
 535.374

- 
 HF, DF  HBr

 01.04.21. – “ ”

 2009



 “ ”

: , ,

: ,

: ,
. 

;

,
. . 

:
 "

"

 30  2009  13 -
002.023.03 . : 117924,

. , , .53, , .

. 
: . , , .53, .
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-
 ( ) -

. ,  HF(DF)-
, ,

-
, , , -

. -
-

 HF  DF, HF  HBr.
 HF-  ( HF~ 2.6…3.1 ),

DF-  ( DF~ 3.7…4.05 )  HBr-  ( HBr~ 4.0…4.75 ) 
 (CO2, N2O, NO, SO2, HCl,

C3H8, HDO, H2O ), -
, -

, 
. ,  HF-DF  HF-HBr-

, , 
. , -

-
, 

, 
, -

.

,  " " -
,  HF 

HF ~ 1.25...1.45 . -

, -
 (~ )  (~ -2,

).
-

. -
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, -
, 

, -
.

– HF-  DF- ,  HF-DF-
 HF  DF, 

;
– HF-HBr-  HF  HBr;
– HF- .

-
 HF-, DF-  HBr-

, .

, -
, -

, 
-  HF-, DF-  HBr- .

-
, 

 HF-, DF-  HBr- .

1. -
-

 HF-, DF-  HF-DF- -
S2–NF3 , , -

 D2, (H2, C2H4)
–  ( )  HF- 

DF-  2–3 
;

– 
pres~ 6…10  HF-,  DF-  ( -
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pres~ 3…5 ), 
.

2.  HF-HBr- , -
-

 HF  HBr.
3. -

-
 HF-HBr-  (D2,  F2,  He)  /  (H2, Br2), 

 HBr -
 ( ) ~2.5%.

4. ,  HF-  (D2,  F2,
) 

– , -
 HF -

, -
 2  9 ; -

-
~ 1.8, A~ 8…14.

– 
 pres~

2 .

-
 " . . . " .

-  HF-DF- -
,  HF-HBr- ,

 HF- -
, -

, , -
; -

; -
.

1. -
 HF-, DF-  HBr-
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, - 
-

), -
, 

 – , ,
 " ".

2. 
,  HF  DF- -

 HF-DF-
;  HF-HBr- ; HF- -

.

, 
1.  HF-  DF- S2–NF3

 (D2,
H2, C2H4) 

–  HF-  DF- -
 ( ),  2–3 -

;
–  HF-  DF- -

 ~6…10 ;
–  HF  DF; -

 HF  DF 
.

2.  HF-HBr- -
 (D2, F2, He) / (H2, Br2)

–  HBr ~
20 2 -

 ( ) ~2.5%;
–  ( ) 

 HBr –  10 -
 HBr  1.5  ~ 30 2.

3.  HF-  (D2, F2,
) 

– , -
 HF
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, 
 2  9 ;

-
~ 1.8, A~ 8…14;

– 
pres~

2 .

, -
, . .,

, 1995 .;  1-  " -
", . , , 1996 .;  IV -

 “ . -
”. . , 18–21  2002 ; -

 “International Conference on Lasers, Applications, and Tech-
nologies” (LAT-2007), . , , 2007 .

, , 4 , 
.  139 ,  3 -

, 42  214 .

, -
, . 

, 
.

 1
, , 

 – 
, 

.

,  " -
". 
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, -
.  15%.

-
 – , -

, -
 " ".

-
. , 

. 
.

, , -
-

. Nc , -
. 

:

0V
t

; €V VV p
t

;

1

€( )
vN

v v
v

E
EV q p V V g I

t
;

v 1 v 1 v v

v 1 v

k k l l
k k k

A l

c W g I g IVc j w
t N h h

, k=1…Nc;

RTp
W

;
1

1

cN
k

k k

cW
W

; k k
k

E e c , v 0( ) vib
k k k ke c T dT h e ;

0
vib

k k pk kh h c dT e ;
1

cN

k k
k

q T h j ; k k k
k

j c
B

;

1

1 1 1cN
k k

k i
ik i ki k kk k

Wc Wcj
B W D W D B W

; i
k

i i ki

W cB
W D

.

v 1 2
0

0.5ln
aL

g dz r r .
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 0 z h*, r0 r r*. z=0,

z=h* Vz=0; 0r kV E c
z z z z

. 

r=r0 f(r0, z, t)= fz0(z)
f. r=r*  " " -

2

2

f
r

=0 .

 c
-

. 
.

, , , -
 " ". -

. 
-

.

, -
,  “

” ( ., ., .). -
.

 HF-  DF- -
:  1977 . 

1982 .,  2001 . , :
–  HF-  2001 . -

-
 1982 .;

– -
 HF-  DF-

 1976–77  1982 .  HF-
 1982 . 

1977 .  1-0 -
 ~35…60%,  2-1  ~30  ~40%.  DF- -

 1982 . -
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 1977 .  2-1 
 ~15  ~70%,  3-2 ~55…80%;

–  1982 .
 1977 . ,  HF- -

 ~60%,  DF-  ~75%.
 2 -

 HF  DF- ,  CS2

NF3 ,  HF-DF- -
 HF ( ~ 2.64…3.0 )  DF ( ~

3.7…4.05 ). 
 [ S2] + 16 /3 [NF3]  + 8 –1)[ ],  – -

,  – . -
-

 HF-DF- , -
 HF  DF, -

-
 HF*  DF*.

 (D2,  H2,  C2H4), -
 CS2 -

,  SF6

 SF5, SF4, SF3  SF2 -
. 

-
 xF  c -

.   CS2 , 
F . ,  c -

 CS2

.

 1982–2001 .

 HF-  DF-
-

 HF-  DF-  6 . -
, -
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 HF-  ~0.4 -1,   DF-  ~0.07  -1.   2-3  
 HF-  DF-  (D2, H2, C2H4).

1…2 0,
A … 8, RL=24…68  3.5 
15 .  ( -

 405 ) -
tHF= tDF= 0.4.

-
pres~ 6…10 

HF,  DF ( -
 ~2…5 ). 

.
. 1 , -

, -
 HF-

p=7  9 . -
=1.2…1.7 -

, 
. , -

, 
.  HF- -

=1.5…1.7 Tk=
1250…1500 K Wk= 13…15 .

, 
S2–NF3 -

.  1982 . -
 6  HF- Plas~

220 2 E ~ 170 = 1.75, =10, pres= 9  (  DF-
– Plas~ 150 2 E ~ 110 ); -

pres= 3.2 :  HF-  Emax~ 350 Plas~
120 2 =1.5, =10,  (  DF-  – Emax~ 285 Plas~
105 2 =1.5, = 12).
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 D2 -
 HF-  ~60% 

 1982 .  ~20%  1977 .

1,0 1,2 1,4 1,6 1,8
0

50

100

150

200

250

P
, 

2

A=10
p=7 
p=9 

1,0 1,2 1,4 1,6 1,80

50

100

150

200

250

E
, 

A=10
p=7 
p=9 

1,0 1,2 1,4 1,6 1,8
0

2

4

6

8

x
, 

A=10
p=7 
p=9 

1,0 1,2 1,4 1,6 1,8
0

50

100

150

I
, 

2

A=10
p=7 
p=9 

. 1. Plas, E , -

I  HF- . A=10; pk=7  9 

 HF-DF-

 HF  DF , 
 H2+D2 .  HF-

DF-  7.5 . -
 80 . -

t=20% -
 HF  DF ( , -

 HF  DF).
: {[ S2] + 16 /3[NF3]

+ 8A( –1)[He]}/8RL( –1)·{(1–
2H )[D2]+ 2H [H2]}, 

2H  – -

2  D2 (0
2H 1). 
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H2:  D2

, -
= 1.5, =12, pres = 7 .

. 2 -
 HF  DF, 

-
=1.5, =12, pres= 7 . 

 HF Plas~ 130 2,
 H2, 

DF Plas= 80 2  D2.

0 20 40 60 80 100
0

20

40

60

80

100

120

140  HF
 DF2

 D2 ,%  H2 + D2

0 10 20 30 40 50 60 70 80 90 100
0

200

400

600

800

1000

1200

1400

0

200

400

600

800

1000

1200

1400

 E
(F) [

]E
 [

]

 HF
 DF

 HF
 DF

 D
2
 ,%  H

2
+D

2

. 2. Plas,  

E EF  H2  D2 . =1.5,
=12; p=7 .

, 
-

 HF  DF.
 3 -

 HF-HBr-  HF   HBr.
 HBr- , 

 " " ~ 4.2 . -
 HF  HBr 

 HF- , -
 Br2.

 HF-HBr- . 
.,

 HF-HBr- .
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-
.

-
 HF-HBr-  7 . 

 [D2]+ [F2]+A( -1)[He]/RL( -1){(1–
2Br )[H2]+ 2Br [Br2]}

=1.4, A=10, RL=35, 
0.36 2/c, p~ 5 .

.

2Br > 0.03 

,  ~2000 
 900 ).
 HBr , 

 HF 
 HBr*. -

=1.4, A=10 pres= 5 
HBr 

2Br ~0.02…0.04.  4% 

HBr- -
. -

 ~2.5% -
 ( )  HBr  ~0.015 –1  P3

 ~10  (  HF
~0.11 -1).

-
 HF. ,

 4%- -
HF
maxg ~ 0.11 –1 ( ) HF

maxg ~ 0.09 –1.

-
La= 50 . -

 HBr: -
r1= 0.99, 

t2= 0.07,  0.5%. ,
-

.
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. 3 -

2Br =0.04. -

 HBr ,  HF, 
P1(3…8), P2(4…11), P3(4…12)  P4(5…10) (  HF –  P1(7…12),
P2(7…11), P3(7…8).

6 7 8 9 10 11 12 13 14
0,00

0,02

0,04

0,06

0,08

0,10

0,12

0,14

0,16

0,18

0,20

P

J

 - 1-0
 - 2-1
 - 3-2

HF

3 4 5 6 7 8 9 10 11 12 13 14 15 16
0,00

0,02

0,04

0,06

0,08

0,10

P

J

 - 1-0
 - 2-1
 - 3-2
 - 4-3

HBr

. 3. -
 HF  HBr  4%-

. 4 -
xlas  HF  HBr -

.  HBr 

2Br  0.01…0.04,  ~20 2

2Br  0.025,  ~15  (

 HF HF
lasP ~ 105 2). -

 HBr ,  HF- , 
 HBr(v).

 ( -
) , -

.
. 5  2%-  5%- -

xlas  HF  HBr -
 1/r0  HF -

-

2Br .  HBr 

, r0 -

2Br . r0= 10 
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2Br = 5%  1.5 

,  HBr
 ~30 2.

0,00 0,01 0,02 0,03 0,04 0,05
0

25

50

75

100

P la
s, 

2

Br2

HF

HBr

      
0,00 0,01 0,02 0,03 0,04 0,05
0

5

10

15

20

25

30

x
, 

Br2

HBr

HF

    

. 4. 2Br -
Plas ( ) xlas ( )  HF  HBr

0,00 0,05 0,10 0,15 0,20
0

20

40

60

80

100

120

140

P la
s, 

2

1/r0, 
--1

HF

HBr
Br2

= 0.02 Br2

= 0.05

0,00 0,05 0,10 0,15 0,20
0

5

10

15

20

x
, 

1/r0, 
--1

HF

Br
2

= 0.05

Br
2

= 0.02
HBr

. 5.  ( )  ( ) 

2Br =2%  2Br =5%

 HBr -
. -

, , -
 HBr. -

 HF  HBr.
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 4
 HF-

. -
 HF- -

: -
; -

 (~ ), -
 (~ –2, ), 

.
 HF-

 " ".  " " -
,  " ". -

L = 40 .  4 
7.5 ,  3:1, -

 17.
 HF-  {[D2]+

[F2]+ A( –1)[He] / RL( -1)[H2]. 
: =1.4…1.8, A=10…17 

pres~ 2…9 .

,  70…80 -
, . 

4 pres~ 2 =1.8, A= 17
– max

2 0g ~ 4·10-3 –1, max
3 1g ~ 10-3 –1 (  1982 .). 

:
 P1 – max

1 0g ~ 0.23 –1,   P2 – max
2 1g ~ 0.28 –1. 

-
, 

.

. 
= 1.8, =

10…14 . 
– , -
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, 
 v=2, 3, 4.

A -
A<17. A>17 

.
, 

. -
 7  4  2 

.
-

.

 HF-
 HF- , -

, 

.  HF-
L = 40 ,  a1= a2=

1%, a1= a2= 0.1%. 
t2= 0.15 t2=0.07.

 7 .

 P2-0(3...7), P3-1(4…6),  –  P1(4...10),
P2(4...10), P3(5...9). . 6 

 ( . .)  7 -
= 1.8, =14, pres=

5 . -
,  “ ”, 

 P2-0(3…6), P2-0(4…6), P2-0(5…7), -
 (Duncan W. et al),  HF-  c -

 HYLTE,  4–
5 J= 6  7.

-
-

pres~ 5…6 . -
 – 

, 
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pres~ 2 . 
,  “ -

”, -
. -

 HF-
 c  HYLTE.

-
.  2 

9  ~4.0  ~1.2 .

1 2 3 4 5 6 7 8 9 10 11
0,00

0,05

0,10

0,15

0,20

0,25
P

J

 - 1-0
 - 2-1
 - 3-2

HF 

1 2 3 4 5 6 7 8 9 10 11
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7
P

J

 - 2-0
 - 3-1

HF 

. 6.  HF  ( ) 
) . d= 7 , = 1.8, =14, pres= 5 

-
, -

, . 
. pres~ 2 -

 ~50%. -
,  “ ”.

.  HF-
-

= 1.8, = 8…14
 2  9 . 

, 
 ( . Duncan W. et al, 1992 .; Car-

roll D.L. et al, 2002 .).
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 HF- d= 7 =1.8,
A=8 Plas~ 35 2,

E ~ 190 pres= 2 , 
~50%.

 HF- -
d. d

.  7  4 -
 HF- = 1.8, A= 17, pres = 5  2.2 

25  55 2.  ~2 
 37%  46%.

1. -
-

- 
 HF, DF  HBr.

2. -
-

 HF-, DF-  HF-DF-
S2–NF3 . , -

–  ( )  HF-
 DF-  2-3 -

 (D2, H2, C2H4);
– 

~ 1.2…1.7 ;
–  (

) 
 pres~ 6…10  HF- ,  DF- , 

-
 ( pres

~3…5 );
– 

 HF  DF.
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3.  HF-HBr- , -
-

 HF   HBr.
4. -

 HF-HBr- -
 (D2, F2, He) / (H2, Br2). , 

–  HBr , 
 HF; -

 ~2.5% -
 ~0.015 –1  P3  ~15  (

 HF ~0.11 –1);
–  HBr  P1(3…8),

P2(4…11), P3(4…12)  P4(5…10);
–  HBr HBr

lasP ~
20 2 -

 ( ) ~2.5% (  HF -
HF

lasP ~ 105 2);
–  ( -

) -
 HBr; , r0= 10 

 HBr  1.5 
, HBr

lasP ~ 30 2  5%- -
.

5. -
 HF-  ( HF ~ 1.25...1.45 )

 (D2–F2–He)/H2. , 
–  ( ) -

 HF-  70…80 , ;
– , -

 HF
, -

 2 
9 ; -

~ 1.8, -
A~ 8…14;
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– 
pres~

2 ;
–  HF-  7 

Plas~ 35 2, E ~
190 ,  ~50% 

=1.8, A= 8, RL= 18;
–  7  4 
,  –  2.2 , 

 25%.
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