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Abstract

Big Bang Nucleosynthesis (BBN) relevance reactions 3He(2H, γ )5Li, 3H(3He, γ )6Li, and 5Li(n, γ )6Li 
as a key to approach for scenario of 6Li formation are treated. The rates of reaction for these processes are 
analyzed. Comparison of the reactions rates and the prevalence of light elements leads to the assumption 
that the two-step process 2H + 3He → 5Li + γ and n + 5Li → 6Li + γ can make a significant contri-
bution to the formation of 6Li at the BBN at least at temperatures T9 of the order of unity. Calculations of 
the total cross sections, astrophysical S-factor, and reaction rates have been performed for 3He(2H, γ )5Li 
radiative capture within the modified potential cluster model with forbidden states, which follow from the 
classification of the orbital cluster states according to Young diagrams. Numerical data and correspond-
ing parametrizations cover the energy range up to 5 MeV and temperature range T9 < 10. An updated 
compilation of detailed data for the reaction 3He(2H, γ )5Li are presented.
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1. Introduction

The interest to the radiative capture reactions in the isobar-analogue channels 3He(2H, γ )5Li 
and 3H(2H, γ )5He is primarily due to the following two reasons: these reactions are parts of 
nucleosynthesis chain of the processes occurring in the early stages of a stable star formation, as 
well as possible candidates for the overcoming of the well-known problem of the A = 5 gap in 
the synthesis of light elements in the primordial Universe [1] and application of these processes 
for the diagnostics of nuclear fusion efficiencies of 2H(3H, n)4He and 2H(3He, p)4He reactions 
used for experimental studies of tokamak plasmas [2,3].

It is believed that the 3He(2H, γ )5Li process is well studied experimentally. Since 1954 [4] a 
sufficient number of experimental works, see, for example, Refs. [5–9] are devoted to study this 
process, and the most recent data are presented in Ref. [10], including compilations of experi-
mental data on cross sections, astrophysical factors and rates of this reaction at energies less than 
200 keV [3,11]. However, in our opinion, the experimental and theoretical situation is far from 
unambiguous and requires systematic analysis, which we implement in this article relying as a 
certain criterion on our model theoretical calculations.

There is another “unambiguous” opinion: due to the smallness of the cross section the 3He(2H, 
γ )5Li reaction does not contribute to the astrophysical processes [12]. In this paper we address 
this issue and demonstrate that this statement is disputable, since the rate of this reaction is not 
negligible. In addition, we will consider a possible scenario for astrophysical processes of 6Li 
formation involving a short-lived 5Li isotope.

In this paper, the radiative 3He(2H, γ )5Li capture is considered on the basis of the modified 
potential cluster model (MPCM) and renewed results are obtained for dipole E1 and M1 tran-
sitions, taking into account the mixing of the doublet and quartet spin channels, for both the 
scattering and the bound ground states. We construct the potentials of the intercluster interaction 
based on the description of the known scattering phase shifts and the main characteristics of the 
ground state (GS) of 5Li. The total cross sections for the 3He(2H, γ )5Li capture rate into the GS 
of 5Li at energies in the frame of the center-of-mass (c.m.) from 5 keV to 5 MeV are calculated. 
Finally, we propose simple analytic parametrizations for the astrophysical S-factor and the rate 
of this reaction.

The parametrization of the cross sections for the 3H(3He, γ )6Li and 5Li(n, γ )6Li processes of 
radiative capture is carried out. The rates corresponding to these processes are calculated, their 
parametrization is performed, and a comparison with the 3He(2H, γ )5Li and 4He(2H, γ )6Li 
capture reactions rate are made. On the basis of comparisons of the rates of these reactions and 
the prevalence of light elements, we suggests that the two-step process 2H + 3He → 5Li + γ

and n + 5Li + γ → 6Li + γ can make a certain contribution to the production of 6Li at the BBN 
at least at temperatures T9 of the order of unity. In this temperature range the number of neutrons 
does not yet begin to decrease, while the number of 2H and 3He nuclei is already reaching its 
maximum, which leads to increase in the reaction yield 2H + 3He → 5Li + γ .

This paper is organized in the following way. In Sec. 2 we review of experimental results 
and discuss the application range of the 3He(2H, γ )5Li capture reaction. The model, methods 
of calculation and potentials for elastic 2H3He scattering and 2H3He bound states are presented 
in Sec. 3. In Sec. 4 results of calculations for total cross sections, astrophysical S-factor and 
reaction rate are presented and discussed. In Sec. 5 the two-step process 2H + 3He → 5Li + γ
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and n + 5Li + γ → 6Li + γ is considered and discussed as an alternative way of the formation 
of 6Li at the BBN. Conclusions follow in Sec. 6.

2. Application of the 3He(2H, γ )5Li and review of experimental results

Let us now examine in more detail the various aspects of the 3He(2H, γ )5Li reaction, includ-
ing the experimental data presented in the data base of EXFOR [13] and the original papers cited 
therein and the role of this process in various fields of application.

2.1. Nuclear astrophysics aspects

Our parametrization of the experimental data for 2H capture in 3He [7] for the S-factor at 
energies from 0.2 to 1.0 MeV according to Breit-Wigner and its further extrapolation to zero 
energy leads to a value of 0.24 keV·b. Let us give for comparison several known values of the 
S-factors at zero energy for some radiative capture reactions. For example, the latest data for 
the astrophysical factor of the proton capture on 2H give the value S(0) = 0.216(11)·10−3 keV·b 
[14], while in Ref. [15] is reported S(0) = 0.166(14)·10−3 keV·b. At the same time, for the proton 
capture in 3H, S(0) = 2.0(2)·10−3 keV·b [16], i.e. an order of magnitude greater. Measurements 
in Ref. [17], lead to S(0) =1.3(3) keV·b and S(0) = 6.0(1.2)·10−6 keV·b for 3H(2H, γ )5He and 
2H(2H, γ )4He capture, respectively. The S-factor for 2H(2H, γ )4He capture is smaller due to the 
strong E1 transition in this process, which is forbidden due to equal masses of the particles in 
the initial channel [3].

In Ref. [17], 0.36(9) keV·b is given for the astrophysical factor of the 3He(2H, γ )5Li cap-
ture. At the same time, more recent results [11] for the 3He(2H, γ )5Li capture, the S-factor is 
S(0) = 0.26(7) keV·b, which is in a good agreement with our value of 0.24 keV·b, which we 
report below. Although the error bands of these data [11] and [17] overlap, in fact, the values 
of the astrophysical factor of this reaction can be in the range 0.19–0.45 keV·b. This is a very 
large uncertainty for its values, which leads, despite the relatively low abundance of 3He, to the 
rather large uncertainty of the contribution of the reaction under consideration to the primordial 
nucleosynthesis of the Universe and the processes of initial star formation.

Therefore, a more detailed study of this process will allow to obtain the results for the reaction 
rate and to compare it with the rates of other reactions of thermonuclear fusion, given, for exam-
ple, by [12]. This work contains simple parameterizations of rates for dozens of thermonuclear 
reactions, but there are no data for 3He(2H, γ )5Li capture. Perhaps this is due to the fact that 
the rate of the reaction under study was considered to be negligible. However, below we show 
that the rate of this reaction at certain temperatures is larger than the rate of proton capture on 
2H and is comparable with the rate of proton capture on 3H. Thus, the 3He(2H, γ )5Li reaction 
rate among the rates of the processes of radiative capture in the considered temperature range of 
0.01–10.0 T9 is actually of the similar magnitude to the other processes which are considered as 
an important.

2.2. Nuclear physics aspects and experimental results

Let us present a survey of experimental measurements of the total cross sections of the 
3He(2H, γ )5Li capture as well as our estimation of the total cross section obtained from the 
measurements of differential cross sections and the polarization characteristics. From the point 
of view of nuclear physics, practically all experimental studies of the total cross sections of 
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Table 1
Energy levels for 5Li and 5He. The table is based on the data from Ref. [18]. Ex is excitation 
energy, in MeV, referred to the ground state GS and Jπ is the angular momentum and parity.

Energy levels of 5He Energy levels of 5Li

Ex (MeV) Jπ ,T Ex (MeV) Jπ ,T

GS 3
2

−; 1
2 GS 3

2
−; 1

2

1.27 1
2

−; 1
2 1.49 1

2
−; 1

2

16.84 3
2

+; 1
2 16.87 3

2
+; 1

2

19.14 5
2

+; 1
2 19.28 3

2
−; 1

2

19.26 3
2

+; 1
2 19.45 7

2
+; 1

2

19.31 7
2

+; 1
2 19.71 5

2
+; 1

2

19.96 3
2

−; 1
2 20.53 1

2
+; 1

2

21.25 3
2

+; 1
2 22.06 5

2
−; 1

2

21.39 5
2

+; 1
2 23.74 5

2
+; 1

2

21.64 1
2

+; 1
2 25.42 3

2
+; 1

2

23.97 7
2

+; 1
2 25.44 7

2
+; 1

2

24.06 5
2

−; 1
2 32.53 1

2
−; 1

2

3He(2H, γ )5Li reaction for capturing to the ground state of 5Li from the 1960s to the present 
are limited to two works published in late 1960s and early 1970s [7,8]. Only in these works the 
total cross sections of the radiative 3He(2H, γ )5Li capture at the astrophysical energy range are 
shown in an explicit form.

The energy levels for 5He and 5Li are published in Ref. [18]. However, the published version 
has been corrected and updated by the authors later (see [18]). In Table 1 we present the sum-
mary of the energy levels for 5He and 5Li isotopes. In Ref. [7] measurements were made at a 
deuteron energy of 200–1360 keV in the laboratory system (l.s.). For the 3He(2H, γ )5Li reaction 
separation of the transitions into the GS and the first excited state (FES) of 5Li (see Table 1) have 
been studied. However, as a result of the poor quality of the experimental data for the transition 
to the FES of 5Li, the integral cross sections are presented only for the transition to the ground 
state with a value of 21(4) µb for σ γ 0,cm at ER = Ecm = 0.27 MeV [7]. The angular distributions 
measured in [7] at Ecm = 0.288 and 0.615 MeV for the transition to the ground state of 5Li was 
consistent with isotropy to within 10%. The total cross sections obtained in [7] with an accuracy 
of 20% are shown below in Fig. 1.

In Ref. [8] the total cross sections were measured at excitation energy Ex from 17.4 to 21.1 
MeV. If we use the binding energy for the 2H3He channel of 16.66 MeV [18], we obtain capture 
energy of 0.74–4.44 MeV in the c.m. In Ref. [8] the value of the binding energy of 16.4 MeV 
was used, which is close to 16.39 MeV given in Ref. [19]. Using energy of 16.4 MeV, we obtain 
capture energy of 1.0–4.7 MeV in the c.m. These values will be used throughout our work.

The capture total cross sections obtained in Ref. [8] have a wide maximum (the width of 3–4 
MeV) with the value of 59(3.0) µb at the energy Ex = 19.7 MeV, i.e. at 3.3 MeV in the c.m. This 
maximum points at the existing group of broad levels in this energy range. This group of levels 
at energies 19.28–22.06 MeV clearly can be identified in the spectra of 5Li shown in Table 1. 
The total cross sections for capture into the GS obtained in [8] are shown in Fig. 1. The angular 
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Fig. 1. The total cross sections of the 3He(2H, γ )5Li capture. The experimental data 1 and 2 – from Ref. [7] for γ0 and 
� – are from Ref. [8]. The other data are recounted by us from some reference, namely: ! and " – from Ref. [4] for γ0
+ γ1, P and Q – from Ref. [5] for γ0, a – from Ref. [6] for γ0 + γ1, for γ0, � – from Ref. [20] for γ0, F for γ0 and 
E for γ1 – from Refs. [24,25], � – from Refs. [9,10] for γ0, and the solid curve from Ref. [11] for γ0.

distributions at angles θγ ,lab = 0◦–130◦ obtained in Ref. [18] for the transition to the GS of 5Li 
are close to the isotropic up to the energy of 4 MeV in c.m. The statistical error of the data 
obtained in [8] was 5%, but due to the high uncertainty of the procedure of separating the peaks 
from the transitions to the ground and first excited states of 5Li the error in the determination of 
the absolute values of the cross sections can reach up to 40%.

Once again we note that the most complete databases of nuclear data such as EXFOR [13], 
as well as well-known atomic characteristics databases, for example, PHYSICS, CDFE, NASA 
DATA [21,22], contain only these data for total cross sections of 3He(2H, γ )5Li capture at low 
energies. Besides them, however, there are several publications [4–6,9,10,20] in which measure-
ments of the number of events observed in experiments with a polarized beam and differential 
capture cross sections are realized. Therefore, we perform a recalculation of some of the exper-
imental measurements of these studies with the extraction of the total cross sections from them. 
Let us now explore in more detail on the experimental aspects of above mentioned studies and 
make a comparison of the total cross sections obtained with their help.

Probably, for the first time, the yields of the 3He(2H, γ )5Li reaction at low energies were 
measured by Blair et al. [4] back in 1954. It was assumed that the reaction proceeds with capture 
to the ground and first excited states of the nucleus. However, due to the insufficient energy 
resolution, the peaks from these transitions could not be separated and as a result the total yield 
from all possible transitions was presented. The excitation function obtained for θγ ,lab = 90◦ and 
Ecm = 0.1–1.5 MeV showed a wide resonance at Ecm = 0.27 MeV with a total cross section in 
the peak equal to 50(10) µb. Also authors of Ref. [4], measured the angular distribution of the 
total yield of the reaction at Ecm = 0.35 MeV, which turned out to be isotropic with an accuracy 
of 10%. To obtain the integral cross sections from the data of [4] the yield of this reaction, shown 
in Fig. 3 in this work was normalized to the total cross section measured at the resonance energy 
ER = Ecm = 0.27 MeV. In Fig. 1 are presented the integral cross sections, which we recalculated 
from the yield of the 3He(2H, γ )5Li reaction given in [4].
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Subsequently, in [5], the differential cross sections of the 3He(2H, γ )5Li reaction for θγ ,lab
= 90◦ were measured in the energy range Ecm = 0.08–2.76 MeV. Authors of Ref. [5] could 
not find any indications of the presence of a peak from the transition to the first excited state of 
5Li in the spectra of the 3He(2H, γ )5Li reaction, and the single broad peak in the spectra was 
interpreted as the peak from the transition to the ground state of 5Li. However, it is possible that 
this broad peak contained also the transition to the first excited state of 5Li but the accuracy of 
the experiment did not allow one to distinguish it. The measurement of the angular distributions 
at Ecm = 0.3 and 1.66 MeV with 7% error reported in Ref. [5] also turned out to be isotropic. 
The integral cross section obtained in Ref. [5] for 3He(2H, γ )5Li at the resonance energy ER =
Ecm = 0.27 MeV is 38(4) µb.

Furthermore, in Ref. [6] the sum of the differential cross sections of the reaction 2H(3He, 
γ )5Li for the transitions to the ground and first excited states of 5Li at θγ ,lab. = 90◦ in the energy 
range of Ecm = 0.93–4.5 MeV were measured. The obtained excitation function, accurate to 
within 10% of the measurement demonstrates a smooth growth with increasing energy without a 
clear indication of the presence of any resonances of the reaction 2H(3He, γ )5Li in the considered 
energy range. When we obtained the integral cross sections from the data of [5,6], the differential 
cross sections shown in Fig. 5 of Ref. [5] and Fig. 2 of Ref. [6] were simply multiplied by 4π

(here we assume the isotropy in the angular distributions that was shown in all works listed 
above) and these results are shown in Fig. 1. It can be seen from Fig. 1 that the data of [5] differ 
quite strongly from the measurements [7], although in both cases it is said that capture is only to 
the GS of 5Li. In addition, the results of [6] for capture to the GS and FES lie below the cross 
sections of Ref. [8] obtained for the capture to the GS.

Somewhat later in Ref. [20] the excitation functions of the reaction 2H(3He, γ )5Li at θγ ,lab =
90◦ and Ecm = 0.76–10.1 MeV for transitions to the ground and first excited states of 5Li were 
obtained. Moreover, in Ref. [20] the sum of the differential cross sections for the transitions to 
the ground and first excited states of 5Li at θγ ,lab = 90◦ is given. For five energies, the angular 
distributions for these transitions were measured. Work [20] presented a table with the ratios of 
the coefficients of the Legendre functions of A2/A0 and A1/A0 for the cases when the first two 
and first three terms of the expansion in describing these angular distributions are taking into 
account. The error in determining the absolute values of the cross sections without taking into 
account the error in the procedure of separating of the peaks from the two transitions was 17%. 
A change of the angular distributions with the energy and the form of the excitation functions 
of the 2H(3He, γ )5Li reaction allowed the authors of Ref. [20] to make a conclusion about the 
existence of a broad resonance structure with the width of 3–4 MeV in the range of Ecm =
0.76–10.1 MeV and the maximum σ γ 0 = 51(8) µb located at Ecm ≈ 4.3 MeV. Using data [20], 
we obtained the values of the integral cross section for Ecm = 0.764, 1.282, 1.712, 3.112, 4.312, 
6.812, 9.312 MeV only for capture to the ground state of 5Li, since the data of [20] for the 
first excited state of 5Li are unreadable due to the error of the order of 100%. We obtain the 
cross section for the energies Ecm = 0.764, 1.282, and 1.712 MeV, by simply multiplying the 
differential cross sections [20], taken from Fig. 8 of this work by 4π , since at these energies the 
angular distributions are isotropic. We obtain the integral cross sections at Ecm = 3.112, 4.312, 
6.812, 9.312 MeV, using data presented in Fig. 8 and Table 1 from Ref. [20]. As a first step we 
find the coefficients A0, and then these coefficients are multiplied by 4π . The calculated integral 
cross sections for the two cases from Table 1 of Ref. [20] agree within their respective margins 
of error. These results are shown in Fig. 1, which lie somewhat lower than the data given in [8]
for capture to the GS, but higher than the results reported in Ref. [6], where the sum of the cross 
sections for transitions to the GS and FES of 5Li were measured.
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Using the polarized deuteron beam with Ecm = 0.48 MeV, a thick target of 3He, which com-
pletely absorbed the beam energy, the angular distribution of the products of the reaction of 
deuteron capture by the 3He to the ground state of 5Li was measured in Ref. [10]. The obtained 
angular distribution of γ quanta was isotropic within the error of 10%. In a similar work [9]
were presented data for a polarized deuteron beam with Elab = 0.6 MeV and a 3He target in 
which the deuterons lost 0.3 MeV. Within the experimental error, the differential cross sections 
reported in Refs. [9] and [10] coincide. The total cross section, obtained from these differential 
cross sections is 23 µb and depicted in Fig. 1 in position of the first resonance of the reaction, i.e. 
at ER = Ecm = 0.27 MeV.

To conclude this review we note that the aforementioned difference in the energy of the chan-
nel reported by [18] and [19] force us to recalculate this energy. We used data for the masses 
of 2H and 3He 1875.613 MeV and 2808.392 MeV, respectively, from [21], and the mass of 5Li 
(4667.617 MeV) was taken from the database of [22]. Then, for the binding energy of the 3He2H 
channel of 5Li, a value of 16.388 MeV is obtained, which, within precision of rounding errors, 
coincides with 16.39 MeV given in Ref. [19]. As we have already mentioned, a value of 16.66 
MeV presented in [18] differs significantly from our results and the data of the survey of [19]. 
For 5He in the 3H2H channel with m(3H) = 2808.921 MeV [21] and m(5He) = 4667.838 MeV 
[22], we have obtained the binding energy E = 16.696 MeV, which is in good agreement with 
16.70 MeV reported in Ref. [19]. At the same time, the value of 16.792 MeV given by Tilley et 
al. (2002) also differs noticeably from our results and the data of [19].

2.3. Application to plasma

Now let us consider other experimental studies related to the plasma of synthesis reactors 
performed in Refs. [17,23,24], which are applicable when considering the plasma of synthesis 
reactors. Ref. [17] presented an astrophysical S-factor at zero energy and the total cross section 
of the 2H(3He, γ )5Li reaction for the capture to the GS at 40 keV in c.m. In Ref. [23], the re-
action rate of the 2H(3He, γ )5Li capture to the GS is given and we use the latter rate further to 
compare with our results. The results for the total cross sections and the astrophysical S-factor 
for the capture to the GS at the energy range 13–120 keV in c.m are given and the reaction rate 
at temperatures up to 1.0 T9 is presented in Ref. [11]. These results are also obtained for their 
application and use in the study of thermonuclear processes in the plasma of artificial thermonu-
clear fusion reactors. In Fig. 1 the corresponding integral cross sections from Ref. [11] for nuclei 
not screened by the electron shells of atoms are depicted by the solid curve.

All these results are based on the experimental work of [24], in which the 3He(2H, γ )5Li 
reaction was studied at Ecm = 0.025–0.06 MeV. In Ref. [24] the branching ratios for the 3He(2H, 
γ0)5Li/3He(2H, p)4He at five energies within the aforementioned range and for the 3He(2H, 
γ1)5Li/ 3He(2H, p)4He at Ecm ≈ 0.06 MeV were measured within the errors range 12% to 40%. 
It is shown In Ref. [24], that the ratio of the branching of 3He(2H, γ0)5Li/ 3He(2H, p)4He in 
the range of Ecm = 0.025–0.06 MeV is practically constant and equal to (4.5±1.2)·10−5, and 
for the case of 3He(2H, γ1)5Li/ 3He(2H, p)4He at Ecm ≈ 0.06 MeV the value of (8 ± 3)·10−5

is obtained. Moreover, the authors of Ref. [24] were carried out a simple extrapolation of the 
branching ratio for the 3He(2H, γ0)5Li/ 3He(2H, p)4He to the point of 0 keV and the value of (8 
± 2)·10−5 was obtained. However, it is possible that the increased value of the branching ratio 
for the transition to the ground state obtained at the lowest energy in Ref. [24] can be explained 
by the large error of about 40%, and that in fact the ratio of the branching for the 3He(2H, 
γ0)5Li/3He(2H, p)4He is constant up to 0 keV and equal to (4.5 ± 1.2)·10−5.
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To obtain the integral cross sections of the reaction 3He(2H, γ0,1)5Li in the energy region 
Ecm = 0.025–0.06 MeV, presented in Fig. 1, we use data from Refs. [24] and [25] given in 
Fig. 4 and Table 1 respectively. Ref. [25] presents the astrophysical S-factor of the 3He(2H, 
p)4He reaction for Ecm = 0.008–0.06 MeV with an error of about 3%. First, from the S-factors 
given in [25] we obtain the integral cross sections for the energies considered in Ref. [24], and 
then these cross sections we multiply by the values of the branching ratios for the 3He(2H, 
γ0,1)5Li/3He(2H, p)4He from [24]. Moreover, it can be seen from Fig. 4 in Ref. [25] that in 
the range of Ecm = 0.025–0.06 MeV, the S-factors of the 3He(2H, p)4He reaction for screened 
by the electron shells of the target atoms nuclei differ from S-factors for bare nuclei by no 
more than 5%. Therefore, in constructing the experimental bare integrated cross sections for 
the 3He(2H, γ0,1)5Li reactions with an accuracy of 13–41%, we do not take into account the 
screening effects.

2.4. Some theoretical results

There are theoretical studies [26–29], which provide based on various approaches descriptions 
of either the differential cross sections and the polarization characteristics, or the spectral levels 
and their widths. Modern “ab initio” microscopic calculations for systems with A = 5, as well 
as the reactions 3H(2H, n)4He and 3He(2H, p)4H in the context of applications to thermonu-
clear processes in the Big Bang and laboratory fusion are presented in Ref. [30]. However, the 
processes of radiation capture, for example, 3He(2H, γ )5Li the authors did not consider. Theo-
retical calculations that would include the main static and dynamic characteristics of the reaction 
3He(2H, γ )5Li and the final nucleus 5Li could not be found, at least in the sources available to 
us. As a result one can conclude that consideration of all the experimental and theoretical works 
presented above, the capture reaction 3He(2H, γ )5Li does not seem to be sufficiently studied 
both in the experimental and theoretical senses.

Below our expertise and a lot of experience in using the single-channel modified potential 
cluster model (MPCM) with forbidden states (FS) and the classification of cluster states accord-
ing to Young diagrams [31–39], are applied to study the radiative 3He(2H, γ )5Li capture. This 
model is much simpler than the known Resonating Group Method (RGM) [40] and its modifica-
tions [41,42], but in many cases it allows one to obtain quite reliable numerical results for many 
reactions such as radiative capture. In particular, on the basis of a unified concept and calculation 
methods, MPCM allowed one to describe the main characteristics of already 30 thermonuclear 
processes of radiative capture at astrophysical and thermal energies [31,32].

3. Model and some theoretical methods

The modified potential cluster model, which is used in the present calculations, is described 
in detail in Refs. [31,32] and, in part, in Refs. [33–39]. One of its modifications relies on the 
explicit dependence of the interaction potentials on Young orbital diagrams and on taking into 
account the mixing of cluster states according to these diagrams. The explicit dependence of the 
potentials on Young diagrams was taken into account already in Ref. [43]. As a result, the wave 
functions (WF) of the relative motion of clusters can be mixed by orbital diagrams [32,35,36,43,
44]. A similar situation was observed earlier, for example, in the n2H [35,43], p3H [36,44] or 
2H3He(2H3H) systems [43], affecting the interaction potentials, which are used in calculations, 
for example, of the radiative capture total cross sections.
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3.1. General definitions

All general expressions for the calculation of various nuclear characteristics which we are 
using in the present work are given in our early papers [31,32,45,46]. In particular, following 
Refs. [31,32] the expressions for the total cross sections can be written as

σc(NJ,Jf ) = 8πKe2

h̄2q3

μ

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

J + 1

J [(2J + 1)!!]2 A2
J (NJ,K)·

∑
Li ,Ji

P 2
J (NJ,Jf , Ji)I

2
J (Jf , Ji).

(1)

In Eq. (1) μ is reduced mass in the initial channel, q is the wave number in fm−1 related to 
the c.m. energy as q2 = (2μE)/h̄2, S1 and S2 particle spins in the initial channel, K and J are 
the wave number and the momentum of the emitted γ quantum, and N denotes electric E or 
magnetic M transitions of rank J from the initial Ji to the final Jf states. For electric convection 
EJ (L) transitions (Si = Sf = S) there are the following expressions for PJ , AJ and IJ in Eq. (1)
[31,32]:

P 2
J (EJ,Jf , Ji)

= δSiSf

[
(2J + 1)(2Li + 1)(2Ji + 1)(2Jf + 1)

]
(Li0J0|Lf 0)2

{
Li S Ji

Jf J Lf

}2

,

AJ (EJ,K) = KJ μJ

(
Z1

mJ
1

+ (−1)J
Z2

mJ
2

)
, IJ (Jf , Ji) = 〈

χf

∣∣ rJ |χi〉 . (2)

Here Si , Sf , Lf , Li , Jf , Ji are the corresponding momenta in the initial and final states, m1, 
m2, Z1, Z2 are masses and charges in the initial channel, and IJ is the overlapping integral over 
the radial functions for the scattering χi and bound χf states, depending on the cluster-cluster 
relative coordinate r .

For the spin dipole magnetic M1(S) transition, i.e. for J = 1, the following expressions were 
obtained (Si = Sf = S, Li = Lf = L) [31,32]

P 2
1 (M1, Jf , Ji) = δSiSf

δLiLf

[
S(S + 1)(2S + 1)(2Ji + 1)(2Jf + 1)

]{
S L Ji

Jf 1 S
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,

A1(M1,K) = i
h̄K

m0c

√
3

(
μ1

m2

m
− μ2

m1

m

)
, IJ (Jf , Ji) = 〈

χf

∣∣ rJ−1 |χi〉 . (3)

In Eq. (3) m = m1 + m2 is the mass of nucleus, μ1, μ2 are the magnetic moments of the clus-
ters [47], all other notations are the same as in Eq. (2). For the light clusters μ(2H) = 0.857438, 
μ(3H) = 2.978662, μ(3He) = −2.127625. The exact values for the particle masses use: m(2H) =
2.013553 amu, m(3H) = 3.015501 amu, and m(3He) = 3.014932 amu [21]. The constant h̄2/m0
is equal to 41.4686 MeV fm2, where m0 is the atomic mass unit (amu). The Coulomb parame-
ter η = (μZ1Z2e

2)/(h̄2q) = 3.44476·10−2(μZ1Z2)/q . The Coulomb potential for the point-like 
particles is of the form Vc(MeV) = 1.439975(Z1Z2)/r . Here we are giving the numerical values 
as the accuracy of the further calculations depends strongly over them, especially in the reso-
nance energy ranges, as well as the 5Li binding energy in 2H3He cluster channel. Principles for 
constructing intercluster potentials, numerical calculation methods and some computer programs 
on FORTRAN-90 are given in Refs. [31,32] and partly in Refs. [33,35].
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Table 2
Classifications of the allowed (AS) and forbidden states (FS) in cluster systems with A = 5. Here T , S and L are 
isospin, spin and the orbital angular momentum of the particle system, {f }S, {f }T, {f }ST and {f }L are spin, isospin, 
spin-isospin, and possible orbital Young diagrams, respectively and {f }AS, {f }FS are Young diagrams of allowed and 
forbidden orbital states.

System T S {f }S {f }T {f }ST {f }L L {f }AS {f }FS

1/2

{5} + {41} + {32} + {311} +
+ {221} + {2111}

{5} 0 – {5}
1/2 {32} {32} {41} 1 {41} –

2H3He {32} 0,2 {32} –
2H3H {5} 0 – {5}

3/2 {41} {32} {41} + {32} + {311} + {221} {41} 1 – {41}
{32} 0,2 {32} –

3.2. Potentials for elastic 2H3He scattering

We present the classification by orbital symmetries of the 2H3He and 2H3H systems, i.e. a 
configuration of 2 + 3 nucleons. The doublet channel spin (S = 1/2) scattering states depend 
on the two allowed orbital Young diagrams {41} and {32}, and these are regarded as mixed in 
terms of the orbital symmetries. The quartet channel spin (S = 3/2) allows only one symmetry 
{32}, so these states are pure according to the Young diagrams. Therefore, it is assumed that 
states with a minimal spin in some lightest cluster systems scattering processes, including those 
considered here, can turn out to be mixed in Young orbital diagrams, as was shown in [43] and 
some previous works of these authors (see references in [43]).

The classification of states according to Young diagrams for these systems is given in Table 2
and was obtained in [43,45] on the basis of general tables of Young diagrams products from [48]. 
Table 2 shows the forbidden state with the Young diagram {5} for the S-waves of doublet and 
quartet channels, while in the P -wave the forbidden state with the Young diagram {41} is present 
only for the quartet channel, in the doublet channel this state is allowed.

At the same time, the states of clusters in the discrete spectrum, for example, the ground states 
of 5He and 5Li nuclei are assumed to be pure with the Young diagram {41} [43]. Furthermore, it 
is assumed that since the scattering states and the discrete spectrum depend on different Young 
diagrams, it is possible to juxtapose them different interaction potentials. In other words, ex-
plicit dependence of the potentials on the orbital symmetries {f } is allowed, and not only on 
the quantum numbers JLS – total angular momentum, orbital angular momentum and spin of the 
nuclear particles system [43]. In more detail, the case with the mixing of cluster states by Young 
diagrams was described by us in recent publications [35,36].

We note that the total angular momentum J = 3/2− for the GS or J = 1/2− for the FES in 
P waves of 5He or 5Li nuclei can also be obtained in the doublet spin channel of 2H3He (2H3H) 
clusters with total spin S = 1/2 and in the quartet channel with S = 3/2. Therefore, the GS 
and FES of these systems are actually 2+4P mixtures of such channels. These spin-mixed 2+4P

states turn out to be mixed also according to Young diagrams, since the doublet pure channel 
corresponds to the {41} diagram, and the quartet channel to the {32} one. However, now only one 
Young diagram corresponds to each spin channel, but not two, as it was in the previous case with 
mixing one spin channel in terms of orbital symmetries. Therefore, the potentials obtained below 
with J = 3/2− and 1/2− for GS and FES are called pure, although in reality they are mixed 
along the spin, and, hence, along the Young diagrams.
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Table 3
Parameters of the partial potentials of elastic 2H3He scattering. The boldfaced type indicates the potentials of the reso-
nance states. Angular momentum and parity Jπ are taken from [18,19].

2S+1LJ V0, MeV α, fm−2 The resonance 
energy Ecm, MeV

The angular momentum
and parity Jπ

2S1/2, 2+4D3/2 −30.0 0.15 –
2+4D5/2 −31.29 0.09 3.35 5/2+
2P1/2 −48.0 0.1 – –
2+4P 3/2 −2412.2 4.0 2.89 3/2−
4S3/2 −34.5 (−34.85) 0.1 0.48 3/2+
4D1/2 −39.88 0.115 4.14 1/2+
4D7/2 31.99 0.09 3.06 7/2+
4P1/2 −30.0 0.1 – –
4P 5/2 −456.7 0.8 5.67 5/2−

In the present calculations of the nuclear characteristics of the reaction under consideration, 
the interaction potentials of particles have the form of a Gaussian attraction that widely used in 
our previous works

V (r, JLS{f }) = V0,JLS{f } exp(−αJLS{f }r2) + Vc(r) (4)

with the Coulomb potential Vc(r) of two point particles for the zero Coulomb radius that has the 
form which was given above.

Follow Ref. [49] we considered the 2H3He scattering phase shifts in the energy range up to 3 
MeV in the c.m., which are sufficient for solving various astrophysical problems, in particular, for 
calculating the total cross sections for the capture reaction. Parameters of partial, i.e. depending 
on 2S+1LJ , potentials of the continuous spectrum, given in Table 3, including the resonance 
states potentials, which are described in detail below. The characteristics of these states are given 
in the last column of Table 3.

The phase shifts of the non-resonance doublet potentials from Table 3, given in ordinary type, 
are shown by the solid curves in Fig. 2a. For the potential of the 2D3/2 wave the parameters of the 
2S1/2 potential at L = 2 were used. In P3/2 and D5/2 scattering waves that are mixed along the 
spin channel, there are resonances that follow from the nuclear spectra shown in Table 1 [18,19]. 
Parameters of such potentials are given in bold face in Table 3 and the corresponding phase shifts 
are shown in Fig. 2a by the dashed curves.

Let us further consider the potentials for quartet scattering states whose phase shifts are shown 
by the solid curves in Fig. 2b. If we plot the 4S3/2 potential over the scattering phase shifts, the 
parameters from Table 3 can be used. The phase shift of this potential is shown in Fig. 2b by 
the solid curve 1. Using this potential at L = 2 the 4D3/2 phase shift is obtained. It is shown 
in Fig. 2b by the solid curve 2. At 3.7 MeV in the c.m. the potential leads to a resonance with 
a width of 4.3 MeV in the c.m. It should be noted that in the spectra shown in Table 1 such a 
resonance is not observed. Therefore, for 4D3/2 waves we will use the 2D3/2 scattering potential, 
since these states are spin-mixed with the same total momentum.

Now we recall that we use a single-channel d + 3He model in which the influence of other 
channels is not taken into account. To substantiate the using of a single-channel model in this 
case, we provide interesting results from [30], where they considered d + 3He elastic scattering 
in the framework of the ab initio method. In Fig. 2c we compare our theoretical calculations of 
the doublet and quartet S scattering phase shifts performed within the framework of the MPCM 
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Fig. 2a. Comparison of the 2H + 3He doublet phase shifts (solid curve) mixed by orbital diagrams calculated using the 
potential (4) and the parameters from Table 3 with results from [49]. Black squares (2) and rhombuses (F) – results 
from [49] for the 2P1/2 and 2P3/2 waves, triangles – for the 2D3/2 (
) and 2D5/2 (Q) waves, dots (") – for the 2S1/2

wave. The notation for several total momentums 2P1/2,3/2 refers to the results of [49]. The preliminary results of these 
calculations were reported in [50].

with to ab initio calculations [30] and the experimental data. From the figure one can see that for 
the 2S1/2 phase shift all variations of the calculations for a different number of channels yield 
very close results, i.e. the influence of other channels is almost negligible. For the ab initio 4S3/2
phase shift channel coupling accounting (dashed and dotted curves) also appears very slightly.

The real agreement of the scattering phase shifts extracted from the experiment [49], the 
present calculations, and ab initio is observed only when the channel p + 4He and channel 
2H∗ + 3He with the excited deuteron coupling is used in [30]. In our opinion, this is a rather 
unexpected result, which, apparently, requires physical substantiation and interpretation. At the 
same time, for the purposes of our work, we can assume that the presented comparison makes 
it possible to draw a conclusion that the single-channel approximation employed in the present 
work is justified, since taking into account the two channels p + 4He and 2H∗ + 3He in the 
ab initio method practically does not change the results for the scattering phase shifts in the 
single-channel case. It is well know that at low energies the asymptotic part of wave function 
plays a significant role in the most of nuclear processes, but at high energy the internal part of 
the wave function is very important due the strong NN interaction at small distances, while the 
latter one has a slight influence on low energy characteristics of reactions.

Let us now consider in more detail the potentials for partial waves with resonances. Table 1
clearly shows the first resonance of 5Li, which is 0.482 MeV above the 2H3He channel threshold. 
The excitation energy, momentum and width in c.m. are 16.87 MeV, Jπ = 3/2+, 0.267 MeV, 
respectively. This state can be attributed to a 4S3/2 wave of the continuous spectrum, and its 
description requires a potential with FS for the diagram {5} and parameters

VS3/2 = −34.85 MeV and α = 0.1 fm−2 (5)

which lead to a resonance energy of 0.480(1) MeV in c.m. The corresponding phase shift is 
shown in Fig. 2b with the red dashed curve 1. For L = 2, the potential gives a 4D3/2 phase shift 
resonance at 3.6(1) MeV in c.m. with a width of 4.1(1) MeV in c.m. Its phase shift is shown 
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Fig. 2b. Comparison of the 2H + 3He quartet phase shifts (solid curves), which pure by orbital diagrams calculated 
using the potential (4) and the parameters from Table 3 with results from [49]. Black squares (2), rhombuses (F) and 
blank squares (1) – results from [49] for the 4P1/2, 4P3/2 and 4P5/2 waves, triangles – for the 4D1/2 (Q), 4D3/2 (
), 
4D5/2 (�) and 4D7/2 (�) waves, dots – for the 4S3/2 wave. The notation for several total momentums 4P1/2,3/2,5/2
is explained in Fig. 2a. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this 
article.)

Fig. 2c. Comparison of the calculations of the scattering S phase shifts for potentials in MPCM (group 1, red curves) and 
in ab initio [30] (group 2, black curves). The dashed curve – calculation taking into account the coupling of the p + 4He 
and d + 3He channels; dotted curve – calculation without regard to channel coupling; solid curve – calculation taking 
into account the channel p + 4He and the excited deuteron in the d∗ + 3He channel coupling.

in Fig. 2b with the dashed curve 2. The potential with parameters (5) differs little from the one 
given in Table 3, but more accurately describes the resonance energy. At the resonance energy of 
0.480 MeV, it leads to the scattering phase shift equal to 89.45◦.

The second resonance in the 2H3He system appears at 19.28 MeV with the angular momentum 
Jπ = 3/2− and width of 0.959 MeV [18] is laying at 19.28 MeV relative to the GS (2.892 MeV 



S.B. Dubovichenko et al. / Nuclear Physics A 987 (2019) 46–78 59
towards the channel threshold). The P3/2 wave may match this state in doublet or quartet spin 
channel. The phase shift analysis presented in [49] shows no any resonance behavior of the P3/2
waves. While, the 2P phase shift illuminates the smooth rising in the doublet channel, its quartet 
partner 4P is clearly slowly decreasing. For properly reproducing this 2+4P3/2 resonance we need 
a potential with the FS and the following parameters:

VP3/2 = −2412.2 MeV and α = 4.0 fm−2. (6)

The potential (6) provides the following resonance parameters: the position is fitted at the energy 
of 2.890(1) MeV in the c.m., and the corresponding width is 0.962(1) MeV in c.m. Its P3/2
phase shift is shown in Fig. 2a with a dashed curve, and at the resonance energy it has a value of 
90.0(1)◦.

In Table 1 the second column shows the higher laying levels for Jπ = 7/2+ and Jπ = 5/2+
with the following corresponding parameters: the energy position of 19.45 and 19.71 MeV rela-
tive to the GS (or 3.06 and 3.32 MeV in c.m. relative to the channel threshold), the level width 
of 3.28 and 4.31 MeV in c.m. (see Table 5.3 in [18]). The strong E1 transitions to the GS are 
conditioned by direct capture from the doublet and quartet channels corresponding to the second 
5/2+ resonance. For a correct description of the 2+4D5/2 resonance a potential without the FS 
and with the following parameters

VD5/2 = −31.29 MeV and α = 0.09 fm−2 (7)

is needed.
The calculated D5/2 scattering phase shift is shown in Fig. 2a with the dotted curve. At the 

resonance energy the value of this phase shift is 90.0(1)◦. The calculated resonance parameters 
are the following: the energy position of 3.32(1) MeV in c.m., and the width of 4.09(1) MeV in 
c.m. There is no resonance for the D5/2 phases shift at such energies in Ref. [49]. The 4D phase 
shifts have a slight tendency to rise at 3.0 MeV in c.m. Let us mention that some our preliminary 
results [50] of these calculations are different than results of the calculations shown in Fig. 2a.

The level with Jπ = 7/2+ at 3.06 MeV in c.m. and a width of 3.28 MeV in c.m. can be 
attributed to the 4D7/2 state. In this case the M2 transition to the GS is possible, the total cross 
sections for which will be noticeably smaller than the cross sections for the E1 processes. How-
ever, we give the potential without the FS for this resonance the following parameters

VD7/2 = −31.99 MeV and α = 0.09 fm−2. (8)

This potential leads to the resonance at the energy of 3.06(1) MeV in c.m. with a width of 3.18(1) 
MeV in c.m., and its D7/2 scattering phase shift is shown in Fig. 2b with the dotted curve 3. At 
the resonance energy the phase shift has a value of 90.0(1)◦.

The next level can be detected at the excitation energy of 20.53 MeV or at 4.14 MeV in c.m. 
with a momentum Jπ = 1/2+ and a width of 5.0 MeV in c.m., so it can be attributed to the 
4D1/2 resonance. A correct description of such resonance requires a potential with the following 
parameters:

VD1/2 = −39.88 MeV and α = 0.115 fm−2 (9)

This potential leads to the resonance at the energy of 4.14(1) MeV in c.m. with a width of 
5.1(1) MeV in c.m., and its scattering phase shift is shown in Fig. 2b by the dotted curve 4. At 
resonance energy the phase shift has a value of 90.0(1)◦.
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Table 4
Updated potential parameters for the 2H3He system in pure state by Young diagrams for the GS and FES. Here the width 
parameter α is equal to 0.18 fm−2. The binding energy of the FES is taken from [18], where 1.49 MeV above the GS is 
given.

LJ V0, MeV Ebs (Eexp ([18]), MeV Cw Rrms, fm

P3/2 (GS) −83.505593 −16.388000 (−16.388) 6.30(1) 2.25
P1/2 (FES) −80.485333 −14.898000 (−14.898) 5.74(1) 2.26

Let us consider one more level, which lies at an excitation energy of 22.06 MeV or 5.67 MeV 
in c.m. with a momentum Jπ = 5/2− and a width of 15.5 MeV in c.m. This resonance can be 
attributed to the 4P5/2 state. A potential with the FS and parameters

VP5/2 = −456.7 MeV and α = 0.8 fm−2 (10)

is required to correctly describe the 4P5/2 state.
The potential leads to the resonance at the energy of 5.67(1) MeV in c.m. with a width of 

15.7(1) MeV in c.m., and its scattering phase shift is shown in Fig. 2b with a dotted curve 3; at 
the resonance energy the phase shift has a value of 90.0(1)◦.

The detailed study of these levels shows that the phase shift analysis performed in Ref. [49]
does not take into account the position of the resonances under consideration with large widths. 
The phase shift analysis is a subject to further refinement with the expansion of the energy region 
to 5–7 MeV in c.m. However, in order to make a detailed phase shift analysis the measurements 
of differential cross sections in the energy region of interest in steps of 0.3–0.5 MeV (in the region 
of narrow resonances the energy step should be even smaller) is required. In order to properly 
depict the phase shift resonance, it is required to have a step of measuring cross sections in the 
resonance region of not less than �/5. In other words, within the width of the resonance there 
must be at least five points of the cross sections measurement. Only in this case the resonance 
form of the phase shift appears quite accurately [51]. For example, for a resonance of the potential 
(6) described with a width of about � ∼ 1 MeV, a step of ∼0.2 MeV is needed. For the potential 
(5) with resonance in the 4S wave, the energy step should be of the order of 0.05–0.06 MeV.

3.3. Potentials for 2H3He bound states

Now consider the potential of the GS of 5Li in the 2H3He channel. The P states with potentials 
from Table 3 allowed in the doublet and quartet channels have an energy that does not agree with 
the binding energy of the P3/2 and P1/2 levels of the ground and first excited states of 5Li, whose 
spectrum is shown in Table 1. These potentials depend on two Young orbital diagrams, and 
the BS potential should depend only on one orbital diagram {41} [43]. In addition, the channel 
energies for the GS and FES of 5Li were specified above. Therefore, we carried out a refinement 
of the potentials of these BSs and the results are given in Table 4. In the calculations of the BS 
energy the exact masses of the particles were used, and the relative accuracy of the calculations 
for binding energy is at a level of 10−6 MeV [35].

In Table 4, in the third column, the experimental energy values of the levels [18] are given in 
parenthesis. The dimensionless asymptotic normalizing coefficients (ANC) Cw are given in the 
last column in Table 4. They are defined according to Ref. [52]

χL(R) = √
2k0CwW−ηL+1/2(2k0R). (11)
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Table 5
Transitions accounted for calculations the total radiative 3He(2H, γ )5Li capture cross section.

No. (2S + 1L
J

)i The resonance 
energy in MeV

The angular momentum 
and parity Jπ

Transition (2S + 1LJ )f P 2

1. 2S1/2 – E1 2P3/2 4
2. 4S3/2 16.87 3/2+ E1 4P 3/2 4
3. 2P1/2 – M1 2P3/2 4/3
4. 2P 3/2 19.28 3/2− M1 2P 3/2 5/3
5. 4P1/2 – M1 4P3/2 10/3
6. 4P 3/2 19.28 3/2− M1 4P 3/2 22/15
7. 4P 5/2 22.06 5/2− M1 4P 3/2 18/5
8. 2D3/2 – E1 2P3/2 4/5
9. 2D5/2 19.71 5/2+ E1 2P 3/2 36/5
10. 4D1/2 20.53 1/2+ E1 4P 3/2 2/5
11. 4D3/2 – E1 4P3/2 64/25
12. 4D5/2 19.71 5/2+ E1 4P 3/2 126/25

In Eq. (11) χL(R) is the numerical GS radial WF, viz. the solution of the Schrödinger equation 
normalized to unit, W−ηL+1/2(2k0R) is Whittaker function, k0 is a wave number related to the 
channel binding energy, η is the Coulomb parameter, L is the orbital angular momentum of the 
bound state [31]. The pointed ANC error is determined by its averaging over the interval from 
5–6 up to 8–10 fm and shown in parenthesis. The charge root mean square radii (Rrms) for the 
BSs of 5Li in the 2H3He channel were also calculated and are given in Table 4.

Since the ground P3/2 state is spin-mixed, it is necessary to consider the E1 transitions from 
the doublet and quartet states of S and D scattering. In the framework of the model under con-
sideration, it is impossible to explicitly isolate the 2P3/2 and 4P3/2 parts in the WF of the GS. 
So, for the calculations we will use the spin-mixed function of the P3/2 state, which is obtained 
when solving the Schrödinger equation with a given GS potential from Table 4. For the scattering 
states quartet and mixed over the Young diagrams doublet potentials from Table 3 are used and 
also the resonance potentials (5)–(10).

3.4. Multipole transitions

The complete set of E1 and M1 transition amplitudes accounted in our calculations is given 
in Table 5. Transitions from the resonance state with the main input to the total cross sections are 
marked as bold. Transitions from non-resonance scattering states give a noticeably smaller con-
tribution at low energies. The last column contains the values of the coefficient P 2 in expressions 
(2) and (3).

The interaction potentials have been corroborated by the experimental data on the elastic 
scattering phase shifts and energy levels spectra, so, the WFs obtained as the solutions of the 
Schrödinger equation with those potentials account effectively the cluster system states, in par-
ticular, of the mixing by channel spin. Therefore, the total cross section of the E1 transition from 
the mixed continuous states to the spin mixed GS may be taken as simple doubling of the partial 
cross section as each is calculated with the same functions. However, spin algebraic factors are 
specified for every matrix element (2) [31,32]:

σ0(E1) = 2σ
(2

D3/2 → 2P3/2
) + 4σ

(4
D3/2 → 4P3/2

)
.
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In reality, there is only one transition from the scattering state to the GS, rather than two different 
E1(2σ + 4σ ) processes. The averaging procedure concerns the transitions from the D5/2 and 
D3/2 scattering states to the P3/2 GS of 5Li in the 2H3He channel. This approach, which we 
proposed earlier for transitions in neutron radiative capture on 15N [32], was used for some other 
reactions, and allowed us to obtain reasonable results in describing the total cross sections [32].

Thus, the total cross section of the capture process on the GS for electromagnetic E1 transi-
tions is represented as the following combination of partial cross sections

σ0(E1) = σ
(2

S1/2 → 2P3/2
) + σ

(4
S3/2 → 4P3/2

) + σ
(4

D1/2 → 4P3/2
)

+ [
σ
(2

D3/2 → 2P3/2
) + σ

(4
D3/2 → 4P3/2

)]
/2

+ [
σ
(2

D5/2 → 2P3/2
) + σ

(4
D5/2 → 4P3/2

)]
/2.

Since for the M1 transitions there is also spin mixing for some P scattering waves, the total 
cross section is written in the same way as E1 transitions to the GS:

σ0(M1) = σ
(4

P5/2 → 4P3/2
) + [

σ
(2

P1/2 → 2P3/2
) + σ

(4
P1/2 → 4P3/2

)]
/2

+ [
σ
(2

P3/2 → 2P3/2
) + σ

(4
P3/2 → 4P3/2

)]
/2.

It should be noted that M1 transitions from non-resonance P scattering states exert a no-
ticeable effect on the total cross sections only at energies above 300–400 keV in c.m. Thus, 
we have identified all the major transitions that may contribute to the total cross sections of the
3He(2H, γ )5Li capture process at low energies, which are treated here. Of course, the M2 tran-
sition is also possible, but we do not consider it because of the smallness of its cross sections.

4. Results for total cross sections, astrophysical S-factor and reaction rate

In this Section, we present results obtained with the aforementioned potentials for the to-
tal cross section, the astrophysical S-factor, the S-factor screening effects, and the rate of the 
3He(2H, γ )5Li reaction of radiation capture.

4.1. Total cross section

The results of the calculated E1 and M1 radiative capture in 2H3He cluster channel at the 
energies up to 5.0–6.0 MeV are presented in Fig. 3. The solid curve 1 denotes the cross section 
for the E1 transition from the 2S and 4S scattering states to the GS 2+4P3/2 defined by the 
interaction potential parameters from Table 4, while for the scattering potentials, the data from 
Table 3 are used. Cross sections for the E1 transitions from the 2S wave are of few orders 
suppressed as it is of non-resonance behavior.

Solid curve 2 in Fig. 3 denotes the cross section for the E1 transition to the GS from the 
resonating 2+4D5/2 waves calculated with parameters (7) and (9). This result includes all other 
small in value amplitudes for the non-resonating D waves listed in Table 3 (see Table 5). The 
main contribution here is given by the D5/2 resonance, and the contribution of the D1/2 wave is 
very small. Curve 3 in Fig. 3 shows the contribution of the M1 transitions from the resonating 
2+4P3/2 and 2+4P5/2 waves corresponding to potentials (6) and (10) and non-resonance set for P
potentials from Table 3. Fig. 3 clearly shows the P3/2 resonance at 2.89 MeV in c.m., the value 
of which is even larger than the resonance for the E1 transition, since the additional contribution 
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Fig. 3a. Total cross section for 3He(2H, γ )5Li below 1.0 MeV. Experimental data from [7] – dots (") and [17] – triangle 
(Q), cyan band 5 – results from [11]. Calculated curves correspond to the potential parameters from Tables 3 and 4 and 
text. Two last black dots are taken from Fig. 9 of the work [7].

Fig. 3b. Total cross section for 3He(2H, γ )5Li below 5.0 MeV. Experimental data from [7] – dots (") and [17] – triangle 
(Q), [24,25] – rhombuses (F), [20] – black squares (2), [8] – blank triangles (P), [4] –star (�) , [5] – blank square (1), 
cyan band 5 – results from [11]. Two last black dots (") are taken from Fig. 9 of the work [7].

is given by the P5/2 resonance. The total cross section included all E1 and M1 transitions listed 
above is shown by the curve 4 in Fig. 3.

In Fig. 3 one can see that at energies above 400 keV the results of our calculation are much 
lower than the available experimental data [7], and at energies less than 2 MeV they lie below the 
results obtained in [8]. This difference in the cross sections can be due to two reasons: i. in our 
calculations, we considered 12 different electromagnetic transitions, but perhaps some additional 
relevant processes were not taken into account; ii. in Refs. [7] and [8] in the energy range from 
0.4 to 2 MeV the effect of capture on the FES is not entirely excluded. In addition, the maximum 
of the calculated cross section in the 3 MeV region is lower than the data given by Ref. [8], 
which can be explained by the inaccuracy of the spectra [19] known for the authors of Ref. [8], 
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but used by us today [18]. In both cases, the results of [7] and [8] require refinement on the basis 
of modern methods of experimental measurements.

We note that the experimental error of the cross sections given in Fig. 3 was taken to be 19%, 
as indicated by [7] for an energy of 450 keV in l.s. or 270 MeV in c.m. and the cross section 
21(4) µb with an error of 15 keV for the center-of-mass energy. The data given as a function 
of laboratory energy in Ref. [7] were recalculated by us to the c.m. energy with integer particle 
masses. The data given as a function of the excitation energy in Ref. [8] were also recalculated to 
the c.m. energy with the binding energy of the 2H3He channel of 16.4 MeV, which is given by [8]. 
The data from [4] are given for the c.m. energy of 0.27(3) MeV, at which the maximum values 
of the cross sections are observed in this work. The data from [5] are given for the energy of 240 
keV in the c.m. Let us note that results of calculations of the total cross section for 3He(2H, γ )5Li 
presented in Fig. 3a are obtained using a renewed parametrization of the potentials in contrast 
to our previous calculations [50]. One can find the difference of the parameters by comparing 
Table 4 with the results presented in Table 3 from Ref. [50].

4.2. Astrophysical S-factor

The astrophysical S-factors that characterize the behavior of the total cross section of the 
nuclear reaction at an energy tending to zero are determined as follows [53]

S(NJ,Jf ) = σ(NJ,Jf )Ecm exp

(
31.335Z1Z2

√
μ√

Ecm

)
,

where σ is the total cross section of the radiative capture process in barn, Ecm is the particle 
energy usually measured in keV in the center-of-mass system, μ is the reduced mass of the 
particles in the initial channel in amu, Z1 and Z2 are the charges of particles in units of elementary 
charge and N are the E or M transitions of the J -th multipolarity to a finite Jf state of the 
nucleus. The value of the numerical coefficient 31.335 is obtained on the basis of the modern 
values of the fundamental constants [54].

Now we present the results obtained for the astrophysical S-factor for the reaction under con-
sideration. Fig. 4 displays the total astrophysical S-factor (the solid curve) for the transitions to 
the GS due to the E1 and M1 processes in direct correspondence with the cross sections shown 
in Fig. 3. Note, the results for the S-factor in Fig. 4 have the same qualitative behavior as our ear-
lier reported preliminary results [50]. However, there are some variations in quantitative values. 
So that, S-factor at the energy of 6-30 keV in c.m. is still relatively stable but equal to 0.125(2) 
keV·b, which is still less comparing the experimental data reported in Ref. [7]. The error of the 
calculated S-factor shown here is obtained by averaging it over the indicated energy interval. The 
value of the calculated S-factor is 0.125 keV·b at the energy of 6 keV. At a maximum energy of 
230 keV in c.m. the S-factor equals to 0.43 keV·b. If one uses for the 4S3/2 scattering wave the 
resonance potential (5) obtained on the basis of the characteristics of the first resonance level, 
instead of its parameters from Table 3, it does not significantly change the magnitude and shape 
of the calculated S-factor.

We recalculated data [7] for the cross sections into S-factor and presented them as solid circles 
in Fig. 4. As we defined at minimal energies 100–200 keV its value is near 0.39 keV·b. This 
value in the indicated energy range can be approximated by a trivial constant energy dependence
S(E) = S0 with S0 = 0.386 keV·b and a mean value for χ2 = 0.21. Experimental 19% errors 
were assumed for the S-factor and the result is shown by the dashed curve 1 in Fig. 4.
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Fig. 4a. S-factor data from [7] and calculations using the potential (4) with the parameters from Tables 3 and 4 below 1.0 
MeV. Data are the same as in Fig. 3a. Cyan band 5 – results from [11].

Fig. 4b. Same as in Fig. 3a, but at the energy below 5.0 MeV. Data are the same as in Fig. 3b.

To improve the description of the experimental data we tried the following approximating 
function [16]

S(E in keV) = S0 + S1E + S2E
2 (12)

but did not succeed at this very low energy region.
In what follows we implement the parametrization of the calculated S-factor according to 

the expression (12) with S0 = 0.12133E00 keV·b, S1 = −0.12718E−04 b, S2 = 0.73463E−05 
b·keV−1 for the energy range up to 150 keV in c.m. We found the value χ2 to be 0.31 within 1% 
precision of the theoretical S-factor. The result is shown by the dashed curve 2 in Fig. 4 and is 
consistent with experimental data in the previously mentioned energy region.

Experimental data shown by solid circles in Fig. 4 can be approximated by the Breit-Wigner 
type function
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m. 
S(E) = a1 + a2

(E − a3)2 + a2
4/4

(13)

with the following parameters a1 = 0.11413, a2 = 7370.5, a3 = 189.78, a4 = 313.92 (the energy 
is given in keV in c.m.). The results of this parametrization is shown by the solid curve 3 in Fig. 4, 
χ2 is equal to 0.1 at 19% of experimental errors. At zero energy, this parametrization gives S(0) 
= 0.236 keV·b. This form of parametrization at a resonance energy of 190 keV leads to a width 
of 314 keV, which almost coincides with the 3/2+ resonance parameters [18], given above.

We apply the ordinary χ2 statistics as usually was done in [31,32] and defined as

χ2 = 1

N

N∑
i=1

[
Sa(Ei) − Sc(Ei)


Sc(Ei)

]2

= 1

N

N∑
i=1

χ2
i .

Here Sc is the original, i.e. calculated and Sa is an approximate S-factor for the i-th energy, 
Sc

is the error of the original S-factor, which was usually taken equal to 1%, and N is the number of 
points in the summation in the expression. As the original S-factor its experimental or calculated 
values shown by the solid circles or the solid curve 4 in Fig. 4 are used, and the approximated 
S-factor is obtained on the basis of expressions (11) and (12).

We also use parametrization (12) for the calculation of the S-factor in the energy range up to 
0.9 MeV c.m. and obtained the following parameters: a1 = 0.43449E−01, a2 = 0.41439E+04, 
a3 = 0.23046E+03, a4 = 0.20604E+03. Fig. 4 with curve 3 illustrates the quality of this proce-
dure at χ2 = 7.7 at 1% error. At 6 keV in the c.m. or zero energy the value of the approximated 
S-factor (12) is 0.11 keV·b. The parametrization leads to a resonant energy of 230 keV at a width 
of 206 keV, which also in a good agreement with the data reported by [18]. Let us note that 
results of calculations for the S-factor presented in Fig. 4a are obtained using a parametrization 
of the potentials given in Table 4 in contrast to our previous calculations [50] and in a different 
range of energy.

4.3. Screening effects

The screening effects in plasma in laboratory as well as astrophysical conditions are discussed 
in detail in review [55]. Let us focus on the key points that can be applied to the reaction under 
consideration. The following relations for the cross sections and, accordingly, for the S-factors, 
are the generally accepted approximation for the estimation of electron screening

σs(E)

σb(E)
= Ss(E)

Sb(E)
= E

E + Ue

exp(πηUe/E).

Here σs (E) is the electron-screened cross section, σb(E) is a cross bare nuclei, and Ue is a con-
stant electron screening potential energy. The Sommerfeld parameter is η = (Z1Z2/h̄c)

√
μc2/2Ec

The value of Ue can be calculated analytically (the adiabatic approximation), or determined ex-
perimentally.

In our case, the 3He(2H, p)4He process is of interest, since it has a common initial channel 
with the reaction under consideration 3He(2H, γ )5Li. For this initial channel Ue = 120 eV is 
the adiabatic limit value [55]. It should be noted that for different experimental conditions Ue

has a different value. So in [25] the direct measurements give the values Ue = 219 ± 7 eV 
for 3He(2H, p)4He and Ue = 109 ± 9 eV for 2H(3He, p)4He. Thus, for the same reaction the 
difference is almost two fold. In a later experimental work [56], the screening effect turned out 
to be negligible. For some reason, the reference [56] was not included in the review [55], in 
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Fig. 5. The screening effects for the astrophysical S-factor of the 3He(2H, γ )5Li capture.

which the significance of electron screening for astrophysical plasma is discussed in terms of 
pycnonuclear ignition.

Fig. 5 illustrates the possible effect of electron screening for the process we are consider-
ing. The value of Sb corresponds to the curve 1 in Fig. 5, e.g. Ue = 0, and the minimum 
value for Ecm is 6 keV. It is clearly seen from Fig. 5 that the screening effect strongly de-
pends on the value of Ue, and it varies from 65 to 219 keV in different works [55]. Obvi-
ously, until this value is determined quite accurately, it is also impossible to determine the 
impact of the screening effect. Therefore, it is not taken into account in calculating the reac-
tion rate.

4.4. Reaction rates

The reaction rate in cm3 mol−1 s−1 units is usually defined as [46]

NA〈σv〉 = 3.7313 · 104μ−1/2T
−3/2
9

∞∫
0

σ(E)E exp(−11.605E/T9)dE,

where the energy E is taken in MeV, total cross section σ (E) in µb, the reduced mass μ in amu, 
and temperature T9 in 109 K [46]. To calculate this, integral 104 points of the theoretical cross 
section were taken in c.m. energy range from 6 keV to 10 MeV.

In Fig. 6 the solid curve shows the results of our calculations for reaction rate of the 3He(2H, 
γ )5Li capture on the GS at T9 from 0.003 to 10, which corresponds to the same curve in Figs. 3
and 4. It should be borne in mind that the reaction rate was obtained from the calculated cross 
section, which slightly differs from the experimental cross section.

The dots in Fig. 6 display the results of Ref. [23], which have a larger value of reaction 
rate. This is due to the strong decrease of our calculated total cross sections in the energy range 
0.5 ± 1.0 MeV and insufficiently accurate description of the cross sections at energies 1–6 MeV. 
This reaction rate is more than an order of magnitude higher than the rate of the 3He(2H, γ )5Li 
reaction considered here.
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Fig. 6. Reaction rate of the 3He(2H, γ )5Li radiative capture. Theoretical curves obtained using the potential (4) with the 
parameters from Tables 3 and 4. An explanation of the parameterization functions is given in text. Dots (") are the results 
from Ref. [23] for the 3He(2H, γ )5Li capture, the triangles (Q) are the results of [23] for the 3H(2H, γ )5He capture.

The calculated reaction rate shown on Fig. 6 was approximated in the range 0.03–10.0 T9 as 
follows [12]

NA〈σv〉 = 20986.49/T
2/3
9 · exp

(−7.13006/T
1/3
9

) · (1.0 + 126.7438 · T 1/3
9

− 28.83194 · T 2/3
9 + 65.13721 · T9 + 47.34928 · T 4/3

9 − 22.35306 · T 5/3
9

)
− 4.94921 · 106/T

1/2
9 exp

(−8.34422/T
1/2
9

)
. (14)

The resulting curve is shown as dashed one in Fig. 6, χ2 is equal to 10. In the approximation, 
the calculated points shown in Fig. 6 with a solid curve were used. To estimate the χ2 the error 
was taken to be 1%.

5. Alternative way of 6Li nuclei formation at the BBN

Furthermore, we consider a possible scenario of thermonuclear astrophysical processes in-
volving a short-lived 5Li isotope, which is formed as a result of the 3He(2H, γ )5Li reaction. In 
any plasma, when a short-lived 5Li isotope is formed the probability of neutron capture followed 
by the formation of a stable 6Li is not zero. At first, such a chain of two reactions allows us to 
overcome the mass disruption at A = 5, leading to a stable nucleus with A = 6. Secondly, the 
reaction 5Li(n,γ )6Li leads to an additional 6Li formation channel, which can be considered for 
the explanation of the prevalence 6Li.
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Fig. 7. Nuclei formation mass fractions in the Big Bang thermonuclear processes.

We will describe below a possible and, as it seems to us, a new scenario for the synthesis of 
the 6Li isotope in astrophysical processes and, first of all, at the Big Bang. It is required to find 
out whether there is a “temperature window” that would allow such an amount of 6Li to be ac-
cumulated during the Big Bang, which could change the balance of 6Li, including in the region 
of a sharp drop in the number of neutrons at T9 < 1. The general dynamics of the synthesis of 
the light and lightest elements within the conditions of the standard Big Bang is represented by a 
graph of the participating particles fractions, shown in Fig. 12 in work [57]. This graph is adapted 
here for our purposes and shown in Fig. 7. It displays a sharp drop in the number of neutrons at
T9 < 1, which turn out to be bound in heavier nuclei. The number of such nuclei, for exam-
ple, 4He and 3He, increases strongly at lower temperatures, since the energy of the interaction 
becomes so small for their breakdown.

We present below two reactions of radiative capture, which are usually considered as candi-
dates for the role of the 6Li formation processes in the Big Bang and compare their rates with 
each other. It is believed that the radiative capture reaction

4He +2 H → 6Li + γ (15)

is one of the source of 6Li in the Big Bang, i.e., in the temperature range 50–400 keV [55]. The 
relationship between temperature and energy is assumed to be 1.0 T9 = 86.17 keV [46].

Therefore, the energy range from 50 up to 400 keV corresponds approximately to the tem-
perature range 0.6–4.5 T9. A feature of this process is the forbiddance of the ”strong” dipole 
E1 transition by the selection rules. So the reaction is due to the E2 transition, excepting the 
lowest energies, where the E1 process makes an appreciable contribution to the overall picture. 
As a result, the cross section of reaction (15) is only a few nanobarns and sharply decreases with 



70 S.B. Dubovichenko et al. / Nuclear Physics A 987 (2019) 46–78
Table 6
The parameters of the expression (18) for parameterizing the data in Fig. 8.

a1 a2 a3 a4 a5 a6 a7 a8 a9

−0.66815E+02 0.92167E+03 0.18011E+01 0.64950E+01 −0.26955E+01 −0.31659E+00 0.16969E+00 0.90199E+04 0.60666E+01

b1 b2 b3 b4 b5

0.63402E+00 0.65888E+00 0.22340E+01 0.15001E+01 0.62889E+00

energy decreasing due to the Coulomb barrier. The specified parametrization of this reaction rate 
is given by Trezzi et al. [58]

NA〈σv〉 = 20.07T
−2/3
9 exp

(−7.47T
−1/3
9

)(
1.0 − 4.709T

1/3
9 + 17.219T

2/3
9 − 23.839T9

+ 19.27T
4/3
9 − 3.752T

5/3
9

) + 65.409T
−3/2
9 exp

(−7.565T −1
9

)
. (16)

This parametrization is used for comparison of the rates of radiative capture processes under 
consideration. There are no fundamental differences between (16) and similar parametrization 
from the survey [12].

Theoretical and experimental aspects of the 6Li formation problem in the 4He+2H → 6Li + γ

reaction (Lithium problem) are discussed in detail in one of the most recent publication [59]. 
The authors believe that despite all the efforts of accurate theoretical calculations, even when the 
tensor component of the 4He2H forces [60] is taken into account, it is possible to overcome the 
discrepancy with the experimentally established prevalence of 6Li/H ∼ 1.7 · 10−14 only within 
∼20%.

Therefore, as an additional source of 6Li formation in the Big Bang, the reaction [61]

3He + 3H → 6Li + γ. (17)

was considered. However, we could not find the parametrization of the rate of such a reaction 
or its theoretical calculations. In order to calculate the rate of this reaction, we perform the 
parametrization of its total cross sections. We use polynomial form with the Breit-Wigner term

σ(E) = a1 + a2

(E − a3)2 + a2
4/4

+ a5E
b1 + a6E

b2 + a7E
b3 + a8/E

b4 exp
(−a9/E

b5
)
.

(18)

Basic experimental data were taken from [62]. Here we give 23 points for the total cross 
sections and we took one more point from [61] at 81 keV in c.m. All experimental data are 
shown in Fig. 8. The parametrization (18) with the parameters given in Table 6 leads to χ2 =
0.4, and the corresponding result is shown in Fig. 8 with the solid curve 1.

All parameters given in Table 6 are varied independently to obtain a minimum value of χ2. 
From Table 6 we see that the power of b4 is 3/2, as is usually assumed in similar calculations [12], 
the powers of b1, b2 and b5 are close to 2/3, and the power of b3 is approximately equal 2. But 
if we take powers, excepting the one of b4, to be equal to these integers, this leads to an increase 
in χ2 of up to 1.4. Moreover, if we perform additional variation of the remaining parameters ai , 
then, despite the small value of χ2 = 0.3, the approximated cross section becomes negative even 
at energies below 50 keV, which strongly affects the shape of the reaction rate.

Therefore, in order to calculate the reaction rate, we used the parametrization (18) with the 
parameters given in Table 6. This parametrization leads to negative cross sections at energies 
below 5 keV, therefore the calculation of the cross section is limited by this energy value. In 
Fig. 8, the dashed curve 2 shows the cross section obtained from the parameterization (18) and 
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Fig. 8. Radiative 3H(3He, γ )6Li capture cross sections. The experimental data are as follows: [63] – ", [62] – Q, 
[61] – F. For comparison, the results of [64] are given by 2. Solid curves show different parameterizations (18) used in 
the present paper.

calculated in the energy range from 0.005 to 10 MeV, which is directly used later for calculations 
of the rate of reaction (17).

Furthermore, another reaction can be considered. The following process can be estimated as 
an additional 6Li synthesis channel

n + 5Li → 6Li + γ. (19)

Obviously, a direct measurement of the cross section of this process is impossible. However, 
according to detailed balance, this cross section can be estimated from data for the photodisinte-
gration reaction 6Li(γ , n)5Li with binding energy E51 = 5.67 MeV. The arguments in favor of 
the fact that the cross section of the reaction (19) can be significant is the absence of a Coulomb 
barrier, and also a centrifugal barrier, since a “strong” dipole E1 transition is realized from scat-
tering S-waves.

For further analytical calculations of the reaction (19) rate two variants of the cross section 
parameterization were obtained. In Fig. 9a the solid curve shows the following version of the 
parameterization

σ(E) = a1 + a2

(E − a3)2 + a2
4/4

+ a5E (20)

with the parameters a1 = −0.62090E−01, a2 = 0.10927E+03, a3 = 0.64065E+01, a4 =
0.79845E+01, a5 = 0.27650E+00 with χ2 = 0.023.

These parameters were obtained as a parametrization of the data of Ref. [64] taken from 
Ref. [65] and shown with the solid circles in Fig. 9. However, this parameterization does not 
properly describe the behavior of the cross section at thermal energy. The cross section reaches 
a plateau with a value of 1.9 microbars for any, arbitrarily low energy. Since the thermal cross 
section for this reaction was not measured by anyone, we can assume for it the value of 40 mb, 
as for 7Li [66]. The use of this data on thermal neutrons for 7Li is completely justified, because 
in the ground state this nucleus has the same quantum numbers Jπ = 3/2− as 5Li, while it is 
reasonable, for the first estimate, to assume that they have similar rms sizes.
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Fig. 9. The cross section for the radiative 5Li(n, γ )6Li capture based on the data for 6Li(γ , n)5Li photodisintegration. 
The experimental data are taken from Ref. [64]. Curves are obtained using the parametrization of the present work: 
a – without reference to thermal cross sections σth; b – with reference to σth for 7Li.

For a correct description of the thermal cross sections, it is required to change the form of the 
parametrization (20) as

σ(E) = a1 + a2

(E − a3)2 + a2
4/4

+ a5E + a6/
√

E + a7/E (21)

with parameters a1 = −0.62090E−01; a2 = 0.10823E+03; a3 = 0.63957E+01; a4 =
0.79517E+01; a5 = 0.27950E+00; a6 = −0.14339E−01; a7 = 0.10142E−02 and χ2 = 0.0216. 
The green curve in Fig. 9b is obtained from the parametrization (20), taking into account the ref-
erence to the thermal neutron capture cross section. Hence one can see that the parametrized 
cross section well conveys the results of Ref. [64] and describes the data at the thermal energy. 
However, one must bear in mind that at medium energies below the data given in Ref. [64], there 
is a “plateau”, which is not characteristic of such cross sections [32].

Furthermore, in Fig. 10 one can see the reaction rates of some radiative capture processes 
which can lead to synthesis of 6Li or can be an intermediate stage for its synthesis. The solid 
curve 1 shows the results for the capture reaction rate of 3H(3He, γ )6Li obtained on the basis of 
our the parameterization (18). Let us once again pay attention to the fact that such a parametriza-
tion leads to negative cross sections at energies below 5 keV. Therefore, the cross sections are 
cut off at this energy, which apparently leads to a more rapid decrease in the reaction rates at low 
temperatures. The solid curve 2′ shows the rate of the neutron capture on 5Li for the case of the 
parametrization (19), and the curve 2 – for the parameterization (20), which makes it possible to 
describe the cross sections at thermal energies.

It is easy to see an increase in the reaction rate at low temperatures if we take into account 
the thermal cross sections for the 5Li(n, γ )6Li capture. The curve 3 is the rate of the capture 
4He(2H, γ )6Li reaction, obtained from the parametrization (16) of [58]. The curve 4 shows our 
calculations of the rate of the 3He(2H, γ )5Li capture reaction, which can be parametrized with 
the expression (13) from the previous section.

As follows from Fig. 10, the rate of the “priority” reaction 4He + 2H→ 6Li + γ is less than 
all the others. Therefore, the question about the role of the 3He + 3H → 6Li + γ process, as a 
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Fig. 10. Different radiative capture reactions rates.

possible candidate for amplifying the 6Li yield arose. The answer is contained in the comparison 
of the reaction rates presented in Fig. 10 and particles fractions in the process of BBN in Fig. 7. 
Against the background of a large fraction of alpha particles, the deuterium fraction decreases 
with decreasing temperature. The synthesis of 3He is accelerated and to some extent compared 
with the amount of 2H, starting from T9 ∼1. In the same region, a maximum is observed for tri-
tium 3H, the fraction of which, however, sharply decreases with time. As a result, the conclusions 
of [61] on the minor contribution of this reaction in comparison with (15) are understandable.

It follows from Fig. 10 that the reaction rate of the 5Li synthesis (curve 4) with the participa-
tion of deuterium and 3He at T9 ∼1 is comparable and even greater than the process (15), and the 
deuterium fraction exceeds the tritium fraction by one order. In Fig. 10 it is clearly shown that 
the rate of reaction 5Li(n, γ )6Li is greater than for 3H(3He, γ )6Li and 3He(2H, γ )5Li, and even 
greater than for 4He(2H, γ )6Li reactions. Therefore, it can be assumed that in the T9 ∼1 region, 
which corresponds to a large neutron concentration, we can expect the real contribution of the 
reaction n + 5Li → 6Li + γ to the 6Li synthesis.

Now we give the parametrizations of 5Li(n, γ )6Li and 3H(3He, γ )6Li capture reactions rates. 
In the first case, it was possible to find only a polynomial form of the parametrization
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Table 7
The parameters for expression (22).

a1 a2 a3 a4 a5 a6 a7

100.2674 717.7027 −296.7566 93.84265 −15.13806 1.2058 −0.0374

Table 8
The parameters for expression (23).

a1 a2 a3 a4 a5 a6 a7 a8

74.07273 1.8375 4.95476 0.4065 2183.953 −1.69893 −3714.616 −1.56543

a9 a10 a11 a12 a13 a14 a15 a16

907.838 3.00098 −324.5072 3.31375 11793.31 2.28774 2.48388 0.53456

NA 〈σv〉 =
N∑

i=1

aiE
i−1 (22)

with the parameters from Table 7. This form at N = 7 leads to χ2 = 3.0. Here and below, for 
calculations of χ2, the error was assumed to be 1%. The results of the approximation are shown 
in Fig. 10 with the dashed curve 2′′.

To parameterize the rate of the second reaction, another form

NA〈σv〉 = a1/T
a2
9 exp

(−a3/T
a4
9

)(
1.0 + a5T

a6
9 + a7T

a8
9 + a9T

a10
9 + a11T

a12
9

)
+ a13/T

a14
9 exp

(−a15/T
a16
9

)
(23)

was used which leads to χ2 = 32.4. The results of the approximation are shown in Fig. 10
with the dashed curve 1′ with parameters given in Table 8. As seen from Fig. 10, the rate of 
the 3H(3He, γ )6Li capture reaction has an unusual form. Perhaps this is a consequence of the 
overestimated cross section obtained from the parametrization (18) in the low-energy region. 
Therefore, in expression (23), it is required to vary not only the coefficients of the T9 powers, but 
also the values of the powers themselves.

Based on the obtained results, a more consistent evaluation of the role of the n + 5Li → 6Li +
γ process in the BBN and in stars is desirable in the future. For this purpose, all necessary cross 
section parameterizations and reaction rates are obtained in this paper. In addition, our simple 
estimates based on the mass fraction distribution shows qualitatively that the role of the n + 5Li 
→ 6Li + γ reaction requires a further study for astrophysical processes in conditions of high 
neutron concentration, which have a different temperature regime compared to the BBN.

We present calculations for the total cross sections, astrophysical S-factor, and reaction rates 
for 3He(2H, γ )5Li radiative capture in the framework of the potential cluster model with for-
bidden states using a single channel approach. We show that the integral characteristics of
3He(2H, γ )5Li radiative capture can be reproduced with very high accuracy. Our results are 
promising and pave the way for further microscopic analyses of this process. However, it is well 
known that the 3He(2H, p)4He and 3H(2H, n)4He) reactions are strongly dominant. We are well 
aware of the classical works within the method of resonating groups on the investigation of the 
α + N scattering channels taking into account the coupled-channels for five-nucleon systems. 
This formalism found wide acceptance following its application to calculations of various polar-
ization characteristics [67]. Indeed, there are indications of very subtle effects associated with 
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channels coupling for polarization characteristics. Today the Gaussian expansion method to ac-
curately solve the Schrödinger equations, which includes heavy calculations for bound, resonant 
and scattering states of three- to five-body systems (see review: [68] and references) is used for 
coupled-channels calculations. Our calculations can be further improved by including additional 
α+N channels by performing coupled-channels calculations. The description of the five-nucleon 
system using the potential model within the Schrödinger equations with modern nucleon-nucleon 
potentials is a challenging issue and beyond the scope of the present research.

One should pay attention to the fact that the variation in the data on integral sections, which 
we use for astrophysical calculations, is quite large. In Section 2 we did our best to reasonably 
and maximally coordinate both the total cross sections and yields of the processes. We relied 
on this compilation of the data that served as a criterion for the reliability of our calculations. 
One can see that the experimental data can be reproduced within a single-channel approach. In 
our opinion the coupled-channels calculations will not dramatically change the resulting pat-
tern.

In this paper we make the assumption related to the existence of the two step mechanism 
3He(2H, γ )5Li → 5Li(n, γ )6Li in formation of 6Li as one of the options to address the lithium 
abundance within the BBN model. The role of short-lived isotopes in astrophysical thermonu-
clear processes is quickly becoming a popular subject of experimental and theoretical research, 
so in this pioneering work, we tried to identify some problematic aspects of these calculations 
regarding the lack of information in the literature for the considered processes. In addition, a 
role of two-step processes, which are extremely difficult to study in laboratory conditions, but 
which, nevertheless, occur in natural plasma, requires clarification. These processes either make 
a certain contribution to the scenario of stellar plasma evolution as a whole, or their role should 
be considered insignificant. This question is open, and we have demonstrated one of ways to 
address its solution.

6. Conclusion

In conclusion, we note that the main goal of our studies is to determine the role of the
3He(2H, γ )5Li radiative capture reaction in the balance of processes involving deuterons that 
occur under natural and laboratory conditions in plasma. This reaction was not considered in 
the review [12], which presents the parameterization of reaction rates involving light and light-
est nuclei. The contribution of this work to this important compilation consists in calculating 
the rate of the 3He(2H, γ )5Li process based on a certain nuclear model and its corresponding 
parametrization (13).

Nuclear physics aspects

Comparatively simple-channel model representations (namely, the use of MPCM in this work) 
succeeded to obtain the theoretical results in general agreement with the available experimental 
data for the S-factor or total cross section of the radiative 3He(2H, γ )5Li capture. The larger value 
of minimum in the cross sections at energies 0.4 ± 2 MeV, in comparison with the experiment, 
can be due to the fact that we do not take into account any additional electromagnetic transitions, 
in spite of we took into account 12 such processes. However, there may be another explanation. In 
the experimental data for capture on the GS a contribution from the transition to FES is present. 
All the main available experimental data, reviewed in Sec. 2, were obtained and published about 
45 to 60 years ago and obviously require clarification.
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Nuclear astrophysics aspects

From the point of view of further application of the results obtained here in astrophysical 
problems, we can indicate the following:

1. Simple parametrizations of the considered radiative 5Li(n, γ )6Li and 3H(3He, γ )6Li cap-
ture reactions cross sections and their rates are obtained.

2. The rates of these two processes and the rate of the 3He(2H, γ )5Li capture reaction consid-
ered here are compared.

3. The possible contribution of the neutron capture on 5Li to the formation of a stable 6Li is 
considered.

4. It has been shown qualitatively that the neutron capture on 5Li formed at 3He(2H, γ )5Li 
capture in the temperature range of the order of 1.0T9 at the BBN, can make a significant contri-
bution to the processes of primary accumulation of a stable 6Li.

On the basis of all results obtained here it is clear that now it is required to make quantitative 
calculations of the contribution of such reactions to the accumulation of the 6Li nucleus at BBN 
in stars and other astrophysical processes.
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