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ABSTRACT

Accurate "Li(d,n)2*He thermonuclear reaction rates are crucial for precise prediction of
the primordial abundances of Lithium and Beryllium and to probe the mysteries beyond
fundamental physics and the standard cosmological model. However, uncertainties still exist
in current reaction rates of "Li(d,n)2*He widely used in Big Bang Nucleosynthesis (BBN)
simulations. In this work, we reevaluate the "Li(d,n)2He reaction rate using the latest data
on the three near-threshold “Be excited states from experimental measurements. We present
for the first time uncertainties that are directly constrained by experiments. Additionally,
we take into account for the first time the contribution from the subthreshold resonance at
16.671 MeV of 9Be. We obtain a "Li(d,n)2He rate that is overall smaller than the previous
estimation by about a factor of 60 at the typical temperature of the onset of primordial
nucleosynthesis. We implemented our new rate in BBN nucleosynthesis calculations, and we
show that the new rates have a very limited impact on the final light element abundances in
uniform density models. Typical abundance variations are in the order of 0.002%. For non-
uniform density BBN models, the predicted “Li production can be increased by 10% and the
primordial production of light nuclides with mass number A>7 can be increased by about
40%. Our results confirm that the cosmological lithium problem remains a long-standing

unresolved puzzle from the standpoint of nuclear physics.

Subject headings: cosmology: early universe — cosmology: primordial nucleosynthesis — plasmas
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1. Introduction

Regarded as a key pillar of modern cosmology, Big Bang nucleosynthesis (BBN) describes the
conditions in which nuclear reactions built the first complex nuclei as the universe expanded and cooled
down from an incredibly dense and hot primordial fireball. About half an hour after the start of the
Big Bang, the entire process of primordial nucleosynthesis ended, leaving behind as main relics 2H,
3He, “He, "Li. In the standard BBN model, the prediction of primordial abundances depend on only

one free parameter: the baryon-to-photo ratio 1, which has been determined quite accurately from

observations of the anisotropies of the Cosmic Microwave Backgroud (CMB) (Planck collaboratio

2020). Thus, provided that no uncertainties exist in the relevant reaction rates, the BBN-predicted

light nuclide abundances should be reliable. Current BBN predictions for abundances of D, 3He, *He

are consistent with values inferred from astronomical observations. However, only the “Li abundance

is over-predicted by about a factor of three (Cyburt et al. 2003; ICoc et all 2004; |Asplund et al. 2006;

Sbordone et al![2010). This is called the ”cosmological lithium problem”.

Over the past decade, many attempts to address this issue have been carried out, such as from

the perspective of conventional nuclear physics and even exotic physics beyond the standard BBN

framework (Angulo et al. 2005; ICvburt et alll2008; Bovd et al!l2010; [Pospelov & Pradler 2010; Fields

2011; Wang et all 2011; Kirsebom & Davids 2011; Broggini et _all 2012; ICyburt. & Pospelov 2012;

Voronchev et al. 2012; ICoc et al! 2012; [Kang et al. 2012; [Hammache et al) 2013; |Coc et all 2013;

Pizzone et al. 2014; [Kusakabe et al. 2014; |Coc et all 2014; [Yamazaki et al. [2014; Hou et al. 2015;

Famiano et all 2016; ICyburt et all 2016; Hou et al. 2017; [Damone et al. 2018; Hartos et al. 2018;

Rijal et al. 2019; Luo et all2019; [Clara & Martins 2020). However, despite the fact some solutions

using exotic-physics have succeeded in resolving this issue, it appears there is still no universally
accepted solution in the academic community since validations of these mysterious exotic-physics
are beyond the capabilities of current science. Conversely, it seems more worthwhile to exclude any

potential possibility of resolving the “Li discrepancy from the perspective of nuclear physics and many

have argued this since the problem was first put forward (Kirsebom & Davids 2011; Broggini et al.

2012; Hammache et _al. 2013; [Hou et all2015; Hartos et al. 2018). Meanwhile, enormous efforts have
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been made to refine the reaction rates of key BBN reactions in the past twenty years (Smith et al

1993; |Serpico et _al. 12004; Descouvemont et _all2004; [Cyburt & Davids 2008: [Neff 2011; Tumino et al

2014; Pizzone et al. 2014; [Hou et all[2015; Tliadis et all2016; [Lamia et alll2017; Barbagallo et al.2016;

Kawabata et al. 2017; [Damone et al. 2018; Lamia et al. 2019; Rijal et al. 2019; Mossa et _al! 2020),

but the probability of solving or alleviating the “Li problem by improving our knowledge of relevant

nuclear reaction rates still cannot be eliminated. Recent experiments for key nuclear reactions like

"Be(n,p)"Li and “Be(d,p)2*He allow for a reduction of the “Li production by about 12% (Damone et al

2018; Rijal et al. 2019) compared to previous calculations. At present, nuclear uncertainties cannot

rule out that some of the reactions destroying Li are indeed more efficient than those currently

used (Chakraborty et al. 2011; [Boyd et _al.l2010).

Despite the fact it is an important “Li destruction reaction, before 2018 the "Li(d,n)24He reaction
could not been well studied due to limited information of energy levels close to the threshold in ?Be.
With mounting experimental results concerning the properties of relevant excited states emerging
recently, it is the right time to reinvestigate the “Li(d,n)2%He reaction rate. The necessity of carrying
out this work can be summarized by: Firstly, the maximum reduction of uncertainties of "Li(d,n)2*He
reaction rates can remove the most significant ambiguity in the calculated "Li abundance due to this
reaction, and promises substantial improvements in the "Li BBN prediction. Secondly, more accurate

abundance predictions of primordial isotopes are also crucial to probe exotic physics beyond the

standard model as well as to constrain cosmological parameters (Pospelov & Pradler 2010; [Fieldd 2011}

Coc et _all2013; [Kusakabe et al.2014; ICoc et al!2014; [Yamazaki et all2014; [Hou et all2017; Luo et al

2019; Mossa et al. 2020). For these reasons, this work is important for the continued developments of

other interdisciplinary fields such as astronomy, cosmology, and particle physics.

The current "Li(d,n)2*He reaction rate most widely used in BBN simulations is taken

from Bovd et all (1993) (hereafter referred to as BM93). Differing from the rate compiled

by [Caughlan & Fowler (1988) (hereafter CF88), which only considered the direct component, the BM93

rate not only updated the direct reaction rate, but also took the contributions from the 280 keV and 600

keV resonances into account. Theoretically speaking, the BM93 rate should be more reliable compared
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with the evaluation from CF88. Nevertheless, we found that a significant overestimation exists in their
assessment, which could potentially impact BBN nucleosynthesis. In this work, the “Li(d, n)2*He
reaction rate is investigated systematically and comprehensively, and the separate contributions from
the direct components and resonances near the deuteron threshold are studied individually. It is well
known that the uncertainties of every individual component come from the uncertainties from its own
input parameters. For the purpose of getting more reasonable uncertainties of the total reaction rates,
a Monte Carlo approach is used to obtain the total “Li(d,n)2*He reaction rate and its corresponding
error. In order to study the impact of the new reaction rate on the abundances of primordial nuclei,
we perform detailed BBN calculations using two types of models: a uniform density distribution model

and a nonuniform density model.

The paper is organized as follows. In section 2, we introduce the basic formalism for the resonant
reaction cross section and its relation to the astrophysical reaction rate. In section 3, based on an
elaborate investigation of each individual term which contributes to reaction rates, we derive the
cross section of the “Li(d,n)24He reaction and its corresponding uncertainties, further obtaining the
new astrophysical reaction rate of “Li(d,n)2*He. In section 4, we perform the BBN simulations with
a uniform and a nonuniform baryon distribution to investigate the impact of our new Li(d,n)2*He

reaction rate on primordial yields. Our conclusions are summarized in the last section.

2. Astrophysical reaction rate

The thermonuclear rate is calculated from the reaction cross section o(FE) by integration over the
Maxwell-Boltzmann distribution of the interacting particles in a stellar environment with a temperature

T (Rolfs & Rodney [1988; Iliadis 2007)

(o) = - kT/ Eexp<—k£T) iE, (1)

where g is the reduced mass, N4 is Avogadro’s number, and k is the Boltzmann constant. Obviously,
the reaction cross section o(FE) and its energy dependence are the key parameters for determining the

reaction rates. o(FE) is comprised of resonant and direct reaction cross section.
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2.1. Resonant cross section

Differing from a one-step process without the formation of an intermediate compound nucleus
(direct reaction), a resonant reaction proceeds through the formation of a compound nucleus in the
entrance channel which subsequently decays to the exit channel. The resonant cross section is described

by a Breit-Wigner single level formula

m wrinrout (2)
o =
2UE (E — E,) + T,/4°

where the first term is the upper limit for the cross section (i.e., the geometrical cross section), E is the
energy in the center of mass frame (CM), E, is the resonance energy, and I';, and I',,; are the widths
of the entrance channel and exit channel, respectively. The total resonance width of the state is defined

as I'yor = Ty + Towr + - - - The statistic factor w is defined as

(2Jc + 1)(1 + do1)

RN AR NCY A 3)

which takes into account the angular momenta Jy and J; of the colliding nuclei and the angular
momentum J¢ of the excited state in the compound nucleus. The factor (1 + d¢1) is included since the

cross section for identical particles in the entrance channel increases by two times.

The resonance width T';,(I'py¢) can be parameterized by the dimensionless reduced width 6%, which

incorporates all the unknown properties of the nuclear interior,

I, — %PAE, R)8,. (4)

where v is the relative velocity in the C'M frame and R is the interaction radius. The function P,(E, R)

refers to the Coulomb and centrifugal barrier penetrability given by

1
[Fi(E; R)? + Gi(E; R)?]

B(E, R) = ()

Here, Fi(F; R) and Gi(FE; R) are the regular and irregular Coulomb wave functions, respectively.
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2.2. Resonant reaction rate
2.2.1. Narrow resonant reaction rate

Broadly speaking, the astrophysical reaction rate should be obtained by performing strict numerical
integration following Eq. 1. However, in the case of a narrow resonance for which the width of the

resonance is much smaller than resonance energy, the expression for the rate can be rewritten as

271' ET’ Finrout o 1—‘tot/2
= o 2 E
70 = Gk < krT) “ T /o (B —BP+ 15,1 ©)

since the partial width and the energy factor from the MB distribution are approximately constant

over the whole total width of the resonance.

By introducing the concept of resonance strength with definition of wy = wI';,'ous/Tior and the

integral in Eq. 6 can be calculated analytically, the narrow resonance reaction rate can be simplified as

(ov) = (%)3/2 Fwryexp (-f—T) | (7)

2.2.2.  Reaction rate of broad resonance and sub-threshold resonance

For the case of a broad resonance where the resonance width is not much smaller than the width
of the Gamow peak for a given temperature, it can no longer be assumed that partial widths and the
M-B distribution factor can be pulled out front from the integration as constants. In such a case,
the reaction rates must be calculated by numerical integration using Eq. 1. Similar cases occur to
subthreshold resonances where the compound level lies below the particle threshold and the reaction
can proceed via the high energy wing of the resonance extending over the particle threshold. Likewise,
the energy dependence of the partial and total widths is required as well. Therefore, we just need to
follow the same procedure used for broad resonance to calculate the contribution from a subthreshold

resonance to the reaction rate.
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3. Derivation of the reaction rate for "Li(d,n)2'He

It is well known that the astrophysical reaction rate is mainly determined by the reaction cross
section in the energy region close to the threshold. For the reaction "Li(d,n)2%He, it is known that
there are four near-threshold resonances: the subthreshold state at -24.9 keV and three above-threshold
resonances at 0.28, 0.6, and 0.8 MeV, respectively. However, the properties of these resonances are still
ambiguous and the partial widths of some resonances remain unknown up to now. In this section, we

will study each of them in detail utilizing the results from recent experiments.

3.1. The cross section break-down
3.1.1.  Consideration of the subthreshold resonance

As noted in the introduction, the newest “Li(d,n)2*He astrophysical reaction rate widely used in
BBN simulations is from the estimation of BM93, which includes the contributions from both direct
components and resonances at 280 keV and 600 keV. Compared with the rates from CF88, wherein
only the contribution from the direct term is considered, the BM93 rates integrate the contributions
from resonances near the threshold for the first time which means, at least in principle, it should
be reliable. However, neither rate includes the contribution from the ?Be resonance state at 16.671
MeV (Tilley et al.2004), which is only 24.9 keV below the energetic threshold of the "Li + d reaction;
this is most likely due to the inaccurate information regarding energy levels of the 9Be nucleus at that
time. Fortunately, fruitful follow-up experimental studies on the energy level of “Be made it possible to

assess its contribution to the “Li + d reaction rates.

Owing to the absence of a Coulomb barrier for neutron emission from the *Be compound system,
it is conventionally thought the d+7Li reaction proceeds mainly through intermediate states in *Be
by the “Li(d,n)®*Be(a) “He reaction sequence, and not through intermediate states in He by the
"Li(d,a)’He(n)*He sequence. Nevertheless, completely differing from our conventional understanding,

the recent experimental result from Rijal et al! (2019) strongly indicated that a-decay dominates for
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the 16.849 MeV, 5/2% state in B (actually corresponding to the 16.71 MeV state in energy level
diagram of B in NNDC), which is regarded as the mirror state of 5/2% state at 16.671 MeV in Be.
According to the mirror symmetry principle, the J*=5/2% subthreshold state in ?Be should primarily
decay by a-emission as well, and the counterpart *He then subsequently splits into neutron and o.
Therefore, nucleosynthesis calculations should also take into account the "Li(d,«)’He reaction although

the final products are the same as the "Li(d,n)®Be reaction.

For the purpose of calculating the separate contribution from the subthreshold resonance to the
"Li(d,n)2*He reaction rate, the energy level information of this state including spin, parity and partial
width for d, n, and « decay of this resonance are required. It is known from NNDC that the spin and
parity of the 16.67 MeV resonant state of YBe are determined as J™=5/2", while the relevant knowledge
of partial decay widths of this state remains unknown. Thus, we have to derive the widths of these
particle decays using resonance theory in combination with relevant width information of its mirror

state in ?B.

From section 2, we know that the partial decay width I'; (i = a, d, n) essentially depends on three
aspects: relative velocity v, penetration factor P(F, R) and reduced width #*. Among them, relative
velocity v can be obtained easily and P(E, R) can be calculated analytically for neutron emission,
but for the case of charged nuclei, we have to resort to a numerical calculation instead of analytical
approximation in order to obtain the P,(E, R) with relatively high accuracy. In our calculation, a
code following the formalism depicted in [liadis (1997) is used to calculate P(E, R). Regarding the
reduced width 6?2, it reflects a measure of the degree to which actual quasi-stationary state can be
described by the motion of particle a and the residual nucleus X in a potential. In principle, it can be
estimated on the basis of a nuclear potential approximated as a square well and assuming average level
distance (Blatt & Weisskopf 2010). Nevertheless, the value derived from experiments would be of high

priority for its use in calculations.

It is well known that a mirror state is referred to as an analogue state at nearly the same excitation
energy in mirror nuclei pairs, which can be inter-transformed by exchanging the role of protons with

neutrons. According to mirror symmetry, the properties and configuration of the mirror states in the
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mirror pair of °Be and ?B should be identical apart from the Coulomb effects. Thus, it is expected
that the 02 value holds constant for identical particle decay from the mirror states pair of °B at 16.849
MeV and ?Be at 16.67 MeV. Therefore, the reduced width 62, which will be used to calculate the
partial width of the subthreshold level (16.67 MeV) of “Be, can be extracted directly from the relevant
widths information of its mirror state in 9B (16.849 MeV, 5/2%). Fortunately, the partial widths

for the mirror state in *B are available thanks to recent cross section measurements of the "Be + d
reaction (Rijal et al.2019). In their analysis, it is shown that the (d,«) channel dominates relative to
the (d,p) channel and the values of I', and I'y are suggested to be 50 keV and 3.3 keV, respectively.
I', is only 1 keV, implying the contributions from the (d,p) channel is negligible. Using Eq. 4, the
reduced width 6? (i = «, d, p) values for the mirror state in B of 16.849 MeV are obtained and listed
in Table [l Here, the uncertainty of 6 is mainly caused by the influence of the Coulomb penetration
factor P, from the 5 keV uncertainty of the resonance energy. However, this hardly makes a visible
impact on 62 and 912) because several keV uncertainty in the energy level can be totally neglected with
respect to the huge energy release for a- and p-decay. In the present evaluation, we mainly consider the
"Li(d,a)’He channel since the neutron decay is negligible relative to a-decay. Using the above reduced
widths of d and « from the mirror state in B, as shown in the first row of Table 2 the cross section for
the "Li(d, a)®He reaction proceeding through the subthreshold compound nucleus Be can be obtained

using Eq. 1.

3.1.2. The 600-keV resonance

The resonance, 600 keV above the deuterium threshold (16.6959 MeV), corresponding to the 5/2~
exited state of Be at 19.298 MeV, is thought to be very significant in the evaluation by BM93 since

they thought its contribution to the "Li+d reaction rates dominate within the temperature range of

Table 1: The reduced width of different particle decays for the 16.849 MeV level in ?B.
Er MeV) JT  Tp Ty Ta 62, 62 62
0.361(5) 5/2% 1 3.3 50 3.64x107° 0.11940.008 3.22x1073
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BBN interest. In their evaluation, the total cross section at resonance energy F,=600 keV is determined
to be 420 mb, which was obtained by multiplying the value of the cross section measured at 0° by 47
on the assumption that the differential cross section is isotropic (Slattery et al)|[1957). According to

the Breit-Wigner single resonance formula Eq. 2, we know that the reaction cross section o, will reach
a maximum when the condition of I';,=I",,;=I"/2 and I'=I";,+1,,; is satisfied. We also know that the
total width of this state is determined as 200 keV from [Tilley et all (2004), so if one sets I';,=I"5,;=100
keV, the obtained maximum limit of the cross section at E,=600 keV should be 357 mb, which is still
smaller than the value of 420 mb adopted in BM93. If all of these considerations are correct, the cross
section for the resonance at 600 keV is overestimated in the evaluation of BM93. The reason for this

overestimation is not obvious. A possible reason could be attributed to the assumption of isotropy for

the angular distribution.

We now use an indirect method to reevaluate the contribution from the 600 keV resonance on
the cross section of “Li(d,n). In contrast to the situation of the "Li(d,n) cross section at E,=600 keV
which has a lack of sufficient experimental data, the cross section for “Li(d,p) from this resonance has
been measured extensively. The currently existing values for the measured "Li(d,p) cross section range
from a maximum value of 211+15 mb to a minimum of 110422 mb (Adelberger et alll1998), and the
cross section for this resonance recommended by [Adelberger et al. (1998) is 147+11 mb based on the
comprehensive consideration of previous measurements. Another new cross section measurement of
this 600 keV resonance, which is free from the effect of backscattering, presented a slightly bigger value
of 15548 mb (Weissman et all[1998). Here, the two above proposed cross sections lead to an average

value of 04, = 151 £ 10 mb, which will be used in our next calculation.

The recent measurements of resonances in ?Be around the proton threshold present the specific
partial widths of (p, d), (p, @) and (p, p) of the 19.298 MeV excited state (E,=600 keV for deutron
threshold) via multichannel R-matrix analysis of the experimental data (Leistenschneider et all2018).
The final values of I',,, Iy, I',, for this state and the associated uncertainties are determined to be 40£10,
150£7, and 20+£3 in keV, respectively. Using the values of I'y and I', given above, we attempted to

reproduce the value of 151410 mb by adjusting the values of I'y and I', within their own uncertainties
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and finally I'y= 143 keV and I', = 30 keV are proposed.

Recalling the specific derivation of the resonant cross section of “Li(d,n) from the 17.298 MeV
resonance in the BM93 estimation, one point we need to highlight is that I', was thought to be
negligible compared to I',,. However, we found there is no definite evidence to support their conclusion
in the literature (e.g., [Heggie et alll1973). On the contrary, the experimental results from [Heggie et al.
(1973) show that the alpha emission accounts for a significant fraction relative to neutron emission.
Our conclusions are not affected by which channel dominates between “Li(d,n) and "Li(d,«) since the
final reaction products in a three-body form will be identical for both the two channels. The sum of
the contributions from these two channels can be taken as the resonant cross section for “Li(d,n) or
"Li(d,a) at 17.298 MeV. As indicated in [Tilley et al! (2004), the v decay width is only at the level of
several eV so the total width (I'=200 keV) of the 600 keV resonance consists almost entirely of I'y, I',,,
I'y, I'y. Note that the partial widths I',, I'; have been set as introduced above, and all of the remaining
fraction of the total width I' (subtracting I', and I';) can be taken as the value of I, or I',. For this
reason, we can set the the upper limit of I'y, as T' - (I'y 4+ I[',). Then the reduced widths 6? (i = p, d)
and the upper limit of 2 can be obtained via the partial width formula Eq. 4, as listed in the second

row of Table 2L

Unlike the reaction rate from a single narrow resonance, which can be directly obtained via
Eq.7, the calculation of the reaction rate for the 17.298 MeV resonance relies on Eq.1 since this
resonance is confirmed to be broad. Similar to the case of subthreshold resonance, the knowledge of the
dimensionless reduced widths 2 for different decay channels are required. Using our deduced values of
I'y and I, for the resonance at £,=600 keV in combination with the partial width formula( Eq.4), the
reduced widths 67 (i = p, d) can be obtained, as listed in Table 2. If we take the remaining width T-(Ty
+ I',) as the the upper limit of I, or I',,, we can then obtain the maximum value of the cross section

for the "Li(d,n)2*He from the 600 keV resonance.
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3.1.3. The 800 keV resonance

The 800 keV resonance corresponds to the excited state of “Be at 17.493 MeV, with recommended
JT = T7/2% assignment in Tilley et al. (2004). The nature of this state, like partial decay widths, is
still not well understood, despite the fact the total width is confirmed to be 47 keV. Fortunately,
information regarding the partial width of this state is given by |Leistenschneider et all (2018) and
will be used directly in our evaluation, as shown in third row of Table 2. We emphasize again that
the contribution of "Li(d,a)’He is regarded as equivalent to the "Li(d,n)2*He channel since the final
reaction products of both reactions are identical. Through a similar process to that in the previous

section, the cross section of the 17.493 MeV resonance can be obtained.

3.1.4. The direct contribution

For the sake of comparison with previous results and convenience of discussion below, we here write
the cross section in the form of o(E) = S(E)E~'e *™g(E), where S(E) is the astrophysical S-factor
and 7 is the Sommerfield parameter. Examining the previous evaluations of direct contributions from
"Li(d,n) in literature (Caughlan & Fowler [1988; Boyd et all[1993), it is clear that the source data used
to determine the direct S-factor in BM93 originates from [Slattery et all (1957), which is exactly the
same one used to derive the cross section of the 600 keV resonance, while that of CF88 remains unclear.

We investigate the relevant literature and assume that the data originates from [Baggett & Bame

Table 2: Resonance properties (energies in MeV, widths in keV) considered in the present calculation.
Energies are given with respect to the “Li+D threshold. Note: the value with an * denotes the upper

limit for the given quantity and specific particle decay.

E, (MeV) Jo T, T4 T, 6 62 62
-0.02494+0.008 5/2* 0.119+0.008  3.22x103
0.640.005 5/2~ 30 143 27 0.18640.006 0.09940.0014 1.872x107%*

0.8+0.005 7/2% 1£0.2 743 3944
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(1952). This assumption is also confirmed by comparing the CF88 rate to the results from a numerical
integration over the cross section data in low energy regions of Baggett & Bamé (1952). The direct
S-factor S(0) determined in CF88 is about 33.9 MeV-barn, which is about 2 times that derived

in Boyd et al. (1993) based on data between 1.6 and 2.0 MeV of deuteron energy. It is difficult to

conclude which is correct since both of them have their own intrinsic drawbacks.

The uncertainties of the CF88 direct S-factor mainly stem from the constraints of measurements
at very limited solid angle (90+20 degree) and the assumption of isotropic angular distribution,
which have proven to result in S-factor overestimation(see section 3.1.2 on the 600 keV resonance).
In addition, at low energies, extra contributions from possible resonances near the threshold, such
as yet to be identified subthreshold resonances and effects from electron screening, will both lead
to overestimation of the S-factor from direct term. Differing from the case of CF88, the S-factor of
direct term from Boyd et all (1993) is determined as 17 MeV-b based on the fact that the derived
S-factor values almost appear to be a constant in the energy range from 1.6 to 2.0 MeV. Theoretically
speaking, this value might be more reliable compared with that from CF88 since the interference from
subthreshold resonances and electron screening can be excluded. However, it is likely still overestimated.
The reasons are threefold: Firstly, this value of 17 MeV-b from BM93 actually refers to the sum of the
"Li(d,n) and “Li(d,p) channels, while the actual contribution from 7Li(d,n) is only about 9 MeV-b. The
remaining part accounts for the endoergic “Li(d,p)®Li reaction which does not proceed efficiently in
BBN as a result of the dominance of its reverse reaction. Therefore, they should be separately treated
as two different reactions whenever performing BBN network calculations, but this is not mentioned
in all of the previous BBN simulations where the BM93 rate is used directly (Serpico et al)2004;
Pisanti et all2008; |Coc et al. 2012; |Arbey 2012; (Consiglio et al. 2018; [Pitrou et al. 2018). Secondly,
it is well known that the cross section value from experimental measurements for a fixed reaction can
reflect only the total contributions from direct components and resonant components, not the separate
contribution. So the value from BM93 still includes the resonant contribution in or near the energy
zone of 1.6 to 2.0 MeV. Thirdly, the same as for the case of the 600 keV resonance where the isotropic

angular distribution is assumed for the same source data of cross section, it is inevitable to produce
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overestimation of direct S-factor. In other words, this S-factor of about 9 MeV-b is still larger than the

true value taking into account only the direct contribution.

In the present work, instead of adopting the data from Baggett & Bame (1952) and [Slattery et al.
(1957), we choose data from the recent work where the direct S-factor is determined as
S(E)=5400(£1500) - 37(£21)E keV-b (Sabourov et all [2006). In their experiment, the cross
section of “Li(d,n) was measured for energies below 70 keV and the emitted neutrons were detected at
eight different angles from 0° to 150°, so the obtained S-factor value could exclude the influence from the
assumption of the isotropic angular distribution in [Baggett & Bame (1952). Another reason we choose
this value for S(F) is due to its consistency with the value estimated by using the extracted factor
of overestimation to scale the S(0) of the “Li(d,n) channel in Baggett & Bame (1952). Specifically, it
can be seen that both of the cross section of "Li(d,p) and “Li(d,n) were measured in [Baggett & Bame
(1952). The cross section of “Li(d,p) at the peak of 600 keV resonance is up to 230 mb in their
results, but the proceeding measurements of the “Li(d,p) cross section for this resonance support the
value of 147 mb recommended in |Adelberger et al. (1998), which is about 64 percent of the value
from Baggett & Bamd (1952). Then the factor of overestimation extracted out from these two sets of
"Li(d,p) cross section data can be used to scale the direct S-factor of "Li(d,n) derived from the low
energy cross section in [Baggett & Bame (1952). The obtained value is approximately 5700 keV-b,

basically in accordance with the value from [Sabourov et al. (2006).

3.2. Astrophysical S-factor and reaction rate of "Li(d,n)2'He

Using the information of T'; and 6? listed in table 2 and the newly determined direct S-factor
from previous section, the total S(E) (or cross section o(E)) of "Li(d,n)2*He and its corresponding
uncertainties can be obtained via a Monte Carlo simulation considering all the the uncertainties of
the resonance parameters, as plotted in Figure [Il The solid blue line refers to the total S-factor for
"Li(d,n)2*He, and the dashed red and orange lines correspond to upper and lower limits, respectively.

Figure.1 shows that the rapid decrease of the S-factor in the low energy region is due to the -24.9 keV
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Fig. 1.— The obtained astrophysical S-factor of "Li(d,n)2*He reaction as a function of energy corre-
sponds to the solid blue line, while dashed red and orange lines signify the upper limits and lower limits,

respectively.

subthreshold resonance. The two peaks are the 5/2~ resonances at £,=17.298 MeV (E,.=600 keV)
and the 7/2~ resonance at E,=17.493 MeV (E,=800 keV), respectively. Here, we did not consider the
1/27 resonance at E,=16.9752 MeV (E,=280 keV) since its width is too narrow to make a noticeable

contribution to the final results.

The S-factor obtained above is then inserted into the reaction rate expression to calculate the
total reaction rate of "Li(d,n)2He as shown by the green solid line in Figure 2. We also break down
our newly obtained total reaction rate in terms of the separate contributions from direct and various
resonances. It is seen clearly in Figure 2] that the reaction rate is dominated by the nonresonant
contributions from direct reaction and subthreshold resonances, rather than by the 600 keV resonance
asserted in the previous evaluation from BM93. In particular, the contribution from the -24.9 keV
subthreshold resonance dominates for temperatures lower than 0.07 GK. For temperatures T > 0.07
GK, it is mainly contributed by direct reaction. Around the temperature of 1.6 GK, the 600 keV (5/27)
broad resonance contributions is comparable with those from direct components. The contribution
from the 800 keV resonance can basically be neglected. Here, the narrow resonance at F,=280 keV is

neglected in our calculation since its contribution is even smaller than that from the 800 keV resonance.
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Fig. 2.— The new reaction rate of "Li(d,n)2He as a function of temperature in units of GK is shown
by the green solid line. The rate contributions from direct reaction and various resonances are displayed
separately. The dashed-dotted line shows the subthreshold resonance (E, = -25 keV). The solid red

and orange lines correspond to the resonances at E, = 600 keV and 800 keV, respectively. The dashed

purple line indicates the direct component.
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Fig. 3.— Total reaction rate of "Li(d,n)2*He as a function of temperature in units of GK where the

green shaded band is its associated uncertainties. For comparison, we also plot the previous results from

CF&8 and BM93.
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The uncertainty of the S-factor shown in Figure [1l is also used to calculate the uncertainty for
the "Li(d, n)2*He reaction rates, as shown in Figure B by the green shaded band. For convenience of
comparison, the old rates from previous works are also included in Figure [3 where the blue solid line
is for the BM93 rate and the brown line is for CF88 rate. It can clearly be seen from Figure [ that our
new rates, including its upper and lower limits, is overall smaller than the previous two evaluations.
In particular, for temperatures in the range of BBN importance (up to about 1 GK), our new rate
is about 60 times smaller than the rate widely used in current BBN simulations given by Boyd et al.

(1993), which strongly motivates us to explore its impact on the production of "Li during BBN.

For the sake of convenience for its use by others, the present rate can be well fitted (less than
0.11% error in 0.01—10 GK) by the following analytic expression in the standard seven parameter

format of REACLIB:

N (ov) = exp(45.3213+0.180629T; ' — 16.8231T, /* — 14.9337T,/* 4+ 1.22317Ty — 0.0685717T3"° +
1.809041n(Ty) +exp(0.410313+0.0129319T; ' — 1431537, /*+36.1545T;/* —9.83075Ty — 0.445434T,"° —
8.38412In(Ty))

4. BBN calculation

Using the new "Li(d,n)2*He reaction rate, we perform a BBN simulation to investigate its
effect on the primordial “Li abundance by using a modified Wagoner code with updated reaction
rates. In our calculation, we choose the most up-to-date baryon-to-photon ratio 7,0=6.104(n;y =
n x 101%) (Planck collaboration 2020) and the newest world average for the neutron lifetime
(7=879.440.6 s) from [Fields et all (2020). The predicted light element abundances are shown in
Table Bl It is found that the adoption of the new rate hardly results in any remarkable change in the
final "Li yield. In particular, the abundance of "Li only incrases by about 0.002%. The present nuclear
uncertainties associated with the "Li+d channel have no impact on “Li nucleosynthesis. The reason for
such a low effect is that the direct production of “Li dominates at low baryon abundances (7o < 3),

whereas the direct production of “Be dominates at higher baryon abundances (1,9 > 3), as is remarked
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in [Steigman (2007). In other words, the alteration of the direct production of "Li caused by the new

"Li(d,n)2*He rate can be completely neglected in regions of high baryon density.

With this in mind, it is worthwhile to consider alternative BBN models which can produce low
baryon density regions (Rauscher et all[1994; |Orito et al)[1997). One appropriate candidate where we
would expect the "Li+d reaction to have an impact is that of an inhomogeneous density distribution at
the time of Big Bang nucleosynthesis (IBBN), in which 7Li(d,n)2*He probably plays a pronounced role.
We adopt the same IBBN model as in Orito et al. (1997), where the model is parameterized by the
density contrast between the high and low-density regions R; the volume fraction of high-density region
fv; the distance scale of the inhomogeneity r, in addition to the average baryon-to-photon ratio n and
fluctuation geometry. The present calculation is performed in a cylindrical shell geometry, where the
same set of model parameters (R, f,,r) as in ref (Orito et alll1997) are used to characterize the density
nonuniformity, where R=10°, f,= 0.15 and r=10° meters, respectively, as an illustrative example.
These parameter values are chosen such that the observed constraints on light elemental abundances,
except for A = 7, are maximally satisfied. However, for the parameters 7, 7, and N, the same values
are adopted as those used in HBBN. The fluctuations are divided into 16 zones of variable width as
described in Mathews et al. (1990), where the baryon density of the zone (z;) increases with the zone
number ¢ from 1 to 16. The relevant thermonuclear reaction rates are the same as in the homogeneous

BBN simulation.

Firstly, we investigate how it affects “Li production in local regions, and two extreme cases
are chosen: a high-density zone and a low-density zone. Table [ shows the predicted abundances
of primordial nuclides for the low-density region in the columns labeled zonel and those for the

high-density region (zonel6), respectively. We only show the results for "Li, “Be, *Be, B, nuclides

Table 3: The predicted abundances of primordial light elements from the standard BBN model for old

and our new "Li(d,n)2*He reaction rate.

D/H 3He/H 4He 6Li/H TLi/H "Be/H
Old  2.567x107° 1.019x107% 0.247 1.114x10~1* 3.119x10~11 4.539x10~10
New 2.567x107% 1.019x1075 0.247 1.114x107  3.120x10~11  4.539x1010
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A=11 and A>12 (marked as 12m in Table []) since our new “Li(d,n)2*He rate has no impact on the
production of other primordial isotopes. It can be seen from zonel in Table ] that the adoption of our
new 'Li(d,n)2He rate increases the abundances of "Li, ?Be, B, nuclides A=11 and A>12 by about a
factor of 2, compared to the abundances obtained using the old rate. The reason for the growth of 7Li
can be attributed to a smaller "Li(d,n)2*He rate with a weaker capability of "Li destruction, resulting
in bigger "Li production. Likewise, more “Li will regulate the reactions flows moving towards the
direction of synthesizing more nuclei with A>7. This explains why the abundances of almost all of the
light nuclides heavier than 7Li are increased. In comparison to the other extreme case, these features
exhibited in the low-density zone will disappear in the high-density zone (zonel6), as shown clearly in
Table @ This is owing to the fact that the production of “Be dominates that of “Li in the high-density
regions, and therefore the production of A>7 nuclei is mainly through “Be involved reactions rather
than "Li reactions. Thus, the impact from the variation of the “Li(d,n)2*He rate can be neglected
totally in a high-density region. In order to assess its net impact on the final yields of primordial nuclei,
a weighted average of abundances is calculated over the 16 zones for the entire fluctuation region,
shown in the columns labeled ’Average’ in Table @l The results show that the final "Li abundance
("Li/H+"Be/H) increases by 10% and the abundances of light nuclides with A>7 also increases by

about 40% if we assume an inhomogeneous density distribution during the epoch of BBN.

5. Conclusion

Starting from recent experimental measurements on low energy excited states of the mirror nuclei
pair ?Be and B, we make a comprehensive analysis of the nature of near deuteron-threshold resonant
states of Be. For this reason, it is important to reevaluate the "Li(d,n)2*He reaction rate since it plays
a pivotal role in the destruction of “Li during BBN. For the first time, we present the experimentally
constrained uncertainties associated with this important reaction rate. It is shown that both our
newly obtained reaction rate and corresponding uncertainties show a remarkable departure from
earlier evaluations. In particular, our rate is a factor of 60 times smaller than the most widely used

rate (BM93) in current BBN simulations. The cross section break-down shows that the subthreshold
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resonance omitted from previous evaluations dominates in the temperature range below Ty=0.07, while
the rate for Ty>0.07 is mainly determined by direct reaction, not by the 600 keV resonance previously
thought in BM93. In order to figure out the impact of this new reaction rate, we perform simulations
using two different BBN models: a uniform density model and a non-uniform density model. The
results obtained can be summarized by the following points: the adoption of the new "Li(d,n)2*He
rate increases by 0.002% in the final “Li yield for Standard BBN models. However, for models of
inhomogeneous density distribution, it can lead to about a 10% increase in “Li production and a 40%
increase in the final primordial abundances of light nuclei with A>7 compared to calculations using
old reaction rates. Such an increase is due to the impact in the low-density zones, where the “Li yield
increases by a factor of 1.55. Therefore, our results confirm the existence of the cosmological lithium

problem.
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Table 4: The predicted abundances of the primordial light elements for our inhomogeneous BBN model
with R=10°, f,= 0.15 and r=10°% meters. Y, refers to the abundance of the specific nuclide obtained
using the 7Li(d,n)2%He rate from BM93, while Y}, is the nuclide’s abundance using our new "Li(d,n)2*He

rate. m denotes the exponent in the power of 10.

Nuclide zonel zonel6 Average
Yo Y, om  ngle Yo Y, om  Yagle Yo Y, om  Yagle
TLi/H(x10-™)  1.82 2.82 9 55% 3.95 396 11  0.25% 1.26 1.70 10  35%
"Be/H(x10™™)  9.38 9.38 12 0% 7.38 738 10  0.0% 2,77 277 10 0%
9Be/H(x10™™) 146 228 14  56% 5.30 540 18  1.9% 0.71 1.02 15  44%
OB/H(x10~™)  2.59 4.09 17 58% 446 452 21  1.3% 1.34 194 18 45%
UX/H(x10~™)  1.36 2.13 16 57% 4.09 4.09 17  0.0% 2.67 296 17 11%

2Zmx /H(x10~™) 4.84 13.0 16 168% 3.48 4.34 15 24% 6.80 9.38 15 36%
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