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n = 2, 3, 4 … – , . . -

, n = 1, U = V ( . 2.9). :
CO( ) CO( ) CO( 1) CO( 1)V V V V E .    (2.17)

. 2.9 . 
, 

E , -
.

, ,
, :

CO( 1) CO( 1) CO( ) CO( )V V V V E .    (2.18)

1
1

2
2

E

V-1

V
V+1

V
. 2.9. VV-
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-
. , - -

, 
:

2 1 exp( / )W W E kT .    (2.19)
, , -

-
, VV -

. -
. 

V 20,  ( -
, ) V 35-40.

VV
. 

 (VT ), 

NV

T1

     T2

T3

V

1

. 2.10. 
: ( 1<T2<T3)



100

. -
VV -

V. ,
, , 

.

-
, -

. 
, -

-
. -

. 2.10. , -
. -

1V VN N , , ,

1V VN N .
. -

V = 10–20, 
V = 5–40.  -

, -
: , .

, 
.  ,  -

kT, 
-

. -
-

:

kT
JJBBN

kT
JJBBNN V

VV
V

VV
)1''(''exp)1'('exp 1

11 .   (2.20)

, 1V VN N , -

1V VB B B , P
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–1 ( 1'';' JJJJ ), -
:

( 1) ( 1)exp exp 0 0BJ J BJ J N
kT kT

.    (2.21)

, R . -
, 

.
, , -

, -
 ( . 2.11).

-
, 

2,5–7,5 . 
      2 -
 – , -

 (
J 12–15). 

. 2.11. ,
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.
-

 ( V=1), -
, 

 ( V=2). 
,
-

. -
.

2 . 
,  -

 100 . 
, -

, , 
.  ,  

. , 
.

, -
-

, 
. 

, , -
, , . ,

, , 
VV , 

 CO .
, ,

, -
 ( )  (

).  N2  H2 . 2.12.

, , -
. 

-
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 ( ), 
.

-

0-  1- . -

. , -
-

, 
.   0-

 0-  (  337,1 )  1-
 (357,7 ) ,  1-

 0-  (315,9 ). 

. 2.12. 
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, , 
.

. 
-

. 
 –  116  126 .

-
. , -

 40  ,  -
 1 . , -

. . ,
-
.

, 
-

. , -
.  -

.
-

, -
.

-

.
, . -

3

. 
, -

 – , 
.

.  (  excited dimer – 
) , 

. ,

,  – . 
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.  2.13   Xe.  
, -

, 
)  ( ) -

, 
, 

-
.

. 
, 

(Xe2, Ar2, Kr2). -
 (ArF,  XeF,  XeCl,

KrCl, KrF). -
.

 Xe2
-

. 2.13.  Xe
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. 
Xe :

+Xe Xe +2e e .    (2.22)

:
+ +

2Xe 2Xe Xe Xe .    (2.23)
-

:
+
2Xe 2Xe*+e e .    (2.24)

, , 
:

2Xe*+2Xe Xe Xe .    (2.25)
 Xe2 -

. -
 5  40 .

, 
 –   Xe  -

 10  .  ,  
-

. -
 –  170  175 . 

 1 , 
.

 KrF 
, , 

 KrF, :
Kr Kr *e e ,    (2.26)

2Kr * F KrF F ,    (2.27)
:

-
2F F Fe ,    (2.28)

+Kr Kre e ,    (2.29)
+Kr 2F KrF F .    (2.30)
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, . -
, -

:
+Kr F+He KrF He .

 KrF .
-

. , 
. 2.1.

       2.1
, , 

Xe2 172,5 ArF 192,0

Kr2 145,4 KrCl 222,0

Ar2 126,5 XeF 352,0

KrF 249,0 XeCl 308,0

2.3. 

,  
. 

, 
-

 – , 
-

, .
-

. 
. -

, 
, 

. , -

.

. 2.14, 
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-
.

. 2.14. 

-
, -

, -
. -

    104 -1.               
S-  ( ) 

 ( ), 
, 

,  -
, -

.
-
-

 (
 10 -1, 

 1 -1), 

S2

S1

S0

T1

T2
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.
-

, -
.

 S0
.
-

. -
. -

-
 S0  S1 . -

 S1 ,
 103–104 -1. -

. 
 S0 -

     S1 .          
S1 ,  3–4

. -
 S1  (

” ), -
 S0 . -

.  (
-

,  ),  
, -

 S1 . -

.  S0 , -
.

, 
. , -

,   S1-
, , 

, 
, . , , 
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-
 ( . 2.14).

, 
, 

. 
.

, -
 S1 . , -

, , -
 S2 . 

.
 ( ), 
 S1 1 . 

 ( -
),  .  

. -
      1  S0  (
. 2.14 ).

1
, 

1 2
, -

. , 

. 
, 

-
1-

. 1
. ,

-
1  S0 . 

-
. 

 S1 , 
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. -
-

.

. 
 6G, 

,  570 – 650 . -
-

. 
, , . 

, 
-

.
-

, 
 – , -

, , .
, -

, . 

.

. 2.15. 

-
. 2.15. 

 10 -
. , -
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, , -
, -

.
-

, , -
, ,

-
, -

, , -
.

-
-

.
-

. -
, , , -

.  6G 
.  –  – -

,
 400  500 . ,

, , -
 400 . , ,

 700   1,5  -
.

2.4. 

-
, . -

, -
, , -

.

 1960  .  -
 Al2O3 ( ),  Al3+ -

 Cr3+ (          
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0,05 %). ,
. -

). -

, 
. 

          Al2O3    
. 2.16.

. 2.16. 

4
2 (

 LS- ). -
4F1

4F2, 
-

, 
 0,55

 0,42 . 
4F1

4F2, -
2 A E .

1=694,63 
1=692,8 
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2 A E  29 -1, -
-

. -

2 A E , 2A -
E .

, -
. -

      2 A 4
2  (

692,8 ) E 4
2 (  694,3 ). -

E
E 4

2. 2 A 4
2

.

. -

,  (
 100 ) -

. -
 7000  10000 . -

. 2.17. 
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 2–3  (
-

).  –  5
 30 . 

, “ ” , 
, -

 (
; -

. 2.17).

. , -

 (
). , 

-
.

, , -
. , -

, 

.
 10 -1. 

.

. 
-

. -
.

. 
-

.

.
-
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 10 .
-

 1 .
-

. -
. 

, .

, , 
. -

 Y3Al5O12 ( -
 YAG),  Al3+

Nd3+ (  1,5  %).  
 Nd:YAG ( ). 

 –  
. -

. 
, -

4I9/2

4F3/2

4I15/2

4I13/2

4I11/2

. 2.18. 
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 –  10 %. 
, 

.
. 2.18. -

4I9/2 ,  ,  
, ,

-
. 

 0,73   0,8  .  -

4F3/2. -
, -

. -

4F3/2
4I11/2, 
 1,064 . , 

, 
. 

, -
.    Nd:YAG ,  -

,     6,5 -1, 
, , -

-
. 

-
 200 -1.

,  ,  
-

, -
. 

-
 1,05 – 1,1 . , -

4F3/2
4I13/2  1,32 .

, 
. 

. 
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,  .  
.
-

.   Nd:YAG -
, -

, -
 10 . 

, 
.

 – 
. -

 – ,
, 

. -

4A2

4T1
4T2

4I9/2

4F3/2
4I15/2
4I13/2

4I11/2

Cr3+

Nd3+

. 2.19. 
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 (  Gd3Sc2Ga3O12). 
, -

, , 
. 

. 2.19.

-
4

1
4

2. 4
1 -

4
2. -

 ( ) 4
2

, -
   0,73 

0,8 . , -
-

, .
, 

-
, .

, , 
. 

, 
, -

, , -
, 

 ( -
, 

, 
).

. -
 BeAl2O4, 

 ( -
 0,04 – 0,1%).

. 2.20 -
.

, 
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E
2E  4

2       (800 -1   -
 2300 -1). -

, , -
4

2  (
2E  4

2 -
, 

2E).

, -
4

2
4

2. 
, 4

2
4

2, 
, 

,
, 4

2
. -

-
4

2
4

2. -

E

4T22E

4A2

. 2.20. 
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, , 
 700–800 .

-
,      

650–1000 . -
 Al2O3. 

 – -
-

 1014–1015 .

2.5. 

,  -
, 

.
:

A+B AB – ,
ABC A+BC – ,
A+BC AB+C – .

, -
, -

 – -
.

-
.

 HF -
 HF 

, -
:

F+H2 HF*+H.    (2.31)

32 ,  70% -
. 

 2-  3- -
. -

-
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 2-
 3  1-

,  2 1 -
.

 (98 ) 
:

F2+H HF*+F.    (2.32)
 HF 

 10- .  (2.31)  (2.32) -
, , 

, .

 1-  6- -
 2,7  3,3 . 
,   CO  :  -

, , -
-

 (
, 

P ).
-

. , 
 SF6 (  NF3,

UF6) . 
, -

-
:

H2(F2)+h 2H(F).    (2.33)
, 

, -
. 

.
-

 ( , ), -
. -

, -
 ( -
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, 
). -

, , , 

.
HF -

 – -
.

 HF ,  DF , HCl,
HBr,  DF ,  

 3,5 – 5 . 
DF  – .

-
, 

 CF3I:
CF3I+h I*+CF3.    (2.34)

2P1/2, 
2P1/2 -

 1,315 . -
.

2.6. 

 ( -
 F- ) -

, . -
,  LiF, KCl,

NaCl,   ( )  CaF2, BaF2,  
 Al2O3. 

, -
, -

. -
, 

, , , -
. 

.
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 F- , 
, 

, , 
.  F-

.  F-
. , 

. -
. -

, -
 ( ) 

.  F-  ( -
. 2.21). FA  F- ,

-
 ( , 

).  F-
, ,

. 2.21.  F-
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 F2 , 
2F .

 F- . -
: 

, . -
, , 

-
. 

,  F- .
-

. , -
, , -

.

, -
.

 F-
, 

, 
.  F- -

. -
,  F- , -

 ( ) 
, -

.
-

, -
 F- . , 
,  F- -

, 
. 

 F-
 ( . 2.22) 

.

, -



126

, 
. -

.

-
, -
 (  1), 

, 
 (  2). -

-
 (  3),

-
-

 (  4). -
 (  1) 

. -

. 2.22. 
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-
, 

, 
.

 F- , 
,  ( ,

Kr  647 ). 
, 

-
,  -

, 

-
.

,
. 

. 
 ( ) 

.

 0,6  4 -
-

.

2.7. 

-
, 

. -
-
-

. -
. ,

, 
 40 .

-
-
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. -
,  0 . , 

, -
 ( .  2.23).  -

, -
.
-

. 
-

.

, 
. -

 –
, , -

. 2.23. 
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 ( , -
)  p-n   

, -
. .

GaAs  .   p-,   n- -
 GaAs. -

, ,  p- -
,  n-  –  ( . 2.24).

, 
, 

 n-
 p- . 

V,  p-  n- -
E=eV,  p-n -

, , . 2.25, 
 n-

)  p-  ( -
,  p-  n- ).

 p-n , 
-

. , -
 ( ), -

. 2.24.
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.  GaA -
 1 . 

, 
-

.  GaA V 1,5 .

, 
. 2.26.

 100  ,
200 , 200–500 . 

, -
.  

. 2.25.

. 2.26. 



131

 30-40%, 
-

.   p-n  -
, -

, 
.

 –  105 2 .

,  -
. , 

 p-n , -
,

. -
, 

, 
.

 ( . 2.27) -
, 

, 
 10 . , 

, -
. , -

, ,
.

-
, -

. 2.27. 
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, 
 (

-
). -

 GaAs   Ga0,7Al0,3As.  GaAs 
, .

 P- . 2.28.

-
 – -

-
. 

, , , -
 ( -

). ,

, 
. -

-
.  N- .

. 2.29 -
 (  P-   N-
, 

, -
). 

Ga0,7Al0,3As-(n- )-GaAs  GaAs-Ga0,7Al0,3As-(p- ). 
 GaAs  0,1–0,3 . 

. 2.28. p-P
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 GaAs , 
.

-
. 

, 
. -

. 
-
-

. 
. 

-
,  ,  

 0,5 – 3 -1. -
 5 – 10 . , -

-
 – -

, .

, .
-

. 2.30. 
 10 , -

-
. 

 (

. 2.29. 

(0,1 – 0,3 )
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0const exp( / )I T T , 0 – -
) -

. -
 GaAs .

-
.  GaAs

 0,85 ) 3 5. 
 GaP (0,6 ),  InAs (5 ) 

. 4 6. -
 PbSSe, PbSnTe, PbSTe. 

,  – . 
 3,5  40 .  

, 2 6 –   CdS,
ZnS, ZnSe, -

 – .

. 2.30.
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1. .
2. 

?
3. 

?
4. ?
5. , .
6. -

?
7. 

?
8. ?
9. ?
10. 

?
11. 

?
12. VV VT ?
13.  -

?
14.  TEA CO2 ?
15. ?
16. 

?
17.  “ ”?
18. ?
19. ?
20. ?
21. ?
22. ?
23. ?
24. -

.
25. .
26. ?
27. ?
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28. 
.

29. 
?

30. ?
31. 

?
32. ?
33. -
?

34. 
?

35.  F- ? -
 F- .

36.  F- ?
37. , -

?
38. ?
39. -

?
40. ?
41. -

?
42. ?
43. -

?
44. ?
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3. 

-
, 

.

3.1. 

-

. -
-

, -
. -

 70- . 
-

,  (
, ).

, -
, 

. . 
,  ,  

. 3. 1. 

E

0
AE

1
AE

2
AE

1
BE

2
BE

0
BE

01
AW

12
AW
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1
AE 1

BE -
E  ( . 3.1). -

, 1 -
 0  1 ,  1 

. 2
, -

, , . -
, .

-
. 

V , 
L  ( . 3.2). 

N1. -
,  

N2. -
(N2 – N1)/N0 (N0 –

). ,
, 

.
, , -

, -
. 

1 2

L
. 3.2. ,
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0 /L v . , 
, -

 1- 1 . -
 1 . -

,   1 0  -
. -

 1 . 1  –
, -

 0 1 :
01 01 1
AW B

B01 – -
).

 2 : 01 1
AW <<1 01 1

AW >>1.
, -

 0 1:
01 exp( ) ,      (3.1)

01 12 1

1
A AW W

 1- .
 (  0 1) -

,  
:

12

2
AW

     (3.2)

.
-

.
=1 , -

, -
. , 

0 >> .  ,  ,  ,  
, . 

. -
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, . -
.  ,  -
, -

, , 
 0 1 

E .  1- -
1 -

 1- , ,
2

. , -
:

A(1)+B(0)  A(0)+B(1),      (3.3)
A+  A+ +.      (3.4)

, 
 – .

, 
,  ,  -

. -
.

. 
-

, . -
 0 1 -

. 
 10-17 2, , -

, 0,1 -

. -
1

 104 /c, 
2–3 

.
-

1 ,  
, -
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-
.

. , 

,  3 , 
, 

,  4- , -
.

-
-

, -
:

A* M A M e .      (3.5)

-
.  (3.5) , -

,  ,  .  
:

6 6U * SF U SF ,      (3.6)

6 2 4U * SF UF UF .      (3.7)
-

. 
 ( ) -

, . -
,  -

, 
.

-
. , 

, 
.

-
N  (

), 
. , 
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-
, , 

. -
, -

, -
. 

, 
, 

.

. 
, 

NH3  BCl3. 
.

-
, 

. 
, 

 0 1 . 
, -

, 
-

. 
. , 

-
. -

. -

-
, . -

VV , -
VV -

. 
, VT -

VV .
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, -
-
,

. 
, 

-
. -

, -
.

.  C 2 ,
 BCl3, -

10B 11B. -
, 

10BCl3, 11BCl3, 
. -
, , ,  BO 

.  BO 
, -

.
-

 SF6 .
, ,

, 
. , 

. -
,  ,  

-
. -

, 
,
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, -
.

,  ,  -
, -

, 
. , 

, 
.

-
-

. . -
, -

. 
 (

, ) 
, -

.

-
, -

. 3.3. 
r

E
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H3OH  D3OD.
 HF  2,7 -

, 
 Br2 . -

-
 50  95%.

-
. -

 ( . 3.3), 
-
-

. 

. , 
-

, -
.

-
 H2CO   D2CO -

 347,2 . 
 15  8 .

 25 -
 6 .

-
, 

. 
.

,  -
. 

, 
-

. , 
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.

 K  HCl:
K+HCl* KCl+H.      (3.8)

 HCl .
-

. , -
:

1 exp( / ( ))k V Tk E E E ,      (3.9)
Ek – , 

, EV, ET – 
, -

.

, -
.

-10 -
11,  
BCl3.   30 , -

, -
 160 . -

 CO2  30 . -
, 

. 
, 10BCl3 -

 50%. -
-

.
, 

. -
, 

.
, -
, 
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 ( -
,  ,  -

.) .
-

  .
-
.

. , 
, 

, 
d, -

02 01

2
ad ,    (3.10)

 – , 01 02  – 
 0 1  0 2.

, 
.

, -
.

a  ( – 
,  – -

), , ,  XY4

02 010,1 ,  d.
-

,  CCl4, CF4, SiF4, TiF4 ., :
-

 100. 
, , -

, -
.

-
 – -

, 
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. , 
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, 
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-

. . -
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. -

. , 
, 

. -
, 

. , , 
 ( -

) 
.

-
, -235,

. -
, , 
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, -168 -
, .

, -

, -
, -

.

-168  ( . 3.5).
-

, . -
 581,067 .

1S0.  
1S0

3P1
 555,648 . 

-168, 
-

=555,648 

=581,067 

=582,790 

1S0

. 3.5. 

3P1

(7/2, 3/2)2
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-
168       -171      -173      
(168  180 -1 ).

   3P1         
(7/2, 3/2)2. -

 ( -
 1488 -1). 

-168.
 582,790 -

.

. -
-

, . -

 20 , -
 0 – 80 .    ~ 1 .

   ~1015 -3, 
  –  5–10 2,   –

 1 . 
 0,5 . 

, 
.

-
 10 -168 

 60% ( -
 0,14%).

, 
, -

. -
.

. 
1S0

3P1 . 3.6)       
276,4 . -

 322 .
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, , 
3P1

(3D1, 1D2, 3S1, 3P2, 3P0, 3D2) , 
 500 – 700 . -

.

,  ,  
1S0

3P1 . 3.7). 3P1 -
1D2, 3D1

3D2. -
 4d85s5p 

255,1; 245,4; 231,7  223,6 . -
. 
, ,  670 .
,  ,  ,

-
, -

, -
. , 

, . 
-

102,  1%.

=276,4 

< 322 

=510,5 
=578,2 

1S0

3P1

500–700

3D1, 1D2, 3S1,
3P2, 3P0, 3D2

. 3.6. 
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 1500 
, -105, -

-102,
 100 ,  -

-102.

-
, 

, 
. , ,

. , 
. 

. ,
,

, -
, 

.

3.2. 

 – 
. -

=276,4 

< 610
=231,7 ; =245,4 
=223,6 ; =255,1 

1S0

3P

670

3D1, 1D2, 3D2

. 3.7. 
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 – 17,6 . -
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-
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, -
-
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-
 – -

. -
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 100  ( -
). 

, -
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. -
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, -
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, 

E :
cEQ

E
.    (3.11)

, Q , -
:

1410N ,    (3.12)
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.
-
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-
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. -
 = 1–10 c.
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 50- . 

,
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, , 
, -
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        , 
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 100–1000 3). -
-
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-

:  104 -
, , 
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 – , -
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, -
. 

 ( , -
).  80% 

, 
. -
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