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3�éØ�µeeæ^õN�6nØ (MBPT) �{O�
B�f np(n = 3—9) ��U?°[(�©��.�
;�õN�6O�¥I�O��þëY��(6, ÏLÚ\	³��{�±�ïlÑ!k�ÚCq���ê�Ä
¼ê. ²¦)�éØ Hartree-Fock (RHF) �§9	³�^e� RHF �§�¼�"?CqÅ¼êÚU?�.�
¦�
6ÐmU
Âñ, O�¥^�
;��þfê l 6 6 �3�½Uþ©Ù��S�¥m�, Ù¥±3	³�^e�Â
 ��Ì. �d�{O�
B�fÌ�XX�U?���6?��, Ó���Ä
 Breit �A��?�6?�é°
[(��K�. ÏL�Ù¦nØO�(J'��wÑ, �©O�(J3��§Ýþ��Cu¢��.
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1 Ú ó

�f(��O(ÿþÚO���Ñ´Nõ
¢�ÚnØó�ö�ïÄ9:. w7á�f
duÙU
�-1e%�4$§¦�2��
A^uO(�1Ìÿþ¥, ù¦�éuw7á�
f°[(��O(ÿþÚO�C���� [1].

é u = ¦ ´ w 7 á ù � � õ > f N X, X J �
�¦)NX�þfåÆ�§¬'�(J, ~^�
Cq?n�{Ì�kXe�A«: õÏ��þ
fº�nØ (MQDT)[2−4]!|��p�^ (CI) �
{ [5,6]!õ|� Hartree-Fock (MCHF) �{ [7,8] ½
õ|� Dirac-Fock (MCDF) �{ [9,10]!±9õN
�6nØ (MBPT)[11,12].

k'w7á�f°[(��'���'5�
O�ïÄk: Wang � [9] ^{z�õ|� Dirac-

Fock (SMCDF) �{O�
aB�>fX� D �
�°[(�©��, Chen � [13] |^Äu R Ý

nØÚ�Ø\'é�{ (the full core plus correla-

tion method) �þfº�¼ê{O�
��fp-

u D �Ú F ��°[(�; He � [14] |^�é
Ø Hartree-Fock (RHF) �O��{��
B�f D

X� Rydberg �°[(����O�(J, Ó�^
�6Ø�{�Ä
 Breit �A, ¦O�(J²wÐ
uÙ¦nØO��; Dzuba � [15] æ^�éØ�õ
N�6nØO�
w7á Cs �U?Ú°[(�,

�Ä
�?'é�A���O��U�Ð/ÎÜ
¢��. ¤kù
nØó�3�½§ÝþÑ´��
¤õ�, �´O��Ñ´w7á�f� D ½ F X
�U?. k'w7á�fÌ�X P X�U?�O
�ïÄ�k�@Ï�Äu��éØµe��6Ø
�{�O�(J [11,12]. ù�nØ�{����
"�´��vk�Ä>f'é�A, ÏO�(J
��3�
 �. �©ó��Ì�8�´ïá��
#�Äu���éØµe��fõN¯K�nØ
O��Y, ¦�U�Ð/·^uw7á�f(�¯
K, AO´�f Rydberg ��O�ïÄ.

|^ MBPT O�>fm�'�^I�é¤k
��¦Ú (�¹åP�ÚëY�). Ïd3¢SO�
¥, �
¦�6ÐmÂñ,   I�O��þ�¥
m�, ù�O��5
é��(J.�
)ûù�
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¯K, C���c B �^ [16−18] �{¤�'�Ì6
Ú~^�õN¯K�L«ÚO��{, �é�k©
z��^u°[(�, AO´éu�p-u�NX
�O�ïÄ. �k�«'�DÚ��{´éåP�
ÚëY�Ü©©O�±?n [15,19], Ù¥ëY�Ü
©�¦Úæ^ Simpson È©�{. Ï~�é���
åP�Ü©�î�O�, éulåP��ëY�
�LÞUþ��K�U�Cq?n.

·�5¿� Younger[20] ÏLÚ\	³��{
�ïlÑÚ²��È�ê�zÄ¼ê¿^u�X
�Ä�4���fNX�õN�6O�. ¦+¦�
ó�vkÚå2��'5,·�@�ù´�«kO
uÙ¦nØ�{�kÃ}Á, kÙ��Ú��/�
�/�. �©3 Younger �ó�Ä:þ?1
�

��U?, ��
�éØµee�U·^uO�
-u���f(�õN¯K�L«ÚO��{9
�A�O�§S. |^ù�nØ�{O�
?�f
Ì�X np(n = 3—9) X�U?�°[(�. ÏL�
Ù¦nØ(J'��±wÑ, �©O�(J²w/
��Cu¢��.

2 nØ�O��{

3k%å|�.e, �éØ�ü>f;�Å¼
ê�±L«� [21]

ψi = ψniκimi =
1
r

 Pniκi(r)χκimi(ϑ, ϕ)

iQniκi
(r)χ−κimi

(ϑ, ϕ)

 ,

(1)

d d � ± �� � | Í Ü � » � Å Ä � § |, ½
¡ Dirac-Fock (DF) �§ [14]

dPA

dr
+

κ

r
PA −

[
2c +

1
2c

(εA − VA(r))
]
QA

= − 1
2c

X
(Q)
A (r),

dQA

dr
− κ

r
QA +

1
2c

(εA − VA(r))PA

=
1
2c

X
(P )
A (r), (2)

Ù ¥ P ´ � © þ » � Å ¼ ê, Q �� © þ.

χkimi(ϑ, ϕ) ´¥�¼êÚg^¼ê�¥þÍÜ
¼ê [14]. éu�f�4��NX, �±�ÑÙ¥
�³¼ê VA(r) ±9���^ X

(P,Q)
A (r) �²(

L�ª [14].

3þã�§ (|) ¥, �±ÏLO��©þ Q 
���©þ P ¤÷v�ÅÄ�§,·�¡���é
Ø Hartree-Fock (RHF) �§ [14]

d2PA

dr2
= FA(r)PA + GA(r), (3)

Ù¥

FA(r) =
lA(lA + 1)

r2
+ VA(r) − εA

− K(εA − VA(r))2PA − KB
κ

r

dVA

dr
, (4)

GA(r) =X
(P )
A + K(εA − VA(r))X(P )

A + K
κ

r
X

(Q)
A

− K
dX

(Q)
A

dr
− K2B

dVA

dr
X

(Q)
A

− KB
dVA

dr

dPA

dr
. (5)

ù´'u�©þ P ������©�§, 3ê�¦
)��±@^3¦)��éØ Hartree-Fock �§¥
ÊHæ^�O��{ [22], ù3ê��{��ÇÚ
O�°Ýþk�½`�5.

|^þã RHF �§ (3), �ÄkO�Ñ Na+ �
(�. 3È(Cqe, 3Ó�� V N−1 ³e�¦)
¤k�	�;�, Ù¥�)d>f;� (¢�) ÚÃ
ê�¥m� (q¡J�). �
;�O��þëY�
�(6, Young[20] ½Â
 “Â � (contracted)” "
�M�î

Hc
0 = H0 + (1 − P )Vw(1 − P ), (6)

Ù¥ P =
∑
i

|i〉〈i| ´ÝK�Î, Vw �

Vw(r) =

 0, r < rw,

eα(r−rw) − 1, r > rw.
(7)

XJ Hc
0 �^3¢� |i〉 þ, dÄ¼ê���5��

Hc
0 |i〉 = H0|i〉 = εi|i〉. (8)

,éuJ�Kk

Hc
0 |k〉 = H0|k〉 + (1 − P )Vw|k〉

= H0|k〉 + Vw|k〉 −
∑

i

|i〉〈i|Vw|k〉. (9)

u´éuù
�5ù, Ø H0 	, �É���N\�
å©u rw ��êO��³^��^. (9) ª¥��
���´�
�yÉù�	³�^���¢��
m���5.
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·�ò Younger ��{í2��éØ�/,

K � � � � (9) ª é A �	³ � ^ e � Dirac-

Fock�§
dPC

dr
+

κ

r
PC −

[
2c +

1
2c

(εC − VA(r)

− Vw(r))
]
QC

= − 1
2c

X
(Q)
C (r) +

1
2c

W
(Q)
C (r),

dQC

dr
− κ

r
QC +

1
2c

(εC − VA(r) − Vw(r))PC

=
1
2c

X
(P )
C (r) − 1

2c
W

(P )
C (r), (10)

Ù¥

W
(P )
C (r) =

∑
D

〈D|Vw|C〉PD,

W
(Q)
C (r) =

∑
D

〈D|Vw|C〉QD, (11)



〈D|Vw|C〉 =
∫ ∞

0

PDVwPC dr

+
∫ ∞

0

QDVwQC dr. (12)

�
U
O�-u��õN�6�A, ·�?�
Ú � � (11) ª ¥ � ¦ Ú � I D Ø = � ¹ > f
�Óâ;� (¢�), ���)Ü©J�. Xd·
���ò	�;�«©�3	³�^e�Â 
�;� (d (10) ª¦)), ±9�Â ;� (d (2)

ª¦)).

éuÂ �;��¦), ÏL (10) ª� (2)

ª�'�, �ò (10) ª¥� Vw(r) 8¿� VA(r),

, r W
(P )
C (r) Ú W

(Q)
C (r) © O 8 ¿ � X

(P )
C (r)

Ú X
(Q)
C (r). u´ (10) ª��=z¤/X (3) ª

������©�§, ÏLaq��{�±¦).

,3äN�ê��{þ, X��¿©��¡�
I�?�Ú�U?. XJU
�Ñê�O��¡
�(JòU����lÑ�Ì(�, ù�´·�¤
I��.

d Rayleigh-Schrödinger�6nØ, �?CqÅ
¼ê�±L«� [16]

Ψ (1) = χ(1)Ψ0, (13)

Ù¥��?'é�Î

χ(1) =
∑
ar

a+
r aaχ(1)

ra +
1
2

∑
abrs

a+
r a+

s abaaχ
(1)
rsab (14)

q�±«©�ü-uÚV-uüÜ©. Ù¥ a+
i

Ú ai ´�)Ú�v�Î. l a ⇒ r �ü-u�

χ(1)
ra =

〈r|∆V |a〉
εa − εr

, (15)

ùp ∆V ��6�Î¥�ü>f�. l a, b ⇒ r, s

�V-u�

χ
(1)
rsab =

〈rs|g12|ab〉
εa + εb − εr − εs

, (16)

Ù¥ g12�ü>fm� Coulomb �p�^, 3 Ryd-

berg Uþü eAL«¤
2

r12
.

3lÞO�{Ú V N−1 Cq�.e, ü>f-
u��6Ý
��" [23]

〈r|∆V |a〉 = 0. (17)

�±y², 3Ú\	³±�, ∆V ¥XJ�) (6) ª
¥�1����,�±���Ó�(J. u´3>
f'é�Î¥�I�ÄV>f-u��zÜ©. ù
pq�±©�ü«�/: =�f¢�ü�>f�
-u, ½��d>f (ÙG�^ v L«) Ú��S
� (�f¢S) >f�-u. dd��éuù�d>
f����Uþ?�� [24]

E(2)
v = −

∑
brs

〈rs|g12|vb〉2 − 〈vb|g12|sr〉〈rs|g12|vb〉
εr + εs − εv − εb

+
∑
abs

〈vs|g12|ab〉2 − 〈ab|g12|sv〉〈vs|g12|ab〉
εv + εs − εa − εb

,

(18)

þª¥ a, b��f¢;�, r, s�J;�, v �¤O
��d;�.

3�éØµee, éu H0(½ Hc
0) ����

´ 2j + 1 {¿�. Ïd�±ò (18) ª¥©1�Ó
©fØÓ��k\å5, =k�¤é�A^þf
ê�¦Ú��^»�È©L«�{zL«ª. Ï
Lé�Äþk'Ü©��z, �����Uþ?�
��

E(2)
v = −

∑
brs

[jb, jr, js]
εr + εs − εv − εb

{∑
k

1
[k]

[Xk(r, s, v, b)]2
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+
∑
kk′

(−1)k+k′

 jv k jr

jb k′ js

 Xk(r, s, v, b)Xk′
(v, b, s, r)

}

+
∑
abs

[ja, jb, js]
εv + εs − εa − εb

{∑
k

1
[k]

[Xk(v, s, a, b)]2

+
∑
kk′

(−1)k+k′

 ja k jv

jb k′ js

 Xk(v, s, a, b)Xk(a, b, s, v)

}
, (19)

Ù¥ [j1, j2, · · · ] = [(2j1 + 1)(2j2 + 1) · · · ], 

Xk(A,B,C,D) =

 jA jC k
1
2

−1
2

0

  jB jD k
1
2

−1
2

0

 Rk(A,B,C,D), (20)

»� Slater È©deª½Â:

Rk(A,B,C,D) =
∫∫

[PA(1)PC(1) + QA(1)QC(1)]g12[PB(2)PD(2) + QB(2)QD(2)]dr1dr2. (21)

ùpI��Ñ�´, ÏLé^þfê¦Ú��,

(19) ª¥�¦Ú�I a, b Ú r, s ®Ø2éAug^
;�, ´�NB 2j + 1 �>f (½g^;�) ��
� (shell).

d	·���Ä
 Breit �AéU?°[(�
©��K�, ^�?�6{O�
�f¢�d;�
m� Breit �p�^. Grant � [25] �Ñ
4��>
féd>f� Breit �^�äNL�ª, du�Ì
��Ï�©¥ÒØ��Ñ.

3 O�(J9?Ø

�
O�?�f�-u�(�, 3È(Cq
e�kO�Ñ�f¢ Na+ �(�. ,�3Ó�
� V N−1 ³e�O�Ñ¤k�	�;�. éu@

3d (7) ª½Â�	³�^e�Â �, Ù»�Å
¼ê3 r > rw «�×�Â �ªu". ¤±ùp
	³�å© � rw ´����ëþ. �
¦Â
 �Å¼êU
3��§Ýþ£ã>fm�'é
�A, I�é	³�ÀJ�7���½.

Younger @�duz�ØÓé¡5��Pk�
gØÓ�»�Å¼ê,�d§����±¦^ØÓ
�	³ [20]. �´3ùp·��Äé,�A½��
fNX�À^ü«	³/ª. Ù�´éu����
Äþ�, À��	³å© ��I3�f¢�Ì�
>Ö©Ù�	. ~X?�f��f¢p=�¹ 1s,

2s Ú 2p n��, q± 2p ��»�©Ù���Ñ,

¤±·��±ÀJXã 1 ¤«�	³ Vw. ,�«
´�¤O��d>f�äk�Óé¡5��Äþ
�, ùpqI�«©ù�d;�äN?u=��-
u�. ±O� 5p ��~, ã 2 �Ñ
 5p ��»�
Å¼ê P5p Ú��éA�	³ V ′

w.

éu?�fÌ�X�õN�6O�, p X��
¥m�Å¼ê��ï´�©'��. ã 2 ¥� 5p

�´¢�, �,A3vk	³^�eO���. 3p,

4p �©Ù����, ½�3Ó�^�e?1¦).

3ùp 3p, 4p ´J��Â �, (11) ª¥�¦Ú
�I D A�¹ù
�, ù�âU�y�¡�Â �
�ù
���. l 6p m©�¤k¥m�ÑòÉ	
³ V ′

w ��^, ´�Â �. ã 3 �Ñ
 6p—9p �
»�©Ùã. ¤kù
�3 5p �Ì�©Ù«�¥
�1��¢�´vk©O�, Ï�3 r = r′w �c
§�ØÉ	³K�. �´3 r > r′w «�ù
Â 
�3ù�	³��^e×�P~, 3�Øõ�Ó�
/��Â K
. 3ùp	³��^Ù¢�´�Ñ

�«Ì�{, �Ñ
�fõN¯KO�¥��«
k�ÚCq���, lÑÚ²��È�ê�zÄ¼
ê�k��ï�ª.

|^þã�{O���'éUéB�fÌ�
X np(n = 3—9) X�U?°[(��K�, Ù¥^
�
;��þfê l 6 6 ��½Uþ©Ù���¥
m�. �
��k'�Ün©Ù�Ì(�, ·�À
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�1�«	³�å© �� rw = 24.2, û½³^
�Ç��ê α = 1.6. ·�ò n = 3—9 � 7 � np

�©�n|, ÀJn«ØÓ�	³ V ′
w, XL 1 ¤«.

L 1 Ó���Ñ
O�¥¤^��J��ê8±
9Uþ���©Ù��. ��ü�©O´ p �X�
U?���� ε′m ÚÙ§X�U?���� εm.

ã 1 B�f 2p �»�Å¼ê9	³ Vw

ã 2 B�f 5p �»�Å¼ê9	³ V ′
w

ÏL¦) RHF �§�±��?�f np3/2

Ú np1/2 ü���U?�, §��� ∆εi �uL 2

¥�1��. �
�	 Breit �Aé°[(�©�
�K�, ^�?�6{©Oé np3/2 Ú np1/2 ü�
�O��f¢�d>fm� Breit �p�^U, §
����, Ò´¤¢°[(�¥� Breit �A, (J
�uL 2 ¥�1n�. ��'éUé°[(�©�
��K�, �´ÏLü°[(�U?U (19) ª©O
O����6?��, §��� ∆E

(2)
v �uL 2 �

1o�. 1Ê��°[(�©���ª(J, §�
´c¡nö��êÚ.

�
�	�©O�(J���5, ·�± 5p

U?�~?1
O�½5Á�. Ì��	À�Ø
Ó	³�¹eé��'éU�A ∆E

(2)
v �K�, ä

N(J�uL 3. lL 3 (J�±wÑ, 3�Ìc
ã	³À�5K�cJe, XJÀJ�Ó�J�U
Ì��K	³éU?°[(�©��Ä�vk�
oK�. Ó�·�éUÌ���K��?1
�	,

(Ø´O�(J3�©ÀJ�k�êi��S´
���.

ã 3 O� 5p ��	³ V ′
w 9ÙÂ � np(n = 6—9)

L 1 O� np ���'éU��)¤¥m�k'��aëê

n r′w α′ ¥m�ê8
εm/Ry ε′m/Ry

s p d f g h i

3, 4, 5 60 2 130 297 130 128 128 127 127 ∼ 228 ∼ 225

6, 7 120 2 130 495 130 128 128 127 127 ∼ 228 ∼ 162

8, 9 240 2 130 560 130 128 128 127 127 ∼ 228 ∼ 53
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L 2 ?�fÌ�X°[(�©���O�(J±9'� (cm−1)

n
�©O�(J

Calc1[11] Calc2[11] Calc3[12] Exp1[26] Exp2[27]

∆εi ∆E
(1)
B ∆E

(2)
v ÜO

3 16.226 −0.865 1.912 17.273 15.467 22.053 15.465 17.196 17.196

4 5.406 −0.290 0.528 5.644 5.144 7.172 5.156 5.63 5.59

5 2.409 −0.130 0.218 2.497 2.293 3.216 2.33 2.52 2.47

6 1.273 −0.069 0.110 1.314 1.25 1.29

7 0.752 −0.041 0.063 0.774 0.74 0.75

8 0.480 −0.026 0.039 0.493 0.47 0.49

9 0.325 −0.018 0.026 0.333 0.47 (0.33)

L 3 ½5Á��Y9Ù(J

rw α r′w α′ εm/Ry ε′m/Ry ∆E
(2)
v /cm−1

12 1.6 60 2 ∼ 228 ∼ 162 0.217

24.2 1.6 60 2 ∼ 228 ∼ 162 0.217

24.2 1.6 120 2 ∼ 228 ∼ 162 0.217

L 2 Ó���Ñ
¢��ÚÙ§nØO�(
J. Ù¥ Calc1 Ú Calc2 ´ Sternheimer[11] æ^��
éØ�{, ÏLòg^ – ;�ÍÜ�^���6�
���O�(J. ü«�{©O¦^
ü|ØÓ�
"�CqÅ¼ê: Calc1 ´¦^ Froese-Fischer[28] �
§SO���� HF Å¼ê,  Calc2 æ^�´ EA

Å¼ê [29]. EA ¢�´�²��{, =d¢�ÿþ
(J�O��Uþ,�é��A����Å¼ê.

l Sternheimer �O�(J�±wÑ, A^ HF Å¼
êO����(JÓ¢���' �, ùÌ�´d
uvk�Ä>fm�'é�A. d EA Å¼êO
����(JÓ¢���'q �, (J�éØn
�. Calc3 æ^��{� Calc1 aq, O�(J��
~�C.

þãnØ�YÑ´3��éØÄ:þ^�6
Ø�{?ng^ – ;�ÍÜù��éØ�A, �
�vk�Ä Breit �A9>f'é�Aé°[(�
�K�. 3nØ�.þ���u�©3�éØµe
e���O�(J (∆εi) ½´§�Cq. `§´C
q´Ï�ù��{��Ä
Ü©��éØ�A�

æ^�6Ø�Cq�{. dL 2 �(J'��±w
Ñ, �©�ÐÚO�(J (∆εi) ÊHÐuþãnØ
�{�O��. ?�ÚÚ\ Breit �AÚ��'é
�A�?��, ¦���O�(J²w/��Cu
¢��.

�
��*�'��nØ�{�`�, ã 4 ¥
�Ñ
�nØO���¢�(J�'�. ã 4 ¥,

î¶´Ìþfê n, L«ØÓ� np �. duL 2 ¥
kü|¢�(J, ùp�p�I±�©O�(J
�ÄO, �Ñ
¢��ÚÙ¦nØ(J�éu�
©(J�'�. lã¥�±wÑ, éu 3p—5p �,

�Ù¦nØ(J�', �©(J²w��Cuü
|¢��. XJòü|¢�(J?1'��{, �
©O�(J� Exp2[27] �¢�ÿþ���C. é¢
�(J�?�Ú©Ûuy, ©z [27] ¥ 9p �(J
Ù¢¿�¢�ÿþ�, ´�â$U��ÿþ�
í�, ½ö`´	ò�(J. ©z [26] �Ñ� 8p

� 9p �ÿþ�Ñ´ 0.47, ù�·��O�(J�
�ØUÎÜ, ã 4 ¥ 9p �(J��©O�����
~�.

B�fÌ�X1Ì9Ù°[(�´<a�@
*	��1ÌÆy���, ù´���~��
Ä:5ïÄ�K. L 2 �Ñ
�8c��·�¤
U���nØ9¢�ÿþ(J. �©�Ñ�nØ
�{9O�(J3nØ�¡?
��Ú. nØ�.
�k?�Ú�õÚJp��m, ,éù��K
�?�Ú�\ïÄ�I��\´L!O(�ÿþ
(J.
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ã 4 �nØO�(J9¢���'� (p�I��nØ
O�9¢����©(J�'�. (•) ±�©O�(J�Ä
O, '�ï� 1. Ù¦I£ÓL 2)

4 ( Ø

3 Younger �ó�Ä:þ, �Ñ
�«�éØ
µee��f(�õN¯K��#L«/ª±9
�A�O��{. ù´ÏLÚ\	³��{5�ï
��«lÑ!k�ÚCq����ê�z�Ä¼
ê/ª, �^u�f-u�(��O�. ÏLO�
½5Á�L², ù�nØ�{´k�Ú���.

A^þãL«�{ÚõN�6nØO�
?
�fÌ�X np(n = 3—9) X�U?�°[(�. n
Ü°[(���éØµee���O�(J (∆εi),

�?�6e� Breit �AÚ>f��?'éU�A
����ªO�(J�¢��U�Ð/ÎÜ, �²
wÐuÙ¦nØO��.
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MBPT calculation for the fine-structure intervals of
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Abstract

The fine-structure intervals of Na principal series np(n = 3—9) are calculated by the many-body perturbation theory (MBPT)

within the framework of relativity. To deal with the problem that a large set of continuum states is required in the MBPT calculation,

an exponential potential is employed to generate a discrete, finite and nearly complete set of numerical basis functions. The zeroth-

order wavefunctions and eignvalues are obtained by solving the relativistic Hartree-Fock (RHF) equation and the RHF equation with

the action of a potential barrier. The basis set used in this work contains intermediate orbitals with the angular momentum l 6 6

and in an appropriate energy range, and most of them are the so called “contracted” orbitals. Encouraging results are obtained using

this technique to calculate the second-order correlation corrections, combining the Breit effects in a first-order perturbation approach.

Compared with other theoretical calculations, the present results are much close to the experimental results.

Keywords: principal series, fine structure, many-body perturbation theory (MBPT), Breit effect
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