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Chapter 1 
 
 

 N..s ρσ=    (1.1.a) 

 Φσ .n.s =    (1.1.b) 

 p h
c

=
ν  p mv=   (1.2) 

 E h= ν E mv
k =

2

2
  (1.3) 

 ( )[ ]1212211 hhEE νννεε <<−+=+   (1.3) 
 ε1 1 2+ =E E*    (1.4) 
 h E h Eν ν1 1 1 22+ = +*    (1.5) 
 ε ε ε ε1 1 2 2 2 1+ = + >E E* ( )   (1.6a) 
 ε ε ε ε1 1 2 2 2 1+ = + <E E* ( )  (1.6b) 
 ε ε ε ε ε1 1 1 1 2 1 12a b b a bE E+ + = + >* ( )   (1.7) 

 E E1 2 2
* = + ε    (1.8) 

 ε ε1 1 2 2a bE E+ = + *    (1.9) 

 h I m v I E Ea
e eν1

2

2 12
= + = −*   (1.10) 

 U Qi
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=

−∑1
4πε R r

   (1.11) 

 p r= ∑Qi i
i

   (1.12) 

 F E= Q    (1.13) 
 

 p p E E= + + +o α β
1
2

2 ...   (1.14) 

 T p E= ×    (1.15) 

 P
p

=
∑ i

i
V

   (1.16) 

 P E= ε χo e    (1.17) 
 D E= ε    (1.18) 
 
 

 
 ( )eoo 1 χ+ε=+ε= PED    (1.19) 

 ε
ε

ε
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o
e≡ = +1    (1.20)  
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−
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ε
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1
2

   (1.21) 
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 







+α

ε
=

ρ+ε
−ε

≡
kT33

NM
2
1

P
2

o

A
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r
M

p   (1.22) 

 F v B= ×Q     (1.23) 
 T m B= ×    (1.24) 

 e
me

ss m= −    (1.24) 

 sB ms ˆ
2

ˆ h
−=µ    (1.25) 

 
e

B m2
eh

=µ    (1.26) 

  ml 2
m
e

e

−=    (1.27) 

 ml ˆˆ h−=µ B    (1.28) 
 ML ˆˆg B h−=µ    (1.29) 
 INN

ˆˆg MI h=µ    (1.30) 

 
p

N m2
eh

=µ    (1.31) 

 ∆m e r
m

B
e

=
2 2

4
   (1.32)  

  ω
µ

γ= =g B B eB
h

 (1.33) 

  

  ω µ
γ= =g B BN

B
Nh

 (1.34) 

    τψ∆ψ= ∫ dM ji m*  (1.35) 
 

 ∑=
i

i

V
mM  (1.36) 

 
 M H= µ χo m  (1.37) 

 
 B H= µ  (1.38) 
 
 

 µ χr m= +1  (1.39) 
 

 χm
A
T

B= +   (1.40)  

 ω≡ν=−≡∆ hhEEE ji   (1.41) 
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 ( ) ( )
2

ij

t

0
ij2ji dttitK1a

p

ω= ∫← exp
h

 (1.42) 

 τψψ= ∫ dKK jiij
ˆ*  (1.43) 

 
 pE∆=V   (1.44) 
 
 τψ∆ψ= ∫ dK jiij pE *  (1.45) 
 
 τψ∆ψ= ∫ dP ji p*  (1.46) 

 





 ν

−=






 −
−=
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h
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EE

N
N ji

j

i expexp  (1.47) 

 1tar =++   (1.48) 

 δ δ
π

E. t h
≥

2
  (1.49) 

 δν
πτ

≥
1

2
  (1.50) 

 
c
vννν∆ν o0 =−=       (1.51) 

 T I
Io

≡   (1.52) 

 ( )Tlg
I
I

lgA o −=





≡   (1.53) 

 ( )rlg
I
I

lgR
r

o −=







≡   (1.54) 

 
c

~ ν
≡ν   (1.55) 

  
 

Chapter 2 
 
 

 ψ=ψ EĤ   (2.1) 

  
 ( ) ( ) ( )θϕ=θϕψ ,YrR,,r   (2.2) 

 
 VTH ˆˆˆ +=  (2.3) 

 

 V e
ro

= −
1

4

2

πε
 (2.3) 
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 ( ) p
p

2

r
e

2

T
m2

TT
m2

T ˆˆˆˆ
,

hh
−+−= θϕ  (2.4) 

( ) ( ) ( ) ( )[ ] ( ) ( )θϕ=θϕ−







+−θϕ θϕ ,,ˆˆˆ, , YrERYTrR

m2
rRVT

m2
Y

e

2

r
e

2 hh   (2.5) 

( ) ( ) ( ) ( )[ ] EYT
Y

1
m2

rRVT
m2rR

1

e

2

r
e

2

−θϕ
θϕ

=







+− θϕ ,ˆ

,
ˆˆ

,
hh  (2.6)  

 E e m hcn
e

o

H= − = −
4

2 2 232πε h n
R
n  (2.7) 

 ( ) ( )θϕ







=ψ ,,, m

l
o

l
nml,n, Y

an
r2R

r
1Nmln  (2.8)  

 a m e pmo
o

e
= =4 52 92

2πε h .  (2.9) 

 
 1d =τψψ∫ *  (2.10) 

 ( ) m
l

2m
l

2 1ˆ YllY h+=l   (2.11) 
 ( ) hh *1ll ll =+=   (2.12) 

 
 m

l
m

l mˆ YYlz h=   (2.13) 
 

 hm=zl   (2.14) 
  *lBm µ−=  (2.15) 

 
 

 mBzm µ−=   (2.16) 
  

 ( ) ( ) ( )σϕ+=σϕ h1ssˆ 2s   (2.17) 
 ( ) hh *s1ss =+=s   (2.18) 
 ( ) ( )σmσŝ sz ϕ=ϕ h   (2.19) 
 
 hsm=zs   (2.20) 
 *s2 Bsm µ−=   (2.21) 
 sBzsm m2, µ−=   (2.22) 

 j l s= +   (2.23) 
 ( ) hh *j1jj =+=j  ( sl= j + )  (2.24) 
 hjzj m= ( )jmj +≤≤− j   (2.25) 

 ( ) ψ=ψ 22 1+IIˆ hI   (2.26) 

 ( ) hh *I1II =+=I  for hydrogen 
2
1I =  (2.27) 

 hIzI M=   ( )IMI- +≤≤ I  (2.28) 
 *INpI gM µ=   (2.29) 
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 INpzI gM M, µ=   (2.30) 
 

 ν=−=∆ hEEE ji  (2.31) 
 

 0dji ≠τψ∆ψ= ∫ pP *  (2.32) 
 
 ∆ ∆p r= −e  (2.33) 
 

 ∆ ∆p e rx = − sin cosθ ϕ  (2.34) 
 
 ∆ ∆p e ry = − sin sinθ ϕ  (2.35) 
 
 θ∆−=∆ cosrepz  (2.36) 
 
 drddrd θϕθ=τ sin2  (2.37) 

   

 ( ) ( ) drddrrrreP 22
j

0 0

2

0
ix θϕϕθ∆θϕψθϕψ−= ∫ ∫ ∫

∞ π π

cossin,,,,*  (2.38) 

 ( ) ( ) drddrrrreP 22
j

0 0

2

0
iy θϕϕθ∆θϕψθϕψ−= ∫ ∫ ∫

∞ π π

sinsin,,,,*  (2.39) 

 ( ) ( ) drddrrrreP 2
j

0 0

2

0
ix θϕθθ∆θϕψθϕψ−= ∫ ∫ ∫

∞ π π

cossin,,,,*  (2.40) 

 ji2
i
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H nn
n
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n
1R
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E

>









−=

∆
=ν~  (2.41) 

  

2lim n
R~

j

H
jit T ==ν  (2.42)    

 

 E z hc hcH z
n

R
n

R
n

= − = −
2

2 2  (2.43) 

 

  ( ) ( ) 











−
−

−
=ν 2

ii
2

jj
z an

1
an

1R~  (2.44) 

 ∑ ∑ ∑∑
>

+−∇−=
i i i ij ij

2

i

2
2

e

2

r
e

r
ze

m2
H hˆ   (2.45) 

 
 

...543433221 spdspspss EEEEEEEEE <<<<<<<<  (2.46) 
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 ∑=
i

ilL  (2.47) 

 
 ( ) hh *L1LL =+=L  (2.48) 

 
 ∑=

i
isS   2.49)  

 
 ( ) hh *S1SS =+=S  (2.50) 

 
  SLJ ˆˆˆ +=  (2.51)  
 

 ( ) S-L1,...,-S+LS,+L=JJ1JJ *hh =+=J  (2.52) 
 
 SLJJJzJ MMMJMJM +=+≤≤−= h  (2.53) 
 

 
( )
( )rarely veryS,L1L2

usually S,L1S2
<+=ι
≥+=ι

 (2.54) 

 

212121 jj,...,1jj,jjJ:ˆˆ −−++== ∑ electronstwofor
i

ijJ  (2.55) 

 ( ) BMgJA
2
1EE JB

2
o µ++= *  (2.56) 

 ( ) ( ) ( )
( )2*

2*2*2*

J2
LSJ1g −+

+=  (2.57) 

 ( )BM2MgMMAEE SLSLo +++=   (2.58) 
 
 E Eo gN N IB= − µ M  (2.59) 

 ( ) 













 −++=

22
J

2
o J

3
1Mb2aE

2
1EE *  (2.60) 

 
 A e A− =− +  (2.61) 

 

 A e A

A e A

+ =

+ =

− −

− − −2
   (2.62) 

 
 ( ) ( )OAOI −=−  (2.63) 

 A e A e+ = +− + −2  (2.64)  
   

 M e M e+ = +− + −2  (2.65) 
  

 ABC e AB C+ = +− −  (2.66) 
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 A h A e+ = ++ −ν  (2.67) 

 
 A B A B e* + = + ++ −  (2.68) 

 
 A BC AC B e* + = + ++ −  (2.69) 

 
 A B A B e* + = + ++ −  (2.70) 
 
 A B A B* + = ++ −  (2.71) 
 

 A B AB e* + = ++ −  (2.72) 
 

 X M X M+ ++ = +  (2.73) 
  

 X M XM+ ++ =  (2.74) 
 
 XH M X MH+ ++ = +  (2.75) 
 

 F E= Q  (2.76) 

 F v B= ×Q  (2.77) 

 
 

Chapter 3 
 
 
 XEXXE =×=×   (3.1) 
 
 EYX =×   (3.2) 
 

 Y X and X Y= =− −1 1  (3.3) 
 

 ( ) ( )CBACBA ××=××   (3.4) 
 
 11 ZYZX.e.iZXZY −− ××=××=  (3.5) 
 

   (3.6) 
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   (3.7) 
 

 1n21p
n
p221j −=






 π+±=χ ,...,,cos  (3.8)  

 

∑∑∑∑∑∑∑
=α α>β αβ

βα

= =α α

α

= >=

+−+∇−=
N

1

N 2n

1i

N

1 i

2n

1i

n

ij ij

2n

1i

2

e

2

r
eZZ

r
eZ

r
e

m2
H hˆ  (3.9) 

 
 τψψ= ∫ dS 2

*
112  (3.10) 

 

 ( )AI
2
1X +=  (3.11) 

 
 
 species molecular orbital 

 Σg
+  ( )

( )BAg s1s1
S12

1
+

+
=σ  (3.12) 

 Σu
+  ( )

( )BAu s1s1
S12

1
−

−
=σ*  (3.13) 

 ( ) ( ) ( ) ( )[ ]zyx1 p2p2p2s2
2
1

χ+χ+χ+χ=ψ  (3.14) 

 ( ) ( ) ( ) ( )[ ]zyx p2p2p2s2
2
12 χ−χ−χ+χ=ψ  (3.15) 

 ( ) ( ) ( ) ( )[ ]zyx p2p2p2s2
2
13 χ−χ+χ−χ=ψ  (3.16) 

 ( ) ( ) ( ) ( )[ ]zyx4 p2p2p2s2
2
1

χ+χ−χ−χ=ψ  (3.17) 

 
 S i jij = ≠0   (3.18) 
 
 S i jij = =1   (3.19) 
 
 τψψ= ∫ dHH jiij

ˆ*   (3.20) 
 

 Hij = α   if i and j belongs to the same atom (Coulomb integral) (3.21) 
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 Hij = β  if i and j belong to neighbour atoms (resonance integral)
 (3.22) 
 
 Hij = 0 in all other cases (3.23) 
 

 H S− =E 0  (3.24) 

 

α− E β
β α− E =  0

  (3.25) 
 
 α α βX Xh= +   (3.26) 
 
 β βXY XYk=   (3.27) 
 

 T I L
Ir= = =E 1

2
1
2

2
2

ω  (3.28) 

 
 ( ) ,...3,2,1,0JJ1JJ * ==+= hhL  (3.29) 
 

 JMJM JJ ≤≤−= hzL  (3.30) 
 

 ( ) ( )1JJB1JJ
I2

E
2

r +=+= 'h  (3.31) 

 
I

B
2

2
' h
=  (3.32)     

 I m ri
i

N

i=
=
∑

1

2  (3.33)  

 I ro= µ 2  (3.34)  
 

 µ =
+

m m
m m

1 2

1 2
  (3.35) 

 ∆J M J= ± = ±1 1and   (3.36) 
 

 ( )( ) ( )[ ] ( )1JB21JJ2J1JB
hc

E-E j,rir +=+−++==ν ,~   (3.37) 

 

 
cI

h
hc
BB 28π

=
′

=   (3.38) 

 

 ( ) ( ) ( )




 +
−+=








−+=

kT
JJBJN

kT
NN r )1'exp12

E
exp1J2 0

J,
0J    (3.39) 

 
 ∆ ∆p E= ∗α   (3.40) 
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 ∆J = ±2   for identical atoms  (3.41) 
 
 ∆J = ± ±1 2,  for different atoms  (3.42) 

  
 ( ) ( )[ ]2

r KBA1JJBhcE −++=  (3.43) 
 

 ( ) ( )[ ]2
r KBC1JJBhcE −++=  (3.44) 

 
 ( ) ( )[ ]2K1JJE BABhcr −++=  (3.43) 
 

 ( ) ( )[ ]2K1JJE BCBhcr −++=  (3.44) 
  ∆J = ±1 ∆K = 0  (IR) (3.45) 
  ∆J = ± ±1 2,  ∆K = 0  (RA) (3.46) 

 
  ∆J = ±1  (IR) (3.47) 
 
  ∆J = ±2   (RA) (3.48) 

 

 2
2

22

kq
2
1

dq
d

2
H +

µ
−=
hˆ  (3.49) 

 

 ,...2,1,v
2
1vhE v =






 +ν=  (3.50) 

 ∆v = ±1 (+: absorption, -: emission) (3.51)  
 

 

















 +−






 +ν=

2

v 2
1vx

2
1vhE  (3.52) 

 ∑∑
−

=

−

=

=νπ=
6N3

1i

2
i

6N3

1i

2
i

2
i

22 QT2Qc4V2 &~  (3.53) 

 
 qgqfqq && 1T2V2 −== ''  (3.54) 
  
 SGSFSS && 1T2V2 −== ''  (3.55) 
 

 GF E− =λ 0 (3.56) 
 

 63,...,2,1~4 222 −=νπ=λ Nici  (3.57) 
 
 Q L S= −1  (3.58) 
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0ji

2

ij SS
EF 











∂∂
∂

=    or     
0ji

2

ij qq
Ef 











∂∂
∂

=  (3.59) 

 
ρ=

Ι

Ι  (3.60) 
 

 1n,...,2,1p
n
p2cos21j −=






 π+±=χ  (3.61)  

 ( ) iijj
j

ji rRn
h
1m −χχ= ∑   (3.62) 

 2
n cm2
h

hc
kT

hc
E

λ
===ν~  (3.63)  

 cA lα=  (3.63) 
 
 ( )∫ ννα=

band

dA  (3.64) 

 

 ( ) 111319
2

A

oe molscmdmA1044110
eN
cm4

Af −−−− ××≈
ε

= .ln    (3.65) 

 
 f m

e
e= 4

3 2
π ν
h

P2 (3.66) 

 
 ( ) ( ) −− <−<−<−<−<− OSCHCCHCHHCCH 3323523  (3.67) 
 
− > − > − > − > − − > − > − = > − > − > − > − +F NO OH Cl NH Br I C O COOH CN SH R N2 2 3   (3.68) 
 
 − < − < − < − < − < − < − −F Cl Br OH OCH NH O3 2  (3.69) 

 

− > − > − > − > ≈ − > −−NO CHO COCH COOH COO CN SO NH2 3 2 2  (3.70) 

 Ivm
2
1h 2

e +=ν  (3.71) 

 h m v I E Ee v rν = + + +1
2

2 ∆ ∆  (3.72)  

 
v
cn =           (3.73) 

 
 νλ=v  (3.74) 
 
 rrrn ε≈µε=  (3.75) 
 

 













 −πν=

c
nzt2iEE o exp    (3.76) 
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 













 −πν







 π−=
c
nzt2i

c
zn

2EE k
o expexp  (3.77) 

 kinn −=n  (3.78) 
 

 α
νπ

= ~
ln
4

10cn k  (3.79)  

 22
o

o
ap

ν−ν
=∆  (3.80) 

 

 R n
n

M
M ≡ −

+
2
2

1
2 ρ  (3.81) 

 

 n
n

CN i i

o ii

2
2 2 2

1
2 3

−
+

=
−∑ρ

ν ν
A

,
 (3.82) 

 

 
λ
−

π=ϑ∆ RL nn
2 l  (3.83)  

 [ ]
cl
ϑ∆

=α  (3.84) 

 
 [ ] [ ]α= − M10M 3  (3.85) 
 

 LR α−α=α∆  (3.86) 

   zvB mv
r=

2
 (3.87) 

 zU mv=
2

2  (3.88) 

 m z B r
U/ =

2 2

2  (3.89) 

 
 m z V/ .= 5 7

4 2 2π ν
  (3.90) 

 

 m z U
s

t/ = 2
2

2  (3.91) 

 m
m
m

* ≈ 2
2

1
 (3.92) 

 
 ( ) B2µBµBµ∆E BBB =−−+=  (3.93) 
 
 h BBν µ= 2  (3.94) 
 
 ∆ms = ±1 (3.95) 
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 B h
B

= 2µ ν  (3.96) 

 

 ν
µ

=−
B

I 2
haMB  (3.97) 

 ( )BB σ−= 1'  (3.98) 
 

I1I1I- -I,MMgM NazI ,,...,, −+=µ=  (3.99) 
 

 BgE Na Mµ−=−= BMI  (3.100) 
 

 BgE Naµ=∆ m  (3.101) 

 B
2

a
0 π

γ
=ν  (3.102) 

 

 ( ) ( ) r
aa 1B

2
1B

2
νσ−=

π
γ

σ−=
π

γ
=ν l  (3.103) 

  

 ( ) ( ) o
aa 1B

2
1B

2
νσ−=

π
γ

σ−=
π

γ
=ν l  (3.104) 

 δ−=τ 10    (3.105) 
 

 ( )∑ ∑∑−σ−µ−=
i i j

jiijiiBao MMJ
2
hM1BgEE  (3.106) 

 

 n,...,2,1iM1M
iBA =±=∆±=∆  (3.107) 

 
 1M

i
i ±=∆∑  (3.108) 

 
( ) ∑∑

≠≠

+ν=+
σ−µ

=ν
ij

jij
ij

0
ijij

iNa
i MJMJ

h
1Bg

 (3.109) 

 22 Jq
qJ21I
+

±=  (3.110) 

 

 ( )η+=







γ
γ

++
−

+= 1I
P2PP

PP
1II

C

H

o4132

4132
NOE  (3.111) 

 

 ( ) −+ −=−= NNnnnP2
dt
dn

e  (3.112) 

 ( )
P2
1T

T
tnnnn 1
1

oee =







−−=− exp  (3.113) 
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π

γ
=ϑ

2
tB ri  (3.114) 

 

 ( )lBB
2T

1
T
1 a

22

−
π

γ
+=*    (3.115) 

 12
*
2*

2
2/1 TTT

T
1

≤≤
π

=ν∆  (3.116) 

 
 oo hkI =  (3.120) 
  kI h=  (3.121) 
 

 
λ

=ν=
1~k  (3.122) 

 
2

sin2s o
ϑ

= k  (3.123) 

 ( ) ( )j
o sr
Rk

iexpsf
R

)iexp(
A jj =ψ  (3.124) 

 

 ∑
=

ψ=Ψ
N

1j
j  (3.125) 

 

 ( ) ( ) ( ) ( )
jk

jk
k

N

1j

N

1k
j sfsfKsI

sr
srsin

∑∑
= =

=  (3.126) 

 

   ( ) ( ) ( )
( )

kjsfsfKsI
jk

jk
k

N

1j

N

1k
jm ≠= ∑∑

= = sr
srsin

 (3.127) 

 
 ( ) ( ) ( ) ''exp' drisrsf jj −ρ= ∫ϕ r  (3.128) 

 ( ) ( )[ ]sfZ
s
Csf jj2

e
j

ϕ−=  (3.129) 

 ( ) ( )
( )sI
sI

sM
g

m=  (3.130) 

 

 ( )dr
r
rprr

0
g ∫

∞

=  (3.131) 

   

( )

( )dr
r
rp

dr
r
rpr

r

0

0
a

∫

∫
∞

∞

=  (3.132) 
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Chapter 4 
 

 ∑
=

−=
N

1i
ia EEE i   (4.1) 

 

 ∑ ∑ ∑ ∑ ∑
= += = += +=

+++=
N

i

N

ij

N

i

N

ij

N

jk1 1 1 1 1
Nk,...,j,i,ijkijia E...EEE  (4.2) 

 ∑ ∑
= +=

=
N

i

N

ij1 1
ijia EE  (4.3) 

 

 V̂ĤV̂ĤĤĤ 0
jiij +=++=  (4.4) 

 
 τϕϕϕϕ= ∫ dV̂E ji

*
i

*
jij  (4.5) 

 
 2

ij
1
ijij EEE +=  (4.6) 

 

( ) ( ) ( ) 







ϕϑρ−ϕϑ

+
π

= ∫∑ αα
=α

αα jjjjjjii

N

1
ii dr,Yrr,YrZ

12
4Q

j
l
m

l
m

llm

l  (4.7) 

 10
10

8
8

6
6

4
42

R
C

R
C

R
C

R
CE

ijijijij

ij −−−−=  (4.8) 

 Eψ
dx
ψd

2m 2

2

e

2

=−
h

 (4.9) 

 ( ) ( )ikxexpxψk =  (4.10) 

 
e

22

k 2m
hkE =  (4.11) 

 
λ

=
κ

==
h

d
h

N
hkI  (4.12) 

 

 






 −

+
=

kT
EE1

2NN
F

F

exp
 (4.13) 

 
 2 0 1 2d n nsin , , ,...α λ= = ± ±    (4.14) 
 

 ( )sFEE o=  (4.15) 
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( ) ( ) 















++== ∑∑

==
j

3
j

2
j

1

N

1j
jj

N

1j
j z

d
ly

d
kx

d
hiexpfisrexpfsF  (4.16) 

 
 ϑ=∆ sindx   (4.17) 
 

 ϑ
λ
π

=
λ
∆

π=ϕ∆ sin22 dx  (4.18) 

 ,...3,2,12sin44 =π=ϑ
λ
π

=
λ
∆

π=ϕ∆ nndx  (4.19) 

 

 
( )

Njin
dd iji

ij ,...,2,13,2,12sin
4

==π=ϑ
λ

±π
=ϕ∆  (4.20) 

 
 
 
 

  


