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2  He 24.587 54.416 79.003 74.82 -5.3 
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 75.638 122.451 198.089 193.87 -2.1 

4  Be
2+

 153.893 217.713 371.606 367.34 -1.1 
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 392.077 489.981 882.058 877.55 -0.5 
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! !"#$
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! 
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(2)}$(1)$ (2)            (12-4-1) 
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2

%
1s

(1)&(1) %
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No.4 :    
2s"

1s"
    (M

S
= #1)

              $
1

=
1

2

%
1s

(1)& (1) %
1s

(2)&(2)

%
2s

(1)& (1) %
2s

(2)& (2)

 

          

! 

=
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2
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2s
(1)"

1s
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3
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M
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!"#$%&'(%(

! 

M
S
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;</,=8)>/-&' 

! ?@/0A10-3.B 10-1.CDE#F80

! 
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1
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M
S
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M
S
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! 

(1/ 2){" # + # " }17&'@W1!td&.50qS=00
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! 
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M
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M
S
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�)t~�,��(78'�30t~#�(N��7��/-&'_T01*+

/)ab 1} 2.t~J��1t~�.,.#���5��'�30t~#�(
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MS=-10123No.1& No.44/S=1,MS=001 No.2& No.3"56789:;"

! 
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! 

3
"
3
#
1

2
("

2
+"

3
) =

1

2
{$

1s
(1)$

2s
(2) %$

2s
(1)$

1s
(2)}

1

2
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"lmno*&hEZi+4Slater#$%1WXN'YZ['\6]+LMND
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(12-5)! (np)(n’p)!"#(np)
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! 
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L
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S
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!"#$%&"'#()*+",-./0123456789:;5<=>?'

+@AB(12-5-1)$(12-4-5);CD)EFCGH$IJKH6LMN LS O;PQ

45<+RS?"TUVWX 

! (12-5-1);YPQ)3Z45[\]$^MS_?;`B 

! 

(LM
L
);ab<c",

de:)fg;,-.hi2345;D;jde:`c"'k 10-1 ;lmn<

oRS?";`BEFCGH6LMS?"' 

! 

(LM
L
)` Lp2 ;q;Y:rPQ

6sSt"$Bu-. 1,2v;Gw<J>SxJKy$+RS?"#$%&"'

L=1`)xIJKyBL=0`)xJKy`c"#$[Cz<%&"'#;{V+

,-.hi2345;D$(12-4-5);/01:rPQ$;CD6|"$B/01

45[xJKy$xIJKy;[;%c";`Be}$>SBxJK+D45y

$xIJK+D45y%~!"'#;V�xJK+45y)2345$>S)

���`c"'��B(12-5-1)$(12-4-5);CD)BLSO<J�"xD45uproduct 

functionsvyPQ(�A8-3)`c�B,��<)BIJKH6LMS?+?'#;

xD45y6BSlater�q�;,de:;{V<IJKH6LMNPQ45<�

M"#$%~!(AB�(% LS O;PQ45<+"'e}$>SBSlater �q

�;,de:W@ LSO;PQ6|RN9:$:��")�`c"'#;�w�

|)xD45;IJK�(anti-symmetrization)y$�A(B#;�;��.xIJ

K���.(anti-symmetrizing! operator)y6�?"' 

 

xD45;IJK�$IJK���.y  

! D45;IJK�$IJK���.6���"N�<B(12-5-1)<��"

! 

(LM
L

= 2,2);

! 

1,1 1,1 $(12-4-5);�g;:r/01PQ$;CD6|�BSlater

�q�$��St{V'

! 

1,1 1,1 ="
n11
(1)"

n '11
(2)$�nB�g;:r/01PQ[ 

(A12-4-6);�B 6¡V' 

 

!

! 

(L = 2,M = 2 ) S = 1 S = 0

M
S
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n11

(1)"
n '11

(2 )# (1)# ( 2)

M
S
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n11(1)"n '11( 2)(

1

2

){$ (1)#(2) + # (1)$( 2)} "
n11 (1)"n'11( 2)(

1

2
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M
S

= %1 "
n11 (1)"n'11( 2)$ (1)$ (2 )

 

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (12-5-2) 

 

�g;Y:r/01PQ<

! 

1,1 1,1 ="
n11
(1)"

n '11
(2)6¢�NT�<£¤+?' 
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! !"#$(12-5-2)%

! 

(L = 2,M = +2,S =1,M
S

= +1)&'%()% Slater*+,$ 

!   

! 

1

2

"
n11

(1)#(1) "
n11

(2 )# (2 )

"
n '11

(1)# (1) "
n '11

(2 )#(2)
=

1

2
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-(./012304056(12-5-2)%

! 

(L = 2,M = +2,S =1,M
S

= +1)%789&

! 

"
n11
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n ' 11

(2)#(1)#(2)#:;<4$=>&'?%8@A0BC5;"-DE; 

!  ! FGHIJ2K789L(1/M2)N789O PQR STU VWX/K789YZ!

"%8@&(nl)(n’l’)[\% 2QR](^A_`#a$ 2QR%789VFGHI

b;cdeRf&$ 

! ! ! !

! 

ˆ A 
2

=
1

2
(E " P

1,2
)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (12-5-4) 

-g1;6""# E&hi/05deR$P1,2&QR 1-QR 2Vj2kl;d

eRVmnb;6 

! 

(L = 2,M = +2,S =1,M
S

= +1)%789

! 

"
n11

(1)"
n ' 11

(2)#(1)#(2)Ao

pJq23$irst(12-5-3)-uv$ 

! !

! 
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2
"

n11
(1)"

n ' 11
(2)# (1)#(2) =

1

2
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n11
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n ' 11
(2) $"

n11
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n ' 11
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! 

(L = 2,M = +2,S =1,M
S

= 0,"1)%wxi$FGHIdeRVopJq;-$

yz{|89}~&(12-5-5)-uvFGHIJ2Ki%-0;63 ��#&�C
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! ��%

! 

(L = 2,M = +2,S = 0,M
S

= 0)%789AcFGHIdeRfVopJqC
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! ! ! !

! 

ˆ A 
2
"

n11
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n '11
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1

2
){#(1)$(2) %$(1)# (2)}

& 

' ( 
) 
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! ! ! ! !

! 

=
1

2
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n11
(1)"

n ' 11
(2) +"

n' 11
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n11
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1

2
{# (1)$(2) %$ (1)#(2)}   (12-5-6) 

-0;6yz{|89}~DGH89-0;D$FGH%���89&!%�

�#$��#&�<AFGH89-0BC5;6 

! ��%��&$

! 

(nl)(n 'l' )QR[\ LS�(^A_`#aC$� 12-4%��A�

�#a;6!"#$"%{|89V

! 

"(n ln' l'LM
L
SM

S
)-g13$ 

!

! 

"(n ln' l' LM
L
SM

S
) = ˆ A 2{ #
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(1)#

m s '
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1

2
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s
,
1

2
m

s' SM
S

m
s '(M

S
= m

s
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s ' )

$
m

s
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! ! ! ! !       ! ! !
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"
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n' l'ml'
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l
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LM

L

m
l ' (M L
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l
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#
m
l
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!"#$2%& 2'()*

! 

ˆ S = ˆ s 
1
+ ˆ s 

2
&+,!

! 

ˆ L = ˆ l 
1
+ ˆ l 

2
&+,-./ Clebsh-Gordan 

 

! ! !  

! ! 1)!

! 

ˆ L = ˆ l 
1
+ ˆ l 

2
&+,012345*! 2)

! 

ˆ S = ˆ s 
1
+ ˆ s 

2
&+,012345 

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 6 

! ! ! ! ! ! ! 3)!

! 

ˆ 
L &34!

! 

ˆ S &34&127LS8&29: 

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 6 

! ! ! ! ! ! ! ! ! ! 4)! LS8&29:&;<=> 

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 6 

! ! ! ! ! ! ! ! ! ! ! 5)! LS8&?@1A34BC9: 

 

D 12-4.! (nl)(n’l’)EF LS8&?@1A34BC9:&GHI 

! !  

J:KL34&(MN#O!-<PQRS#$ (12-4-5*6) !(12-5-1)MG#T

-O&U&(MNVRS#$WXYZ[\]9:!^_`9:MWa-QR*

b&c/"WXY^_`\]9:-dSRQefg* 

! ! ! ! ! !

! 

"
nlm

l

(1)#
m
s

(1) $"
nlm

l
m
s

(1)

"
n' l'ml'

(2)#
ms '
(2) $"

nlml ms '
(2)
! ! ! ! ! ! ! ! !  

(12-5-6))h/iQjk-"#l 

!

! 

"(n ln' l' LM
L
SM

S
) = ˆ A 2{

1

2
m

s
,
1

2
m

s' SM
S

m
s '(M

S
= m

s
+ m

s ' )

#
m

s

# $  

! ! ! ! ! ! ! ! ! ! !

! 

"
nlmlm s

(1)"
n' l'ml 'ms '

(2) lm
l
,l'm

l '
LM

L

m
l ' (M L

=m
l

+m
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#
m
l

# }!  (12-5-7) 

O&mnMo-jp>QRb&c/-dO/l 

!

! 

"(n ln' l' LM
L
SM

S
) = ˆ A 2"12(nln' l' LM

L
SM

S
)

                             =
1

2
{"12(n ln' l 'LM

L
SM

S
) # P12"12(n ln'l' LM

L
SM

S
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                             =
1

2
{"12(n ln' l 'LM

L
SM

S
) #"21(n ln'l 'LM

L
SM

S
)}

!  (12-5-8) 

q&29:r

! 

"12(n ln' l'LML
SM

S
)sH*O&29:sXY 1, 2&AtMQRuv

w#9:r

! 

"21(nln' l 'LML
SM

S
)sx#$WI*Clebsh-Gordan J:-%SR)*

(10-2-23)!(10-5-3)Myfg*b&Wz{9J* 

! ! ! ! ! ! !

! 

j
1
m
1
, j
2
m
2
jm = ("1)

j1 + j2" j j
2
m
2
, j
1
m
1
jm ! ! ! ! ! ! (12-5-9) 

r,|}#$~-* 

! 

"21(nln' l 'LML
SM

S
))*q&29:

! 

"12(n ln' l'LML
SM

S
)MyV
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!" 

! ! !

! 

"21(nln' l 'LML
SM

S
) = (#1)

s1 + s2 #S $ (#1)
l1 + l2 #L"12(nln' l'LML

SM
S
)! !  

! ! ! ! ! ! ! ! ! ! !

! 

= ("1)
1
# ("1)

l1 + l2"L" S$12(n ln' l'LM L
SM

S
) ! ! !  (12-5-10) 

#$%&'() 

! *+&"(np)
2 ,-./01234 2 56789:(;<=>?(@4"

(12-5-10)& nl=n’l’#A!B()

! 

l
1

= l
2

= l! &C(DE" 

! ! !

! 

"21(nln lLML
SM

S
) = (#1)

1
$ (#1)

2l# L# S
"12(n ln lLML

SM
S
) ! !  

! ! ! ! ! ! ! ! ! ! !

! 

= "("1)
"L "S

#12(nln lLML
SM

S
)! ! !  

! ! ! ! ! ! ! ! ! ! !

! 

= "("1)
L+ S

#12(n ln lLML
SM

S
)  ! ! ! ! ! ! ! (12-5-11) 

+FG"

! 

L + SHIJ6;<"

! 

"21(nln lLML
SM

S
) ="12(n ln lLML

SM
S
)#.(6&" 

!

! 

"(n ln lLM
L
SM

S
) =

1

2
{"12(nln lLML

SM
S
) #"21(n lnlLML

SM
S
)} = 0 ! ! (12-5-12) 

&C()1K"

! 

L + SHLJ6;<"

! 

"21(nln lLML
SM

S
) = #"12(n ln lLML

SM
S
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! !

! 

"(n ln lLM
L
SM

S
) =

1

2
{"12(nln lLML

SM
S
) +"12(n lnlLML

SM
S
)}  

! ! ! ! ! ! ! ! !

! 

= 2"12(nln lLML
SM

S
)! ! ! ! ! ! ! ! ! ! ! ! (12-5-13) 

MNOPJ&G.QRJ9ST) 

! +6UV4"(nl)
2,-6 LSW6VX

! 

L + SHLJ6WG"YZJ*F[\9]

4^_`a=b?!cd"ef!^_`Og(hi9.Q)YZJ9"jf(

k'lmZJ#.n!Q() 

! 

L + SHIJ6W6lmZJG(A12-5-12)DE 0&

Cd"(nl)
2,-&G

! 

L + SHIJ6 LSWGopA.Q) 

! qX"(nl)
2,-6 LSWG"SH1,! 0&Cd" 

! 

L = (l + l),( l+ l) "1,# # ##, l " l = 0,  1,  2,  3,  4,  5, # # # #,   (2 l)&C(DE" 

! ! ! ! !

! 

2S +1
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1
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3
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1
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3
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1
G,   

3
H,  

1
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3
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1
(L = 2l)! ! ! (12-5-14) 

#.() (nl)
2,-&G"YZJ*F[\9 LS W6lmZJ&"^_`O9r

i.6Gs'.tu&C()vw'Gxy#.()(1s)
2 ,-z(nl)

2 ,-61{

&C(DE"YZJ|}=>?!z~Q)��G(�A12-3)6��#0�4.()
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2,-G�3&Cn�6&"�3(nl)

2,-61�#A!" (np)
2,-

6 LSW=��&>?() 
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 (12-6)!  (np)
2!" LS#$%&'(  

! (np) (n’p)!"$ LS#) 

! 

3
S, 

3
P, 

3
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1
S, 

1
P, 

1
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2!"$ LS
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! 

 
1
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3
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1
D! 2340

! 

(2L +1)(2S +1) =15
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! 

L + S9:($#$;*0<'(=7>?)@.ABCDEFG40@
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2 !"*1

! 

 
1
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3
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1
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! 

1
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L
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S
= 0) :    {"
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1

2
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1
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L
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1
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                                     $
1
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! 

1
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L
= "1,M

S
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1
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L
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S
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n1"1
(1)#

n 1"1
(2)}

1

2
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! 
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! 
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! 
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! 
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! 
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! 

3
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L
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S
= 0) :    

! 

1

2
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1
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! 
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L
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! 

1

2
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(2) #"
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n 11
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! 

3
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L
= "1,M

S
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! 

1

2
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(1)"
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(1)"
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(2)}$(1)$(2)  

! 
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L
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S
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! 

1

2
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n10
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1
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! 
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n 1#1
(1)"

n  10
(2)}$ (1)$(2)  

 

! ! ! ! !

! 
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! 
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! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (A12-6-1) 
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S (*

+,-2_`a7bcde 

! !

! 

1
D(M

L
= 0,M

S
= 0)  

! ! ! !

! 

1

6
{"

n11
(1)"

n 1#1
(2) +"

n1#1
(1)"

n11
(2) + 2"

n10
(1)"

n10
(2)}

1

2
{$(1)% (2) #%(1)$(2)}  

! !

! 

3
P(M

L
= 0,M

S
= 0) :     

! ! ! !

! 

1

2
{"

n11
(1)"

n 1#1
(2) #"

n1#1
(1)"

n 11
(2)}

1

2
{$(1)%(2) +% (1)$(2)}  

! !

! 

1
S(M

L
= 0,M

S
= 0) : 

! ! ! !

! 

1

3
{"

n11
(1)"

n 1#1
(2) #"

n 10
(1)"

n 10
(2) +"

n 1#1
(1)"

n11
(2)}

1

2
{$(1)%(2) #% (1)$ (2)}  

! 

1

Df

! 

1

S.ghi,-Hjk;<=>?#

! 

2
1

D"
1

S2Dl67b=BOmn#/(

0123(*+op,-fn70qB 

! !

! 

2
1
D"

1
S = 3 #$

n10
(1)$

n10
(2)

1

2
{% (1)& (2) "& (1)%(2)}  

! ! ! ! ! !

! 

= (" 3) #
1

2

$
n10
(1)%(1) $

n10
(2)%(2)

$
n10
(1)&(1) $

n10
(2)&(2)

' (" 3)B! ! ! ! ! (12-6-5) 

f]=Br>A SlaterEFGA]67R=BWN2 Bfq=B 

! 4O

! 

2
3

P + 3
1

S2Dl=f# 

! 

2
3
P + 3

1
S = 2 "

1

2

#
n11
(1)$(1) #

n11
(2)$ (2)

#
n1%1(1)&(1) #

n1%1(2)&(2)
+
1

2

#
n10
(1)&(1) #

n10
(2)&(2)

#
n10
(1)$(1) #

n10
(2)$ (2)

 

! ! ! ! !

! 

"                             2C                +                      B! ! ! ! ! !  (12-6-6) 
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!"#$%&'()*& Slater+,-. C/012 

34'$

! 

2
3

P " 3
1

S5$ 

! 

2
3
P " 3

1
S = 2 #

1

2

$
n11
(1)% (1) $

n11
(2)% (2)

$
n1"1(1)&(1) $

n1"1(2)&(2)
"
1

2

$
n10
(1)%(1) $

n10
(2)%(2)

$
n10
(1)&(1) $

n10
(2)& (2)

 

! ! ! ! !

! 

"                             2A                #                      B ! ! ! ! ! ! (12-6-7) 

/612%&6 Slater+,-5 A/70289:;'<MS=0$ML=0>?'"

1<1
D!"

P!"
S>9@ABC5 Slater+,-<A!B!C >/D9BE'"12 

! ! ! ! !

! 

1
D

3
P

1
S( ) = A B C( )

"1

6

1

2

"1

3

"2

6
0

1

3

1

6

1

2

1

3

# 

$ 

% 

% 

% 
% 

& 

' 

( 

( 

( 
( 

! ! ! ! ! ! ! ! (12-6-8) 

89@AFG+,9H,IJKL9MNO5P!"#$Q61,IJKL/9

RSTUV5WXY/6*XZ12LS [@A5 Slater +,-@A9\]FG!

"12 

! ^_9:;'$<MS$ML>'`abX$(np)
2cd9 LS [efBC5$1 g,!

2gh5 3g9 Slater+,-9iDjk!lmOn12Wo! 15g"1(np)
2c

d9 Slater+,-.@ApqK/0nr$8ns<MS$ML>'`abX\]F

GOn&jts LS[efBC!"18/s)u12 

! /8v!$ 15g9 Slater+,-s@ApqK!"16w$ix'5$15y15

Dz9FG+,smnX{Z5|!"1s$}~9FG+,5<1y1>s 8 g,

<2y2>s 2g$<3y3>s 1g!"12�u'$1y8�2y2�3y1=15!5"

1s$15y15 Dz9FG+,5�Z289��5$2 �9��f�k�9~9

Clebsh-GordanECsMS�MS�/ML�ML�9�k5 0!"18/':12! (np)
2

cd9 LS [efBC5 (LMLSMS)9��C!��On1s$L / S 5 2S+1
L 9

[(term)7�'�#$2S+1
L(MLMS)/6*XZ12��$ (2L+1)(2S+1)�'��b

& 0D��

! 

ˆ 
H 

0
9��L�U���s E0(

2S+1
L)!"#$(MLMS)!��On&��

BC58n'�01 0D����BC!"12 

! <�9-2>! ¡& ˆ 
H 

0
9���s��bXZ1�k9¢f£98/.¤Z¥¦

;2 

! 

ˆ 
H '.§�¨©9¢f Hamiltonian/bX$15g9 Slater+,-.@ABC

'01/$<9-2-24>':nr$15y15Dz+,9���.ª«¬r6w6Z5

|­28nsiD¢f��L�U!"12bub$(2L+1)(2S+1)�'�� 
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!" 0#$%

! 

ˆ 
H 

0
&'()*+,-. E0(

2S+1
L)/012(MLMS)& 0#$%,-3

456728915:15#;&<4=>?9@ABCDEFGH9(MLMS)IJK

GH"L4&M=>/NOGH2PIQ2RS 12-5TUVW5XYZ[R\]/

?9^_`a+Z[T!bc<4=>&,-.?dZefgIQ2UM=>&

#;5hijk" 15?,-.&l4(mn!b72,-.?o&np5qr2T

IQs9Slater=>tVW&4IQ2U Clebsh-Gordan<4567"XYVW&

uvR12-5-1912-4-5Twnxyz{5|}b72U 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

! ~ 12-2&�RMS9MLT&x�R�T/\�&�&p�}b72
1
D8�PVW

34?\�& Slater=>t/y}b7"U�&��y Slater=>t9�k�9 

! ! !

! 

1
D(M

L
= +2,M

S
= 0) :    

! ! ! ! ! ! ! !

! 

 {"
n11

(1)"
n 11

(2)}
1

2
{# (1)$(2) %$ (1)#(2)}!  

! ! ! ! ! ! ! ! ! !

! 

=
1

2

"
n11
(1)# (1) "

n11
(2)#(2)

"
n11
(1)$(1) "

n11
(2)$(2)

= R  ! ! ! ! ! ! (12-6-2) 

! ! !  

 

� 

� 
R�x1):8 

(2:2Tx� 

 

(3:3) 

Hij 

S 12-5.! \#������t&<4=>&NOU 

Slater =>tVW&(LMLSMS�VW�&Z[?XYZ[IQ2fg9MS

�MS�8ML�ML�&=>x�? 08y2U@ABCDEFGH"���

�t<4=>&M=>&��w9~ 12-2RMS9MLT&�IQ2U 
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! ! !

! 

3
P(M

L
= +1,M

S
= +1) :     

! ! ! ! ! ! !

! 

1

2
{"

n11
(1)"

n 10
(2) #"

n10
(1)"

n11
(2)}$ (1)$ (2)!  

! ! ! ! ! ! ! ! ! !

! 

=
1

2

"
n11
(1)#(1) "

n11
(2)#(2)

"
n10
(1)# (1) "

n10
(2)#(2)

= T ! ! ! ! ! ! (12-6-3) 

!"#$%& (A8-3-23)'() 1
D*+P,-./0123456789:;1

D*

+P ,-./01234<&=>&5 ?* 9 ?'@?AB#:,8=>C$DE

F,GH'F#B67I$%J#;K$8&1
D*+P,-./015LM:;1

D

*+P5NOI:PMSQ0&MLQR1S,GH!TUV'WXYZ<[#; 

! E\&1
S <PMSQ0&MLQ0S,]' 1

D&+P *NOAB^)&PMSQ0&ML

Q0S,]_`'a$:;K$'<&(b9-2)8cdefghijk!lm;PMS

Q0&MLQ0S,no'gI:pq\rs8&ftuvw,ghxy,iQ234

,ik!z"I:;(12-6-8)'{:(m'pq\rs,tuvw< 3|3 8&f3

F,ghxy,ik=E(
1
D)}E(+P)}E(~S) 

8{:,8&!  

! ! ! ! E(~S)Qf3F,ghxy,ik� EP1
DS� EP+PS! ! ! (A12-6-9) 

8{:;pq\rs!��'<WD[#8&��8L��$: EP1
DS&EP+PS

*vw,ghZ�,iD� E(~S)5�M:�5?Z8{:;�m�ATUV'�

�Bo(m; 

! (MS=0, ML=0)�vw'�I:E���pq\rs<& 

! ! ! ! ! ! ���

! 

"
i

(0)
   ( i =1 =D

1
,  2 =P

3
,  3 = 

1
S)& 

! ! ! ! ! ! �� Hamiltonian�

! 

ˆ 
H '  

*I:*&(A9-2-24)D�&�,(m'[:� 

! ! !

! 

"
1

(0) ˆ 
H ' "

1

(0) # E
(1) "

 1

(0) ˆ 
H '"

 2

(0) "
 1

(0) ˆ 
H '"

3

(0)

"
2

(0) ˆ 
H '"

 1

(0)
"

 2

(0) ˆ 
H '"

 2

(0)
# E

(1)
"

 2

(0) ˆ 
H '"

3

(0)

"
3

(0) ˆ 
H '"

 1

(0) "
3n

(0) ˆ 
H '"

2

(0) "
3

(0) ˆ 
H '"

3

(0) # E
(1)

= 0  

E���-./01

! 

E
(1)
<K,pq\rs,�F,��8{:;(12-6-9), E(

1
D)&

E(+P)&E(~S)<K,E���-./01

! 

E
(1)
,K*8&�,��8&��9, 1)

! E
1)

(
1
D)&E

1)
(+P)&E

1)
(~S)*�`B^#e\5()��8{:;ftuvw,g

hZ�,i<��

! 

E
(1)
,i'�A#kD�& 

! E
1)

(
1
D)}E

1)
(+P)}E

1)
(~S)Q

! 

"
1

(0) ˆ 
H ' "

1

(0)
+ "

2

(0) ˆ 
H '"

2

(0)
+ "

3

(0) ˆ 
H ' "

3

(0)
! (12-6-10) 
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!"#$%&'()*+,-./0123Slater(4567(Slater sum rule)8!

9:+;#$ 

(12-6-8)<=- 

!

! 

"1
(0)

=
#1

6
A +

#2

6
B+

1

6
C-

! 

"
2

(0)
=
1

2
A +

1

2
C-

! 

"
3

(0)
=
#1

3
A +

1

3
B+

1

3
C  

+>?-A-B-C,(12-6-5@7)+ABCD SlaterEFG+>#$./<=(12-6-10)

HI(

! 

"
i

(0) ˆ H ' "
i

(0)
0J/KL;$E

1)
(

1
D)-E

1)
(MP),-(12-6-2--3)<=(8-3-23)

2NOPQR+P#(+- 

! ! ! E
1)

(SS)T

! 

"
1

(0) ˆ 
H ' "

1

(0)
+ "

2

(0) ˆ 
H '"

2

(0)
+ "

3

(0) ˆ 
H ' "

3

(0)
U  E

1)
(

1
D)U E

1)
(MP)  

E
1)

(SS)VWX#$  

! NY

! 

"
i

(0)
:  i =1 =D

1
,  2 =P

3
,  3 = 

1
S,-(A12-6-8)<=-A-B-C (Z[( Slater

EFG(\]^_+>#(+-45(

! 

"
i

(0) ˆ H ' "
i

(0)
(`abcd2,

! 

A ˆ H ' A (

e"=f-

! 

A ˆ H ' B (ghi(j"# SlaterEFG(`abcdklX/#$X

D- l=1( pmn+>#(+-(o12-4)+pqD(1s)(2s)rs(mntuvwxy

cz?k{{|}2"#$C<C-~(��� (nl)
2rs\�2����"�*

V+P#$]�+,-./=(��2[;���#$ 
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(12-7) !"#$%& Slater'()(np)
2*+ LS,#-./01  

! E
1)

(
1
D)& E

1)
(2P)3456789# Slater:;<=>?@4 

! ! !

! 

1
D(M

L
= +2,M

S
= 0) :   

! 

R =
1

2

"
n11
(1)#(1) "

n11
(2)# (2)

"
n11
(1)$ (1) "

n11
(2)$ (2)

 ! ! (12-6-2) 

! ! !

! 

3
P(M

L
= +1,M

S
= +1) :

! 

T =
1

2

"
n11
(1)# (1) "

n11
(2)# (2)

"
n10
(1)#(1) "

n10
(2)# (2)

! ! ! (12-6-3) 

(8-3-23)ABCDEFGH>IJKL4MN*+A (np)
2 &OCDC>74PQ

R3(closed shell) (np)
2#ST<=>?@4!"7$%U>V&RWS7XY<=

>IHeZN#[\3MN*+APER]^OCDCJ#<4(8-3-23)A_#HH

`BabJ74Vc&3de7fg>h<=>I 

 

<!"#ijkC)(!")(nl)
 q<=>MN*+#[\> 

l(!")(nl)
 qm#MN*+AnoRLD4l!"#$%mApqkq?4(8-3-23)

RrsD9tuRvwDxVqI(8-3-23)39y# Slater :;zR{U>|}<

=>I Slater:;z~���3

! 

4l +2Cq�K�$%U>#<4_#���&�qS

T<4VcA 

! 

"#&OVqISlater :;z���7�w>-./01���7

(A8-3-23)<=>I��4 

!

! 

E(") = #"
ˆ H #" = i ˆ f i

i

$ + [ i j ˆ g i j % i j ˆ g j i ]
j

$
i>

$ ! ! ! ! (12-7-1) 

<=>I (8-3-23)<��LJ�qR4

! 

ˆ f ,  ˆ g ! 3

! 

ˆ 
H #9MN��N4�MN��N

<4

! 

ˆ H = ˆ f i + ˆ g ij
j

"
i>

"
i=1

" #ST<=>I”i”� 

! 

"
i
4”j”� 

! 

" j ! 3~�N�#���

�i!jA�y9MN�������<=>IVc@34���# Slater:;z�

�A >¡RBC@cJ�6#l9MN�������m<=>I¢# 2 £R

WSL�q) 

(1)l(!")(nl)
 qm#MN*+R{LD

! 

4l +2Cq¤j#fg> Slater:;z7vw@

c>74Vc@3¥9#l9MN�������#¦§¨m?@XYg�#l9

MN�������mA©ª< @c>I 

(2)! !"^(#l9MN�������m#©«¬39¤jL?gC?@4f

g> Slater:;z<­4V#^(3®¤<=>I 

¯sD4(12-7-1)°±#ST3¢#¤j<=>)��� Slater :;zR²³cD

C>�6#l9MN�������m<9MN��NA´ªK�µ¶1'#8
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!"#$%&'()*+%,-./0123456789:;<= >0?@A

BC?@8DE'FG6H8764IJKLMN6#$O&';P*QR!"

AST)76"U;8VLWXYZQ+[\]^,-_6 Slater`ab5cde'

+^46%,-fg346?6[hij58kZlcm*#'n6opqrs

tuvwe'%,-fg346xy2zU;6?{c|W)ZQ}~�'(12-7-1)

6��e���@A���@w@J��|;�*e�;P*Q 

! %,-��-6�@e��wh6��w@�{��J*�!  

! ! ! !

! 

i ˆ f i
i

" = i ˆ f i
i ( Closed shell)

"    + i ˆ f i
i (Open  shell )

" ! ! ! ! ! ! ! ! ! ! ! (12-7-2) 

O,-��-6�@e' 

! ! ! !

! 

[ i j ˆ g i j " i j ˆ g j i ]
j

#
i>

# =
1

2
[ i j ˆ g i j " i j ˆ g j i ]

j

#
i

# ! ! ! ! (12-7-3) 

;P*Q���e!i"j#6��)78��*A6��;'!i"j#$!j"i#e

��7;PE"1/rij8VL*cd i=j6�je�cW�Z*Q{c{'i=j6�j

6<= >0?@ABC?@e�{� A)*6;'��6��w i"j 6��)

"w 1/28¡JMN6A��i¢w)*Q}~�'CS£Closed Shell¤��¥'OS

£Open Shell¤��¥A{�' 

! !

! 

j

"
i>

" =
1

2 j

"
i

" =
1

2 j (=CS )

"
i(=CS )

" +
1

2 j(=OS )

"
i(=CS )

" +
1

2 j(=CS )

"
i(=OS )

" +
1

2 j(=OS )

"
i(=OS )

" !  

! ! ! ! ! ! ! ! !

! 

=
j (=CS )

"
i(=CS )>

" +
j (=CS )

"
i(=OS)

" +
j (=OS )

"
i(=OS)>

" ! ! ! ! ! ! ! (12-7-4) 

A)*Q¦w'(12-7-2)A(12-7-3)cd' 

!

! 

E(") = #"
ˆ H #" = i ˆ f i

          i
(Closed  shell )

$ + [ i j ˆ g i j % i j ˆ g j i ]
j
shell )

$
i>
(Closed

$  

! ! ! !            

! 

+ i ˆ f i
          i
(Open  shell )

"   + [ i j ˆ g i j # i j ˆ g j i ]
       j
   Closed
    shell

"
     i
Open
shell

" !  

                   

! 

+ [ i j ˆ g i j " i j ˆ g j i ]
      j
   shell )

#
     i>
(Open

#                   (12-7-5) 

A)*Q§§;'$%'$O&e��IJ;¨U*cd§6"8

! 

W
c
A©ªQ$
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!"#$%&'()*+,-.%/01234#56789:;+(nl)#<=>

?@+(ml!ms)! =>?@AB#C+$,-.%/01234(n l ml  ms"CDE

FAGHIJ"*+,-.%/01234(n l ml  ms"#KL-. iFML-.

N#-.OPQRST(CUGHVW X0)Y"*+Z[\#ML-]FKL

-. i#-]F#^_`aCUG:;+ 

! ! !

! 

i j ˆ g i j = {" i(1)
2

" j(2)
2 e2

rij

d#
2$

j(= CS)

%$
       j(=Closed shell)

% }d#
1
 

CUb+,-.cd.#%&'()#ef=KL-. i #(nl)#<=>?@+(ml!

ms)! =*>?@ABHgh+8i)Y"j+ 

! ! !

! 

i j ˆ g j i = {"
*

i(1) "
*

j(2)
e2

rij

" j(1)" i(2)d#
2$

msj (CS)

%
m j (CS )

%$
       j(=Closed shell)

% }d#
1
 

CUb+k*b+KL-. i #(nl)#<=>?@+(ml!ms)! =*>?@ABH 

l=+I!+IJ"*mnopqr

! 

qWnlFstGHIu"*KL-.N#-.

OPQRST(CUGH 

! vw#xF:;+(8-3-23)=yz{(12-7-1)*+ 

!

! 

E(") = #"
ˆ H #" = Wc + q $Wnl + [ i j ˆ g i j % i j ˆ g j i ]

      j
   shell )

&
     i>
(Open

& ! ! ! (12-7-6) 

CUGH|(ML)(nl)
 q}#-.~�#,�# Slater ����C��;�GQRS

T(��� E(�)C*+�

! 

Wc + q "Wnl�#�Y*�# Slater���#�pF��C

Ub+LS"CDECUGH�AG#*+KL-.N#-.OPQRST(#�

Y�tCUGH��r+(8-3-23)= (12-6-2+-3)#A�#|(ML)�Yo��@h

�� Slater���}o�����+ ¡+ (12-7-6)#I!"#�Y�to��G

F¢£¤��¥BH 
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! ! !"#$%&'(E
1)

(
1
D)) E

1)
(*P)+,-./01 Slater2345678, 

! ! !

! 

1
D(M

L
= +2,M

S
= 0) :   

! 

R =
1

2

"
n11
(1)#(1) "

n11
(2)# (2)

"
n11
(1)$ (1) "

n11
(2)$ (2)

 ! ! ! (12-6-2) 

! ! !

! 

3
P(M

L
= +1,M

S
= +1) :

! 

T =
1

2

"
n11
(1)# (1) "

n11
(2)# (2)

"
n10
(1)#(1) "

n10
(2)# (2)

! ! ! ! (12-6-3) 

(12-7-9)/9:78;<6( 1
D+=2>?@ABCD,*P%+EFB56/4, 

! ! ! ! ! ! ! !

! 

E(
1
D) =Wc + 2Wnp + J

11
! ! ! ! ! ! ! ! ! ! ! ! (12-7-7) 

! ! ! ! ! ! ! !

! 

E(
3
P) =Wc + 2Wnp + J

10
" K

10
! ! ! ! ! ! ! !  ! (12-7-8) 

)C6(GHI H@JK)LMJK+ 

! ! ! ! ! !

! 

J = e
2
" i(r1)

2
" j(r2)

2

r
12

dv
1
dv

2##  

! ! ! ! ! !

! 

K = e
2
" i *(r1)" j * (r2)" j (r1)" i(r2)

r
12

dv
1
dv

2##  

456B,1
D / J 4+ i=j=(n,1,1)C/4

! 

J
11
,!P / J"K + i=(n,1,1)"j=(n,1,0)

C/4,

! 

J
10

,  K
10
)N'(.O,PS+,(A12-6-10)78, 

E
1)

(PS)Q

! 

"
1

(0) ˆ 
H ' "

1

(0)
+ "

2

(0) ˆ 
H '"

2

(0)
+ "

3

(0) ˆ 
H ' "

3

(0)
I E

1)
(

1
D)I E

1)
(*P) ! ! (12-7-9) 

4,(12-6-8)78, 

! ! ! ! ! !

! 
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=
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6
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6
B+

1

6
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! ! ! ! ! !

! 

"
2

(0)
=
1

2
A +

1

2
C,! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (12-7-10) 

! ! ! ! ! !

! 

"
3
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=
#1

3
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1

3
B+

1

3
C  

45R,A,B,C+S/ Slater23T456U 

! ! ! ! ! ! !

! 

A =
1

2

"
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"
n1$1(1)% (1) "
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! 
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1

2

"
n10
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n10
(2)# (2)

"
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(1)$ (1) "

n10
(2)$ (2)

! ! ! ! ! ! ! ! ! (12-7-11) 

! ! ! ! ! ! !

! 
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1

2

"
n11
(1)#(1) "

n11
(2)# (2)

"
n1$1(1)%(1) "

n1$1(2)%(2)
 

EF878

! 

"
i

(0) ˆ H ' "
i

(0)
#VDRW#;X6),

! 

A ˆ H ' B CY/>Z[\J/W

+]^_)CR,`a/bcC9:)C6U 



 256 

! ! ! ! !

! 

"
i

(0) ˆ H '"
i

(0)

i=1

3

# = A ˆ H ' A + B ˆ H ' B + C ˆ H ' C ! ! ! ! !  

! ! ! ! ! ! ! ! ! ! !

! 

= J
1"1 + J

00
+ J

1"1

= 2J
1"1 + J

00

! ! ! ! ! ! ! ! ! ! ! ! (12-7-12) 

!"#$

! 

(Wc + 2Wnp )%&'($)*+,+-./012$ 

! ! ! ! ! !

! 

E(
1
S) =Wc + 2Wnp + 2J

1"1 + J
00
" J

11
" J

10
+ K

10
!  ! ! ! ! !   

! ! ! ! ! !

! 

E(
1
D) =Wc + 2Wnp + J

11
! ! ! ! ! ! ! ! ! ! ! ! ! !  (12-7-13) 

! ! ! ! ! !

! 

E(
3
P) =Wc + 2Wnp + J

10
" K

10
! ! ! ! ! ! ! ! ! ! !  

3456np 789:;<=>5?7@2ABC78<D"#EFG<HIJK

L?7@MNO56!"#$

! 

Wnp2PK%QR<STJK5UVNO56 

! (12-7-13)<2W*X+YZ [\]F3^_`+ab]F9O56c12-3+de

NfULDg<$Slater-Condon hiN2jklmEF+]F2no4p9$q

rlmEF+]F2:st5+N$P+uv9wxy"#p56PK%z<{

'Dg6c10-5NfUL|,9l}t56 

 

A78~�-./01+��3 Slater]FM  

! cA8-3N$YZ [\]F3ab]F%�^G<��t5���(8-3-13)%fU

L6PPN2

! 

ˆ g (" i," j ) = e
2
/ rij3�#$ 

! ! !

! 

a b ˆ g c d " #a * ($ i)#b *($ j)(e
2
/ rij )#c ($ i)#d ($ j)d$id$ j%% ! !  (12-7-14� 

NO56 a,b,c,d2�#^78��lmN$:;+]F�m2

! 

"
i

= (r
i
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i
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i
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),   

! 

" j = (rj ,# j ,$ j ,sz j )+ 8�NO56��\�m<lt5]F2�N�Vb'5Xo$

2*+��\�m<lt5�3���� 6�m<lt5]F3456PK%�"

#$Y1[\]F3ab]F2z+Dg<��5� 

! ! ! ! !

! 

a b ˆ g a b = Jab$! ! ! ! ! a b ˆ g b a = Kab ! ! ! ! ! (12-7-15� 

! (12-7-14�<�K5^78��lm%z+Dg<��P3<t5$ 

!

! 

"
a
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(r
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i
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i
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! 

"b (# j ) =
1

rj
Pnbl b (rj)Ylbmb
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!

! 

"
c
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i
) =
1

r
i

P
ncl c
(r
i
)Y
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i
,%

i
)&

msc
(s
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! 

"d (# j) =
1

rj
Pnd ld (rj )Yld md

($ j ,% j)&msd
(s jz )  

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (12-7-16� 
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! !"#(12-7-14)$%&'()*+,-./012345*6789:;# 

!

! 

" msa
(siz )" msc

(siz)
siz = ±1/ 2

# " msb
(sjz )"msd

(s jz )
sjz = ±1/ 2

# = $(msa,msc) % $(msb ,msd )!   (12-7-172 

;<-=>?@(a,c);(b,d)A%&'BC) msDEF<GH) 1 IJ4->;*

<K#(a,c);(b,d)$L<:;MFNDEFA<4?OPQD 0;<-= 

! R3-1ASTUV*#WXCY$ZX[\]^_`a@#_bc'd_$ef

gIhi8# 

! !

! 

Erep =
e2

r
12

=
e2

(r
1
)2 + (r

2
)2 "2r

1
r
2
cos#

= (e
2
/ r+) Pl

l= 0

$

% (cos#) & (r" /r+)
l
! ! (3-1-10) 

AjkT=l*#_bc'd_$efg*@#R4-4AmnoTpqr1+)$

stuv# 

! ! ! ! !

! 

P
l
(cos") = (

4#

2l +1
) Y

l ,m

*
($
2
,%
2
) &Y

l,m
($
1
,%
1
)

m='l

+l

( ! ! ! ! ! ! ! ! (4-4-6) 

Dw7-=x 2-9-1;x 4-4-1Iyz?O#(3-1-10)${;(4-4-6)$|@E}~�

Aj-=�*# 

! ! ! ! !

! 

e2

rij
= (e

2
)

r"
l

r+
l+1 (

4#

2l +1
) Y

l ,m

*
($ j ,% j ) &Yl,m ($ i,%i)

m="l

+l

'
l= 0

(

' ! ! ! !  ! (12-7-182 

!T(4-2-5)JG#

! 

Y
l,m

*
(" j ,# j) = ($1)

m
Y

l,$m
(" j,# j )Aj-=>?Iwk8# 

! ! ! ! !

! 

e2

rij
= (e

2
)

r"
l

r+
l+1 (

4#

2l +1
) ("1)

m
Y

l, "m
($ j ,% j) &Yl ,m($i ,% i)

m= "l

+l

'
l= 0

(

' ! ! ! (12-7-19) 

>>A# R10-5Au�oT�����?Tpqr1+)0renormalized spherical 

harmonic function2I�i��V� 

! ! ! !

! 

Cq

(k) "
4#

2k +1

$ 

% 

& 

' 

1/ 2

(Yk q (),* ) "
4#

2k +1

$ 

% 

& 

' 

1/ 2

(Yk q! ! ! ! ! ! ! ! (10-5-14) 

k�l#q�m $��A#oOoO~�()D���?->;I��oT=>?I

wV;#! (12-7-192@# 

! ! !

! 

e2

rij
= (e

2
)

r"
k

r+
k+1 ("1)

q
C"q

( k )

(# j ,$ j) %Cq

(k )

(#i ,$ i)
q= "k

+ k

&
k= 0

'

& ! ! ! ! ! ! ! (12-7-20) 

;<-=>$��I#(12-7-142$�� �'./���./$F�g*��,-

;#~��/$./@W�$()$� 

! 

("
i
,#

i
);

! 

(" j ,# j )*�i8¡¢�?-JG#

£$UV<¤�$%¥¦a.$.;<k8§?-� 

! ! !

! 

Ylb mb
(" j ,# j )C$q

(k )
Yldmd

(" j ,# j ) Yla ma
(" i ,# i)Cq

(k )
Yl cmc

(" i,# i) ! ! ! (12-7-21) 
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!"#$(%10-5)&'()*+,-.")/01234536789:;<5=

>?@A7$ 

! 

l mCq

(k )
l'  m' " [4# /(2k +1)]

1/ 2
$ Y *l m Yk qYl ' m'

 sin%d%d&
0

#

'
0

2#

'  

! !        !

! 

= ("1)
"m

(2 l+1)(2l '+1)[ ]
1/ 2
#
l k l '

0 0 0

$ 

% 
& ' 

( 
) l    k   l'

"m q m'

$ 

% 
& ' 

( 
)  

             

! 

" #(q,  m $m') % c
k
(l m; l'm') ! ! ! ! ! ! ! ! ! ! ! ! (10-5-15) 

B5367<C#DEFGHI$J5367<CKL#

! 

c
k
(l m; l 'm' )MNO."

7 GauntPQ&R7S 

! 

c
k
(l m; l 'm' )#TAQMU7P&$VW#N5XMYZ"

)KLM?@[\?$kP]^_7`#aPb_5cd."7S 

        

! 

k = l" l '   , l " l' + 2,  l " l' + 4,  # # #    ,   l+ l'"2,  l + l'S      ! (10-5-16)  

X)$ 

! ! ! !

! 

c
k
(l'  m' ; l m) = ("1)

m"m '
c
k
( l m; l'  m') ! ! ! ! ! ! ! ! ! ! ! (10-5-17) 

P3efgh67!MG'(@iA)S 

! !"ZPKLGjk@(12-7-14)#$ 

! 

Ylb mb
(" j ,# j )C$q

(k )
Yldmd

(" j ,# j ) Yla ma
(" i ,# i)Cq

(k )
Yl cmc

(" i,# i)  

        

! 

= "(#q,mb #md )"(q,ma #mc)c
k
( lb mb ; ld  md )c

k
(la  ma; lc mc)  

        

! 

= "(q,md #mb )"(q,ma #mc)c
k
(lb  mb; ld  md )c

k
( la ma ; lc mc )! ! ! (12-7-22) 

MU7S!!&$

! 

"(q,md #mb )"(q,ma #mc)#

! 

q =md "mb =ma "mcPlmf 1$n

_&UAM 0 &R7S

! 

q =md "mb =ma "mcPlmPopqPR7KLMU7r

Z$!"Gstu?@$

! 
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a

+ m
b
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c
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d
)M?@vwAS 

! xy$z{34P89:;<#

! 

R
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!

! 

R
k
(ab,cd) " e

2
(
r#
k
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k+1

0

$

%
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$

% )Pnal a
*
(ri)Pnblb

*
(rj)Pnclc (ri)Pnd ld (rj )dridrj ! ! !  
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! 

= e
2
{
1

r
j

k+1 ri
k

0

rj

"
0

#

" Pna la
*
Pnclc dri + r

ji

k 1

ri
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#

" Pnal a
*
Pnclc dri}Pnb lb

*
Pnd ld drj ! (12-7-23) 

}~P<CPC�#$%12-3P�� ��<C&�k)!M5=>?@A7S 

! !PKL$8���4P<C(12-7-17�$���4P<C(12-7-22)$G (12-7-14)

Px�Q5��67M$ 

 

 

 



 259 

!

! 
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e2

rij
cd = "(msa,msc)"(msb,msd ) R

k
(ab,cd)

k= 0

#

$  

! ! ! ! ! ! !

! 

" #(q,ma $mc )#(q,md $mb )
q=$ k
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% ($1)
q
& c

k
( lama ,lcmc) & c

k
( lbmb ,ldmd )  

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (12-7-24) 

!"#$ 

! %& '()*+(a, b; c=a, d=b),-./012

! 
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k
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$         (12-7-25) 
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FG)*+2(12-7-24)4(a, b; c=b, d=a),-.45#,42 

! ! !
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e2

rij
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q
& c

k
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k
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!"#$HI2(10-5-7),JKL32 
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b c
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2
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G
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k
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G
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R
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!"#$%&'((12-7-26(28)!)(*+,-.

! 

k= 0

"

# /01234#/( (10-5-16)

'5637489:'(;<=>.?@.A.B;CDE(;FGH'IJ#

KLMN&(k')O+/"#$ PQE63$k)R.9:'+&2#S 

!

! 

F
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b
)  

!

! 

G
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a
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a
" l

b
+ 4,  # # #    ,   l

a
+ l

b
"2,  l

a
+ l

b
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F
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G
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G
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37��2u��x# (Condon and Shortley, 1953�Condon and Odabasi, 1980� 

Cowan, 1981). 
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!Slater"#$%&'((np)
2
 LS)*+,-./  

! 01$23456789:;<(=$>(12-7-6)?@A>Slater "#:BCD 

(np)
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! ! ! ! ! !
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!  ! ! ! ! !   

! ! ! ! ! !
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11
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! ! ! ! ! !
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! 
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! ! ! ! (12-7-35) 
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0
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1
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F
2
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!

! 
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(12-8)!  (np)
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! -%.%/0123456718Russell-Saunders 9:;<8=>?(2J+1)@
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XOMN-%

! 

E
av.
J(np)

2#$% LSKop%rsH;LMN (12-7-36)% LSK(

)*+,@

! 

E
av.
@eSR|}4RW67~ 

! ! !

! 

E(
1
S) =Wc + 2Wnp + F

0
+
2

5
F
2

= Eav. +
12

25
F
2
!  !   

! ! !

! 

E(
1
D) =Wc + 2Wnp + F

0
+
1

25
F
2

= Eav. +
3

25
F
2
! ! ! ! ! ! ! !  (12-8-2) 

! ! !

! 

E(
3
P) =Wc + 2Wnp + F

0
"
1

5
F
2

=E av."
3

25
F
2
! ! ! ! ! ! !  

XOMN()*+,%�S<��%���,�,

! 

F
2

 ;|};[MN(12-8-1)%

! 

E
av.
1�SR8��%� 1K8� 2K<8T�8���o%()*+,8�!"

()*+,%�;LMN��K%

! 

(F
0
"
2

25
F
2
)< pp!"U%&'�!"hi()

*+,@|YN (np)
2#$;<!"%U<��4nOSJ8-%#$;��uM

�R%

! 

(nlm
l
m

s
)(nlm

l'
m

s'
) = (m

l
m
s
)(m

l '
m
s'
)U;%!"hi()*+,J&'�u5

V%;LMN 

 (12-8-2)%9�@���1|}45%J� 12-6;LMNLSKopX<#$&'

()*+,

! 

E
av.
nP%��J8T LSK;�OM-X@�7N&�\]^U@�

� 3>K%�PJr  LSK;LMN 
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! LS"#$11-4%&'()*+,-./012345 J6789:;<=>?

@%ABC3)DEF8GHIJ<=KLM?@#AJ678@NOPQRST

ULULVW( LS"XY8ZH@[%\?]̂ _`aRSXY8ZHbc#d

efghij%#g>]<U<A

! 

E
av.
UL@kLS":;lmkJ678:;lJ

<=k)DEF8nolpcqrs?tJ34u=Avwxy^_z@^_X

Y8ZH{|q}~<4�J<=>?�%\?] 

! (12-8-2) @ � � U L A

! 

{E(
1
S) " E(

1
D)} /{E(

1
D) " E(

3
P)} =1.5 J g ? � A

! 

(1s)
2
(2s)

2
(2 p)

2
`aq��

! 

C,  N
+
,  O

2+
@)DEF8GHI%#A!�A 1.13A1.14A

1.14%\?(Condon and Shortley, 1953)]

! 

{E(
1
S) " E(

1
D)} /{E(

1
D) " E(

3
P)} =1.5#\

��%�(np)
2`a��qrs(��@}�T%\?]BC@�_,��+%#A

(2p)
2`aJ(2p)(3p)`a����?tJ(configuration mixing)A��Ak`a�/

012(configuration interaction)l���=�5AtM���@�v�@��J~

� M=>?(Condon and Shortley, 1953¡]k`a�/012lqrsg>%kv

�@^_`alUL LS "XY8ZHqrs?¢�#kv^_`a£¤(single 

configuration approximation)lJ¥¦M?]BC3#Akv^_`a£¤l3k`

a�/012l@§¨q©s=)DEF8GHI�~� M?] 

!  

 

ª 12-6. (np)
2`a3��? LS":;J`aRSXY8ZH 

«P 

¬D 

¬S 

F0­ (2/25)F2 

RS®®^_¯° 

XY8ZH 

`aRS 

XY8ZH 

Eav. 

(±²^_XY8ZH) 

! ! ! ! m 

(v^_XY8ZH@³) 

! 

(Wc + 2Wnp )  
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(12-9) ! (nl)
q!"#$%&'()*+,-./012)3)  

! 456789(np)
2 +,!"5#$%&'():;<=(12-8-1):>?@AB9

(nl)
q +,!"CD5!"#$%&'()E:FG=HIJK9 Slater LM5C

NOP:QRK9Slater-Condon012)3)* Racah012)3)STUVW9

4WX5+,-./012)3):QR=4*BYZK9(nl)
q9(nd)

q [(4f)
q 5

+,!"B\]=+,-./%&'()SYA^_B`aVW=4*:bcd

=H 

! (np)
2+,!"5#$%&'():;<=(12-8-1)5efB9gh5ij7k=

! 

(2L +1)(2S +1)
LS

" =15:?]Kl=9 

! ! ! ! !

! 

{ (2L +1)(2S +1)
LS

" }E
av.

= (2L +1)(2S +1) # E (LS)
LS

" ! ! ! ! (12-9-1) 

mn9! ! ! !  

! ! ! ! ! !

! 

15 " E
av. = 5 " E(

1
D) + 9 " E(

3
P) + E (

1
S) ! ! ! ! ! ! ! ! ! (12-9-1’) 

*o=Hpf89

! 

E
av.
B Slaterqrgh5j:?]st579uf8(np)

2+,!

"@Xvw=xK5 LSy%&'()z{|}~��t�<K�5�7k=H�

ZK9(12-9-1)[(12-9-1’)5uf89� 12-5 B�Js�������VWsCN

������E�jqr5x���_5�7k=H�Slater 5�����:9�

������JsCN������Ex�B�QJs*�<W��RHgh:

��� }¡¢3£)� �:JKtz{|8¤w7k=@X9�z{|5�¥

x���_5��8��� 5{¦BYX§¤C7k=Hs¨J9©ª+,:

«RK¬Zs^­ SlaterqrEgh:®QJK�<=¯P89°±²B9©ª+

,B³�d=%&'()

! 

(Wc + 2 "Wnp):z{|5j¨]´<K�<µ�oXo

RHJ@J9©ª+,t¶GK¬Zs Slater qrE:ghB®QJ9LS y%&

'():FG=CN������E�jqr:¬Zs*�<=oX9I5�j

qr5x���_5�S(A12-9-1,-1’)5uf7k=H  

! ·¸54*@X9CD5(nl)
q !"5¯P5!"#$%&'()8N5Y¹B

o=º 

! ! !

! 

Eav.
[(nl)

q
] = Wc + q "Wnl +

1

(2L +1)(2S +1)
LS

#
$%

(0) ˆ H ' $%

(0)

%

# ! ! !  (12-9-2) 

4479

! 

"#

(0)
89©ª+,:¦»JK¬Zs¼½¾5^­ Slater qrgh9
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! 

ˆ H '= e
2

/ rij

j

"
i>

" !"#$%&'()*+(,-./01#23 

! ! !

! 

Eav. rep.
[(nl)

q
] =

1

(2L +1)(2S +1)
LS

"
#$

(0) ˆ H ' #$

(0)

$

"  

! ! ! !

! 

=
1

(2L +1)(2S +1)
LS

"
{

j
 shell

"
   i>
 Open

" ij ˆ g ij # ij ˆ g ji }
$

" ! ! ! ! !  (12-9-3) 

24#$56783 

! ! ! ! !

! 

(2L +1)(2S +1)
LS

" =
4l+2Cq = 1

#

" ! ! ! ! ! ! ! ! ! ! ! ! (12-9-4) 

!"#$ 

 (12-9-3)(9:;.<=>?@#$ 

! 

(" i," j )(A:;!B3CDE Slater FGH

I.0J#KLMNOPQRST(UVWX

! 

(" i," j )*YZ3[\ ]P^_2`

a^_(b*cd3eJ*fg4X(_hij@#$k.3e(A:;B3l

4#DE SlaterFG.<=>jmnJ#$e(opB+(e2*qrs>=#$

! 

" i," j( i, jB (nl)
q!tnJ#

! 

(n, l,m
l
,m

s
)(u)*qr1#VW3(4l+2)v(l4

#5((UVWYwJ#$

! 

" i," j(XB3xT(DE SlaterFG!YwJ#(!3

yz!B:xs>YwJ#${.3 

! ! ! ! !

! 

j
 shell

"
   i>
 Open

"
#

" = C(i, j)
    j
 of  nl
shell
 

"
         i>
 All states
   Closed 

" =4l Cq$2 %
1

2      j
nl   shell

"
      i
Closed

" !  ! ! (12-9-5) 

24#$%K(|}!3

! 

C(i, j)B

! 

" i," j(X~��2s>:xs>YwJ#��(

T*/�1$l4#DE Slater FGB

! 

4l +2Cqv"d3CHI!B q v(l4#

! 

(n, l,m
l
,m

s
)(u)~YwJ>=#$e( q v(UVW

! 

" i," jX*Y8!Au*�

�s>53�d((q-2)v~

! 

(4 l + 2) "2 = 4l(l4#

! 

(n, l,m
l
,m

s
)(uVWYwJ#

���~"#$ (q-2)v(YZ�~:x�

! 

C(i, j).�#${.

! 

C(i, j)�

! 

4l Cq"2!"

d3�(

! 

" i," jX!5���24#$eJ~%A(|}(qr!"#${.3

(12-9-3)yzB3 

! ! !

! 

Eav. rep.
[(nl)

q
] =

4 lCq" 2

4 l +2
Cq

#
1

2
{ ij ˆ g ij " ij ˆ g ji }

     j
nl  shell

$
      i
Closed

$ !  
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! ! ! ! ! ! ! ! !

! 

=
1

2

q(q "1)

(4 l + 2)(4 l +1)
{ ij ˆ g ij " ij ˆ g ji }

     j
nl  shell

#
     i
Closed

# ! !  

!"#$i%j &'()*+,(4l+2)-./#$i=j &0*1234567/#8%

i=j &9%:; <=>?!@A>?*BCDEF4G!"#&7%HIJDKL

DMN (1/2)&OPQRSTUVN$iQWXFY jDZ[#\Q].%̂ &_D

i &\Q]`Ya% i &\*bD(4l+2)&cdQef#gS7/#$h`Y%i

j (A12-9-3)*% 

! ! !

! 

Eav. rep.
[(nl)

q
] =

1

2
q(q "1)

1

(4 l +1)
{ ij ˆ g ij " ij ˆ g ji }

      j
Closed  
nl shell

#  ! ! ! (12-9-6) 

!%jDZ[#bk\D"#$l:; <=>?!@A>?&mnQ nlop&qY

&rs jDRNY\Q]#$ tT*%u*(v12-7)7wxFYN#$opDZ[

#rs\yz q{Wnl&|8}~#!F�wx7/#$ Slater>?DRNY�5

#�7/`�&7%��*��X�J7/`�$tt7*��i�8 Slater>?

Q�NY�.��JD���T#t!Q�5#$ 

! �~%:; <=>?DRNY*% (12-7-25)yz% 

! ! ! !

! 

i j ˆ g i j
     j
Closed
nl shell

" = Jij

     j
Closed
nl shell

" = F
k
(i, j)c

k
(limi;limi) # c

k
(l jm j ;l jm j )

k= 0

$

"
     j
Closed
nl  shell

"  !  

! ! ! ! ! ! ! ! !

! 

= F
k
(i, j)c

k
(limi ;limi) c

k
(l jm j ;ljm j)

mlj ,msj

"
k= 0

#

" ! !  

��%v10-5D�S#(10-5-15�yz% 

! !

! 

c
k
(l m; l 'm' )

! 

= "(q,  m #m') $ (#1)
#m

(2l +1)(2l '+1)[ ]
1/ 2
$
l k l'

0 0 0

% 

& 
' ( 

) 
* l    k   l'

#m q m'

% 

& 
' ( 

) 
*  

7/#$ �zD%Wigner& 3jOP&��!��!% 

! ! ! ! !

! 

c
k
(limi;limi) c

k
(l jm j ;l jm j ) = 2(2l j +1)"(k,0)

mlj ,msj

#  

!"#t!8��76#(Cowan%1981%v6-2; Condon and Odabasi, 1980, v4-9)$

lj* l&t!7/#yz% 

! ! ! ! ! ! ! ! ! ! !

! 

i j ˆ g i j
     j
Closed
nl shell

" = 2(2 l +1)F
0
(i,i)! ! ! ! ! ! (12-9-7) 
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!"#$ 

! %&'(12-9-6)()*+,-'(12-7-27)./' 

! ! ! !

! 

i j ˆ g j i
     j
Closed
nl shell

" = Kij

     j
Closed
nl shell

" = #(msi,msj )
      j
Closed
nl shell

" G
k
(i, j)[c

k
( limi ;l jm j)]

2

k = 0

$

" !   

! ! ! ! ! ! ! ! !

! 

= G
k
(i, j)"(msi,msj ) [c

k
( limi;l jm j )]

2

mlj ,m sj

#
k= 0

$

# ! ! ! !  

01#$23 45+,(67!89:'Wigner( 3j;<=>?@' 

 

! 

"(msi,msj )[c
k
(limi;l jm j)]

2

mlj ,m sj

#

! 

= (2l j +1)
li k l j

0 0 0

" 

# 
$ % 

& 
' 

2

(2li +1)
     k        lj     li

mli (ml j
mlj (mli

" 

# 
$ 

% 

& 
' 

2

mlj

)  

! ! ! ! ! ! ! ! ! ! ! !

! 

= (2l j +1)
li k l j

0 0 0

" 

# 
$ % 

& 
' 
2

 

!"#(Cowan'1980AB6-2)$ 

(nl)(8%CDEF=GH@I#./'li=lj!l 01J'KL'G
k
(i,i)=F

k
(i,i)01

#./' 

! ! ! ! ! ! !

! 

i j ˆ g j i
     j
Closed
nl shell

" = F
0
(i,i) + (2l +1)

l k l

0 0 0

# 

$ 
% & 

' 
( 

2

F
k
(i,i)

k)1

" ! !   (12-9-8) 

! MN(OP./'(nl)
qQR:ST#UVEFWXYZ[\]^(12-9-6)-' 

! 

Eav. rep.
[(nl)

q
] =

1

2
q(q "1)

1

(4 l +1)
{ ij ˆ g ij " ij ˆ g ji }

      j
Closed  
nl shell

#   

! ! !

! 

=
1

2
q(q "1)

1

(4l+1)
{2(2l +1)F

0
(i,i) " F 0

(i,i) " (2 l+1)
l k l

0 0 0

# 

$ 
% & 

' 
( 
2

F
k
(i,i)

k)1

* } 

! ! !

! 

=
1

2
q(q "1){F 0

(i,i) "
(2 l+1)

(4 l +1)

l k l

0 0 0

# 

$ 
% & 

' 
( 
2

F
k
(i,i)

k)1

* }! ! ! ! ! ! !  

! ! !

! 

=
1

2
q(q "1){F

0
(i,i) "

(2 l+1)

(4 l +1)
c
k
( li0;li0)F

k
(i,i)

k#1

$ }                (12-9-9) 

!"#$_`-'(10-5-15):aJ'Wigner( 3j;<= c
k:bc@I#$Wigner

( 3j;<=dI"I0'e(OP=fge!h0i#(Bethe and Jackiw, 1986, B

4,7) j'kklm=no#$ 
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! (12-9-9) !(1/2)q(q-1)" q #!$%&'(')*$%+!,-./*&'01

)23&*4%0 

! ! !

! 

E
ll,
(av) " F

0
(i,i)#

(2 l+1)

(4 l +1)
c
k
( l
i
0;l

i
0)F

k
(i,i)

k$1

%                 (12-9-10) 

"0(nl)
q 56278*$%+9#:;<!=>$%?@ABCDEFGHIJ

KL*1MNOP./*Q 

! (nl)
q56278*56=>BCDEF"0RS0TU!VW2X*Y 

  ! !

! 

Eav.[(nl)
q
] =Wc + q "Wnl +

1

2
q(q #1){F

0
(i,i) #

(2l +1)

(4l+1)
c
k
( li0;li0)F

k
(i,i)

k$1

% }  

! ! ! ! ! ! !

! 

=Wc + q "Wnl +
1

2
q(q #1)Ell (av.) ! ! ! ! ! ! ! ! !   (12-9-11) 

56=>BCDEF2"0Z[\$%!$%+!-]^Z$%+9#:;<!=

>$%?@ABCDEF]!_.0[\$%`abc*1MGdefgJK7

1WQ h12-8.i;(np)j56!56=>BCDEF 

! ! ! ! !

! 

Eav.[(np)
2
] =Wc + 2Wnp + (F

0
"
2

25
F
2
) ! ! ! ! ! ! ! !  ! (12-8-1) 

"0(12-9-11)!klm./*Qnop."0qr0 

! ZLSsBCDEF]tZ56=>BCDEF]uZ1)&'!vw] 

MxyJ01)Gz!VW2{|c*Y 

! ! ! ! ! !

! 

E(
2s+1
L) = E

av.
   +    "E(

2s+1
L) ! ! ! ! ! ! ! ! ! ! !  (12-9-12) 

56=>BCDEF" LSsn}t~!��./<01)&'!vwN� LSs

BCDE� !�LG{�cQ�9$%56!�X* LSsBCDE� "056=

>BCDEFN�q./*&'0vw

! 

"E (
2s+1
L)!w!�2V�K��*Q 

! (12-9-10)&'0(nl)
q 56(l=s!p!d!f).!9$%+:;<!=>$%?@A

BCDEF

! 

E
ll
(av.) "0Slater�nG�LKz!VW2{|.�*Q 

! ! ! ! !

! 

E
ss
(av.) = F

0
  

! ! ! ! !

! 

E pp(av.) = F
0

-
2

25
F

2
  

! ! ! ! !

! 

E
dd

(av.) = F
0

-
2

63
F

2
-

2

63
F

4
 ! ! ! ! ! ! ! ! ! ! ! ! (12-9-13) 

! ! ! ! !

! 

E f f (av.) = F
0

-
4

195
F

2
-

2

143
F

4
-

100

5577
F

6
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!"#$%&(nl)
q'((l=s!p!d!f))'(*+,-./01&(A12-9-11)234

56!789:6; 

 

<Slater-Condon! =>?0@07 RacahA>B0C=>?0@0D  

! 7!E9&(12-9-13)9 SlaterFGHGIJI1KL;l= p!d!f )(nl)
q'(9

H&'(*+,-./0)MN3O& LSP,-./0)QR

! 

"E (
2s+1
L)ST 

8GIJI1UL SlaterFG)SVW9XY3"6;GI)GZ#["6I\H

2N%]:^;!)GIJIH SlaterFG1_`a6b#cd9e6;f!9&

!)cdg1hia6j5# Slater FGf)K)9HNk&V)$l#

Slater-Condon =>?0@07mnopqm& 

! ! ! ! ! ! ! ! !

! 

F
k
" F

k
/D

k
,                G

k
"G

k
/D

k
! ! ! ! ! ! (12-9-14) 

GI)GZ1rM#mn&!"1_`a6!78s^;

! 

F
k
" F

k
/D

k
)

! 

D
k
)M1

t 12-4#ua;

! 

G
k
"G

k
/D

k
)

! 

D
k
#L^nH&!!9Hvwa6)9&Condon and 

Shortley (1953), Condon and Odabasi (1980),! Cowan (1981) Nx1yzg"j^; 

 

t 12-4;

! 

D
k
: (

! 

F
k
" F

k
/D

k
)! SlaterFG) Slater-Condon=>?0@0{) 

! ! ! ! ! |}JI 

ll k=0 k=2 k=4 k=6 

pp 1 25   

dd 1 49 441  

ff 1 225 1089 7361.64 

 

Slater-Condon =>?0@0H&SlaterFG#pI1~�jK)#��N^;Slater

FG7��#&2�����)�B>0F9��|I&���|I)FG�#�

�j��|I)FG9e6; 

! S�&Racah&G. (1942)H&Phys. Rev. 62, p.438-463#n&(nd)
q&(nf)

q��'(

) LSP,-./� 1�Yj��H&Slater-Condon =>?0@0A�^H Slater

FGC)V)$lNSV��1`^67&����,-./� ����8$%

� #N6!71umj; 

! ! (nd)
q'()��¡

! 

A = F
0
" 49F

4
= F

0
"
1

9
F
4
 

! ! ! ! ! ! ! ! ! !

! 

B = F2 " 5F4 =
1

441
(9F

2
" 3F

4
) ! ! ! ! !  (12-9-15) 
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! ! ! ! ! ! ! ! ! !

! 

C = 35F
4

=
5

63
F
4
 

! A, B, C"#$%(nd)
q&'"!()*!+,-./(0*1*(A,! B,! C)23

45!6789:;<=>=?@$%ABC33d +,!&D,EFG!HI"

#$JKLMNOPQRS(TU"234VWXYZ[\ ] E3d^_!`aX

YZ[\ ] Dqbc$b3de2 E/B3fe2 Dq/Bghi=?@$%j! B2

(12-9-15)!()*! B/(0*1*"#$% 

! kl3(nf)
q
! +,&'! LSWXYZ[\ 9mn?23 

! ! ! ! ! ! ! !

! 

A = F
0
"21F

4
" 468F

6
 

! ! ! ! ! ! ! !

! 

B =
1

5
(3F2 + 6F4 "91F6 )! ! ! ! ! ! ! ! ! ! (12-9-16) 

! ! ! ! ! ! ! !

! 

C =
7

5
(F4 " 6F6)  

! ! ! ! ! ! ! !

! 

D = 462F
6
 

gopq=r%nsn3t!u! Racah3G%(1949)2 Phys. Rev. 76, p.1352-1365

9?3vG]HI9 (nf)
q+,&'! LS WXYZ[\ !kwxyz]{nr%

tj"23|}!~�� Slater-Condon /(0*1*!k���3 

! ! ! ! ! ! ! !

! 

E
0

= F
0
"10F

2
" 33F

4
"286F

6
 

! ! ! ! ! ! ! !

! 

E
1

=
1

9
(70F2 + 231F4 + 2002F6 )! ! ! ! ! ! !  

! ! ! ! ! ! ! !

! 

E
2

=
1

9
(F2 " 3F4 + 7F6 )! ! ! ! ! ! ! ! ! ! ! (12-9-17) 

! ! ! ! ! ! ! !

! 

E
3
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