance at 1.3 MeV is not observed. The
capture to the first excited state may be regarded as a minor
correction to the GS reaction rate.

A comparison of MPCM new results and calculations obtained
by McCracken et al. (2021) and Dong et al. (2022), as well as our
early data obtained by Dubovichenko and Dzhazairov-
Kakhramanov (2016), is presented in Figure 4B. The ab initio
reaction rate (McCracken et al., 2021) (blue dashed curve)
exceeds our results at low temperatures and approximately
coincides in the resonance region. A noticeable decrease in
NA〈σv〉ab initio is observed at T9 > 1. This “falling effect” is
explained in detail in Supplementary Appendix SA, where an
approximation of the real calculation of the integral in Eq. 14 is
performed by varying the upper Emax and low Emin limits. The ab
initio cross section is calculated in the energy region Ec.m. =
20 keV–1.6 MeV so that the energy interval extension will lead a
reaction rate at T9 > 1. We consider the equality of the “upper set”
NA〈σv〉MPCM and NA〈σv〉ab initio at T9 ≃ 1 in Figure 4B accidental.
The great difference between reaction rates appears at T9 < 1. Both
model calculationsMPCM and ab initio do not agree with the results
obtained by Dong et al. (green dashed curve in Figure 4B) (Dong
et al., 2022). Tabulated numerical data on the MPCM reaction rates
and their analytical parametrization are provided in Supplementary
Appendix SB.

Since 1988 (Malaney et al., 1988), significant efforts have been
made to find the consensus on the reaction rate value at T9 = 1,
useful in the context of BBN. Table 6 shows the comparison of
different results for the reaction rates, which are partially taken from
the studies by Kobayashi et al. (2003), Banerjee et al. (2008),
Dubovichenko and Dzhazairov-Kakhramanov (2016), and Dong
et al. (2022).

We complemented the data on the reaction rates with the
neutron number densities nn, which may be referred to as the
r-process ignition threshold density since it is calculated under
the condition of equality of the 8Li mean lifetime and neutron
capture time τβ ≈ τ(n,γ) following the general definitions of the
Nuclear Data Evaluation Project (2021):

nn � 1
τβ

· 1
〈σn,γv〉

. (15)

The isotope 8Li is unstable with a half-life time t1/2 = 838.79 ±
0.36 ms (Kajino et al., 2019) or τβ = 1.186 s. The estimated neutron
number densities nn given in Table 6 condition the start of the

TABLE 5 Evaluated thermal cross sections in the n + 8Li channel.

Reference Emin, keV σ(Emin), μb A, μb·keV1/2 σtherm, mb

Present, upper set 10−5 74,485.75 235.54 46.8

Present, lower set 10−5 38,179.97 120.74 24.0

McCracken et al. (2021) 20 95.125 425 85

Dong et al. (2022) 8.55 11.58 33.86 6.7

Descouvemont (1993) 25 38 190 37.9
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r-process on 8Li at T9 = 1 and lay in the interval
1.2·1019–6.3·1020 cm−3, which brings forth a difference of up to
the factor 50 with respect to the listed datasets. Following the
study by Dubovichenko et al. (2019), the typical conditions for
the r-process nn~3·1023 cm−3 and T9~1 require both an explosive
environment and high-density neutron-rich matter. In this context,
the difference in the reaction rate data given in Table 6 seems not so
crucial.

We still see a challenge in finding any cross-points that allow us
to resolve the problem of variable 8Li(n,γ)9Li reaction rates. One
point we assume is related to the thermal cross sections for the 6,7,8Li
isotopes discussed in Section 6 (Table 5). Another one is based on
our experience of studying the radiative capture reaction rates on the

FIGURE 4
Reaction rate of radiative 8Li(n,γ)9Li capture to the GS and first ES of 9Li. (A)MPCM calculations are explained in the legend. (B)Comparison of MPCM
and microscopic calculations: present MPCM reaction rates are the same as in panel (A), the blue dashed curve shows the ab initio results obtained by
McCracken et al. (2021), and the green dashed curve shows the results obtained by Dong et al. (2022) (digitalized). The black dashed curve shows our
previous results from Dubovichenko and Dzhazairov-Kakhramanov (2016).

TABLE 6 Comparison of reaction rates for the direct capture of the 8Li(n,γ)9Li
reaction at T9 = 1.

Reference Reaction rate,
cm3·mol−1·s−1

Neutron
number

density, cm−3

Experiment

Zecher et al. (1998) <7,200 6.9·1019

Kobayashi et al. (2003) <790 6.3·1020

Li et al. (2005) 4,000 1.2·1020

Guimarães et al. (2007) 3,270 1.5·1020

Gupta et al. (2022) <790 6.3·1020

Theory

Malaney et al. (1988) 43,000 1.2·1019

Mao and Champagne (1991) 21,000 2.4·1019

Thielemann et al. (1991) 3,350 1.5·1020

Descouvemont (1993) 5,300 9.4·1019

Rauscher et al. (1994) 4,500 1.1·1020

Bertulani (1999) 2,200 2.3·1020

Banerjee et al. (2008) 2,900 1.7·1020

Ma et al. (2012) <4,300 1.2·1020

Dubovichenko and
Dzhazairov-Kakhramanov (2016)

5,900 8.4·1019

McCracken et al. (2021) 11,770 4.2·1019

Dong et al. (2022) 1,479 3.4·1020

Present, 2023 Up: 11,000 4.5·1019

Adopted: 8,370 5.9·1019

Low: 5,740 8.7·1019

FIGURE 5
The reaction rates of radiative neutron capture for 6Li(n,γ0+1)7Li
(Firestone and Revay, 2016), 7Li(n,γ0+1)8Li (Burkova et al., 2021), and
8Li(n,γ0+1)9Li present results for the upper set in Figure 4. Threshold
energies Eth are given in square brackets.
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group of the neighboring isotopes. For example, it was found that
low-temperature reaction rates for 10-13B(n,γ)11-14B conditioned by
the S-wave capture outside of the resonance energy region show
some regularity—the higher the channel threshold, the higher the
reaction rate (Dubovichenko et al., 2020; Dubovichenko et al., 2021;
Dubovichenko et al., 2023a; Dubovichenko et al., 2023b). The same
effect is observed for the proton capture on the nitrogen isotopes
12,13,15N(p,γ)13,14,16O (Kubono et al., 2016), and an exception is given
by the reaction 14N(p,γ)15O as S-wave capture occurs via a weak
E2 transition contrary to more advanced E1 or M1.

Figure 5 shows the reactions rates on lithium isotopes 6,7,8Li
calculated in the MPCM. We observe that the order of magnitude of
NA〈σv〉 below ~0.2 T9 fits the threshold energy relation Eth(n6Li) >
Eth(n8Li) > Eth(n7Li) if, for the reaction 8Li(n,γ0+1)9Li, we take the
upper set results. The reaction rates corresponding to the MPCM
lower set, as well as ab initio calculations (McCracken et al., 2021),
and data obtained by Dong et al. (2022) do not fit the
aforementioned regularity. It must be underlined that the
reactions 6Li(n,γ0+1)7Li (Firestone and Revay, 2016) and
7Li(n,γ0+1)8Li (Burkova et al., 2021) are examined much better as
they directly concern the well-known lithium problem (Caughlan
and Fowler, 1988; Coc, 2016).

8 Conclusion

Following our new results on the 7Li(n,γ0+1)8Li reaction
(Burkova et al., 2021), we reconsider the reaction 8Li(n,γ0+1)9Li.
The total cross sections and reaction rates are calculated for the
reaction 8Li(n,γ0+1)9Li, including the corrections inserted for the
interaction potentials comparing the early work (Dubovichenko and
Dzhazairov-Kakhramanov, 2016).

The experimentally proved resonance at Ec.m. = 0.232 MeV in
the 4P5/2 wave and ab initio-predicted 4P3/2 resonance at 1.32 MeV
(McCracken et al., 2021) are considered. The intensity of 4P5/2
resonance depends strongly on the range of asymptotic constants
Cw, as well as the cross sections as a whole, which is observed in the
temperature T9 dependence of the reaction rates.

The minor role of the (n,γ1) process is proved; therefore, the GS
transitions are dominant. The variation in the GS asymptotic
constant Cw = 0.93–1.40 leads to the values of the reaction rate
5,740–11,000 cm3·mol−1·s−1 at temperature T9 = 1 relevant for the
r-formation of 9Li. The upper value nearly coincides with the ab
initio reaction rate 11,770 cm3·mol−1·s−1 at T9 = 1 (McCracken et al.,
2021), but we acknowledge this agreement as occasional.

We suggest two criteria to narrow down the range of reaction
rates in our study. The first one concerns the values of thermal cross
sections. Analysis of σtherm values leads us to conclude that the upper
set calculations yielding 46.8 mb (Cw = 1.40) are more relevant as
they conform to estimations carried out by Descouvemont (1993)
and data on the 6Li and 7Li isotopes (Iliadis, 2015).

The second criterion is related to the reaction rates of radiative
neutron capture on lithium isotopes 6,7,8Li. The examined
correlation between the energy thresholds and order of reaction
rates at low temperatures beyond the possible resonances T9 <
0.2 leads to the conclusion that upper-set calculations are more
reasonable (see Figure 5).

The recent results on the reaction rates obtained by
McCracken et al. (2021) and Dong et al. (2022) show
substantial differences, both qualitative and quantitative. The
present calculations do not eliminate this discrepancy. The new
measurements proposed by Gupta et al. (2022) may clarify the
situation.
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