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Nonresonant capture cross sections of'B(n,y) and °C(n, y) at stellar energies
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The nonresonant direct radiative capt@BRC) cross sections of!B(n,y) and'2C(n, ) at stellar energies
are deduced by means of the asymptotic normalization coeffitR€C) method. The ANC factors were
extracted from the peripheral transfer reactiond’8f(d,p) and*2C(d,p). The deduced DRC cross sections of
12C(n,y) are in good agreement with experimental results of direct measurement. The DRC cross sections of
11B(n, y) at low energies are obtained for the first time.
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The B(n,y) and *°C(n,y) reactions of direct radiative nant component of the DRC process is the capture of the
capture(DRC) processes are two important reactions in stelincoming p-wave neutron into the orbit throughE1 transi-
lar nucleosynthesi§l—3]. Unfortunately, it is quite difficult tion. The contributions of other transitions are very small at
to perform the direct measurement at stellar engrgppally low energies. It is reasonable to think that similar nonreso-
less than 500 ke)/due to their small cross sectigabout a  nant processes occur in théB(n,y) reactions because the
few microbarn$ Up to now, On|y a few experimenta| data bound states Of'zB have similar structures to that éFC
have been obtained for th8C(n,y) reaction[4,5]. Stimu-  Therefore, only the nonresonant processeg-efs transi-
lated by these experimental results, many efforts were delions are considered in the present work.
voted to predict or to reproduce thef—9| in theoretical ~ The DRC process can be treated as a transition from con-
calculations. For the!!B(n,y) reaction, the experimental tinuum to bound state in the frame of the classical transition
cross sections are still nonexistent, and less attention wa§eory[20]. The transition cross section is given by
paid to the theory. Very stronfl vy transitions associating 8l + 1) o\21 1
with the incoming p-wave neutrons capture into thes;2 glm:—(—> —|Q|2 l, (1)
orbits of 13C were observef#,5] in the 2C(n, y) reactions. It [@2+nr11?\c/ #Ho ="

indicates that halo structures occur in thesebits. By using where fio is the energy of the emitted photon, is the
the wave function with halo feature, the experimental capture || i o velocity, Qp, is the transition matrix elément
1y ~Im ’

cross sections were perfectly reproduced by Otsila. [7]. . L
These authors further pointed out that “The present Iow—andm are the angular momentum and sprojection of

energy direct capture is of indispensable significance as %Cg photon, respectivelly. In the tf)rese_nt cdsel. Taking
new and presently unique tool for investigating the halo (n,7) as an exampleQyy, can be written as

structure particularly in _ex<_:ited states.” I_n the same year, Xu Qum= (B3C(1/29)| TEV|12C(0)n), 2)

et al. [10] proposed an indirect method, i.e., asymptotic nor-

malization coefficienttANC) method, to obtain the DRC whereT®? is the operator oE1 transition andn) denotes
cross section through the peripheral transfer reaction. Sincde wave function of incoming neutron. If the interaction
then, the ANC method has become useful in evaluating théetween the incoming neutron and th%& core can be
astrophysicaB factor or the DRC cross sections(@,y) and  neglected, which is true for neutron captures at very low
(n,y) processes at low energi¢s1-15. Very recently, the energies, thefn) can be replaced by the plane wai\RW)
ANC method was employed to study the halo structurgk). However, the incoming plane wave is strongly dis-
[16—18. In the previous papeld 7,18, we reported that the torted by the nuclear potential when the incident energy
halo structures exist in the second and third excited states @ficreases, and results in an obvious phase shift. In this
2B and the first excited state 6fC by means of the ANC case, the exact calculation of distorted wdaV) is nec-
method through the transfer reactions &B(d,p) and essary. Neglecting the center-of-mass motion,Eferan-
12C(d,p). Almost at the same time, Imat al.[19] measured sition operator is expressed as

the angular distribution of?C(d,p)'3C(1/2") at the same in- -

cident energy of 11.8 MeV, extracted the ANC factor of TEY =~ e\3/4m(ZIA)Y 3
13C(1/2"), and evaluated the DRC cross sections?ai(n, y)

at low energies. Their work confirmed again the availability

\c/)\foékN vs/:erzgfahgi ,l\rll\l\(g?‘;vcgr;hree;c?rct)gg i\:\v?rr\l(e' F')?etzguzrgzggtrthe relative motion. The wave function of the first excited
+ 1 i
[17,18 to calculate the DRC cross sections of astrophysica%tate(zsl&) of *C can be decomposed into
interest, BO(U2)) = L@z + 0 (@)
The experimental data dfC(n,y) clearly show that the | . Y
DRC processes are essentially the nonresonant reactionshere ¢; is an amplitude)*?C(0%)) and |n(2s,,+)) denote
Some theoretical works—9] have pointed out that the domi- the 0" ground state of thé’C core and the €,,+ orbit of

whereZ andA are the charge number and mass number of
the nucleus after capture, andmplies the coordinates of
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12 ————vv According to the ANC definitior{10,13,14, the single-
- : particle overlap function betwedtC(0")) and|n(2s,,,+)) for
the first excited state of°C has the following asymptotic

behavior:

o
o

o
~

Yan— T > RNCEPW(2kgr )/, (6)

o
o

where the subscriph andn are the core nucleus and the
outside valence neutron, respectivelRy, is the interaction
radius, C(Sjp; is the ANC factor of single-particle state,
W(2kgr) the Whittaker function, anag is the wave num-
ber of bound state. In the neutron case, the Whittaker
function is reduced to the Hankel functidi(«gr). There-
fore, the radial wave functioiR(r) in Eq. (5) can be re-
placed by the Hankel functionC®” connects with the

(sn [FoP sp
ANC of nuclear state byCSM:CSMVS‘WZ, where §51/2

W, () (fm™?)

o
~

S
<)

-1.2 ——H—+——+—+—t+—+—t+—+—++—+—+

N
/\ ke

E
‘;’H - 500 keV ] is the single-particle spectroscopic factor. Note that
= 3r il \ij’z) equals toZ; in Eq. (4). Finally, the transition cross
e 4l ——_-pw/| section is expressed as
_5-. [ el I RPN IR B B .- (El)_16’77e222ﬁw31
0 5 10 15 20 25 30 35 40 M A VN AT

r (fm) 9

XC;/ZURN r2H(KBr)W1(kr)dr] . (7)

FIG. 1. Thep-wave component&op panel and their contribu-
tions to theEl transitions(bottom panel of incoming PW(solid
lines) and DW (dashed linesfor the 12C(n,)!3C reactions at the Apparently this equation is nearly model independent,
incident energies of 100 keV, 500 keV, and 1 MeV. only slightly dependent on the optical-model potential of

the entrance channel. It expresses the main idea of so-
the last neutron, respectively. F&i transition, the core called indirect ANC method: the DRC cross section can
has no contribution to the matrix element. Then E2). be determined from the peripheral transfer reaction
becomes through the ANC factor. The above equation is deduced
. by using the12C(né12/) reaction as an example. It is also
- [ai 3 appropriate for the'B(n, y) reaction.
Qum= 5m,0§1\3|e(Z/A)L FROWkndr, () Before applying Eq(7) to calculate the DRC cross sec-

) _ ) tions, it is necessary to evaluate the impact of the integral
in the %+ orbit andW,(kr) represents th@e-wave com-

ponent of the incoming neutron wave. It is known that the Ry .
2s,,,+ State of 1°C is a halo statd7,17,18,21, i.e., its J r*R(r)Wy(kr)dr
radial wave function has a long tail. In this ca$g, be- D(Ry) = Om (8)

comes the predominant component at low energy. De-
tailed discussions can be found in RET]. If we neglect
the distortion of incoming wave, i.e., the PW approxima-
tion, W,(kr) can be simply written as the spherical Besselto estimate the contribution of inner integral. The radial
function J;(kr). In order to test the availability of PW, the wave functionR(r) was calculated by solving the bound-
incoming DW was calculated bpwuck4 code[22] and state Schrédinger equation in the frame of the single-
the comparison between them was made, as illustrated in thgarticle potential model24]. The Woods-Saxon potential
top panel of Fig. 1 at the incident energies of was employed with radiuR=ryAY3, ry=1.25 fm, diffuse-
100 keV, 500 keV, and 1 MeV. The parameters of optical-nessa=0.65 fm, andThomas form factor of spin-orbit po-
model potential are extracted from the Wilmore and Hodgsortential A\=25. The potential well deptV, was automati-
systematic$23] in the DW calculations. The wave functions cally adjusted to reproduce the binding energy. For the
are barely distinguishable between PW and DW when thdirst excited state of3C, V,=57.62 MeV. Theinteraction
distance is larger than the interaction radius. However, theiradius is taken aRN:1.25A§’3+ 1) fm with A; being the
contributions to the transition, i.e., the integrand in B8), = mass number of core nucleus, which is consistent with our
are obviously different as shown in the bottom panel of Fig.previous definition[17,18,24. For *?’C+n and B+n,

1. It shows that the capture cross sections are somewh& is equal to4.11 fm and 4.03 fmrespectively. The inner
overestimated by the PW approximation. For this reason, weontributions varying with energies of the incident neu-
prefer using DW in the calculations. trons for the?C(n,y) processes are illustrated in Fig. 2.

f r3Rr)W, (kr)dr
0
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FIG. 2. The inner contributions of the final bound states to the
E1 transitions vary with the root of the incident energies. The solid FIG. 3. The cross sections of direct neutron capture to the first
and dashed lines correspond to the caseRf4.11 fm andR,  ©xcited states of°C at energies below 1 MeV. The results of DW
=4.11+0.5 fm, respectively, and the thick and thin lines are the&re represented by the solid line and their error ranges are denoted
results calculated by DW and PW, respectively. by the dashed lines. The results of PW are shown by the dotted line

for comparison. The experimental dd&olid squaresare obtained

The solid line represents the caseRyf=4.11 fm. Inorder ~ from Refs.[4,5].
to see the influence induced by varying the cutoff radius,

Ry are arbitrarily set t04.11+0.5 fm, as thelashed lines gt lower energies, for example, less than 500 keV, but exceed
shown in Flg 2. It is clear that the (_:ontrlbutlons of INNer them at h|gher energies_ So on|y at very low energies one can
parts are rather small at low energies. AM&V, D(Ry)  conclude that the capture process is essentially determined
are typically less tharD.05% and 0.5% for DW(thick  py the structure of the final neutron state. The extracted ANC
lines) and PW(thin lines, respectively. But when ener- yajyes for the two halo states é#B, i.e., the second and
gies exceed MeV, the inner contributions rise rapidly third excited states, are 1.34+0.12%% and
and cannot be neglected anymore. In the present work, wWg 94+0.08 fm*?, respectively. In the same way, the DRC
only consider the case of energies less thaviel, in the  ¢ross sections corresponding to these two states are deduced
region of which Eq.(7) works well. and illustrated in Fig. 4 with the labels afz,, and oy,

In our previous worK17,18, the angular distributions of respectively. The total cross sections, are the sums of
the transfer reactions 6tB(d,p) and*?C(d,p) at the incident  these two. The present results of the DRC cross sections for
energy of 11.8 MeV were measured with high precision by ane11B(n, y) reaction at low energies are obtained for the first

Q3D magnetic spectrograph. The ANC factors for someijme, and we are waiting for comparison with the results of
bound states of?B and °C were extracted from the cross direct measurement.

sections at the forward angles close to 0°. For each state, the
root-mean-square radius was obtained and the contribution

of the external part was estimated as a criterion of halo for- 30 ; - ; - ; - ; -
mation. As a result, the first exited state ¥C was con- I
firmed to be a halo state and two new halo states were found 25 |
in the second and third excited states'é®. The last neu- -
trons of these halo states are nonexceptionally in the 2 20 L
orbits, therefore one can use H@) to calculate the DRC |
cross sections of'B(n,y) and'°C(n,7) at low energies. Re- ~ § 15|
sults of the'®C(n,y)'3C(2s,,,+) processes are shown as the -
solid line in Fig. 3. In the figure, the error ranges are denoted © 10|
by two dashed lines, which come from the error of ANC

factor. For the'®C(2s,,,+) state, the value of ANC factor, 5|

Cs,,=1.84£0.16 fm*? consistent with that of Imaet al. i ,

[19] within the experimental error. The results displayed in o &, ! . ! . ! . ! .

Fig. 3 clearly show that the deduced results of such an indi- 00 02 04 06 08 1.0
rect measurement are in good agreement with the experimen- (E)"” (MeV™)

tal results of the direct measuremg#is] within the experi-

mental errors. In addition, the results calculated by PW are FIG. 4. Same as Fig. 2 but for captures to the se¢ogg, thick
shown as the dotted line in the figure for comparison. Theines) and third (s, thin lines excited states of?B. oy is the
results of PW lie within the error range of the results of DW sum of og,, and og,s.
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In summary, the cross sections pf—s transitions in  time. The present results would be useful to calculate the
11B(n,y) and?C(n, y) reactions at low energies are deducedreaction rates and to understand the procedure of stellar
by means of ANC method, where the ANC factors were ex-nucleosynthesis.
tracted from the peripheral transfer reactions'&(d, p) and ) ) .
12C(d, p). These cross sections can be considered as the non- This work was supported by the Major State Basic Re-
resonant DRC cross sections at stellar energies. The deducgégarch ~ Development  Program under Grant No.
cross sections of?C(n,y) are in good agreement with the G2000077400, and the National Natural Science Foundation
directly measured results within experimental errors. Thedof China under Grant Nos. 19875087, 10075077, and
DRC cross sections of'B(n,y) are obtained for the first 10105016.

[1] R. A. Malaney and W. A. Fowler, Astrophys. 133 14 [13] A. M. Mukhamedzhanov and R. E. Tribble, Phys. Rev5g

(1988. 3418(1999.
[2] J. H. Applegate and C. J. Hogan, Phys. Rev.3D, 3037  [14] A. M. Mukhamedzhanov, C. A. Gagliardi, and R. E. Tribble,
(1985. Phys. Rev..C6.3, 024612(200]). . .
[3] T. Kajino, G .J. Mathews, and G. M. Fuller, Astrophys 384, [15] C. A. Gagliardi, A. Azhari, V. Burjan, F. Carstoiu, V. Kroha,
7 (1990, RLE. Trbble, Eur, Phys. 0. A% 227 (2003, o
[4] Y. Nagai, M. 'QaSh"a’ K. Takeda, N. Nukai, S. Motoyama, F. [16] F. Carstoiu, L. Trache, C. A. Gagliardi, R. E. Tribble, and A.
Uesawa, H. Kitazawa, and T. Fukuda, Astrophys332, 683 M. Mukhamedzhanov, Phys. Rev. 63, 054310(2001).
(1991. [17] C. J. Lin, Z. H. Liu, H. Q. Zhang, Y. W. Wu, F. Yang, and M.
[5] T. Ohsaki, Y. Nagai, M. Igashira, T. Shima, K. Takeda, S. Ruan, Chin. Phys. Lettl8, 1183(2001); 18, 1446(2001).
Seino, and T. Irie, Astrophys. 322, 912(1994. [18] Z. H. Liu, C. J. Lin, H. Q. Zhang, Z. C. Li, J. S. Zhang, Y. W.
[6] Yu-Kun Ho, H. Kitazawa, and M. lgashira, Phys. Rev.43, Wu, F. Yang, M. Ruan, J. C. Liu, S. VY. Li, and Z. H. Peng,
1148(1991). Phys. Rev. C64, 034312(2000.
[7] T. Otsuka, M. Ishihara, N. Fukunishi, T. Nakamura, and M. [19] N. Imai, N. Aoi, S. Kubono, D. Beaumel, K. Abe, S. Kato, T.
Yokoyama, Phys. Rev. @9, R2289(1994. Kubo, K. Kumagai, M. Kurokawa, X. Liu, A. Mengoni, S.
[8] A. Mengoni, T. Otsuka, and M. Ishihara, Phys. Rev.52, Michimasa, H. Ohnuma, H. Sakurai, P. Strasser, T. Teranishi,
R2334(1995. and M. Ishihara, Nucl. PhysA688, 281c(2001).
[9] T. Kikuchi, Y. Nagai, T. S. Suzuki, T. Shima, T. Kii, M. Igash- [20] J. M. Blatt and V. F. WeisskopfTheoretical Nuclear Physics
ira, A. Mengoni, and T. Otsuka, Phys. Rev.5Z, 2724(1998). (Wiley, New York, 1952.
[10] H. M. Xu, C. A. Gagliardi, R. E. Tribble, A. M. Mukhamed- [21] M. Dufour and P. Descouvemont, Phys. Rev. 86, 1831
zhanov, and N. K. Timofeyuk, Phys. Rev. Letf3, 2027 (1997).
(1994). [22] P. D. Kunz, computer codeuwck4 (Colorado University,
[11] C. A. Gagliardi, R. E. Tribble, A. Azhari, H. L. Clark, Y.-W. Colorado, 1982 http://spot.colorado.edtkunz/DWBA.html

Lui, A. M. Mukhamedzhanov, A. Sattarov, L. Trache, V. Bur- [23] D. Wilmore and P. E. Hodgson, Nucl. Phys5, 673(1964); C.
jan, J. Cejpek, V. Kroha, S. Piskor, and J. Vincour, Phys. Rev. M. Perey and F. G. Perey, At. Data Nucl. Data Tablé&s 293
C 59, 1149(1999. (1974).

[12] A. Azhari, V. Burjan, F. Carstoiu, H. Dejbakhsh, C. A. [24] C. J. Lin, H. Q. Zhang, Z. H. Liu, Y. W. Wu, F. Yang, and M.
Gagliardi, V. Kroha, A. M. Mukhamedzhanov, L. Trache, and Ruan, Phys. Rev. B6, 067302(2002, and reference therein.
R. E. Tribble, Phys. Rev. Lett32, 3960(1999.

047601-4



