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Measurement of the 2H("Be, 5Li)>He reaction rate and its contribution
to the primordial lithium abundance”
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Abstract: In the standard Big Bang nucleosynthesis (SBBN) model, the lithium puzzle has attracted intense interest
over the past few decades, but still has not been solved. Conventionally, the approach is to include more reactions
flowing into or out of lithium, and study the potential effects of those reactions which were not previously considered.
7Be(d, 3He)ﬁLi is a reaction that not only produces °Li but also destroys "Be, which decays to "Li, thereby affecting
"Li indirectly. Therefore, this reaction could alleviate the lithium discrepancy if its reaction rate is sufficiently high.
However, there is not much information available about the "Be(d, *He)®Li reaction rate. In this work, the angular
distributions of the "Be(d, *He)®Li reaction are measured at the center of mass energies Fem = 4.0 MeV and 6.7 MeV
with secondary “Be beams for the first time. The excitation function of the "Be(d, *He)®Li reaction is first calculated
with the computer code TALY'S and then normalized to the experimental data, then its reaction rate is deduced. A
SBBN network calculation is performed to investigate its influence on the °Li and “Li abundances. The results show
that the “Be(d, *He)Li reaction has a minimal effect on °Li and “Li because of its small reaction rate. Therefore,

the "Be(d, *He)®Li reaction is ruled out by this experiment as a means of alleviating the lithium discrepancy.
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1 Introduction

In 1982, the Spites found that lithium abundance in
metal-poor stars appears to be a plateau, independent
of metallicity and effective temperature, according to as-
tronomical observations, and the mean value is about
loger; = 2.05 £+ 0.15 dex [1] in the scale of logey = 12
dex. Later, the lithium plateau was confirmed by other
works and new results are mainly between 2.0 and 2.3,
which agree with the Spites value [2-9]. The lithium
plateau observed in metal-poor stars must originate in
Big Bang nucleosynthesis (BBN). With the development
of observational technology, the abundances of °Li and
"Li can be separated [9-13] and the ratio is about 5%,
which means that the abundances of °Li and "Li are
about logesy,; ~ 0.8 dex and loger; =~ 2.1 dex respec-
tively. According to the standard BBN (SBBN) model,
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the abundances of elements only depend on the baryon-
photon ratio 7. Using the precise value of n = (6.203
+ 0.137) x 107'° [14-16] determined by the Wilkinson
Microwave Anisotropy Probe (WMAP), the abundances
of 2H, 3He and “He are successfully predicted within 1%
error [17, 18]. However, the abundance of “Li is pre-
dicted to be logery; ~ 2.6 dex, about a factor of three
higher than the observational value. Even worse, the
abundance of °Li is predicted to be logesy; ~ -2.5 dex,
which is approximately three orders of magnitudes lower
than the observationally determined value. These prob-
lems are called the lithium puzzle. They have attracted
a lot of attention in astrophysics because this can help us
to explore the conditions of the early universe and test
various cosmological models [19].

The lithium puzzle is one of the most important issues
in the field, and brings new challenges to astronomical
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observation and model calculation. To solve the prob-
lem, we need to improve both astronomical observations
and model calculations [20, 21]. Hou et al. [22] modified
the velocity distributions of nuclei during the BBN era
and found excellent agreement between predicted and
observed primordial abundance of "Li, but did not pro-
vide any information about °Li. From BBN calculations,
we can try to include as many lithium-involving reactions
as possible to study the potential effects of those reac-
tions which were not considered previously. Even though
attempts to resolve the discrepancies by using this con-
ventional nuclear physics method have been unsuccessful
over the past few decades, altering the reactions flowing
into and out of lithium is still being proposed [23-25].

"Be is a neighbor nucleus of both °Li and “Li. Its
abundance is about one order of magnitude higher than
that of "Li and four orders of magnitude higher than that
of ®Li in the BBN era. The study of reactions involving
"Be may offer a profound understanding of the lithium
puzzle. The "Be(d, ®*He)®Li reaction not only produces
5Li but also destroys “Be, that decays to "Li, and thereby
affects "Li indirectly. To date, however, there has been
no experimental data for the "Be(d, *He)®Li reaction.
Its effect on the “Li and °Li abundances was evaluated
by using the “Be(d,p)2*He reaction rate. If the unknown
"Be(d, *He)SLi reaction rate is assumed to be the same as
the "Be(d,p)2*He reaction rate, SBBN calculations show
that it results in a decrease or increase in abundance
of about 1% for "Li or SLi, respectively. If the "Be(d,
3He)®Li reaction rate is artificially multiplied by a factor
of 100, the SBBN calculations show that “Li decreases
45% and SLi increases 47%. However, it remains to be
investigated whether its reaction rate is sufficiently high
to alleviate the lithium discrepancy.

In the present work, the angular distributions of the
"Be(d, ®He)®Li reaction at center of mass energies E.,
= 4.0 MeV and 6.7 MeV are measured separately for the
first time by using the secondary beam facility of the HI-
13 tandem accelerator at the China Institute of Atomic
Energy (CIAE), Beijing. The integrated cross sections of
the "Be(d, ®*He)°Li reaction are obtained. With the nu-
clear reaction code TALYS [26], the excitation function
is obtained. The reaction rate at energies of astrophysi-
cal interest is also deduced. To investigate the effect of
"Be(d, *He)®Li on the °Li and “Li abundances, SBBN
network calculations are performed and the fluxes of the
reactions connecting to SLi and 7Li isotopes are com-
pared.

2 Measurement of angular distributions

The experiment was carried out at the radioactive
secondary beam facility [27] of the HI-13 tandem accel-
erator at the CIAE, Beijing. The experimental setup is

similar to previous [28-30] experiments, as shown in Fig.
1. The 37 MeV and 46 MeV 7Li primary beams from
the tandem accelerator impinged on a H, gas cell at 1.5
atm pressure, separately. The front and rear windows of
the gas cell are Havar foils with thickness 1.9 mg/cm?.
The "Be ions were produced via the *H("Li, "Be)n reac-
tion. After magnetic separation with a dipole and focus-
ing with a quadruple doublet, the “Be secondary beams
were further purified by a Wien filter, and then delivered
and collimated by two apertures of diameter 5 mm and 3
mm to limit the beam spot size. In order to monitor the
beam purity and distinguish “Be from contaminants for
later gating, a 19.3 wm-thick silicon AF; detector and a
23.0 um-thick silicon AF, detector were placed upstream
of the secondary target. The typical primary “Li beam
intensity is about 70 pnA and the secondary “Be beam
intensity is approximately 5000 pps with a purity of 99%.
As an example, a contour plot of the AE, vs AFE, de-
tectors is shown in Fig. 2. One can see that there are
small amounts of *He and “Li contaminants which can
be discriminated by the correlation data of the AE,; and
AFE, detectors.
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Fig. 1. Schematic layout of the experimental setup.
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Fig. 2. (color online) Contour plot of AE; vs AE,

at B, ("Li) = 37 MeV.
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E (MeV)

Fig. 3. (color online) AE vs E: scatter plots of
(CD2)n target (black solid spots) and pure carbon
target (red solid stars) at Fe = 4.0 MeV. For 3He
ions (top panel), AFE vs E, was measured by the
DSSSD and MSQ detectors. For °Li ions (bot-
tom panel), AFE vs E, was measured by the AFs
and DSSSD detectors and the MSQ detector was
used as veto. The grey areas are the kinematics
regions of the Monte Carlo simulations. The two-
dimensional gates were used to obtain the *He
and SLi ions based on the Monte Carlo simula-
tions. For the bottom plot, there are too many
events above AE > 7 MeV, so for the sake of sav-
ing CPU time in dealing with the experimental
data, some of those events are cut.

A 1.16 mg/cm? (CD,), foil and a 1.69 mg/cm? pure
carbon foil served as a secondary target to measure the
"Be(d, *He)®Li reaction and to evaluate the background,
respectively. The energies of "Be ions at the middle of
the (CD,), target were 17.7 MeV and 30.2 MeV, corre-
sponding to the energies of 4.0 MeV and 6.7 MeV in the
center of mass frame. After the secondary target, a 19.2
wm-thick silicon AF; detector was placed at 22.5 mm
downstream to perform particle identification and beam
normalization. A 58 pm-thick double-sided silicon strip
detector (DSSSD) and a 1001 pm-thick quadrant silicon
detector (MSQ) forming a AE—FE, counter telescope was
placed 78.3 mm downstream of the secondary target to
detect Li ions at E,, = 6.7 MeV and 2He ions at both
E., = 4.0 MeV and 6.7 MeV. SLi ions at E., = 4.0
MeV cannot penetrate the DSSSD detector, so the AFs

and DSSSD detectors composing a AFE vs E, counter
telescope was used to measure them. Here, AFE is the
energy measured by the transmission detector and E, is
the residual energy.

Both DSSSD and MSQ detectors are 50 mm x 50
mm in size. The DSSSD is divided into 16 strips of 3 mm
width on the front face, with 0.1 mm gaps, and 16 or-
thogonal strips with the same geometry on the back face,
making up 256 pixels of 3 mm x 3 mm each, to provide
quasi-pixel two dimensional position information. There-
fore, the DSSSD has a position resolution of 3 mm x 3
mm, defined by the width of the micro-strips orthogo-
nally oriented on both sides. The MSQ is a 2 x 2 array
of independent active area, separated by a 0.1 mm cross
gap. Under the geometry shown in Fig. 1, such a de-
tector configuration covers the laboratory angular range
from 0° to 21.8°.

As examples, Fig. 3 and Fig. 4 show AF vs E, scatter
plots at E.,, = 4.0 MeV and 6.7 MeV, respectively. The
two-dimensional gates were drawn based on Monte Carlo
simulation. The simulation took the beam spot size,
geometrical factor, resolution of the detectors, angular
and energy straggling effects in the target and detectors
into account. After background subtraction and beam
normalization, the angular distributions of the "Be(d,
3He)®Li reaction were obtained as shown in Fig. 5. The
forward angle data come from the measurement of °Li
ions and the backward angle data come from the mea-
surement of *He ions. The errors result from the uncer-
tainty of target thickness (5%) and the statistics (10%—
67%, depending on angle).

E (MeV)

Fig. 4. (color online) AE vs E: scatter plots of
(CD2)y target (black solid spots) and pure car-
bon target (red solid stars) at Eem = 6.7 MeV,
AFE vs E, was measured by the DSSSD and MSQ
detectors. The grey areas are the kinematics re-
gions of the Monte Carlo simulations. The two-
dimensional gates were used to obtain the *He and
5Li ions based on the Monte Carlo simulations.
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Gamow window data, the excitation function was firstly
calculated with the computer code TALYS [26] and then
normalized to the experimental data points. The nor-
malizing factor is 1.35. The pre-equilibrium contribu-
tion successfully used in other works [33] is considered in
the TALYS calculation. The experimental data and the
normalized excitation function are shown in Fig. 6.

T T T T

1000 | 4

0.17,~107;
-—

Gamow window
100 |

o(mb)

10F E

1 1 1 1

4

6

0.1 A A 1 A A 1 A A 1 A A 1 A A 1 A A
0 30 60 90 120 150 180
ecm
Fig. 5. (color online) Angular distributions of the

7Be(d, 3He)SLi reaction at Fen = 4.0 MeV and
FEem = 6.7 MeV. The black points with errors
are the experimental cross sections, and the red
dashed curves represent the DWBA calculations.

3 The astrophysical "Be(d, *He)’Li reac-
tion rate

To deduce the total cross sections, the differential
cross sections are simply connected and integrated to be
73.3 £ 22.1 mb and 73.1 £ 15.8 mb at E., = 4.0 MeV
and E., = 6.7 MeV, respectively. The “Be(d, *He)°Li
angular distributions are also reproduced by the dis-
torted wave Born approximation (DWBA) method with
the TWOFNR code [31] as shown in Fig. 5. The optical
model potential (OMP) parameters with Woods-Saxon
form are listed in Table 1. The proton spectroscopic
factors of the p3/2 and pl/2 components in "Be used
in the DWBA calcualtions are 0.43 and 0.29 [32], re-
spectively. Because of the low incident energy, the com-
pound nuclear reaction mechanism is also considered in
the DWBA calculations. Comparing with the linear fit-
ting method, the integrated cross sections obtained by
the DWBA method are increased by 10% at E., = 4.0
MeV and decreased by less than 1% at E., = 6.7 MeV.

The energies of the experiment are much higher than
the required Gamow window data. To get the important

Table 1.

E_(MeV)

Fig. 6. (color online) The excitation function of
the "Be(d, ®*He)®Li reaction. The red points with
errors represent the experimental data, and the
black curve is the normalized excitation function.

The astrophysical reaction rate is calculated with

X/OOOU(E)EeXp [_ E ]dE, (1)

ksT
where v is the relative velocity of "Be and d, o(E) is the
excitation function, p is the reduced mass of the "Be +
d system, and N, and kg are the Avogadro and Boltz-
mann constants respectively. For convenience, the rate
is fitted with the expression used in the astrophysical
reaction rate library REACLIB [34],

Na(ov) = exp[12.8885—4.37376 T; ' +28.7918 Ty *
—20.9038 Ty +0.647569 T
—0.013777 T +21.59531n(Ty))], (2)

where Ty is the temperature in units of GK. The overall
fitting errors are less than 1% at temperatures from 0.05
to 50 GK.

OMP parameters used in the DWBA calculations, from Ref. [35]. Ecm denotes the energy in MeV for the

relevant channels, V' and W are the depths in MeV, and r and a are the radius and diffuseness in fm.

channel Ecm \% Ty ay w Tw aw Ws Ts as Vso Tso aso rC
d + "Be 4.0/6.7 95.7 1.05 0.86 59.6 1.43 0.55 3.5 0.75 0.50 1.30
3He + SLi 3.9 150.9 1.20 0.72 39.8 1.40 0.88 2.5 1.20 0.72 1.30
3He + SLi 6.6 150.2 1.20 0.72 38.4 1.40 0.88 2.5 1.20 0.72 1.30
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4 BBN calculations

In the SBBN calculation, the dynamics of primordial
nucleosynthesis is controlled by a cosmological parame-
ter: the baryon-to-photon ratio 7, which is precisely mea-
sured to be 6.203 x 107'° [14] by WMAP. The neutron
lifetime of ¢,,, = 613.9 s [36] is adopted in our calcula-
tion. The reaction network used in the SBBN calculation
involves 34 reactions with nuclei of A < 7. The calcu-
lation begins at a temperature of Ty = 50, at which the
abundances of the nuclei are fixed by statistical equilib-
rium.

The reaction network calculation was performed with
a modified code from Wagoner’s computational rou-
tines [37]. For the reaction N;(4iZ,)+ N,;(*Z;) «—
Ny (**Z,)+ N, ("1 Z,), the reaction net flux of nucleus i
can be calculated by

1y, 2 dY, ., dYi,
Ldt = (— A Sl e
/t at /t TR

1
NiyNj Ny N
Y'Y,

to Y Y

= N. | — P l k ) )
/tl 1( NZ'N]' [”]k—i_ NllNk] [lkL)dt
(3)

where Y; is the mole fraction of nucleus ¢, N; is the
number of such nuclei involved in this reaction, [ij], =
(ppNA)NitNi =L (35) py, is the baryon density and (ij)
represents the reaction rate between ¢ and j. In case of

decay, N; and N, will be zero. The reaction forward flow
NiyNj
is defined by ¥i=t = N, %Y

dt TN IN

[ij]s, which decreases

Table 2.
unit of the fluxes is g~ 'mol.

NiyNE
the abundance of nucleus i. k=i =N Yj\,l!?jc! [lk]; is the
reaction backward flow, which increases the abundance
of nucleus . The reaction forward and backward flux are
the time-integrated reaction forward and backward flow,
respectively.

The reaction network and the calculated reaction net
fluxes are shown in Fig. 7, where the reaction fluxes are
presented by the thickness and type of lines. The reac-
tion fluxes responsible for 5Li, Li and "Be are also listed
in Table 2. One can see that the "Be(d, *He)SLi reaction
net flux is the smallest.

Flux (mol g1)

— 101 = 101 — 1077
- 103 = 1012
== 105 === 1013

(d.pa)
Fig. 7. (color online) The reaction network and the
calculated reaction net fluxes.

The calculated forward, backward and net fluxes involving °Li, “Li and “Be in the present network. The

reaction net flux forward flux backward flux Ref.
2H(«, v)SLi 1.39x10~10 1.39x10~10 3.13x10713 (38]
SH(e, v)"Li 8.17x10799 8.18x10799 9.13x10~12 [39]
3He(w, v)"Be 7.17x107 1 7.94x107 11 7.70x10712 (39]
SLi(n, v)"Li 1.97x10~14 1.97x10~14 4.85x10731 [40]
SLi(n, o)®H 7.94x107 11 7.94x107 11 2.49%x10726 [41]
5Li(p, v)"Be 1.11x10715 1.35x1071% 2.41x10716 [42]
SLi(p, «)3He 5.83x10~11 5.83x107 1! 7.49x10727 [43]
61i(d,n)"Be 7.26x10713 7.26x10713 2.52x10718 [44]
61Li(d, p)7Li 7.26x10713 7.26x10713 2.24x10718 [44]
"Li(p, o)*He 7.49%x10799 7.49%x10799 0.00 (39]
"Li(d,n)2%He 7.50x10710 7.50x10710 0.00 [41]
"Be — "Li 1.13x10713 1.13x10713 0.00 (36]
"Be(n, p)"Li 6.39x10~ 11 6.39x 10711 7.74x10715 (39]
"Be(n, «)*He 1.85x10712 1.85x10712 1.40x1074° [41]
"Be(d, p)2*He 3.38x10713 3.38x10713 0.00 [41]
"Be(d, 3He)SLi 1.11x10~17 1.11x10~17 1.52x1020 present
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Comparing "Be(d, *He)%Li with "Be(d, p)2*He, both
of their reverse reactions can be neglected, and the ra-
tio of their reaction flows is equal to the ratio of their
reaction rates. Their reaction rates are shown in Fig. 8
together with their flows. The reaction rate of "Be(d,
3He)®Li is much smaller than that of "Be(d, p)2*He, and
therefore the role of the former in reducing the primordial
"Li abundance is less than that of the latter. As discussed
in the introduction, if the “Be(d, *He)°Li reaction rate is
the same as the "Be(d, p)2*He reaction rate, it can affect
the abundances of “Li and °Li by about 1%. Our exper-
iment shows that the reaction rate of “Be(d, *He)®Li is
much smaller than that of “Be(d, p)2*He. Therefore, the
"Be(d, *He)SLi reaction affects the abundances of “Li and
511 much less than 1%.

»~ 'Be(d, p)2*He
10° 110°
o "Be(d, *He)’Li”
[e}
v—E ‘TA
" . o
e 10°F 10° <
o °
A £
B . =
V( 10-15 ,; . ;S ‘\\ 1 10-15 E
z Be(d, p)2'He flow —
7 3 6 'I,’I ' S
Be(d, "He)'Liflow _ 1 ——= N
1 0-25 | "y N * 1 0-25
10 1 0.1
Temperature (GK)
Fig. 8. The "Be(d, *He)’Li and "Be(d, p)2*He [41]

reaction rates and flows for temperatures of 0.05
- 50 GK.

The flows creating and destroying °Li are compared
and shown in Fig. 9, where the black solid line and blue
dashed line indicate the reactions creating 5Li, while the
others are the reactions destroying it. There are only
two reactions, H(e, v)°Li and "Be(d, ®He)®Li, creat-
ing °Li. While the flow of the "Be(d, *He)®Li reaction
is much smaller than that of ?H(e, v)°Li, the difference
in the fluxes is about 7 orders of magnitude. There are
six reactions responsible for destroying °Li, among which
Li(n, «)*H and °Li(p, «)*He are the two main reactions.
At higher temperatures, °Li(n, «)*H is more important
than °Li(p, o)*He because of its higher reaction rate. At
lower temperatures, there are few neutrons left because
of its decay, and therefore the flow of the SLi(p, «)*He
reaction is bigger than that of SLi(n, «)*H. The contri-
butions of the °Li(d, p)"Li and °Li(d,n)"Be reactions are
the same, because identical reaction rates are adopted.
Their total contribution is about 1%. The contributions

of the °Li(n, y)"Li and °Li(p, y)"Be reactions are less
than one thousandth, which can be neglected.

10° . A
— H(ap'Li
- - --"Be(d,’He)’Li
- Li(p, @) He
— hLi(n,a)IH
10" [ ——=‘Lidp)Li ]
AU ‘Li(d,n)'Be
‘Li(p,7) Be
*Li(n,y) Li

1 0-30

Temperature (GK)

Fig. 9. (color online) Flows of the reactions which
create or destroy ®Li. The black solid line and
blue dashed line indicate the reactions creating
51i, while the others are the reactions destroying
it.

5 Conclusions

The angular distributions of the *H("Be, °Li)*He re-
action were measured with secondary “Be beams of en-
ergy 30.2 MeV and 17.7 MeV for the first time. The
integrated cross sections are found to be 73.3 £+ 22.1 mb
and 73.1 £ 15.8 mb at F_, = 4.0 MeV and 6.7 MeV, re-
spectively. The excitation function of the "Be(d, *He)SLi
reaction was determined by normalizing the TALYS cal-
culation with the experimental cross sections, and then
its reaction rate was deduced.

To investigate the effect of the "Be(d, *He)SLi re-
action on the °Li and “Li abundances, SBBN network
calculations were performed. The results show that the
"Be(d, ®*He)®Li reaction has a minimal effect on the
abundances of °Li and “Li compared with other larger
net fluxes such as ?H(e, y)°Li, "Be(n, p)’Li and "Be(d,
p)2*He etc. Therefore, the "Be(d, *He)CLi reaction is
generally ruled out by this experiment as a possible reac-
tion path to alleviate the lithium discrepancy, because of
its small reaction rate. The effective temperature of the
"Be(d, *He)°Li reaction is under 10° K and the Gamow
window will be below 0.3 MeV. If there is a resonance
state between 16.8 and 16.5 MeV in °B, the reaction
rate of the “Be(d, *He)®Li reaction could be increased
greatly, but at present, no such state has been found [45].

The authors thank the staff of the HI-18 tandem ac-
celerator for their help during the erperiment.
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