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The °Be(*He, «) ®Be*(p) "Li reaction was studied at Ej,,(*He) = 30 MeV to deduce the branching ratios of
I"p1/T po of resonant states at 18.91-20.1MeV in 8Be, which are necessary to extract the "Be(n, p1) "Li* reaction
rate relevant to the "Be destruction in the big bang nucleosynthesis, from the "Li(p, ny) 'Be reaction cross section.
The decay protons from ®Be* to the ground and first excited states in 'Li were well-separately measured. The
I')p1 /T ratio of the 19.235-MeV state was deduced to be 3.4 & 1.9 %. The 19.86- and 20.1-MeV states were
found to decay dominantly into the first excited and ground states of "Li, respectively.
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I. INTRODUCTION

The big bang model is supported by the observations:
the expansion of the Universe, the cosmic microwave back-
ground, and the big bang nucleosynthesis (BBN). The
primordial abundances of >H and **He are well reproduced
by the standard BBN model using the “baryon density” pa-
rameter determined by the observation of the anisotropy of
the cosmic microwave background. On the other hand, the pri-
mordial abundance of "Li is overestimated by a factor of three
to four. This discrepancy is called “the cosmological lithium
problem” [1]. Many theoretical and experimental studies were
performed to solve the problem, but no solutions were found
without using new physics beyond the standard model which
was not confirmed experimentally [1].

The primordial "Li was mainly produced by the electron
capture of 'Be synthesized by the *He(x,y)’Be reac-
tion. Although "Li was produced by the H(e, y)’Li and
"Be(n, P) Li reactions in BBN, most of the "Li was imme-
diately destructed by the "Li(p, «) “He reaction. Uncertainty
on the "Be production rate is very small, because precise
measurements of the *He(«, ) "Be reaction were reported by
several groups [2]. If the destruction rate of 'Be was large
enough to reduce the primordial abundance of "Li, then the
present model would be validated without introducing any
new physics.

The "Be(n, D) 7Li reaction is thus the most important "Be
destruction reaction in BBN. Its reaction rate used in the
BBN model was compiled by Descouvemont et al. [3] using
the "Be(n, p) 'Li reaction cross sections directly measured
by Koehler et al. at the neutron energy E, < 13.7 keV [4]
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and those deduced by measurements of the time-reversal re-
action "Li(p, n) "Be [5-8]. The direct measurements of the
"Be(n, p)7Li reaction by Hanna ef al. [9], Gledenove et al.
[10], and Cervena et al. [11] were not used in the compilation,
but they are consistent with the results of Ref. [4] within their
error.

The direct measurement of the "Be(n, p) 7L reaction cross
section at E, < 325 keV was reported by Damone et al. [12].
The cross section at low energies was 35-40% higher than
that of Koehler et al. [4]. Since the cross section at high ener-
gies was less accurate than that reported by the time-reversal
reaction measurements, the 7Be(n, Po) Li cross section from
the time-reversal reaction [7] at £, > 35 keV was used for the
reaction rate calculation, resulting in a 10% decrease of the
predicted cosmological abundance of "Li.

The "Be(n, p1) 'Li* (0.478 keV; %7) reaction is also "Be
destruction reaction, but it was not studied well. The ra-
tio of the "Be(n, p;) "Li* cross section to the "Be(n, py) 'Li
one, 0y,,1/0,p0, was measured to be 1.18 & 0.05% (weighted
mean value) for E, < 60 eV and 3.2 + 1.2% at E, = 60 eV
by Koehler et al. [4] and 1.2 +0.6% at thermal energy by
Tomandl et al. [13]. They are lower than the resonant energy
E, = 13 keV for the 2] state at 18.91 MeV in 8Be, which is
the lowest known resonant state above the neutron separation
energy S, = 18.899 MeV. Although the (n, p;) reaction was
not separated from the (n, pg) reaction around the 2| state,
the (n, p) reaction was also measured by the direct method.
On the other hand, the (n, p1) cross section cannot be deduced
from the time-reversal reaction measurements. Therefore the
"Be(n, p1)7Li* reaction was neglected in the BBN model,
except for the 2| state.

Recently, de Souza et al. compiled the "Be(n, p) reac-
tion rate with the Bayesian R-matrix fit using all available
data [14]. Since only two precise experimental results [4,12]
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FIG. 1. Schematic view of the experimental setup.

which disagree in their absolute cross sections by 35-40%
were available, the adopted reaction rate was deduced af-
ter systematical-uncertainty estimations of these experiments.
The adopted rate at 0.6 GK was 2% higher than that of De-
scouvemont et al. [3] and 10% lower than that of Damone
et al. [12]. The (n, py) reaction was discarded, because the
Onpl /Onpo Tatios at E, < 60 eV are smaller than the systemat-
ical uncertainties. However, it is not clear if this assumption
is valid since the 0,1 /0,0 ratios at higher energies strongly
depend on the properties of the resonant states, decay en-
ergy, and so on. Further experimental studies using the direct
method are desired.

As an alternative method, the "Be(n, p;) 'Li* reaction rate
can be deduced when the I',; /") ratio of each resonant
state is determined experimentally. In the present article, an
experiment to populate resonant states from 18.9 to 20.1 MeV
in ®Be by the °Be(*He, ') 8Be* reaction and to measure decay
protons from these states into the first excited and ground
states in "Li is reported.

II. EXPERIMENT

The experiment was carried out at the Tandem accelerator
facility of Japan Atomic Energy Agency (JAEA) at Tokai.
The experimental setup is shown in Fig. 1. A beryllium
target with an areal density of 185 ug/cm? was impinged
by a *He beam at 30 MeV. The target was tilted 45° to
the beam axis, resulting in an effective target thickness of
262 pg/cm?. In the target, carbon and oxygen contamina-
tion was present, corresponding to an areal density of 1.7J_r8:Z
and 2.2+ 0.2 pg/cm?, respectively, which were evaluated
by measuring the elastic scattering of a 30-MeV “He beam
from the AVF cyclotron at the cyclotron radioisotope cen-
ter (CYRIC), Tohoku university. The « particles emitted by
the “Be(*He, «) ®Be* reaction at 0° were analyzed by the
high-resolution spectrometer ENMA [15]. The horizontal and
vertical angular acceptances were set to +2° and £3°, respec-
tively, to restrict the emission angle of residual ®Be*. It was
necessary to separate protons emitted by the decay from the
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FIG. 2. Excitation energy spectrum of $Be populated by the
“Be(*He, «) *Be*, deduced from the magnetic rigidity of the « par-
ticles measured by ENMA. The arrows indicated to known excited
states in *Be [16].

resonant states in ®Be into the ground state from ones to the
first excited state in 'Li. Along the focal plane of ENMA,
a wire chamber and a plastic scintillator were placed. The
wire chamber consists of four gas proportional counters, X 1,
AE1, AE2, and X2 operated in isobutane gas at a pressure
of 150 mbar. The particle identification was performed by
the AE-E method using the AE1 and AE?2 counters and the
plastic scintillator (E). The magnetic rigidity of the « particles
was deduced from the horizontal position at the focal plane
reconstructed by the tracking from the horizontal position of
hit on the X 1 and X 2 counters measured by the charge division
method.

The decay protons were measured by three silicon strip
detectors with an active area of 60 x 60 mm? with strip
pitches of 5, 10, and 10 mm, respectively. They are placed
at 150, 120, and 120 mm from the target at the angle
(acceptance) of 59°(£11°), 90°(£14°), and 135°(£14°), re-
spectively. Measurements using 167-ug/cm?-thick mylar and
100-pg/cm?-thick carbon targets were performed for cali-
brating the magnetic rigidity of the o particles using the
2c(®He, o) ''C and °*O(C’He, «) 150 reactions. These data
were also used for estimating the background caused by con-
taminant carbon and oxygen in the beryllium target and it was
found to be negligibly small.

III. RESULTS AND DISCUSSION

Figure 2 shows the excitation energy spectrum of ®Be
populated by the *Be(*He, o) 8Be* reaction, deduced from
the magnetic rigidity of the « particles. The peaks were ob-
served at 16.9, 17.6, 18.2, 19.2, and 20.1 MeV corresponding
to the 27, 1}, 13, 37, and 2 states at 16.922, 17.640,
18.150, 19.235, and 20.1 MeV in %Be [16], respectively. The
16.922-MeV state is a state of the 2% doublet at 16.626 and
16.922 MeV with significant mixing of isospin 7 = 0 and
1 in their wave function. These two states were populated
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FIG. 3. Correlation of the excitation energy in *Be with the ki-
netic energy of the decay protons from $Be*. The upper and lower
curves labeled py and p; correspond to the decays to the ground and
first excited states in ’Li, respectively.

by the "Li(*He, d) ®Be reaction at 20 MeV and characterized
by the "L(g.s.)+p and "Be(g.s.)-+n single-particle model con-
figurations [17]. The 17 doublet at 17.640 and 18.150 MeV
and 37" doublet at 19.07 and 19.235 MeV are also considered
to posses isospin mixing in their wave function [18]. The
total widths of the resonant states at 16.922 and 17.640 MeV
were reported to be 74.0 and 10.7 keV, respectively [16].
The resolution of the excitation energy E, in this setup was
obtained to be 80 keV in o by fitting the peaks by the Voigt
function.

The correlation of E, with the kinetic energy of the protons
at 59-70° and 122-136° in the laboratory frame is shown in
Fig. 3. Two discrete curves were clearly observed in Figs. 3(a)
and 3(b). The upper and lower curves labeled py and p,
correspond to the decays to the ground and first excited
states in 'Li, respectively. The energies and angles of the
protons, E. . and 6., , and the triple differential cross section

BPoem ; 8
ToLdondE, N the rest frame of the residual °Be (center of

mass of the "Li+p system) were deduced using the kinetic
energy of the residual ®Be calculated event by event by the
kinematics.

Figure 4 shows the triple differential cross sections
at E, =19.15-19.25 and 20.05-20.15 MeV. The closed
circles and open squares indicate the triple differential
cross sections of the °Be(*He, o) 8Be*(po)7Li (po) and
‘Be(*He, ) ®Be*(p;) "Li* (p;) reactions, respectively. The
accidental coincidence events were subtracted using events
whose time difference between the silicon strip detector and
the plastic scintillator is 150 ns after the coincidence window
(50 ns). Since the angular distributions are not isotropic, they
were fit by a series of Legendre polynomials as
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FIG. 4. Triple differential cross sections as a function of the
proton emission angle in the rest frame of the residual ®Be* at
E, =19.15-19.25 (a) and 20.05-20.15 MeV (b). The closed cir-
cles and open squares represent the °Be(*He, oe)gBe*(po)7Li and
“Be(*He, o) *Be*(p,) "Li* reactions, respectively. The solid and
dashed curves show the best fit results by a series of Legendre
polynomials.

Since the Legendre polynomial expansion should involve
a few low-order term, f.,x =3 was adopted. The solid
and dashed curves in Fig. 4 show the best-fit results.
The integrated double differential cross sections dsngEX =
f > aPdQ, = 4may were deduced. The systematical un-
certainty of the double differential cross section due to the
restriction of the £,,,x value was evaluated by using different
£ max values and found to be less than 10% at the maximum.
The double differential cross sections of py and p; are
shown in Figs. 5(a) and 5(b), respectively. The solid curves
in Fig. 5 represent the best-fit results by the sum of the
single-level Breit-Wigner formalism with the Coulomb pen-
etration of proton for seven resonant states at 18.150, 18.91,
19.07, 19.235, 19.40, 19.86, and 20.1 MeV. The E, resolution
mentioned above was taken into account. The energies and
total widths of the resonant states were limited within the
errors adopted in Ref. [16], and the orbital angular momentum
quantum numbers in the proton emission, ¢, were fixed to
the minimum ones. As shown in Fig. 5, the 17, 27, 3?, 3;”,
41, and 2] states at 18.150, 18.91, 19.07, 19.235, 19.86, and
20.1 MeV, respectively, in *Be were populated by the (*He, «)
reaction. On the other hand, significant amplitude was not
observed for the 1] state at 19.40 MeV. Table I shows the
parameters deduced by the fit. The experimental py and p;
cross sections were reproduced by the fit, except for the p;
cross section at £, < 18.7 MeV, which is lower than S,,. The
branching ratio I /T of the 3 state at 19.235 MeV was de-
duced to be 3.4 + 1.9%. The 2 state at 20.1 MeV was found
to decay mainly into the ground state in ’Li, and the 1 upper
limit of I"; /T o was deduced to be 22%. On the other hand,
the T of the 4] state at 19.86 MeV was observed to be larger
than I, suggesting this state dominantly decays into the
first excited state in 'Li. The I"p1 /T po ratio of the 18.91-MeV
state was deduced to be 64 &= 44% which cannot reproduce
the ratio of the cross section of the "Be(n, p;) "Li* reaction
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FIG. 5. Double  differential  cross  sections of the
(a) °BeCHe, a)®Be*(py)’Li and (b) °Be(*He, ) ®Be*(p;) Li*
reactions. The solid curves represent the best fit results by the
sum of the single-level Breit Wigner formalism with the Coulomb
penetration of proton for seven resonant states at 18.150 (dashed
curve), 18.91 (dotted curves), 19.07 (thick dotted curves), 19.235
(loosely dashed curves), 19.86 (dot-dashed curves), and 20.1 (thick
dot-dashed curves) MeV.

to that of the "Be(n, po) "Li reaction measured at E, < 60 eV
[4,13]. This discrepancy may be explained when an unknown
0~ or 17 state predicted by shell-model calculations [19] and
cluster-model calculations [20], which can be populated by
the °Be(*He, @) reaction and decay into the first excited state
in "Li with £ = 0, exists close to the 18.91-MeV state. Further
investigations are necessary.

The resonant states at 18.91, 19.235, 19.40, and 20.1 MeV
in ®Be are considered to be important to the "Be destruc-
tion. Since the reaction rate through the 18.91-MeV state was
determined by the direct measurements of the "Be(n, p) 'Li
reaction, the 'Be(n, p;) 'Li* reaction through this state was
already taken into account. Figure 6 shows the "Be(n, p) 'Li
reaction rate. The solid curve represents the reaction rate

TABLE I. The parameters deduced by the best fit by the sum of
the single-level Breit-Wigner formalism with the Coulomb penetra-
tion of protons.

- r r

J E.(MeV) T (MeV) 5 (%) oty (%)
27) 18.91 0.122 64 + 44 38420
3* 19.10 0.25 5574
3t 19.23 0.211 34419 3.3+1.8
1- 19.40°

4+ 19.81 0.6 10079
2+ 20.10 0.86 0% 0*5?

aNot populated by the (*He, o) reaction.
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FIG. 6. Calculated "Be(n, p) "Li reaction rate. The solid curve
represents the reaction rate deduced by Damone er al. [12]. The
dashed curve shows the reaction rate of the (n, p;) reaction through
the resonant state at 19.235 MeV calculated using T, /T, de-
duced by the present measurement and the partial width parameters
deduced by Damone et al. [12]. The dotted curve is the 1o up-
per limit of the (n, p;) reaction ratio through the resonant state at
20.1 MeV.

deduced by Damone et al. [12]. The dashed curve shows
the (n, p) reaction rate through the 3; state at 19.235 MeV
calculated using the I',; /I, ratio deduced by the present
measurement and the partial width parameters of Ref. [12].
The dotted curve is the 1o upper limit of the (n, p;) reaction
rate through the 2; state at 20.1 MeV. In the BBN tem-
perature Ty = 0.6—1.2, the (n, p;) reaction rate through the
19.235-MeV state was calculated to be 0.07 £ 0.04%-0.3
+ 0.2% of the prior "Be(n, p) "Li reaction rate [12]. The lo
upper limit of the (n, p;) reaction rate through the 20.1-MeV
state was deduced to be 0.2-0.6% of the prior reaction rate
[12].

IV. CONCLUSIONS

The resonant states at 18.91-20.1 MeV in ®Be were
populated by the °Be(*He, a)®Be* reaction and decay
protons to the ground and first excited states in ’Li
were well-separately measured. The T',; /",y ratio of the
19.235-MeV states was deduced to be 3.4 = 1.9%. The states
at 19.86 and 20.1MeV were found to decay dominantly into
the first excited and ground states, respectively. The present
result suggests the 'Be(n, p;)’Li* reaction cross sections
through the 19.235- and 20.1-MeV states are not large enough
to solve the cosmological lithium problem. The (n, p;) re-
action cross section through the 19.40-MeV state cannot be
determined. Further investigation using different methods is
necessary to determine the I',; /I" 0 ratio of the 19.40-MeV
state.
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