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R-matrix analyses have been performed for the “Li(t, n)°Be and "Li(*He, p)°Be reactions, which
are thought to be of importance in primordial abundance of °Be. All available data were compiled
and used in the R-matrix analysis. The resonance parameters are compared with previous works.
The resulting fit was used to extract an improved determination of the reaction rate for both
reactions. The present rates of "Li(t, n0)°Be at T' = 0.3-3 GK are about 7.5-28.9% lower than the
values of Brune et al. and are larger than Barhoumi et al.’s rates by up to 28.1%. Our 7Li(SHe7
p0)°Be rates are higher than Yan et al.’s rates by no more than 29% and differ within 21% from

that of Rath et al. over 0.1-3.0 GK.

I. INTRODUCTION

Primordial nucleosynthesis of Be is thought to provide
a definitive test for cosmological models of big-bang [1, 2].
This rare and fragile nuclei are not generated in the nor-
mal course of stellar nucleosynthesis and are, in fact, de-
stroyed in hydrogen burning in stellar interiors, especially
via (p, a) reactions. The standard model (SM) is well
known in reproducing the primordial abundances of sev-
eral light nuclides (?H, 3He, and *He) [3, 4]. In this
model, the density of the universe at the time of primor-
dial nucleosynthesis is assumed to be uniform. However,
some of the predicted primordial abundances are very
sensitive to the assumption of uniform density. In the
studies of nonuniform density model (NDM), the density
fluctuations are allowed and the universe is assumed to
be separated in two regions at the onset of nucleosynthe-
sis: a high-density proton-rich region and a low-density
neutron-rich region. The abundances of *H, *He, and "Li
are both quite high in the neutron-rich region. Thus the
"Li(t, n)"Be and "Li(*He, p)°Be reactions could process
the "Li to °Be and contribute significantly to synthesis
of “Be in that region.

The light elements’ abundances observed in metal-poor
halo stars are expected to reflect primordial nucleosyn-
thesis [5]. Boyd and Kajino [1, 2] claimed that the ob-
served ?Be abundance in these stars could be of the same
order as that predicted from NDM by including the Li(t,
n)°Be and "Li(®He, p)°Be reactions. However, it has
been clarified that the °Be abundance is well understood
to arise from cosmic-ray spallation process and cannot
be interpreted as evidence for a Big-Bang Nucleosynthe-
sis (BBN) contribution to Be. A better reaction rates
for “Be-producing reactions is important for constrain-
ing non-standard cosmological models. To improve the
precision of these reaction rates, the experimental cross
section or S factor is desirable.
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The low-energy reaction cross section of “Li(t, n)’Be
has been measured by Barhoumi et al. [9] and Brune et
al. [10]. The two different sets of the measured cross
section agree well with each other in the low-energy re-
gion F. , < 600 keV. However, they deviate from each
other at the higher energies and their difference amounts
to a discrepancy by a factor of 2 at F..,. ~ 900 keV.
An alternative way to estimate the cross section for the
"Li(t, n)Be reaction, that is, to use the cross section
of the "Li(*He, p)’Be. Rath et al. [11] measured the
low-energy cross sections of "Li(*He, p)?Be and con-
verted the "Li(*He, p)°Be cross sections to those for
"Li(t, n)?Be. While their estimated reaction rates agreed
with the Boyd and Kajino’s assumption [1] circumstan-
tially, nearly an order of magnitude difference was found
compared to the experimental reaction rates from the
Barhoumi et al. [9] and Brune et al. [10].

The first “Li(®He, p)°Be measurement for astrophysical
application was performed by Rath et al. [11], who deter-
mined the astrophysical S-factor of "Li(*He, p)?Be in the
energy range from FE. . = 0.5 to 2.0 MeV. Later, Yan
et al. [12] performed a new measurement of the “Li(*He,
p)?Be cross section at energies below the center of the
Gamow peak. Their results are approximately 40% lower
than the extrapolation of Rath et al. [11] and Yamamoto
et al. [13], indicating a significantly lower direct-process
contribution. The calculated reaction rates are lower
than Rath et al.’s values at temperature range of Ty =
0.1-0.9.

In the present paper we perform the first R-matrix
analysis for both reactions. The details of the analysis
are described in Sec. II. The revised reaction rates are
presented in Sec. III. Finally, this work is summarized in
Sec. IV. It is worthy to note that the reaction rates of
"Li(t, n)°Be and “Li(*He, p)Be determined in this work
are those to the ?Be ground state only, since all excited
states of ?Be decay in some manner into 2« + n, which
cannot lead to ?Be synthesis.



II. R-MATRIX ANALYSIS

In the previous analyses of the astrophysical S-factor
of TLi(t, n)°Be and "Li(*He, p)?Be reactions [9-12], a
simple sum of Breit-Wigner functions representing differ-
ent resonances was fitted to obtain the resonance energy
and total width. In this case, the direct reaction compo-
nent was assumed to be constant for simplification. In
addition, any interference effects between levels as well
as nonresonant background were neglected. To make a
more precise estimation for the reaction rates, a rigorous
and comprehensive analysis of S-factor is required.

The R-matrix formalism is a crucial tool in the study
of nuclear astrophysics reactions. The introduction of R-
matrix theory allows for more reliable interpretation of
the observed experimental data, since it makes it possi-
ble to accurately account for interference effects between
multiple resonant and nonresonant contributions.

A multichannel, multilevel ~ R-matrix  code
AZURE2 [14] was used for the analysis.  Initial
values for resonance energies, widths, and spin parities
are taken from Ref. [15]. These values are often provide a
good starting point for the R-matrix fit. Cross sections,
S factors, and particle partial widths throughout this
work are always in the center-of-mass system. The
current comprehensive analysis allows for several addi-
tional constraints on the R-matrix fit which have not
been fully considered in past analyses. More available
data from other reaction channels are considered to
provide additional constraints. Since the y-branches are
expected to be weak, the v-channels are neglected in the
analysis. The R-matrix calculation are also done in the
Brune parametrization [16], allowing for the direct use
of observable level energies and widths.

For the following R-matrix fitting plots, center of mass
energy is given on the bottom horizontal axis and the
excitation energy on the top horizontal axis of the plot.

A. T"Li(t, n)°Be

The 1°Be is the compound nucleus of the "Li(¢, n)°Be
reaction. The present analysis considers one particle en-
trance channel, “Li+t, and two particle exit channels,
9Be+n and SHe+a (see Fig.1). Three energy levels near
the "Li+t separation threshold are taken into account in
the analysis.

Only two measurements of “Li(¢, n)°Be cross section
at Gamow energy were reported by Barhoumi et al. [9]
and Brune et al. [10], respectively. Although these two
are in reasonable agreement with each other, it appears
that the cross section is affected by the nearest thresh-
old resonance which resonance parameters are not at all
determined in either experiment.

Later, Yamamoto et al. [13] investigated the reaction
mechanism of “Li(¢, n)?Be through comparison with both
experimental data [9, 10]. To estimate the resonance pa-
rameters of the nearest threshold state, they made two

assumptions using knowledge of the "Li(*He, p)’Be re-
action. Finally, they constrained theoretically the upper
and lower limits of the total cross section of "Li(t, n)?Be.

In the present R-matrix analysis, experimental data
from the Refs. [9, 10] are considered simultaneously (see
Fig. 2). Both data sets are obtained from EXFOR data
base [17]. The error bars of Barhoumi et al.’s data [9]
are unavailable, thus we digitized the errors from the
Fig. 6 in Ref. [9]. The relevant particle separation en-
ergies are shown in the Fig. 1. The channel radii a; =
4.967 fm, a,, = 4.312 fm, and a,, = 4.766 fm are used for
triton channel, neutron channel, and a-particle channel,
respectively. The experimental results of Brune et al. [10]
clearly showed that the decays to excited states in “Be
dominated the cross section. Thus, we considered all the
possible neutron decay channels, from the first to ninth
excited states, and allowed them to be free parameters
during the fit. The best overall R-matrix fitting curve
is shown in Fig. 2 and the resonant parameters obtained
are listed in Table I.
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FIG. 1. (Corlor online) Level scheme of the *°Be compound
nucleus.

The first level, which is theoretically expected to lie
very close to the “Li+¢ threshold, has not been observed
in any experiments. Our fitted F, = 17.380 MeV is about
100 keV larger than Brune el al.’s value. And the T,
which is dominated by the neutron channels, is more than
100 keV larger than Brune et al. and Barhoumi et al.’s
results. Lack of the data at F. ., < 200 keV, Barhoumi
et al. performed the fits for resonance energy FE, in the
range 0-150 keV with a step of 50 keV. The total width
was fixed as 140 keV during these fits. They claimed that
the reaction rates merely be impacted on a minor level
with the variation of E,.

For the second level, the fitted E, = 17.753 MeV and
Tt = 238.39 keV are in good agreement with Brune et
al’s results [10]. Since this state is with nature-parity, o



reaction channel is open. However, no ‘He+« data was
reported at the relevant energies, we therefore allow the
I’y to vary as a free parameter throughout the fitting.

We fixed the E, of the third level as F, = 18.55 MeV,
otherwise a reasonable fit cannot be obtained. Barhoumi
et al. didn’t consider this state due to the lack of data
at Eem. > 900 keV. Our fitted 'y is smaller than the
value reported by Brune et al.. The reason is our R-
matrix curve was dragged to the data of Barhoumi et
al. around E.., = 700-900 keV. Another independent
and high precision measurement of the cross section is
expected to solve this discrepancy between these two ex-
periments.

The astrophysical S factor is dominated by the two
resonant contributions at the low energies ., < 1.0
MeV. Gamow window energy of the “Li(t, n)?Be reac-
tion is 250 keV, corresponding to 0.8 GK which is a typ-
ical temperature in primordial nucleosynthesis. At this
energy region the S factor is strongly subject to the un-
measured resonance parameters of the nearest threshold
state. Compared to the previous results, there is a large
deviation for the resonance parameters of the first level
based on our R-matrix analysis. Thus, more data points
of cross section below the E. ,,. = 150 keV are needed to
improve the prospective R-matrix analysis.
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FIG. 2. (Color online) R-matrix fit to the total "Li(t, no)°Be
cross-section data of Barhoumi et al. [9] and Brune et al. [10].
The last datum of Brune et al. [10] around Ecm. = 1.5 MeV
is derived from the inverse-reaction ?Be(n, *Hoy1) [18] and
°Be(n, *H1) [19] measurements via the principle of detailed
balance.

B. "Li(®*He, p)’Be

Rath et al. performed the first "Li(*He, p)°Be mea-
surement for astrophysical application [11]. A simple
Breit-Wigner fit was performed using two known reso-
nances (E, = 0.66 and 0.98 MeV) and a constant direct

reaction component. Later, Yamamoto et al. [13] ex-
amined the reaction mechanism of "Li(*He, p)°Be. A
theoretical curve, which is the incoherent sum of direct
reaction and compound resonance (E, = 0.643, 1.01, and
1.51 MeV) contributions, was calculated to describe the
observed data of Rath et al.. The most recent experimen-
tal determination of "Li(*He, p)Be dates back to 2002,
where Yan et al. [12] measured the cross-sections at effec-
tive center-of-mass energies of ., = 106.3 and 112.8
keV. Yan et al. incorporated their data with all other
published information [11, 20-22] to derive an S-factor
description.

It is known that 1B, which is the compound nucleus of
the "Li 4+ 3He nuclear system, has three resonance states
at the energies near the "Li + ®He separation thresh-
old (see Fig. 3). Unlike the case of "Li(t, n)?Be, more
reaction channels are open in the analysis of "Li(*He,
p)”Be. The inclusion of other channel data in the fitting
procedure provides strong constraints on the R-matrix
fits since the resonance energies and particle widths are
identical. We therefore consider more data from these
additional reaction channels.

The following subsections detail the different particle
reaction channels included in this analysis. Although
they are described individually, the fits to the different
particle-reaction-channel data sets have been performed
simultaneously.
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FIG. 3. (Color online) Level scheme of the '°B compound
nucleus.

A channel radius of asg, = 4.697 fm is used for the
entrance channel "Li+*He. For the exit channels, a,,
= 4.312 fm is used for neutron and all proton channels,
o = 4.766 fm for all @ channels, and agy = 4.564 fm for
deuteron channel. We didn’t consider the triton chan-
nel in the analysis because the triton separation energy
is highly close to the energy levels investigated here. I’
is tiny compared to other exit reaction channels and can
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TABLE I. The relevant energy levels of 1°Be from the present R-matrix fit, compared with previous works. The T is the total

neutron width decayed to the first to ninth excited states in ?Be.

present work

Barhoumi et al. [9] Brune et al. [10]

No. E, (MeV) J™ T (keV) Tpo (keV) T% (keV) Ta (keV) Tior (keV) By (MeV) Dot (keV) Ex (MeV) Tior (keV)
1. 17.380 2= 1.83 5.44 270 277.27 17.251-17.401 140 17.279 170
2. 17.753 2+ 2.83 223 1.12 11.44 238.39 17.802 150 17.744 211
3. 18.550 2= 7.7 285.56 69.7 432.96 18.540 862
be neglected in the analysis. The simultaneous R-matrix E, (MeV)
fit for multichannel is much complicated than the sin- ' 19..0 ' 19..2 ' 19.'4 ' 19I'6 ' 19I'8 '
gle channel fit, and the energy levels considered here are _ 30x10* | 'Li(’He, p,)’Be’ 0,,=120" -
known very well. Therefore, we fixed the excitation en- Rz - 1
ergies for all the levels, or it is very difficult to obtain a < 2.8x10* - T
reasonable fit. § 5 6x10% | ]
I. "Li(3He, p)°Be: Included in the analysis are the s 7 0 ]
S-factors of ground-state transition pg from Table I of @ 4510} 4
Ref. [12], the differential cross sections of first-excited- 2 ] 1
ot -
state transition p; from Ref. [23] (retrieved from EX- & 22x107f T
FOR [17]), and the total cross sections of second-excited- .2 5 0x10” | ]
state transition py from Fig.4 of Ref. [11] (retrieved from & “7 | o Lrueral (1972)
EXFOR [17]). The R-matrix fitting curves for "Li(*He, g 1.8x10% 1 Romatrix fit ]
po.1.2)°Be are shown in Fig. 4, Fig. 5, and Fig. 6 respec- A - 1
. 1.6 10—4 1 s 1 s 1 s 1 s 1 s
tively. * 12 1.4 1.6 18 2.0 22
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5x10* — — FIG. 5. (Color online) R-matrix fit to the "Li(*He, p1)°Be
7Li(3He » )gBe differential cross sections of Lru et al. at 014, = 120° [23].
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FIG. 4. (Color online) R-matrix fit to the total "Li(*He, 1x10 |
p0)?Be cross-section data of previous works [11, 12, 20, 21]. ol 1 . L

II. "Li(*He, n)°B: Excitation functions of "Li(*He,
no)?B were studied at fj,, = 0°, 90°, and 160° by Din
and Weil [24]. Two prominent resonances at E, = 19.3
and 20.1 MeV are seen at 61,1, = 0°. At 90° and 160°, the
yield curves are relatively featureless. Therefore, we only
adopted the data set at 0,1, = 0° to perform the fit. The
data set are extracted from the EXFOR data base [17].
The error bars are unavailable, a 1% uncertainty was set
arbitrarily to all data points. No information from the
excited-state transition could be obtained, thus we sim-
ply assume the I'), is dominated by I',,,. The R-matrix
fitting curve for "Li(3He, n¢)°B is shown in Fig. 7.
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FIG. 6. (Color online) R-matrix fit to the total "Li(*He,
p2)?Be cross-section data of Rath et al. [11].

II. "Li(®He, «)%Li: The differential cross sections for
the "Li(*He, «)%Li leading to the ground, first excited,
and second excited states of °Li have been measured by
Forsyth and Perry [25]. The excitation curves for the g
group are striking in that they vary considerably between
the three angles studied. A clear resonance at E, = 19.3
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FIG. 7. (Color online) R-matrix fit to the “Li(*He, n0)°B
differential cross sections of Din and Weil at 61, = 0° [24].

MeV was observed at 0p,, = 8°. It was attempted to
expand the analysis to higher energies, but because of
the data is with less structure at this region, reasonable
fits could not be obtained. During the fitting, the high
energy data are removed. The «; group also shows a
resonance at F, = 19.57 MeV in its 8° yield. However,
no other works reported this resonance. The a; data is
questionable, so we didn’t include it in the fit and allowed
the oy width to vary as a free parameter. The as group
corresponding to the "Li(3He, a)SLi reaction leading to
the 3.56 MeV state of 6Li was measured at 90°. Two peak
structures at £, = 18.8 and 20.1 MeV were observed in
the excitation curve. All the data points of « channels
are obtained from the EXFOR data base [17]. The R-
matrix fitting curves for “Li(3He, ag 2)°Be are shown in
Fig. 8 and Fig. 9 respectively.
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FIG. 8. (Color online) R-matrix fit to the “Li(*He, ao)®Li dif-
ferential cross sections of Forsyth and Perry at 61,5 = 8° [25].
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FIG. 9. (Color online) R-matrix fit to the “Li(*He, a2)®Li dif-
ferential cross sections of Forsyth and Perry at 1.1, = 90° [25].

It was attempted to include the data from the deuteron
reaction channel [26, 27], however, no reasonable fit can
be achieved using either experimental data. Thus we
have to allow the I'y to vary as a free parameter in the
fit, indicating that the improved cross section data of the
"Li(3He, d)?B reaction is needed.

Five energy levels were included in our R-matrix anal-
ysis. For the "Li(3He, po)°Be, all the data points were
from the Table I of Yan et al.’s paper. We didn’t include
the last data point at F. . = 6.99 MeV, as it is too far
away from the other ones. Rath et al. [11] only included
the first two levels in the analysis to reproduce their data.
Yan et al. [12] involved two more states in the analysis,
as they introduced more published data points at higher
energies. The T'yo¢ of the first level, £, = 18.43 MeV, is
in excellent agreement with previous results. However,
there is a large discrepancy for the I'ty; of the second
level at E, = 18.80 MeV. The same situation happened
to the third level, whose I'o¢ is more than twice larger
than that of Yan et al.. On the contrary, our forth level’s
T'tot is comparable with Yan et al.’s result. The fifth
level at E, = 21.1 MeV works like a background level,
which resonance parameters are not at all determined by
far. Without this level, our fits deviate the data points
considerably.

III. ASTROPHYSICAL REACTION RATE

The thermonuclear reaction rates for both reactions
were calculated by numerical integration of the following
equation [28]:
8
17

- E —1/2
X S(E)exp(—-—= —bE~/?)dE, (1)

Na
(kT)?

[N

Nafov) =(—)
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TABLE II. The relevant energy levels of 1°B from the present R-matrix fit, compared with previous works. The sign of the
partial widths indicates the sign of the interference. FE, is in unit of MeV, particle widths are in units of keV.

present work Rath et al. [11] Yan et al. [12]

No. E, J* Tsy. Tpy Ty Ty I'n  Tag Tay  Tay  Tq  Tit  Es  Tiw  Es Ty
1. 1843 2~ -10.22 10.08 -7.95  8.05 401  -2.13 -123.3 184.75 351.39 18.448 340  18.431 340
2. 18.80 2t 104.04 15.78 12.31 48.63 -3.08 55.11 -40.29 -103.74 543.14 926.12 18.768 720 18.798 600
3. 19.34 2= 654 18.31 3.77 -26.07  50.31 -49.7  -69.64 198.3 481.5 19.398 210
4. 20.10 1~ 485.24 171.80 1.61 -19.01 20.41 13891 -0.12 72.15 0.38  909.63 20.098 1000
5. 21.10 1~ -74.47 624.70 -220.16 -160.77 -393.11 49.67 -93.91 -6.43 6.9 1630.12

where N4 is the Avogadro’s number, 4 is the reduced B. "Li(*He, po)°Be rate

mass in the entrance channel, k is the Boltzmann con-

stant, T is the temperature, and FE is the energy in the

center of mass. Only the reaction channel of ground state 1.3 -_—

transition leads to °Be synthesis, thus, the improved re- 7Li(3He,p0)9Be present / Yan 2002

action rates for the reactions "Li(t, ng)°Be and "Li(*He,
po)?Be were determined based on the resulting R-matrix
fit.

A. T"Li(t, no)°Be rate

Fig. 10 shows the Li(t, ng)°Be rates from the previous
and present works. Our rates are comparable with that
presented in Barhoumi et al. [9] and Brune et al. [10]. In
the temperature region of 0.3-3.0 GK, the present rates
of TLi(t, no)?Be are about 7.5-28.9% lower than the val-
ues of Brune et al. and are larger than Barhoumi et al.’s
rates by up to 28.1%. The theoretical estimations made
by Boyd and Kajino [1] and Malaney and Fowler [29] are
in general higher than our rates. Rath et al.’s rates [11]
inferred from the “Li(*He, pg)Be data are higher than
ours by a factor of 4 to 7. This may indicate that the
method of estimating reaction rates from the similar re-
action data could result in a large uncertainty.To improve
the precision of the reaction rates, a future experiment
should focus on the determination of the E, of the near-
est threshold level.
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FIG. 11. (Color online) A comparison of the present

"Li(®He, po)°Be rate with the previous rates of Yan et al. [12]
and Rath et al. [11].

Only two studies [11, 12] reported the reaction rates
of "Li(®He, po)’Be, as this reaction is less significant
than "Li(t, ng)’Be. Fig. 11 shows the comparison of the
present "Li(*He, po)?Be rate with the previous rates. It
can be seen our rates are almost the same with previous
ones at T" > 0.75 GK. The deviation becomes larger as
the temperature decreases. In the temperature region of
0.1-3.0 GK, the present rates are higher than Yan et al.’s
rates by 29% at most and differ within 21% from that of
Rath et al..

C. Other reaction rates

Based on the fitted resonance parameters, several dom-
inant reaction rates, which should be included in the
BBN calculation of “Be, are determined either. Fig. 12
shows all the reaction rates relevant to the primordial Be
abundance. Since AZURE2 code cannot treat multipar-
ticle breakup, we were not able to provide the reaction
rates of "Li(t, 2n)2*He and "Li(*He, np)2*He. These two
reaction rates are adopted from Malaney and Fowler [29]
based on the theoretical estimation.



---"LiCHe, np)2*‘He }

N,(ov) (cm’s 'mol™)
=

e S e "Li(t, o) 'He 3
—Li(t, n,)’Be ]
10° ---"LiCHe, d)2'He 7}
wews/, 7Li(3He: 0‘0«2)6Li ]
. —Li(He, p,)’Be
100 L Ll 1 " 1 " 1 1

0.5 1.0 2.0 2.5 3.0

1.5
T (GK)

FIG. 12. (Color online) Thermonuclear reaction rates relevant
to the primordial °Be abundance.

IV. CONCLUSION

We performed the first R-matrix analyses for the "Li(t,
n)?Be and "Li(*He, p)°Be reactions, which are thought
to be of importance in primordial nucleosynthesis of “Be.
These rigorous fits with more physical meanings were

able to satisfactorily reproduce the available cross-section
data. Based on the fitted resonance parameters, the re-
vised reaction rates were calculated. In the temperature
region of 0.3-3.0 GK, our rates of "Li(t, ng)’Be are about
7.5-28.9% lower than the values of Brune et al. and are
larger than Barhoumi et al.’s rates by up to 28.1%. For
the “Li(®He, po)?Be reaction, even some of the resonance
parameters are quite different with earlier works, the re-
vised reaction rates are consistent with their results at T'
> 0.75 GK. Our "Li(®He, po)°Be rates are higher than
Yan et al.’s rates by no more than 29% and differ within
21% from that of Rath et al. over 0.1-3.0 GK. Com-
pared to previous rates, our new rates of "Li(t, ng)?Be
and "Li(*He, po)?Be don’t change very much. This is un-
derstandable that differences in models, e.g. resonance
parameters and interference effects, will not significantly
change the reaction rate as long as the models describe
the same data.
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