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Á� ÏL¦)äkWoods-Saxon»�Iþ³�¥þ³�Dirac�§, ©O©Û
�fØ¥�g^V

�U?3�ÚÅ¼êe©þ3��XWoods-Saxon³ëê�Cz'X, Ù¥Wood-Saxon³¥�ë

êa±9Réu�g^U?3�ÚÅ¼ê3��K���, ³²�ÝV0 ��)���K�. �X²

þ|�Cz, �g^V�¬ÑyU?�=y�. äk�� ñ½ l̃��g^V�U?3�éuëê�

Cz�¯a. �g^Å¼êe©þ3��XëêaÚR�O��ØL¡*Ñ, ¿�3ØL¡NC���

�. �g^Å¼ê3��Xëêa�O�O�, �´�XëêR½V0 �O�§%3~��. du3A

½�Ó �ó¥, ëêRÚV0 Ñ�Øfêk'X, ëêaq´£ãØ�L¡5��, ¤±±ù
ëê

�Cþéu�g^3��ïÄ´k¿Â�, ïÄ�(J��3½5þ�±A^��Ü©�fØ¥.

'�c Woods-Saxon³ �g^é¡5 Dirac�§

1 Úó

@330cc, <�Òuy3�
Ø¥, äkþ

fê©O�(n, l, j = l+1/2)Ú(n−1, l+2, j = l+3/2)�

ü�üâf��m¬ÑyCq{¿��¹
[1, 2]

. ù«

é¡5®²�^5)ºNõØ(�y�, ~X: /

C
[3]

!�/C
[4]

!�Ó�
[5—7]

�. ù«O{¿V�

(��±^�;��Äþþfê l̃ = l+1Ú�g^þ

fê s̃ = 1/25�ÐL�. ~X: 3s1/2 �2d3/2 �±w

¤���g^V�2p̃1/2, 2p̃3/2.

duþã�¤Ò, gluy�g^é¡5±5,

®k�þó�Áã�Ïé§��. Ø
/ªþ�þ

fê#IP±	, ÏLg^–�g^C�Å�5ï

Ä�kL}Á, ¿uy
g^–;��ÄþÍÜ (s · l)

rÝÚ;�–;��ÄþÍÜ(l · l)rÝ�'~'X

��g^é¡5�m�éX
[8—12]

. �g^é¡5

Ú�éØ²þ|(RMF)
[13]

�m�'XÄk´Bahri

�<3©z[9]¥JÑ5�. ¦�uyRMFnØ�±

Cq�)º��éØO�¥�g^é¡5¤�¦�

s · l rÝ� l · l rÝ�m�'~'X. ÄuRMFnØ,

Ginocchio
[14]

Äg�Ñ
�;��ÄþÙ¢Ò´Dirac

^þ�e©þ�;��Äþ, ¿�ÑáÚ�Iþ³S

Úü½�¥þ³V �Ú�"Ò´î���g^é¡5

^�. �#�<q?�Ú�Ñ¢SØ¥�g^é¡5

�Ð�´d�l%³^Ú�g^–;�³��p¿�

�(Jû½�
[15, 16]

.

��, <�qé�g^?1
�X�ïÄ. <�

uy3Øf–ØfÑ�¥��3�g^é¡5
[17—19]

.

éu�g^V�Å¼êé¡5�ïÄ�±ë�©

z[20, 21]. r3�g^é¡5^�eÑy�Øäk

º���L\�)º�DiracåP�!:�1�
[22]

Ò

?�Ú|±
�g^é¡5��éØ)º. ,du

3¢SØ¥Σ = 0�dΣ/dr = 0�UCq¤á
[15, 16]

.

¤±�g^é¡5Ò¬��éØØf³kéX.
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Ä�g^V�Å¼ê�é¡5�Woods-Saxon³

�3�ëêa, RÚV0 �Cz. e¡, Äk�ÑnØµ

e, ,�XÚ/©Û3Woods-Saxon³e��g^é

¡5.

2 nØµe

3Iþ³S Ú¥þ³V ¥$Ä��þ�M �Ø

f�Dirac�§�

[α •p+β (M +S)+V ]Ψ = EΨ, (1)

éu¥/Ø, Ĥ , Ĵ2, Ĵz Ú κ̂�¤Åðþ��8, §�

��Ó��¼ê�

Ψnκ
(r)=

(

fnκ

gnκ

)

=
1

r





Fnκ
(r)Y l

jm (θ,φ)

iGnκ
(r)Y l̃

jm (θ,φ)



 , (2)

Ù¥

κ̂ =−β
(

Σ • L̂+1
)

, Σ =

(

σ 0

0 σ

)

. (3)

þª¥σ ´PauliÝ
, L̂´;��Äþ. Fnκ
(r)

ÚGnκ
(r)©O´Dirac^þ�þe©þ�»�Å¼

ê, j ´o�Äþþfê, l Ú l̃ ©O´Dirac^þ¥þ

e©þ�¥�¼ê��, m´^þfê, κ̂����

�: κ = ±(j+1/2), Ù¥κ < 0éAXg^^ü�(X:

s1/2, p3/2 �), κ > 0éAXg^_ü�(X: p1/2, d3/2

�).

ò(2)ª�\(1)ª, �±��e�»��§:
(

d

dr
+

κ

r

)

Fnκ
(r)= (M +Enκ

−∆)Gnκ
(κ), (4)

(

d

dr
−

κ

r

)

Gnκ
(r) = (M −Enκ

+Σ)Fnκ
(r) , (5)

Ù¥∆ = V −S, Σ = V +S. ��Fnκ
(r)½Gnκ

(r), �

±��2�Å½�.����©�§:
[

d2

dr2
−

κ(κ+1)

r2
−(M +Enκ

−∆) (M −Enκ
+Σ)+

d∆

dr

(

d

dr
+

κ

r

)

M +Enκ
−∆

]

Fnκ
(r) = 0, (6)

[

d2

dr2
−

κ(κ−1)

r2
−(M +Enκ

−∆) (M −Enκ
+Σ)−

dΣ

dr

(

d

dr
−

κ

r

)

M −Enκ
+Σ

]

Gnκ
(r) = 0. (7)

��Ñ��³|�Ð©�('XWood-Saxon³:

V (r) = V0/ [1+exp(r−R/a)]�\þª¥�∆�Σ ¥

Ò�±ê�¦)ÑEnκ
�Gnκ

(r). �,d³Ø´l0

f|¥���gU�éØ³, �§�´�±A^�

¢S�Ø¥�. .¾, �Ü©�gU³Ñkaqu

Wood-Saxon³�/G. �±3§��¥éÑ�A�

�ÑÝa, ³²�ÝV0 Ú�»R. ¯¤±�, 3A½�

Ó �ó¥, ëêRÚV0 Ñ�Øfêk'X, ëêa

q´£ãØ�L¡5��, ¤±±ù
ëê�Cþé

u�g^3��ïÄ´k¿Â�, ïÄ�(J��3

½5þ�±A^��Ü©�fØ¥.

3 �g^é¡5A5

3Wood-Saxon³|¥¦)Dirac�§��ÿk

6�ëê�øN!, §�©O´³Σ Ú∆e�a, RÚ

V0. �
¦Wood-Saxon³��fØ�²þ³|�\

�C, Wood-Saxon³�ëêØ�ÏL[Ü^RMF§

SO� 208Pb���Iþ³Ú¥þ³�ê�5��,

ù
½e5�ê��3L1¥.

L 1 ¤��´2�³²�ÝV0 (Σ0 Ú∆0), 2��

ÑÝaÚ2��»ëêR, ù
Wood-Saxon³|

¥�ëê´ÏL[Ü^RMF§S¿�NL3ëê

|O� 208Pb���Iþ³�¥þ³

V0/MeV R/fm a/fm

V +S −66.596 7.323 0.624

V −S 706.400 7.030 0.584

éuù
ëê���´ÄÜn�±lL2 ¥

ÏL'�©O3Wood-Saxon³eÚ�NL3ëê|�

RMF§SO���X��g^V�U?5�y.

lL2 ¥, �±w�^¤�ëêO����(J�

RMF§SO��(J´���C�.

L 2 O���� 208Pb�¥füâfU?(ü : MeV)

WS RMF WS RMF

1s1/2 −60.112 −56.899 1i11/2 −6.256 −3.933

2s1/2 −43.108 −40.280 1i13/2 −12.979 −9.957

3s1/2 −20.452 −18.470 1p1/2 −53.342 −50.452

4s1/2 −0.857 −0.826 2p1/2 −32.336 −29.431

1d3/2 −45.365 −42.744 3p1/2 −9.211 −8.129

2d3/2 −21.610 −19.168 1p3/2 −54.013 −50.897

3d3/2 −0.614 −0.526 2p3/2 −33.291 −30.452

1d5/2 −46.928 −43.823 3p3/2 −9.941 −8.869

2d5/2 −23.242 −20.769 1f5/2 −36.366 −33.869

3d5/2 −1.338 −1.194 2f5/2 −11.134 −9.544

1g7/2 −26.641 −24.161 1f7/2 −39.104 −35.942

2g7/2 −1.600 −1.137 2f7/2 −13.288 −11.459

1g9/2 −30.734 −27.519 1h9/2 −16.494 −14.019

2g9/2 −3.901 −2.921 1h11/2 −21.978 −18.790
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ÏL¦^ù
ëê, ^Wood-Saxon³O�Ñ�

�
Å¼êe©þx3ã1¥.

ã 1 ^Wood-Saxon³O�����g^V�

Å¼ê�e©þ

d�^�Wood-Saxon³ëê´ÏL[Ü�NL3ë

ê|^RMF§SO��(J���.

lã1���g^V�Å¼ê�e©þ�é¡

5´éÐ�, ù�©z[20, 21]¥�(Ø´���. d

	lã1¥��±uy� ñ����ÿ, l̃ ��, K�

A��g^V�Å¼ê�e©þ�Cq5Ò�Ð.

� l̃ ���, ñ��, K�A��g^V�Å¼ê�

e©þ�Cq5Ò�Ð. ùÒ¿�XéuØÓ��g

^V�, �g^»"§Ý´Ø���. ¿�ù
5

Æ��e5�ã2¥�(Ø´���.

ã 2 (a) �N�´3³ V + S e, �g^U?3

��X�ÑÝ a �Cz�¹; (b) �N�´3³

V +S e��g^U?3��X�»R �Cz�

¹; (c) �N�´3³V +S e��g^U?3�

�X³²�ÝV0 �Cz�¹

ã ¥ J � L « d � � : é A � ë ê © O � �:

a = 0.624fm, R = 7.323fm, V0 =−66.596MeV.

�
ïÄ�g^é¡5�X�fØ³|�Cz�

¹, k7�5©Û�e�g^é¡5�Wood-Saxon

³ëê�m�éX. dul�§(7)¥��∆³é�

g^3��K�Ø�, e¡Ò�?ØΣ ³�Czé

u�g^3��K�. ã2 ´3Wood-Saxon³|¥

¦)Dirac�§, �Ñ�9é�g^U?3��X�

ëê�Cz�¹. ù9 éU?Uìl$�pü��

g�: 1(1d3/2, 2s1/2); 2(1f5/2, 2p3/2); 3(1g7/2, 2d5/2);

4(2d3/2, 3s1/2); 5(1h9/2, 2f7/2); 6(2f5/2, 3p3/2);

7(1i11/2, 2g7/2); 8(2g7/2, 3d5/2); 9(4s1/2, 3d3/2). ã

3�N�´dΣ/dr �Xëêa, RÚ |V0|�Cz�¹.

ã 3 (a) �N�´dΣ/dr �X�ÑÝa�Cz�

¹; (b) �N�´dΣ/dr �X�»R�Cz�¹;

(c) �N�´dΣ/dr �X³²�ÝV0 �Cz�¹

�ÏL�±ëêR, |V0|Ú∆0 ØC, �UCëê

a5ïÄ�g^U?3��X�ÑÝ�Cz�¹�,

lã2(a)��: (1) �é�g^U?3��Xa�O�

~�, ùL²éu�ÑÝ'���ÛAØ��g^

é¡5�'Ï~�ØÐ. lã3(a)¥�±wÑdΣ/dr

�Xa�O�~�, ¤±þãCz�¹��Ï�±

@�´ª(7)¥�dΣ/dr �Xa�CzE¤�. (2)�a

?�ÚO\�, pU?éN´ÑyU?�=y�, =:

Eñ,l̃+1/2 < Eñ,l̃−1/2 C¤
Eñ,l̃+1/2 > Eñ,l̃−1/2. ù«C

z®²3¢�þ±93©z[16,24,25]¥�uy
. l

ã¥��±w�a?�ÚO\��J´¦ù
�=�

pU?�3�\�. ù�XÚ5�(J�©z[26]�

��éØýó���.

�´��UCëêR�±Ù{�ëêØC�,

3ã2(b)¥: (1) �R���, �U?3��XR�O

�O�, ¿��$�U?�3��k�����. �

RUYO��, $U?3�m©~�, �´d��pU

?3�O�����A�ØC. duR�ØfêA1/3

¤�', ¤±ù�5Æ3'�Ó ���g^é¡5

Ð���ÿk��^. lã3(b)¥�±wÑdΣ/dr

�XR�O��m²£, ¤±þãCz��Ï��

±@�´ª(7)¥�dΣ/dr �XR�CzE¤�. (2)
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3ã¥���XR�Cz, pU?�¬ÑyU?�

=y�. XJrU?3��XR�Czd�C�K

éA�:¡��=:, @o��� ñ �Ó�, l̃ ���

U?��=:��, 'XU?4Ú8, � l̃ �Ó�, U

?�=:�X ñ�O�O�, 'XU?3Ú8; 4Ú9.

XJ�±ëêa, RÚ∆0 ØC, �UCëêΣ0,

�g^U?3��X³²�Ý |V0|�Cz�¹x3ã

2(c)¥. � |V0|O��, U?3��k�þ�O�, ù

`²U?3�éu³²�Ý�CzØ¯a, ù´Ï�

ã3(c)¥dΣ/dr �X |V0|�O��k�þ�O�E

¤�. ù�Ginnochioýó��g^é¡5»"´d

u²þ|�k�5���.

l±þ�ã¥��±uy�
�Ó�5Æ: (1)

� l̃ �Ó�, ñ���U?3���. (2) 3U?��

Ø��, l̃ ���U?3���. (3) � ñ�Ó�, l̃ �

�U?3��éëê�Cz�¯a, ù�Ò´ù


ã¥�ëêCz��Ñy����Ï. (4) ±þ3�

5ÆÑ�±lã¥?�ü�U?5�y, Ù¥cü:

�Ginocchio��²³ÏLnØ©Û�Ñ�(J´�

��
[14]

.

ã4´�g^V� (2g9/2,1i11/2)�Å¼êe©

þ3��X�ëê�Cz�¹.

ã 4 (a) 3 ³ V + S e, � g ^ V  �

(2g7/2,1i11/2) �Å¼êe©þ3��X�ÑÝ

a�Cz�¹; (b) 3³V +S e, �g^V�

(2g7/2,1i11/2) �Å¼êe©þ3��X�» R

�Cz�¹; (c) 3³ V + S e, �g^V�

(2g7/2,1i11/2)�Å¼êe©þ3��X³²�Ý

V0 �Cz�¹

Äkl�ã�p�I���g^V�Å¼ê�

e©þ�é¡5´éÐ�, ù�©z[20, 21]¥�(Ø

´���. d	, ��±uy�ã¥�Å¼ê3��

��éA�î�Ir37fm�8fm�m, d�O�¤

^�Ø�»ëêR =7.4fm, ù`²Å¼ê3�3ØS

Ü��, �Xr �O�O�, 3Ø�L¡NC���

�. ã4(b)¥�m£y��\y¢
ù�:.

�ÏL�±ëêR, |V0|Ú∆0 ØC, �UCë

êa5ïÄ�g^Å¼ê3��X�ÑÝ�Cz�¹

�, lã4(a)��: (1) �Xa�O�, Å¼ê3�ªu

�Ø�L¡�Ñ, ù�±@�´du³|�Xa�O

��Ø�	Ü�ÑE¤�. (2) duÅ¼ê3���

��V��m¤��¡È¤�'�, 3ã4(a)¥Ï

LO����Xa�O�, ��aéA��g^V

�Å¼ê¤��¡È�'´1:1.034:1.133:1.153, ù`

²�g^V�Å¼ê3��Xa�O�O�, ù

�:�ã2(a)©Û�(J��, ù�Ò¿�X�g^

é¡5´�«ÄåÆé¡5
[27]

.

X J � ± Ù { ë ê Ø C, � U C � » ë ê R

�, � g ^ Å ¼ ê 3 � � X R � C z � ¹ x 3 ã

4(b)¥µ(1) �XR�O�, Å¼ê3��ØL¡�Ñ

�y��\²w, ù´du³|�XR�O��Ø�

	Ü�ÑE¤�. (2) du3ã4(b)¥�XR�O�,

��RéA��g^V�Å¼ê¤��¡È�'

´1:0.718:0.662:0.621, ù`²�g^V�Å¼ê3

��XR�O�~�, ù�:�ã2(b)©Û�(J

���, ùq`²
�g^é¡5´�«ÄåÆé¡

5
[27]

.

�þ¡aq, ��±ëêa, R ØC, ÏLUC

|V0|5 ï Ä � g ^ Å ¼ ê 3 � � X ³ ² � Ý � C

z � ¹ �, d ã 4(c)� � µ � X |V0|� O �, � �

|V0|éA��g^V�Å¼ê¤��¡È�'´

1:0.921:0.876:0.854, ù`²�g^V�Å¼ê3�

�X |V0|�O�~�, ù�:�ã2(c)©Û�(J

���, ù2g`²
�g^é¡5´�«ÄåÆé

¡5
[27]

. d	, lã4(c)��: �X |V0|�O�, Å¼

ê3�vk²w�m£y�, �Ò´`Å¼ê3�é

u |V0|�CzØ¯a. ù´duV0 �´UC³²�Ý

E¤�.

4 o(

ÏL3Wood-Saxon³|¥¦)äkIþ³�

¥þ³�Dirac�§, XÚïÄ
�g^é¡5. ±

208Pb�~, �rØS�²þ|��Wood-Saxon³

�, �g^»"Ò�±ÏLéX�ÑÝa, Ø�»R±

9³²�ÝV0 �±ÐyÑ5. Ù¥Wood-Saxon³¥

�ëêa±9Réu�g^U?3�ÚÅ¼ê3��

K���, ³²�ÝV0 ��)���K�. �X²

þ|�Cz, �g^V�¬ÑyU?�=y�. ä

k�� ñ½ l̃ ��g^V�U?3�éuëê�C

z�¯a. �g^Å¼êe©þ3��XëêaÚR
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�O��ØL¡*Ñ, ¿�3ØL¡NC����.

�ëêaO��, �g^Å¼êe©þ�3�´O�

�, �´�ëêR½ |V0|O��, �g^Å¼êe©þ

�3�%3~�.
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Pseudospin Symmetry in the Dirac Equation with (Scalar and

Vector) Woods-Saxon Potential *

XU Qiang1;1) WANG Ruo-Dong2 ZHU Sheng-Jiang1

1 (Department of Physics, Tsinghua University, Beijing 100084, China)
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Abstract The pseudospin symmetry is systematically investigated by solving the Dirac equation with an (scalar and

vector) Woods-Saxon potential. We find that the splittings of pseudospin energy and the lower component of pseudospin

doublets are sensitive to the nuclear radius and the nuclear diffusivity, but to the depth of nuclear potential. The splitting

of pseudospin energy with larger ñ or l̃ is more sensitive to the values of the parameters. The energy level crossing is also

found for some pseudospin partners with variation of the nuclear mean field. With the increasing of nuclear radius and

nuclear diffusibility, the splitting of the lower component of pseudospin doublets diffuses toward the nuclear surface and

reaches the largest value on the nuclear surface. The splitting of pseudospin doublets increases with increasing nuclear

diffusibility but decreases with increasing nuclear radius and the depth of nuclear potential. Because the variations

of the parameters R and V0 are related with the number of nucleon and the characteristics of nuclear surface can be

described by the parameter of diffusibility, the conclusions obtained are meaningful for analyzing nuclear properties.
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