
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 11 (2012) 112101

EEEIIIÝÝÝ���{{{ééé���fffØØØüüüâââfff������������ïïïÄÄÄ*

4� �Æ� Hïl†

( S �ÆÔn�á��ÆÆ�, Ü� 230039 )

( 2011 c 8 � 25 FÂ�; 2011 c 9 � 30 FÂ�?Uv )

3�éØ²þ|nØµee, |^EIÝ�{ïÄ
 Zr Ó ��üâf��¯K. ± 122Zr �~, ü«
EI
Ý�{(½����äNÚ½, (½
 122Zr ¤k�U����UþÚ°Ý, ±9�A����EIÝÅ¼ê, ¿�
ÍÜ~ê�)Ûòÿ�{?1
'�. 3dÄ:þ, ?�ÚXÚïÄ
 Zr Ó ����¯K, ¼�
�Ñ��£�
{���(J.

'�c: �éØ²þ|nØ, EIÝ�{, üâf���

PACS: 21.10.Tg, 03.65.Pm, 25.70.Ef, 27.60.+j

1 Ú ó

Cc5, �X��5ØåÔn¢�Eâ�uÐ,
�l β­½�Ø�ïÄ¤�nØÚ¢�'5�9
:�� [1−4]. �l β­½�Ø�dØfåPU$,
ëYÌcÙ´ëYÌ¥����éÙ5�k­�
K�. ©z [5, 6] |^�éØ²þ|nØïÄ
�
fØ�ã��¯K, �Ñã��Ì�5
u�fØ
�üâf��. üâf���´�f©fÔn¥�
­�y� [7].

ï Ä � � � � �{ k õ «, Ì � k R Ý 

{ [8]!Ñ��£{ (S)[9]!¢­½z{ (RSM)[10]!
Í Ü ~ ê � ) Û ò ÿ { (ACCC)[11] Ú E I Ý
{ (CSM)[12] �. CSM � Ð d Šeba[13] J Ñ, ¿
l ê Æ þ y ² ´ ï Ä � * â f � � � k � �
{ [14]. �C, Ivanov � [15] |^ CSM �{ïÄ

a�lf���¯K, Pestka � [16] |^EI
Ý� Hylleraas-CI �{O�
ü>f�f���.
2007 c, Alhaidari[17] ò CSM �{ÿÐ��éØµ
e, |^ÄÐm�{?Ø
�éØâf���¯K.
2008 c, Bylicki � [18] ÏLuÐ�éØ� Hylleraas-
CI �{, |^E=ÄïÄ
õ>fNX����¯

K. 2010 c, ©z [19] ò CSM �{ÿÐ��éØ²
þ| (RMF) nØµe, uÐ
 RMF-CSM �{, ï
Ä
 120Sn ���. �©?�Ú|^ RMF-CSM ï
Ä 122Zr 9Ù Zr Ó ����¯K.

2 nØµe

RMF nØ´��¤õ��*nØ�.��, T
�.�[!�ë�©z [2, 3], ÙÑu:´�¹Ø
f, σ, ωÚ ρ0f, ±91f|p��^�.¼þ
�Ý

L =ψ̄(iγµ∂µ − M)ψ +
1
2
∂µσ∂µσ − 1

2
m2
σσ

2

− g2

3
σ3 − g3

4
σ4 − gσψ̄σψ − 1

4
ΩµνΩµν

+
1
2
m2
ωωµωµ − gωψ̄γµψωµ − 1

4
RµνRµν

+
1
2
m2
ρρµρµ − gρψ̄γµτψρµ − 1

4
FµνFµν

− eψ̄γµ 1 − τ3

2
ψAµ, (1)

ª¥ÎÒ�¹Â�©z [2] ��, |^²;C©�
n��Øf$Ä� Dirac �§

{α · p + V (r) + β [M + S(r)]}ψ(r) = εψ(r), (2)
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±90fÚ1f$Ä� Klein-Gordon �§

(−∆ + ∂σU(σ))σ(r) = − gσρs(r),(
−∆ + m2

ω

)
ω0(r) =gωρv(r),(

−∆ + m2
ρ

)
ρ0(r) =gρρ3(r),

−∆A0(r) =eρp(r),

(3)

Ù¥, V (r) Ú S(r) ©OL«¥þ³ÚIþ³, mσ,
mρ, mω ©O´ σ, ρ, ω0f�þ, ρs, ρv, ρ3 ´�A
0f��Ý.

éu¥/Ø, Dirac ^þ�L«�

ψ(r) =

 f(r)Yl
jm(θ, φ, s)

ig(r)Yl̃
jm(θ, φ, s)

 χta(t), (4)

Ù¥ Yl
jm(θ, φ) ´¥�¼ê; f(r) � g(r) ©O´Å

¼ê»�Ü©�þ©þÚe©þ. ò (4) ª�\ (2)

ª, ��»� Dirac �§ V + S + M − d
dr

− 1
r

+
k

r
d
dr

+
1
r

+
k

r
V − S − M


f(r)

g(r)



= ε

f(r)

g(r)

 , (5)

(5) ªUéÐ/£ã�éØâf�åP�¯K. �

£ã���, ½Â��EIÝ�Î

U(θ) =

 e iθS 0

0 e iθS

 ,

Ù¥ S = r
∂

∂r
. ò�Î U(θ) �^� (5) ª, �EI

Ý� Dirac �§

Hθψθ = Eθψθ, (6)

Ù¥, Hθ = U(θ)H(r)U−1(θ), L«Cz��M�
îþ, =

Hθ =

V (r e iθ) + S(r e iθ) + M e−iθ
(
− d

dr
− 1

r
+

K

r

)
e−iθ

( d
dr

+
1
r

+
K

r

)
V (r e iθ) − S(r e iθ) − M

 . (7)

H �åP�´ Hθ ����, = H Ú Hθ �åP�
�Ó, H ��¼ê���4: (θ > arg(E)/2)εθ =
εr − iΓ/2 �´ Hθ ����, Hθ �ëYÌ± θ =
Ä.

3 ê�O�Ú(J

^ RMF-CSM �{ïÄ Zr 9ÙÓ ��5
�, �
Ú©z [20, 21] '�, ëê|À� NLSH[22].
äNO��, ¦) (7) ªæ^ÄÐm�{, Ðm�
�fÄ�¹ 100 ���f�, ��fªÇ hω0 =
41A−1/3 MeV, A ´Øfê. nØþ, ^ CSM �{
(½���, ��ëê�EIÝëê θ Ã'. 3¢
SO�¥, duæ^�Äk�, ����UþÚ°
Ý�EIÝëê θ k�½��6'X. �
¼�
���O�(J, Ú©z [20, 21] ��, æ^ θ ;,
�{(½����ëê, =3EUþ¡þ, xÑE
Uþ� θ �Cz;,, ���� �éAEUþ
� θ Cz�Ø¯a� � (dEθ/dθ ≈ 0). ã 1 Ð
«
 122Zr ¥f 1h9/2 ����ëê� θ Cz�;

,, Ù¥, Er L«���Uþ, Ei L«EUþJÜ,
���°Ý�'X� Ei = −Γ/2, θ = 4.6◦—13.0◦,
m� ∆θ = 0.4◦. lã 1 ¥�±wÑ, � θ '���,
O����ëê� θ �Cz²w, �X θ �O\, �
�ëêC�­½. ,	, 3 θ ≈ 11.0◦ NC, EUþ
� θ Cz��, éA 1h9/2 ��� �. ^ù«�{
(½� 122Zr üâf����UþÚ°Ý�uL 1,
�'�, L¥Ó��Ñ
 RMF-ACCC Ú RMF-S �
{�O�(J.

ã 1 122Zr ¥f 1h9/2 ��� θ �;,, ���� �^
�ÞI5, ëê|� NLSH
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L 1 122Zr ü¥f����UþÚ°Ý, Ù¥ RMF O�æ^ NLSH ëê|

RMF-ACCC[20] RMF-CSM RMF-S[21]

νlj Er/MeV Γ Er/MeV Γ Er/MeV Γ

ν1i13/2 5.60 0.12 5.6530 0.0913 5.61 0.11

ν1h9/2 2.40 0.01 2.4265 0.0116 2.50 0.01
ν2f7/2 0.50 0.01 0.4822 0.0066 0.60 0.01
ν2f5/2 1.62 0.40 1.6343 0.3760 1.70 0.50
ν3p3/2 0.30 0.01 0.1414 0.0611 0.20 0.17
ν3p1/2 0.50 0.01 0.2499 0.1060 0.50 0.01

lL 1 �±wÑ, n«�{(½���ëê
��, cÙ´ 1i13/2, 1h9/2, 2f7/2 Ú 2f5/2 o��,
RMF-CSM �{¼�����UþÚ°Ý� RMF-
ACCC Ú RMF-S �O�(J �3 4%±e. é
u 3p1/2 Ú 3p3/2 �, RMF-CSM (½���Uþ

' RMF-ACCC Ú RMF-S �O�(J��, Ü©�
Ï�U´ùü��l% ^$ (L = 1), ��ëê
J±°((½. '�
ó, ACCC �{Ú S �{é
��ëê�(½Ñ�3���Ø(½5, CSM �
{duØ�6u>.^�, O�(J�U¬���.

ã 2 RMF-CSM O�¼�� 122Zr ¥f 1h9/2, 2f7/2, 2f5/2 Ú 3p3/2 ����EIÝÅ¼ê�¢Ü, ã¥ Re(G(r))

Ú Re(F (r)) ©OL«���þÚe^þ, ëê|æ^ NLSH (a) 3p3/2; (b) 2f5/2; (c) 2f7/2; (d) 1h9/2

Ø
����UþÚ°Ý	, ^ RMF-CSM �
{��±(½����EIÝÅ¼ê, �
Ú©
z [20] '�, ã 2 �Ñ
 1h9/2, 2f7/2, 2f5/2 Ú 3p3/2

��EIÝÅ¼ê�¢Ü. '�ã 2(d) Ú©z [20]
�ã (10) �±wÑ, Ú RMF-ACCC Ú RMF-S �{
�', RMF-CSM �{(½�EIÝÅ¼ê�éå
P�
, �/GÚCzª³��. AO´ 1h9/2 �,

RMF-CSM (½�EIÝÅ¼êÚ RMF-ACCC ±
9 RMF-S ÎÜ���Ð, þ^þÅ¼ê¸�ÚÙ
¦�{� �3 1%Ø�±e. n«�{(½�e
^þÅ¼ê Re(F (r)) A����Ó [20].

C c 5, � g ^ é ¡ 5 Ú å 
 < � � '
5 [23,24]. du�g^º��e^þCq��, ã 3
�Ñ
 122Zr �g^º�� (3p3/2, 2f5/2) (2f7/2,
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1h9/2) �e^þÅ¼ê. lã 3 �±wÑ, Ø3ØL
¡NC, �g^º���Å¼êk�: �	, /
GÚCzª³A�����, ù�N�����g
^º��äk�Ð�é¡5, �©z [25] ��. �

g^Å¼ê3������g^V­�»�Å¼
êe©þ�m¤��¡È¤�', �X l O\Å¼
ê3�O�, ~X (2f7/2, 1h9/2) �g^Å¼ê3�
' (3p3/2, 2f5/2) �, ù
(J�©z [25] �Ó.

ã 3 122Zr ¥f�g^V­� (3p3/2, 2f5/2) Ú (2f7/2, 1h9/2) �EIÝÅ¼ê, ëê|æ^ NLSH (a) (3p3/2,
2f5/2); (b) (2f7/2, 1h9/2)

ã 4 RMF-CSM �{ØÓëê|O� Zr Ó ����UþÚ°Ý��þê�Cz�¹ (a) NLSH, ���Uþ;
(b) NLSH, ���°Ý; (c) NL3, ���Uþ; (d) NL3, ���°Ý

du RMF-CSM UéÐ/£ã�fØ�üâ
f���, �©^T�{XÚïÄ
 Zr Ó �ó�
���, Xã 4 ¤«, Ù¥ã 4(a) Ú (b) ´^ NLSH
ëê|�O�(J, (c) Ú (d) ´^ NL3[22] ëê|
�O�(J. lã 4 ¥�±wÑ, ¤k����U

þÑ��fØ�þê�O\
eü, �©z [21] ¼
��(J��. Ó�, ����üâfU?��3
�(�, �åP�aq, X 1i13/2 Ú 1h9/2 ��m
�3��UY,1h9/2 Ú 2f7/2 ��m��3���
UY. l 1h9/2 ù^U?uy, �,ÙU?�p, d
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ul% ^���p (L = 5), ¤±ù��k�Ä
���°Ý, �©z [21] �q. 2f7/2 ��,�g
^º�� (3p3/2, 3p1/2) U?'��C, �c[*	
�uy Zr Ó ��ùn^U?�ØfêCzk�
��ÚåP���y�, 1i13/2 ����°Ý�~
Ä (3 0.05—0.1 MeV �m), ù
(JÚ©z [21]
��.

4 ( Ø

�©0�
 RMF-CSM �{. |^ RMF nØ
gUO�¼��Iþ³Ú¥þ³�O Dirac �§
¥� S(r) Ú V (r), ÏLEIÝC�, ¼�EIÝ
� Dirac M�îþ, ������Uþ!°ÝÚE
IÝÅ¼ê. ± 122Zr �~, ïÄ
 122Zr ¥f 1h9/2

���ëê� θ Cz�­½5. O�
 122Zr ¥
f 1i13/2, 1h9/2, 2f7/2, 2f5/2, 3p3/2 Ú 3p1/2 ���
�UþÚ°Ý, ±9 1h9/2, 2f7/2, 2f5/2 Ú 3p3/2 �
���EIÝÅ¼ê. (JL², RMF-CSM �{Ø
=éÐ/£ã
�fØ�üâf���, 
�¼�
����Å¼ê��3�g^é¡5. ,�, ?�
ÚA^ RMF-CSM �{XÚïÄ
 Zr Ó �ó�
���. uy Zr Ó �����Uþ��fØ�
þê�O\
eü, 
��3²w��(�, Úå
P��¹aq, ù
(J� RMF-ACCC ±9 RMF-
S �{��. ¤k(Jþ�N RMF-CSM ´£ã�
���k��{, � ACCC �{±9 S �{�',
RMF-CSM (½���ØÉ>.^����, �±
�B/í2�Ù¦õNXÚ����ïÄ.
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Resonances: Principlesand Applications (Dordrecht: Kluwer Aca-
demic Publishers) p219

[12] Ho Y K 1983 Phys. Rep. 99 1
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Abstract

In the framework of the relativistic mean field (RMF) theory, the single-particle resonant states for spherical nuclei are studied by

the complex scaling method. Taking 122Zr for example, we demonstrae the calculated details, and the obtained energies, widths, and

wave functions for all the possiable resonant states. The results are in good agreement with those from the analytic continuation in the

coupling constant method and the scattering phase shift method. Furthermore, we investigate the resonant states for all the Zr isotopes.

The results are in satisfactory agreement with those from the scattering phase-shift method.

Keywords: relativistic mean field complex scaling method single-particle resonant states

PACS: 21.10.Tg, 03.65.Pm, 25.70.Ef, 27.60.+j

* Project supported by the National Natural Science Foundation of China (Grant No. 11175001), the Natural Science Foundation of Anhui
Province, China (Grant No. 110406M07), the Program for Excellent Talents in Anhui Province, China (Grant No. 2007Z018), the Key Research
Foundation of Education Bureau of Anhui Province, China (Grant No. KJ2009A129), and the 211 Project of Anhui University, China.

† E-mail: jianyou@adu.edu.cn

112101-6


