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Asymptotic normalization coefficients and neutron halo of the excited states in12B and 13C
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The transfer reactions of11B(d,p)12B and 12C(d,p)13C, at incident energy of 11.8 MeV, have been used to
extract asymptotic normalization coefficients and root-mean-square radii for the last neutron in12B and 13C. It
is found experimentally that the second (Jp522) and third (Jp512) excited states in12B and the first (Jp

51/21) excited state in13C are the neutron halo states, whereas the third (Jp55/21) excited state in13C is a
neutron skin state.
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I. INTRODUCTION

The origin of the chemical elements in nature constitu
a fascinating problem of nuclear astrophysics. Among
various theories of element formation, stellar nucleosynth
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has become most successful and is now commonly accep
In the theory, it assumes that only hydrogen, helium, and
rare light isotopes withA,12 are produced in the big bang
nuclei heavier than iron can only be created by succes
neutron capture reactions and beta decay. The main rea
sequence to synthesis heavy elements (A.12) is
1H~n,g!2H~n,g!3H~d,n!4He~ t,g!7Li ~n,g!8Li ~a,n!11B~n,g!12B~b2!12C~n,g!13C,
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etc. @1#. Along this sequence, the11B(n,g)12B and
12C(n,g)13C are two important reactions, especially the l
ter one@2,3#.

So far, the capture cross sections of astrophysical inte
for the 11B(n,g)12B reaction are still unknown. For th
12C(n,g)13C reaction, they have been measured by t
groups @4–6# at neutron energies between 0.1 keV a
2 MeV. However, there are obvious discrepancies betw
these two sets of data@6#. Due to its importance as men
tioned above, further experimental studies are strongly ca
for. However, the direct capture cross sections at stellar
ergies are very small, usually inmbarn. It is very difficult to
measure them with high precission. Recently, Xuet al. @7#
proposed an indirect method to obtain the direct capt
cross section at stellar energy from the asymptotic norm
ization coefficient~ANC! of the overlap wave function in
peripheral transfer reaction. The cross sections of the per
eral nucleon transfer at energies above the Coulomb ba
are several orders of magmitude larger than that of di
capture. Hence their method should provide an easy and
liable way to determine the capture cross sections of as
physical interest.

In this work, we have measured the angular distributio
of the transfer reactions11B(d,p)12B and 12C(d,p)13C, and
extracted ANC’s for 12B↔11B1n and 13C↔12C1n from
the measured differential cross sections at forward ang
We have also calculated the root-mean-square~rms! radii of
the ground and excited states in12B and 13C with these
ANC’s. Our results show that the second (Jp522) and third
(Jp512) excited states of12B and the first (Jp51/21) and
third (Jp55/21) excited states of13C are, respectively, the
-
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neutron halo or halolike states. Because the neutron cap
in the s process follows the valley of beta stability, it woul
be very interesting to extend the investigation of the h
structure, as well as its effect on neutron capture, to
nuclear region on and off theb stability line.

II. EXPERIMENTAL PROCEDURE

The experiment was carried out with a collimated de
teron beam from the HI-13 tandem accelerator at China
stitute of Atomic Energy, Beijing. The bombarding ener
was 11.8 MeV. The thickness of the11B ~with 12C backing
of 30 mg/cm2) and 12C targets was 215mg/cm2. Outgoing
protons were momentum analized using a Q3D magn
spectrograph. Two typical excitation energy spectra of pro
are shown in Fig. 1. During the measurements at mos
angles, two SSD’s placed at624° were used for monitoring
the beam current. In the angular range of 15°<uLab<35°,
instead of two, one SSD at124° was used. Except th
SSD’s, in the measurements at some angles, a Faraday
set at 0° in the scattering chamber was used for determ
the beam current directly.

The differential cross sections of the transfer reactio
11B(d,p)12B and 12C(d,p)13C were measured in the angula
range of 5°<uLab<140° in 5° steps. In the case of thed5/21

state of 13C, the cross sections were measured at ang
down to 0°. The counts of the elastic scattering at 24° w
used for relative normalization of the transfer cross sectio
The beam current measured by the Faraday cup along
the target thickness were used for the absolute normaliza
The measured angular distributions of the transfer react
©2001 The American Physical Society12-1
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11B(d,p)12B and 12C(d,p)13C are, respectively, shown i
Figs. 2 and 3 as solid points. The relative errors of the
perimental data are about 6%, including the error of sta
tics, the uncertainties of the target thickness and the b
current measurement. Langet al. @8# investigated the reac
tion 12C(d,p)13C at the deuteron energy of 12 MeV. Ou
results are in agreement with their data within experimen
error.

III. EXTRACTION OF ANC’S

The experimental cross section for the peripheral tran
reactionA(d,p)B can be expressed as

dsexp

dV
5~CAnlBj B

B !2~Cpn
d !2Rl Bj B

~1!

with

Rl Bj B
5

sDW

bAnlBj B

2 bpn
2

, ~2!

whereCAnlBj B

B , Cpn
d and bAnlBj B

, bpn are, respectively, the

nuclear ANC’s and the corresponding single-particle ANC
for B↔A1n and d↔p1n channels,l B and j B the orbital
angular momentum and channel spin of the bound stateA
1n). As pointed out by Mukhamedzhanovet al. @9#, Rl Bj B

in

FIG. 1. The excitation energy spectra of proton from t
11B(d,p)12B and 12C(d,p)13C reactions measured by Q3D at 5°
03431
-
-
m

l

er

Eq. ~1! is model independent for peripheral transfer rea
tions. Rl Bj B

can be calculated with a proper distorted-wa
Born approximation~DWBA! code. Thus one can deduc
CAnlBj B

B as long as the transfer cross sectionsdsexp/dV are

measured.
In the DWBA calculations, the exact finite range co

PTOLEMY @10# is used. The optical model potential takes t
form

U~r !5VC~r !2V f~xv!14iW
d

dxi
f ~xi !

1S \

mpcD 2

Vs.o.

1

r

d

dr
f ~xs.o.!

lW•sW

s
, ~3!

where f (xj )5@11exp(xj /aj)#
21, xj5r 2r jAtarget

1/3 , j
5v,i ,s.o., and VC(r ) is the Coulomb potential of a uni
formly charged sphere with radiusr 0cAtarget

1/3 . The potential
parameters in the entrance channel were extracted from
elastic scattering data ofd112C at an energy of 12 MeV
@11#. The energy-dependent optical parameters of Goncha
et al. @12# are used to generate the distorted waves in thp

FIG. 2. Angular distributions for the transfer reaction
11B(d,p)12B at Ed511.8 MeV. The dashed curves denote the n
malized DWBA calculations, and the solid lines represent the
sults combining the contributions of the direct and the compou
processes.
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112B and p113C exit channels. Listed in Table I are th
values of the optical parameters used. The normalized re
of the DWBA calculation are illustrated in Figs. 2 and 3
dashed curves. In the same figures, the solid lines show
results combining the contributions of the direct and
compound processes. It is already known that the tran
differential cross section at forward angles is insensitive
the parameters of the distorted-wave optial potential@13#. It
is just at these angles the value of ANC’s is deduced. T
single-particle wave functions are calculated with typic
Woods-Saxon potentials. The depth of the potential is
justed to reproduce the neutron binding energy. We vary
radius parameterr 0 and the diffusenessa of the potential on
a grid of 12 points forr 051.0–1.3 fm anda50.5–0.7 fm
with 0.1-fm steps, respectively. In addition, the standard
rameters ofr 051.25 fm anda50.65 fm are also used in
our DWBA calculations. For each point on the grid, t
single-particle wave functionFnBl Bj B

(r ,r 0 ,a) is obtained.

FIG. 3. Same as Fig. 2, but for the reactions12C(d,p)13C.
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Here the dependence of theFnBl Bj B
on the radius paramete

r 0 and diffusenessa is explicitly indicated. The single-
particle ANC bl Bj B

can be deduced at large distance by
definition:

bl Bj B
~r 0 ,a!5

FnBl Bj B
~r ,r 0 ,a!

W2hB ,l B11/2~2kr !/r
, r .RN ; ~4!

hereW2hB ,l B11/2 is the Whittaker function,k5A2m«B is the

wave number, andm, «B , RN are, respectively, the reduce
mass, binding energy, and the nuclear interaction radius
the bound state (A1n). The Coulomb parameterhB equals
zero in the neutron case. The DWBA cross sectionsDW and
single-particle ANCbl Bj B

depend on the parameters of th

binding potential, while their ratioRl Bj B
does not.

As long asRl Bj B
is obtained in the DWBA calculation, the

nuclear ANCCAnlBj B

B can be deduced from the experimen

cross section with Eq.~1!. We deduce the value of the ANC’
from the differential cross sections at three forward ang
(uLab55°, 10°, and 15°). The value of (Cpn

d )2 for d↔p
1n is 0.76 fm21 @14#. So the nuclear ANCCAnlBj B

B for
12B↔11B1n and 13C↔12C1n is uniquely determined. The
nuclear ANC’s are model independent. Figure 4 shows
bl Bj B

, Sl Bj B

(sp) , andCAnlBj B

B as a function of (r 0 /a) for the third

(Jp512) excited state of12B. The error bars are only due t
the errors of measured cross sections. The obtained da
theCAnlBj B

B are presented in Table II for various bound sta

of nuclei 12B and 13C. The errors listed in the table als
include systematic uncertainties.

IV. NEUTRON HALO IN EXCITED STATES

A neutron or proton halo is bassically a threshold effe
@15# resulting from the presence of a bound state close to
continuum. Therefore, except the nuclei near or at both
neutron and proton drip lines, a halo may appear in the
cited state of stable nuclei, especially in 1/21 state of light
nuclei@16#. As mentioned above, to search for the halo str
ture of excited states in nuclei on and off theb stability line
is of particular significance in astrophysics, as well as
nuclear physics itself.

In the single-particle approach@9#, the nuclear radial over-
lap integral for B↔A1n is approximated by a single
particle overlap integral,

I AnlBj B

B ~r !'I AnlBj B

B(sp) ~r !5@Sl Bj B

(sp) #1/2FnBl Bj B
~r !. ~5!
8
3

TABLE I. Optical model potential parameters.

V rv av Vi r i ai Vs.o. r s.o. as.o.

Particle ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm!

d 118.0 0.97 0.93 9.44 1.83 0.47 7.42 0.90 0.1
p 66.53520.108Ep 1.006 0.654 4.52610.006Ep 1.321 0.702 10.13 0.713 0.56
2-3
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The single-particle spectroscopic factorSl Bj B

(sp) relates the

nuclear ANC and the single-particle ANC by

Sl Bj B

(sp)5
~CAnlBj B

B !2

~bl Bj B
!2

. ~6!

The rms radius of the last neutron in the orbital (nBl Bj B) is
defined approximately by the single-particle wave functio

^r 2&1/2'S E
0

`

r 4FnBl Bj B

2 ~r !dr D 1/2

. ~7!

FIG. 4. The single-particle ANC (bl Bj B
), the single-particle

spectroscopic factor (Sl Bj B

(sp) ), and the nuclear ANC (CAnlBj B

B ) as a
function of r 0 /a for the third excited state of12B.
03431
,

It can be separated into the contributions of the interior a
the asymptotic region,

^r 2&1/25S E
0

RN
r 4FnBl Bj B

2 ~r !dr1~CAnlBj B

B !2

3E
RN

`

r 2W2hB ,l B11/2
2 ~2kr !dr D 1/2

. ~8!

The first term in the equation is somehow parameter dep
dent. The parameters of the bound state potential adopte
not experimentally determined and can be varied. We ca
late the first term by taking the set (r 0 ,a) so thatCAnlBj B

B

5bl Bj B
(Sl Bj B

51). The second term is model independe
and gives major contribution to the rms radius. Thus
error introduced by the parameters used is small. The co
bution of the asymptotic part of the wave function can
estimated by

Dl~RN!5S E
RN

`

r 2lFnBl Bj B

2 ~r !dr

E
0

`

r 2lFnBl Bj B

2 ~r !dr
D 1/l

~9!

with l51,2. TheD1 represents the probability of the la
neutron outside the range of the interaction radiusRN , and
D2 gives the contribution of the asymptotic part to the rm
radius. Listed in Table II are the rms radii, the values ofD1 ,
D2 for the last neutron of the ground and excited states
12B and 13C. It is worth noting that for the excited state
with the orbital angular momentuml n50, D1 is equivalent
to or larger than 50%. In this sense@15# these states, i.e., th
second (Jp522) and third (Jp512) excited states in12B
and the first (Jp51/21) excited state in13C should be the
neutron halo states, while the third (Jp55/21) excited state
in 13C is a neutron skin state. Dufour and Descouvem
@17# used the generator coordinate method to stu
12C(n,g)13C and obtain the mean distance between the12C
core and the last neutron,d54.48 fm for the 1/21 excited
state. Our result agrees with their value within the error.
TABLE II. Asmptotic normalization coefficientsCAnlBj B

B , rms radii, D1, and D2 for the ground and
excited states in12B and 13C.

Nucleus Ex l n Jp CAnlBj B

B ^r 2&1/2 D1 D2

~MeV! (\) (fm21/2) ~fm! ~%! ~%!

12B 0 1 11 1.1660.10 3.1660.32 19.9 70.2
1.674 0 22 1.3460.12 4.0160.61 53.6 91.9
2.621 0 12 0.9460.08 5.6460.90 66.8 96.3

13C 0 1 1/22 1.9360.17 3.3960.31 14.3 62.1
3.089 0 1/21 1.8460.16 5.0460.75 50.3 90.5
3.854 2 5/21 0.1560.01 3.6860.40 25.2 74.2
2-4



ip

ho
th
u

io
in

he
ure
ect

e in

ci-

ent

ASYMPTOTIC NORMALIZATION COEFFICIENTS AND . . . PHYSICAL REVIEW C64 034312
V. CONCLUSION

We have measured the angular distributions of the per
eral transfer reactions11B(d,p)12B and 12C(d,p)13C at
11.8 MeV, and derived the nuclear ANC’sCAnlBj B

B of the

ground and excited states in12B and 13C from the transfer
cross sections at very forward angles. Our calculations s
that the ANC value is insensitive to the parameters of
binding potential used. With these ANC’s, we have calc
lated the rms radii, the probabilityD1 of the last neutron
outside the range of nuclear interaction, and the contribut
D2 of the asymptotic part to the rms radius. Our results
dicate that the second (Jp522) and third (Jp512) excited
states in12B and the first (Jp51/21) excited state in13C are
F.
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,
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the neutron halo states, whereas the third (Jp55/21) excited
state in 13C is a neutron skin state.

The ANC method provides a natural way to relate t
peripheral transfer reactions to the direct radiative capt
reactions. It is of astrophysical interest to deduce the dir
neutron radiative capture cross sections of11B and 12C from
the measured ANC’s. The corresponding calculations ar
progress.
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