
1 29 ò 1 10 Ï

2005 c 10 �

p U Ô n � Ø Ô n
HIGH ENERGY PHYSICS AND NUCLEAR PHYSICS

Vol. 29, No. 10

Oct., 2005

��Ð¼�¡¥�Ø'�A *

4yu
1,2;1)

±÷{
2

1 (¥I�fU�ÆïÄ� �® 102413)

2 (�®���Æ$UØÔnïÄ¤ �® 100875)

Á� ð(UþeÐ¼�¡�~Ju��ÿþ. Ïd, Ï~/Ïu����{½l�$Uþe�¢

�êâ	í�UNÔna,�U«. Äky²
^ìC8�z~ê�{���(JCq��.Ã'.

Ïd§=£�A�ìC8�z~ê�{?nJø
����å»^±(½ð(Uþe�Ð¼�¡.

�ud`:, ^ìC8�z~ê�{O�
 10Be(n, γ) 11Be�A�Ð¼�¡. 11Be´��¯¤±�

�äküfåP��'Ø. ����;.�~f, ü«
Ð¼�'��Ë�Ð¼�¡²wO�, y²


\�¥fÅ¼ê�'��Ð�Ük��U´Ð¼�¡É~O���Ï.

'�c Ø' ANC�{ ��Ð¼ '�A

1 Úó

UNÔn�'�9Ø�AÌ��9�ØfÚαâ

fÐ¼. ù
Ð¼�¡�¢�ÿþÚ�A�ð(¥�

AÇ�O�¡�ã��(JÚ]Ô. ¢�þ�(J

uUNÔna,�U«�Uþ�~$, éu�>âf

Úå��A, §��$u¥Õ ^. (J�¡e�µb

$�pb. 3�~õ��¹e, ¢�þÃ{��UNÔ

n�'�U«. ÏdI/Ïu�������{½l

�Uÿþ��$Uþ�¢�êâ	í.

�C, Xu H. M.�<
[1]

JÑ
l��L¡Øf=

£�AJ��Å¼ê�ìC8�z~ê(ANC)¦��

Ð¼�¡��{. Uþpu¥Õ ^�L¡Øf=£

�A��¡'��Ð¼�¡pA�êþ?. Ïdù�

�{Jø
ÿþUNÔna,�U«�Ð¼�¡�N

´�å». �ó�Äk?ØANC�{���5. �

�5´|^����{J�UNÔna,�U«Ð

¼�¡��'�¯K. 3Øy
��5�Ä:þ, ü

«
ð(Uþe��Ð¼�¡¥�Ø'�A, O�


10Be(n, γ) 11Be�A�Ð¼�¡.

2 ANC�{���5

��Ð¼�An+A→B+γÄ�þ�ûu�[Ý


�

M = 〈φB(ζA, ζn,r)|
a

T (r)|φA(ζA)φn(ζn)ψ
+
i (r)〉=

〈IB
An(r)|

a

T (r)|ψ+
i (r)〉 , (1)

Ù¥φi, ζi, r ©O�Lâf i(i=A, n)?uåP��Å

¼ê!SÜgdÝ!AÚn��é�I;
a

T ´>^�

[�Î; ψ+
i (r)´\��A+n�ÛÅ(DW); IB

An ´

B↔A+n�U¼ê:

IB
An(r)= 〈φB(ζA, ζn,r)φA(ζA)φn(ζn)〉=

∑

〈JAMAjmj|JBMB〉〈JnMnlml|jmj〉i
lYlml

(r̂)IB
Anlj(r) ,

(2)

ª¥Ji(Mi)´âf i�g^(ÝK), 〈J1M1J2M2|J3M3〉

´Clebsch-GordanXê, IB
Anlj(r)´U¼ê�»�

Ü©, n, l, j©O�LåP�Å¼ê�!:ê!;

��ÄþÚo�Äþ. 3Øåª����ìCål,

r >RN, »�U¼ê�1�X
[1, 2]

2005 – 01 – 10 Âv

* I[g,�ÆÄ7(10075077, 10105016, 10275092)ÚI[:Ä:ïÄuÐ5y�8(G2000077406)]Ï

1)E-mail: zhliu@iris.ciae.ac.cn

974 — 977



1 10 Ï 4yu�µ��Ð¼�¡¥�Ø'�A 975

IB
Anlj(r)→CB

Anlj

W
−η,l+1/2(2knr)

r
, (3)

ª¥CB
Anlj ´½ÂU¼ê�ÜÌÝ�ØANC, W

´Whittaker ¼ê, kn =
√

2µSn/~2 ´Åê, µ´X

Ú(A+n)� � z � þ, η´ � A å P � � Sommer-

fieldëê. éu¥fη = 0, Whittaker ¼ê�z�

W0,l+1/2(2knr) =
√

kr/πKl+1/2(knr), Ù¥K´?�

Bessel¼ê. 3üâf?ne, »�U¼ê�C

q�

IB
Anlj(r)≈ [Slj ]

1/2φnlj(r) , (4)

ª¥Slj ´üâfÌÏf, φnlj ´3(nlj)åP��8�

z�üâf»�Å¼ê. 3ìCål, §�1�´

φnlj(r)→ blj

W
−η,l+1/2(2knr)

r
, (5)

ª¥ blj ´üâfANC. üâfÌÏf, üâfANC

ÚØANCkXe'X
[1, 2]

:

CB
Anlj = [Slj]

1/2blj . (6)

IB
Anlj(r)�ìC8�z~ê(ANCs)�lL¡�A�

©ÙÄ�. ~X, éuJL§ 11Be ↔ 10Be + n, �

l25MeV� 10Be(d, p) 11Be�A��. éu 11Be�Ä

�Ú11 -u�, Ä��ØANC�©O�CAnlfjf =

0.81±0.05
[4]

Ú0.18±0.01fm−1/2[5]
.

e¡, ·��Ääk�Äþ li �\�¥fÏL

E1γ��Ë�Ð¼�åP�(nlfjf). d?, n, lf , jf ©

O�LåP�Å¼ê�!:ê!"��;��ÄþÚ

o�Äþ. �¡�ÏLeªO�,

σ(El)=
8π(l+1)

[(2l+1)!!]2l

(

Eγ

~c

)2l+1
1

~v

∑

m

|Mlm|2 , (7)

ª¥Eγ ´γ��Uþ, v�L\�âfÚqØ 10Be�

�é�Ý. éuE1�[, l = 1. E1�[��[Ý


��

M1m =
eMpMT

Mp +MT

(

Zp

Mp

−
ZT

MT

)

•

〈IB
Anlf jf

(r)|rY1m(r̂)|ψ+
i (r)〉 , (8)

Ù¥Mp, MT, Zp, ZT ´\�âf!qØ��þêÚ

>Öê, Y1m ´¥�¼ê. é�Ü©�È©, ¿éÐ�

�^þfê¦Ú�, E1�[�Ð¼�¡�ÏLeª

O�
[6, 7]

:

σ(E1)=α
16π

3

(

Eγ

~c

)3
( c

v

) 1

(2Ip +1)(2IT +1)
•

(

ZpMT−ZTMp

Mp +MT

)2
∑

lijf

2jf +1

2lf +1
max(li, lf)R

2
liSilf jf

,

(9)

ª¥α´°[(�~ê, Ip, IT ´\�âfÚqØg

^, Si ´Ð��g^,

RliSilf jf =
1

k

∝∫

0

r2IAnlf jf (r)χliSi

(kr)dr , (10)

χ
liSi

(kr)´Å�CqÛÅ»�Å¼ê. (10)ª�È

©��¤SÜÚìC«�üÜ©,

RliSilf jf =
1

k

[

Slf jf

RN∫

0

r2φnlf jf (r)χliSi

(kr)dr+

CB
Anlf jf

∝∫

RN

rW
−η,lf+1/2(2knr)χliSi

(kr)dr

]

, (11)

RN ´Ø�», éu 11BeØ�»RN = 4.0fm. 3UNÔ

na,��U«, é�¡���z5uìCÜ©.

3|^����{O��¡¥, ¬Ñy,«·Ï

ÚE,��¹, Ï�üâfÅ¼êφnlj(r)Ø��6u

³ëê��³�¼ê/ªk'. �
�	ù�¯K,

·�¦^
±e3«¼ê/ª�³: (1)Woods-Saxon

(WS), (2)Gaussian(GS), (3)r2×Gaussian(RGS). 3«

¼ê/ª�³Xã1(a)¤«. ù
³�/G�©ØÓ.

ã 1 3«äkØÓ¼ê/ª�³�'�(a)Úþã

3«³eO��üâfÅ¼ê(b)

ã1(b)w«
|^ù
³O��üâfÅ¼ê. 3O



976 p U Ô n � Ø Ô n ( HEP & NP ) 1 29 ò

�¥, N!³ëê¦üâfÅ¼ê3ìC«�k�Ó

�1�. |^ù
Å¼ê, ·�O�
 sÅ¥f�Ð¼

� 11Be11-u���¡, ¿3ã2¥�'�. dã

��, éuþã3«³, ���A�Å¼ê3ìC«

�äk�Ó�1�, ·���
Ä�þ�Ó�(J.

Å¼ê�ìC«��1��ûu¢�þÄ��Ø

ANC. dd, <��±�Ñ(Ø, |^ANC�{��

�Ë�Ð¼�¡C���.Ã'. ·�|^úª(9),

(10)Ú(11)u � 
 Ð ¼ � ¡ � ³ ë ê � 6. 3WS

³e^ØÓ�³ëêO�
En = 20keV 10Be(n,γ)
11Be(1/2−, 0.320MeV)�A�Ð¼�¡. O�(JX

ã3¤«. ã¥�3^î�©O�LÐ¼�¡�²þ

�Ú5%Ø(½5���. dã��, |^ANC�{

O��ð(Uþe�Ë�Ð¼�¡Ä�þ�³ëêÃ

'. ¤±, duÙ��.9�.ëêC�Ã'�A5,

=£�A�ANC?n�ÿ½UNÔna,�Uþe

�Ð¼�¡Jø
�����å».

ã 2 � sÅ¥fÐ¼� 11Be11-u���¡

ã 3 Ø Ó WS ³ ë ê O � En = 20keV �
10Be(n,γ)11Be(1/2−, 0.320MeV)�A�Ð¼�

¡

3 ��Ð¼L§¥�'�A

�
ü«ð(Uþe��Ð¼L§¥�Ø'�

A, ÄkO�Ð¼�'���¡, ¿�Ð¼��~

���¡�'�. �d8�, ·�?¿/ò 11Be 1

1-u��¥f©lUO\10�, 3WS³¥©OO

�Sn = 0.184MeVÚ1.84MeV�üâfÅ¼ê. ã

4(a)¥�¢�ÚJ��þãü«¥f©lUe�

üâfÅ¼ê. 3ù
O�¥, WS³AÛëê�

r0 = 1.19fm, a = 0.75fm. N!WS³��Ý±2y

d¥f�©lU. dã4(a)��, '��Å¼ê'�

~��Å¼ê�Ð���õ. |^ù
Å¼ê, ·

�O�
 10Be(n, γ) 11Be(1/2−, 0.320MeV)�A��

¡. 3ù��A¥, � sÅ¥f�Ð¼� 11Be�11

-u�(p�), ¿u�E1γ��. éuSn = 0.184MeV

Ú1.84MeVü«�/, O�(J©O±¢�ÚJ�

3ã2 ¥�'�. dã��, 3UNÔna,�U

«, ¥fÐ¼�'��Ð¼�¡'Ð¼��~��

�¡�2 �êþ?±þ. �
��Ù/ü«¥f'

ÚåÐ¼�¡É~O���Ï, 3ã4(b)¥w«


\�¥fEn = 20keV, 11Be 11 -u��¥f©l

U�Sn = 0.184MeVÚ1.84MeV���z�[ÌÝ

Qlilf jf l(r) =
∣

∣r2IB
Anlf jf

χ
liSi

(kr)
∣

∣. ù�'��Ù/w«


Ð¼�¡¥'�A�åÏ. �´du\�Å� 11Be

'�Å¼ê�Ð��Ü��U�� 10Be(n, γ) 11Be

�A�¡É~O�.

ã 4 ¥f©lU©O� Sn = 0.184, 1.84MeV
11Be �1 1-u��Å¼ê rφnlf jf (r)(a), Ú\

��¥fUþEn = 20keV��z�[ÌÝ¼ê

Qlilf jf l(r)= |r2IB
Anlfjf

χ
liSi

(kr)|(b)

ã5´O�� 10Be(n, γ) 11BeÐ¼�A�¡. Ù

¥J��pÅ¥fÐ¼� 11BeÄ�(s�), J:�ÚJ

::�©O�L sÅÚdÅ¥f�Ð¼� 11Be11-

u�(p�)�E1γ��Ë�Ð¼©��¡. ¢��o



1 10 Ï 4yu�µ��Ð¼�¡¥�Ø'�A 977

Ð¼�A�¡. 10Be(n, γ) 11BeÐ¼�A�¡�8¢

�þ��ÿþ. Ï 10Be¥fÐ¼L§�9�þ!�»

��¿ØÜ¤. Ïd, ·�^ANC�{���(J3

UNÔn¥k¿Â.

ã 5 10Be(n,γ) 11Be�A�Ë�Ð¼�¡

4 �(

ð(UþÐ¼�¡Ju��ÿþ. 3Ã{��

�ÿþ��¹e, ¤IêâÏ~|^����{¦

�. Ïd, éu����{, ���¯K´¤¦�

êâ���5. �ó�¥, ·�ü«
|^ANC�{

���(JCq��.Ã'. Ïd, =£�A�ANC

?n�(½UNÔna,�U«�Ð¼�¡Jø�

^���å». �u§���5, |^ANC�{O

�
 10Be(n, γ) 11Be�A�Ð¼�¡. 11Be´¯¤±

��'Ø. §kü�fåP�, =Ä�Ú11-u�,

þ�'�. ���;.~f, ·�w«
Ð¼�'

��Ë��¡wÍO�. Ð¼�¡É~O���Ï

3u\�Å�'�Ü��U, �z�[ÌÝ¼ê

Qlilfjf l(r)=
∣

∣r2IB
Anlf jf

χ
liSi

(kr)
∣

∣�Ù/w«
ù�:.

ë�©z(References)

1 XU H M, Gagliardi C A, Tribble R E et al. Phys. Rev.

Lett., 1994, 73: 2027

2 Mukhamedzhanov A M, Gagliardi C A, Tribble R E. Phys.

Rev., 2001, C63: 024612

3 Zwieglinski B, Benenson W, Robertson R G H et al. Nucl.

Phys., 1979, A315: 124

4 LIU Z H, ZHANG X Z, ZHANG H Q. Phys. Rev., 2003,

C68: 024305

5 LIU Z H, ZHOU H Y. Chin. Phys. Lett., 2004, 21: 40

6 Angulo C, Arnould M, Rayet M et al. Nucl. Phys., 1999,

A656: 3

7 WU K S. Investigation of Radiactive Capture Reaction,

s-Process Network Equation and Neutron Source of Astro-

physical Interest. In: Doctoral Dissertation. China Insti-

tute of Atomic Energy, Beijing, 2003 (in Chinese)

(Çm¢. UNÔna,��Ë�Ð¼�A, L§�ä�§Ú¥

fïÄ. Æ¬Æ Ø©. ¥I�fU�ÆïÄ�, �®, 2003)

Nuclear Halo Effect on Direct Nucleon Capture Cross Sections *
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Abstract The capture cross sections at stellar energies are very difficult to be measured directly. Hence, data are

usually evaluated by means of indirect methods and extrapolations from the experimental data obtained at the possible

lowest energies. In this work we have shown that the results obtained with the asymptotic normalization coefficient

(ANC) method are nearly model independent. Therefore, the 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 10Be(n, γ) 11Be reaction by means of nuclear ANC method. 11Be is a well-known

neutron halo nucleus with two weak 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.

Key words nuclear halo, ANC method, direct capture, halo effect
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