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The capture cross sections at stellar energies are very difficult to measure directly. Hence, data are usually

evaluated by using indirect methods or extrapolations from the experimental data obtained at the lowest possible

energies. The asymptotic normalization coefficient (ANC) approach of the transfer reactions provides a reliable way

for the determination of the capture cross sections at stellar energies. By virtue of its reliability, we have calculated

the capture cross sections of the 1°Be(n,y)'!Be reaction by using nuclear ANC method. !Be is a well-known neutron

halo nucleus with two weakly bound states. As a typical example, we have shown that the radiative cross sections for

a nucleon captured into a halo state are obviously enhanced. The enormous enhancement of the capture cross section

is just due to the large overlap of the incident neutron wave with the extended tail of the halo. The °Be(n,vy)!!Be

capture reaction is involved in the inhomogeneous big-bang nucleosynthesis. We have evaluated its reaction rates at

stellar energies with the nuclear ANC method.
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1. Introduction

The thermonuclear reactions of astrophysical in-
terest concern mainly the capture of nucleons or a-
particles. The experimental determination of their
cross sections and the evaluation of the correspond-
ing stellar reaction rates face enormous problems and
represent a real challenge. The experimental difficul-
ties relate directly to the fact that the energies of
astrophysical interest are very low, much lower than
the Coulomb barrier for charged particle induced re-
actions. As a consequence, the cross sections can dive
into the nanobarn to picobarn abysses. In many cases,
one cannot succeed experimentally in reaching the en-
ergy region of the astrophysical relevance. Thus the-
orists are requested to supply reliable extrapolations
from the experimental data obtained at the lowest pos-
sible energies as well as to look for reliable indirect
methods.

Xu et allll proposed an indirect method to ob-

tain the direct capture cross sections at stellar energies

from the asymptotic normalization coefficient (ANC)
of the wavefunction in peripheral nucleon transfer re-
actions. The cross sections of the peripheral nucleon
transfer at the energies above the Coulomb barrier are
several orders of magnitude larger than those of direct
capture. Hence they should provide an easy way to
determine the capture cross sections of astrophysical
interest. In this work, we calculate the capture cross
sections of the 19Be(n,y)!'Be reaction by using the
nuclear ANC method. ''Be is a well-known neutron
halo nucleus with two weakly bound states. The low
neutron separation energy (S,) and the short range of
nuclear force can allow the neutron to tunnel into the
space surrounding the nuclear core so that the neutron
is present with appreciable probability at distances
much larger than the normal nuclear radius. The nu-
clear halo is known to be one of the most prominent
and exotic phenomena extensively investigated exper-
imentally as well as theoretically in nuclear physics.

However, the appearance of a halo should be a gen-
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eral phenomenon common to loosely bound particles.
In addition to the activity in nuclear physics, other
subfields of physics, in particular atomic and molec-
ular physics, have also started looking for halos, one
example being the atomic helium trimers.[>#! The ex-
tended spatial distribution of a halo particle can affect
a number of observations. As a typical example, we
show that the radiative cross sections for a nucleon
captured into a halo state are obviously enhanced.
The significant enhancement of the capture cross sec-
tion is just due to the large overlap of the incident
neutron wave with the extended tail of the halo. The

reaction chainl4!

®Li(n,~)"Li(8~v)’Be(n, v)
19Be(n, y)"'Be(87v)"'B(n,7)... (1)

proceeds through the °Be(n,y)!!Be capture reaction
which is involved in the inhomogeneous big-bang nu-
cleosynthesis. We evaluate its reaction rates at stellar

energies with the nuclear ANC method.
2.Capture cross sections ex-

tracted with ANC method

The direct radiative capture reaction for A+n —

B+ is essentially determined by the matrix elements

M =(¢5(Cas G P)|T(r) |64 (Ca)bn(Ca) ¥ (7))
=(I5 (") T(r)|4F (r)), (2)

where ¢;, (; and 7 represent respectively the wavefunc-
tion and the internal coordinate for the bound state of
particle ¢, and the relative coordinate between A and
n; T is the electromagnetic transition operator; @bj‘ (r)
is the distorted wave (DW) in the entrance channel
A+n and I% is the overlap function for B <+ A +n:

18.(r) =(65(Ca, Cn )P a(Ca)Dn(Ca))
= (JaMajm;|JsMp)
X (T Mg | i Yit Vi, (F)15,5(r)- (3)

Here, J; (M;) is the spin (projection) of particle i,
(Jy M1 J2 Ms|J3M3) is the Clebsch—Gordan coefficient,
and I fnlj(r) is the radial part of the overlap wave-
function. At asymptotic distances where the nuclear
forces are vanishingly small, » > Ry, the radial over-

lap function behaves asl':5]

W, J+1 2(2]{7”1")
Ifnlj(r) — Cfnlj%' (4)
Here C% , ; 1s the nuclear ANC defining the amplitude

of the tail of the overlap function, W is the Whittaker

function, k,, = \/Z/LSn/hz is the wave number, p is the

reduced mass of the system (A+n), and n the Sommer-
field parameter for the corresponding bound state. In
the case of neutron, n = 0, the Whittaker function re-
duces to Wy 11/2(2knr) = \/WKZ+1/2(I<:”T) with
K being the modified Bessel function. In the single-
particle approach the radial overlap function can be

approximated by
Iy (r) = [S]" 2 b (r), (5)

where S;; is the single-particle spectroscopic factor,
@ni; is the normalized single-particle radial wavefunc-
tion in the (nlj) bound state. The asymptotic nor-
malization coefficients (ANCs) of Ifnlj(r) can be ex-
tracted from the angular distribution of a peripheral
reaction. For example, the nuclear ANCs for the vir-
tual process '1Be «<+1° Be + n are obtained from the
10Be(d, p)''Be reaction at 25MeV.[6] The extracted
values of nuclear ANC are CAnlfjf =0.814+0.05 [7 and
0.1840.01 fm~1/2 [8] for the ground and first excited

states, respectively.

In the following we consider the case in which the
incoming neutron with the orbital angular momentum
l; is captured into a bound state (nlsjs) by radiating
a -y ray with the electrical multipolarity A, i.e. by EA
«y transition. Here n, l¢, j; represent the node number
of the bound state wavefunction, the orbital and total
angular momenta of the final state, respectively. The

cross section is calculated by

sr(A+1) (E,\**1 )

7(BN) =t s men <%> I ; Mol
(6)
where E, is the vy-ray energy, and v denotes the rel-
ative velocity between the incoming neutron and the
target °Be, m is the magnetic quantum number of
the emitted v photon. For the E1 transition (A = 1),

the transition matrix element My, is given by

M o eMpMT <Zp ZT>
M, + My \ M, My

X (Lt g, (O rYim ()7 (r)),  (7)

where My, My, Z, and Zt are the incoming particle
and target nucleus mass, and their charge numbers
respectively, Y7,, is the spherical harmonic function.
After integrating the angular part and summing over
the magnetic quantum number m of the initial chan-

nel, one can calculate the capture cross section of the
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FE1 transition by[9710]

o(E1) :awTﬂ <%)3 <§> @I, + 1)1(2IT +1)

<ZPMT - ZTMP>2
M, + My

25 +1 9
X Z Wmax(lialf)Rzisizfjfa (8)
Lijg
where « is the fine structure constant, I, and It are
the incoming particle and target spins respectively, S;

is the initial channel spin, and

o

Ri;si,5; = %/TzIAnlfjf (r)xu,s, (kr)dr, — (9)

0
where X g. (kr) is the radial DW function which is cal-
culated in the distorted wave of Born approximation
(DWBA). The integration in Eq.(9) can be written as
two terms of the interior and asymptotic regions,
RN

1
Ri;s,1,4, :E[(Slfjf)lp/7‘2¢nlfjf(7")Xzisi(k7')dT
0

B
+ Clhni, g, /Tan,lfﬂ/z
Ry

X (2knm)X1, 5, (kr)dr} , (10)

where Ry is the nuclear radius. For '!'Be, the nuclear
radius is Ry=4.0fm. In the energy region of astro-
physical interest, the asymptotic part gives the most
contribution to the cross section.

Figure 1 shows the calculated cross sections of the
10Be(n,y)!'Be capture reactions. The dashed, dotted,
dash-dotted lines represent the calculated results for
the different reaction channels in which a p-wave, an
s-wave and a d-wave neutron are captured into an
s-orbit and a p-orbit by emitting an E1 v-ray, re-
spectively. The solid line illustrates the total cap-
ture reaction cross sections of 1°Be(n,y)!!Be. In the
calculations of the single-particle wavefunction ¢y,;,
the Woods—Saxon (WS) potential geometry parame-
ters 7o=1.19fm and a=0.75 fm are used. The depth
of WS potential is adjusted to reproduce the valence
neutron separation energy S,. The optical-model pa-
rameters in Ref.[11] are adopted for the calculations
of the radial DW function. The cross sections of the
10Be(n,y)!'Be capture reactions are not measured yet.
Because the 1°Be neutron capture processes are in-
volved in the inhomogeneous big-bang nucleosynthe-
sis, so our results obtained with ANC method should

be useful in astrophysics.
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Fig.1. The radiative capture cross sections of the

10Be(n,y)!' Be reactions. The dashed, dotted, dash-
dotted lines represent the calculated results for the dif-
ferent reaction channels in which a p-wave, an s-wave
and a d-wave neutron are captured into an s-orbit and
a p-orbit by emitting an E1 ~-ray, respectively. The
solid line illustrates the total capture reaction cross
sections of 1°Be(n,y)!! Be.

3. Capture reaction rate

For a two-body reaction, the Maxwellian-

averaged reaction rate N4(ov) is computed from

81/2

Nalow) =N Gy sy

where N, is the Avogadro number, kg the Boltz-
mann constant, 7' the temperature, and E the en-
ergy in the center-of-mass system. Nj(ov) is ex-
pressed in cm®mol~'s™!, the energy E and kgT in
MeV, and the cross section ¢ in barn. Figure 2 shows
the 19Be(n,y)!'Be reaction rates for the different re-
The solid line in the figure is the

total direct capture rate. It can be seen from the fig-

action channels.

ure that the s—p transition leading to the first excited
state in ' Be dominates the reaction rate in the energy
region of astrophysical interest. In Fig.3, we compare

our reaction rate with the results of Rauscher et al[!2

[13]

and Mengoni et al. As well as the direct capture

rate, a resonant contribution coming from the level
at E,=1.778MeV in 'Be is included. For this reso-
nant contribution, only F1 transition (with a gamma
width I,=1.04eV and a neutron width I,=98.96keV)
from the resonant state (F,=1.778MeV, J™ = 5/27)

to first excited state in !'Be is considered. From Fig.3
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one may find that our reaction rates are at least 20%
less than the values of Mengoni et al.['3] The difference
may be due to the radial single-particle wavefunctions
used. Mengoni et all'3 calculated the radial wave-
function with a potential model. We apply the ANC
method as described in Section 2.
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Fig.2. The 1°Be(n,y)'!Be reaction rate. The dashed,
dotted, dash-dotted lines illustrate the reaction rates
for the different reaction channels as mentioned in
Fig.1. The solid line shows the total capture reaction
rate of 1°Be(n,v)!! Be.

108 T T T T T T T
= 10t
Hm
3 3
g 10 F
el
] g
= 102
< 10 — present
2 e Rauscher et all12]
< 10ty T Mengoni et all13]
2,
100 . L . . . . L
0.0 05 10 15 20 25 30 35 4.0
T9/109K
Fig.3. Comparison of 9Be(n,y)!!Be reaction

rate between present result and the calculations in
Refs.[12,13].

Our reaction rate can be expressed as

Na(ov) = 38.1+2555T) +4.62 x 10°T,, */2e~13:866/To

(12)
Here Ty is the temperature in units of 10°K. The first
term comes from the s—p transition, and the third
term is the resonant contribution. The s-wave con-
tribution to the reaction rate can be directly related

with the thermal cross section Uﬁf}v[m] by

Na(ov)s = NAUtn}:thh.

(13)

With this relationship, we obtain 0;1?7 = (0.29+

0.09)mb for the °Be(n,y)!!Be capture reaction.

4. Halo effect on direct capture

process

In order to show nuclear halo effect on direct
capture process at stellar energies, we first calculate
and compare the cross section captured into a halo
To this end,
we arbitrarily increase the neutron separation energy
of the 'Be first excited state by a factor of ten,
and calculate the single-particle wavefunctions with
S,=0.184MeV and 1.84MeV in a WS potential, re-
spectively. They are shown in Fig.4(a) as solid and
dashed lines. One may notice from Fig.4(a) that the

wavefunction of a halo state is much extended, spe-

state with that into a normal state.

cially compared with that of a normal state. In order
to illustrate the halo effect on the capture reaction rate
clearly, we display the reduced transition amplitude
Qus:144,(r) = |T2IEnlfijliSi(kr)| in Fig.4(b) for the
1 Be first excited state with S,,=0.184 and 1.84MeV at
the energy of neutron in entrance channel E,,=20keV.
This comparison very clearly demonstrates the origin

of the halo effect on the capture reaction rate. It is
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Fig.4. The wavefunction T¢>nlf]-f (r) (panel a), and
the reduced transition amplitude Qlisilfjf (ry =
|7‘2[Enl .
fif
channel E,,=20keV (panel b) for the ! Be first excited
state with S, =0.184 and 1.84MeV, respectively.

X;. g, (kr)| at the neutron energy in entrance
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"’2 10t | T T ] very difficult to measure directly. Hence, in the case
= T where the direct measurement is not available, the re-
E 10° _ oo 7 Sn=1.840MeV 3 quired data are usually evaluated by using indirect
:; 10-1f PP T Si=0184MeV ] methods. Recently, it is proved®:®78] that the ANC
approach of the transfer reactions provides a reliable
10_20.0 05 1.0 15 20 25 30 35 40 way for the determination of the capture cross sections
Ty /10°K at stellar energies. By virtue of its reliability, we have
calculated the capture rates of the 1°Be(n,v)!!Be reac-
Fig.5. The '°Be(n,y)"'Be reaction rate for an s- tion by using the nuclear ANC method. Our reaction

wave neutron captured into the p-state of 11Be.
The solid and dashed lines represent the cases with
Srn=0.184MeV and 1.84MeV, respectively.
just due to the large overlap of the incident neutron
wave with the extended tail of the halo state wave-
function of 'Be which makes the reaction rate of
10Be(n,y)!!'Be enormously enhanced. With the wave-

functions shown in Fig.4(a), we have calculated the re-
1-
action rate of the 10Be(n,7)“Be<§ ,0.320MeV> in

which an s-wave neutron is captured into a p-state of
1 Be by emitting an F1 y-ray. The results are shown
in Fig.5 with solid and dashed lines for the cases with
S,=0.184MeV and 1.84MeV, respectively. Figure 5
clearly shows that the capture rate for a nucleon cap-
tured into a halo state at stellar energies is two orders

of magnitude larger than that of a nucleon captured

10Be(n,y)!!Be rate can be expressed as

Na(ov) =38.1 + 2555T
+4.62 x 105T9_3/2e—13.866/T9‘

By the use of the relationship (13), we obtain its
th

capture cross section of thermal neutron, o', =
(0.29 4 0.09)mb.' Be is a well-known neutron halo nu-
cleus with two weakly bound states. As a typical ex-
ample, we have shown that the reaction rate for a
nucleon captured into a halo state is obviously en-
hanced. The enormous enhancement of the capture
rate is just due to the large overlap of the incident
neutron wave with the extended tail of the halo, which
is clearly demonstrated by the reduced transition am-

plitude function Q;s,1,;,(r) = |T2[Enlfijlisi(kT)|'
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