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A model  is p r o p o s e d  for  calculat ing the c h a r a c t e r i s t i c s  of vo lume t r i c  gas  d i scharges  used  in 
the pumping of e l e c t r i c - d i s c h a r g e  l a s e r s .  The dependence of the mode  of energy  input into the 
p l a s m a  of the gas  d i scha rge  on the p a r a m e t e r s  of  the d i scharge  c i rcu i t  i s  d iscussed.  

Two types  of powerful  h i g h - p r e s s u r e  pu lsed  l a s e r s  p r e s e n t l y  exis t :  e lec t ro ioniza t ion  l a s e r s  [1], in 
which a n o n - s e l f - s u s t a i n e d  d i scha rge  is  ma in ta ined  by an in jec ted  e l ec t ron  beam o r  a powerful  u l t rav io le t  
light, and e l e c t r i c - d i s c h a r g e  l a s e r s  having s e l f - sus t a ined  d i scha rges  which a r e  ini t iated by auxi l ia ry  d i s -  
cha rges  [2, 3]. The i n t e r e s t  in such l a s e r s  is  explained by the fact  that  because  of the s impl ic i ty  of t he i r  
cons t ruc t ion  c o m p a r e d  with e lee t ro ioniza t ion  l a s e r s  they can find wide appl icat ion in technology and for  sc i -  
entif ic r e s e a r c h .  

It is  known that  the eff ic iency of a CO 2 l a s e r  essen t ia l ly  depends on the mode  of ene rgy  input into the 
working gas,  o n t h e v a l u e  of E/P in p a r t i c u l a r ,  where  E is the f ie ld s t rength  and p is  the gas  p r e s s u r e  [1, 4, 
5]. In e lec t ro ioniza t ion  l a s e r s ,  whe re  the r e q u i r e d  e l ec t ron  density is ach ieved  through an externa l  ion izer ,  
one can a r b i t r a r i l y  ass ign  E /p  and thus achieve  a high l a s e r  efficiency.  In e l e c t r i c - d i s c h a r g e  l a s e r s  the 
mul t ip l ica t ion  of e l ec t rons  is  de t e rmined  by impac t  ionization,  and t h e r e f o r e  r a t h e r  high initial  f ield s t rengths  
(no lower  than the s ta t ic  breakdown s t reng ths )  a r e  needed he re  which a r e  not opt imal  f rom the point of view 
of the pumping  of  a CO S l a s e r .  However ,  E / p  d e c r e a s e s  as  the s to rage  capac i to r  d i scharges ,  so that  the 
l a s e r  eff ic iency u l t imate ly  depends on what f rac t ion  of the ene rgy  of the s to rage  was  fed into the gas  at  opt imal  
va lues  of E/p .  Thus,  in a study of an e l e c t r i c - d i s c h a r g e  CO 2 l a s e r  one m u s t  connect  the p a r a m e t e r s  of the 
e l ec t r i ca l  c i rcu i t  and the d i scharge  gap with the mode  of ene rgy  input into the act ive  medium.  

We  wil l  a s s u m e  that  the d i scharge  has  a vo lume t r i c  na ture  and the cathode potent ia l  drop is smal l  in 
c o m p a r i s o n  with the vol tage appl ied to the gap [6]. Then the equations desc r ib ing  the d i scharge  in a c i rcui t  
consis t ing of a s to rage  capac i to r  C, an inductance L, and a gas  gap connected in s e r i e s  have the f o r m  

L d H d t  = U~ ~ U; (1) 

d n / d t  = (a  - -  ~l)vn - -  ~n  2 q-a~n(t); 
d U e / d t  = - - ~ / C  q- ~u( t ) ;  

d W / d t  = i U / S d ;  i = nevS ,  

where  n is  the e lec t ron  density;  v is the e l ec t ron  dr i f t  veloci ty;  a ,  fl, and 7/ a r e  the coeff icients  of impac t  
ionization, vo lume t r i c  recombinat ion ,  and cap ture ;  W is  the  energy  appl ied p e r  unit vo lume of gas;  S is  the 
a r e a  of the d ischarge ;  e is  the e l ec t ron  charge ;  @n(t) is  the r a t e  of c rea t ion  of e l ec t rons  through the auxi l ia ry  
d i scharge ;  ~u(t) is  the  ra te  of  supply of vol tage  to the capac i to r  C f rom the ex te rna l  s torage;  d is the i n t e r -  

e l ec t rode  distance.  

If the dependences  of (a - ~)/P on E/p a r e  known for  p u r e  CO2, N 2, and He gases  [7, 8], then the de-  
t e rmina t ion  of such dependences  for  C O z - N 2 - H e  m i x t u r e s  is  st i l l  a nont r iv ia l  task.  Repo r t s  have recent ly  
appea red  [4, 5] in which the e l ec t ron  energy  dis t r ibut ion function and the e lec t ron  energy ba lance  during a 
d i scha rge  in C O 2 - N  2 - H e  m i x t u r e s  a r e  ca lcula ted  and it is shown that  the addition of even a smal l  amount of 
m o l e c u l a r  gas  to the hel ium sharp ly  a l t e r s  the e lec t ron  dis tr ibut ion function, shift ing i ts  m a x i m u m  toward  
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lower energies and "cutting off' the high-energy part. This is due to the larger (~I0 -16 cm 2 ) cross sections 

for excitation of vibrational levels of the molecules by low-energy electrons. By comparing the ionization 

cross sections of helium and molecular gases [14] one can note that electron multiplication in CO~-N 2-He 

mixtures is due almost solely to collisions of electrons with the molecular component, while collisions with 

helium are unimportant in this case. Similar arguments can be made relative to the fraction of electron energy 

imparted to the excitation of different energy levels -almost all the energy goes into the excitation of the vibrationa~l 

and electron levels of the molecular g ase s, with its distribution among the levels depending on E/p [4, 5]. 

In such a case one can assume that the pressure p* of the molecular gas and the quantity E/P* de- 
termine the energy balance and the electron distribution function during a discharge in a CO2-N 2-He mix- 

ture. This is also indicated by the results of an experimental study of a gas discharge. It is shown [9] that 
an increase in the pressure of a CO 2-N2-He mixture to 3.5 atm through the addition of helium to a constant 
amount of molecular gas does not affect the dependence of the energy input on the field strength. In analyzing 
the data on the static breakdown voltages obtained for COa-N 2-He mixtures (Fig. i; curves 1-3 correspond 
to 1 : 1 : 0, 1 : 1 : I, and 1 : 3 : 3 mixtures }, we conclude that the breakdown field strengths are determined by 
the quantity p* when the helium concentration in the mixture is less than 50%. 

Thus, the quantity (ce - rT), which figures in Eqs. (I) and (3), is determined as follows: 

"~ - n = p * ( ~  - n) /p*  . ( E ' p * ) ,  (2) 

x~There ( a - r7 ) / p  * f o r  the  m i x t u r e  of m o l e c u l a r  g a s e s  CO2 - N 2  is  d e t e r m i n e d  by  i n t e r p o l a t i o n  b e t w e e n  the  
v a l u e s  of  ( a -  ~ ) / P *  f o r  p u r e  CO2 and Na [7, 8]. The  v o l u m e t r i c  r e c o m b i n a t i o n  c o e f f i c i e n t s  t3were  d e t e r m i n e d  
f r o m  [10, I l l ,  whi le_the  e l e c t r o n  m o b f l i t i e s  M w e r e  d e t e r m i n e d  f r o m  the d a t a  of [5] f o r  C O 2 - N ~ - H e  m i x t u r e s .  

Le t  us  go on to the  c a l c u l a t i o n  of  the  m o d e  of  e n e r g y  input  into the  gas  fo r  c o n c r e t e  c i r c u i t s .  The  t i m e  
d e p e n d e n c e s  of  E / p *  in  the  d i s c h a r g e  gap ,  the  c u r r e n t  dens i t y ,  and  the  e n e r g y  pu t  into the  gas  a r e  shown in 
Fig .  2 f o r  n i t r o g e n  wi th  p*  = 1  a t m ,  d = 1  cm,  S = 1  cm 2, and  C = 3 " 1 0  -1~ F;  The  v a l u e s  of  E0/P* a r e  41,  
53, and  65 V" cm -1 . m m  Hg -1 fo r  c u r v e s  1 -3 ,  r e s p e c t i v e l y ;  L = 10 -7 H and 10 -6 H fo r  the  s o l i d  and  d a s h e d  
c u r v e s ,  r e s p e c t i v e l y .  The  i n i t i a l  cond i t i ons  fo r  Eqs.  (1) w e r e  a s s i g n e d  in the  f o r m  n(0) = 10 t~ cm -3, U(0) = 
Uc(0) = U0, W (0) = 0, and  E0/P = U0 /Pd  and  w e  took  .~n = ~u = 0. It i s  s e e n  tha t  the  f i e l d  s t r e n g t h  in the  
p l a s m a  i s  a l m o s t  i n d e p e n d e n t  of  t he  i n d u c t a n c e  fo r  s m a l l  o v e r v o l t a g e s ,  a l though  the  e f f ec t  of  the  i n d u c t a n c e  
on the  n a t u r e  of  the  t i m e  v a r i a t i o n  in E / p *  b e c o m e s  e v e r  s t r o n g e r  in p r o p o r t i o n  to the  i n c r e a s e  in the  o v e r -  
vo l t age .  A t r a n s i t i o n  to an  o s c i l l a t o r y  d i s c h a r g e  m o d e  i s  o b s e r v e d  a t  o v e r v o l t a g e s  a p p r o a c h i n g  twofold.  A 
c h a r a c t e r i s t i c  p r o p e r t y  of  t he  E / p *  ( t )  d e p e n d e n c e s  i s  the  p r e s e n c e  of  the  fo l lowing  p r i n c i p a l  p h a s e s :  a 
s u r g e  in  E / p *  to v a l u e s  rough ly  c o r r e s p o n d i n g  to s t a t i c  b r e a k d o w n ,  a m o r e  o r  l e s s  p r o l o n g e d  hold ing  of 
E / p *  a t  t h i s  l e v e l  ( the  " s t e p "  ), and  a d e c l i n e  in E / p *  w i t h  the  p o s s i b l e  t r a n s i t i o n  to an o s c i l l a t o r y  mode .  
The  p r e s e n c e  and d u r a t i o n  of  the  s e p a r a t e  p h a s e s  is  d e t e r m i n e d  by  the  quan t i ty  E0 /P*  = U 0 / P * d  and to a 
l e s s e r  ex ten t  by  the  c h a r a c t e r i s t i c  i m p e d a n c e  of  the  c i r c u i t .  W e  note  tha t  in the  c i r c u i t  u n d e r  c o n s i d e r a t i o n  
even  a t  o v e r v o l t a g e s  of  E 0 / E s t  v 1.3 a l m o s t  a l l  the  e n e r g y  i s  pu t  into the  g a s  a t  h igh  f i e ld  s t r e n g t h s  (E 
Es t ,  w h e r e  E s t  i s  the  s t a t i c  b r e a k d o w n  f i e l d  s t r e ng th ) .  

T h e  m o d e  of  e n e r g y  input  into a C O 2 - N  2 - H e  m i x t u r e  w a s  c a l c u l a t e d  fo r  a c i r c u i t  w i th  the  p a r a m e t e r s  
C = 4 �9 10 -1~ F and L = 1.5 - 10 -r  --2 �9 10 -S I-I. S ince  in  a r e a l  c i r c u i t  the  v o l t a g e  on the c a p a c i t o r  C w a s  sup -  
p l i e d  wi th  a f ron t  of r ~ 2.5 �9 10 -8 s ec  and  d u r i n g  t h i s  t i m e  the  g a s  i o n i z a t i o n  w a s  a c c o m p l i s h e d  b y  an  a u x i l i a r y  
d i s c h a r g e  [12] w h i c h  gave  an i n i t i a l  n u m b e r  of  e l e c t r o n s  n o ~ 1011 -1012 era-3 ,  t he  i n i t i a l  c o n d i t i o n s  fo r  Eqs.  
(1) w e r e  w r i t t e n  in a f o r m  p e r m i t t i n g  the  m o d e l i n g  of  the  b r e a k d o w n  of  the  g a s  gap:  n(0) = 0; U(0) = Uc(0) = 0; 
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In Fig .  3 w e  p r e s e n t  t he  r e s u l t s  of  the  c a l c u l a t i o n  f o r  the  m i x t u r e  CO 2 : N 2 : He = 1 : 2 : 5 a t  a p r e s s u r e  of  1.5 
a rm ,  w h i c h  c o r r e s p o n d s  to p*  = 420 m m  Hg, d = 3 cm,  S = 9 c m  2, C = 4 . 1 0  - l ~  F,  and L = 1.5" 10 -r  H; t he  
v a l u e s  of  E 0 / P *  a r e  42,  62, and  92 V - c m  -1 " r a m  Hg -1 fo r  c u r v e s  1 -3 ,  r e s p e c t i v e l y .  W i t h  o v e r v o l t a g e s  on the  
o r d e r  o f  twofo ld  the  v o l t a g e  and  c u r r e n t  have  an  o s c i l l a t o r y  n a t u r e .  At  o v e r v o l t a g e s  E 0 / E s t  ~ 2.3 about  
90% of  the  s t o r e d  e n e r g y  i s  f ed  into the  g a s  in  the  f i r s t  " h a l f - p e r i o d "  and  at  o v e r v o l t a g e s  of  ~ 1 . 6 ,  a l l  t he  

s t o r e d  e n e r g y .  

The  e x p e r i m e n t a l  r e s u l t s  w e r e  o b t a i n e d  w i th  t he  u s e  of a v o l t a g e  p u l s e  g e n e r a t o r ,  b u i l t  on the  M a r x  
s c h e m e  [15], a s  the  c a p a c i t o r  C. The  c a p a c i t a n c e  of  t he  g e n e r a t o r  "at b e s t "  w a s  4 . 1 0  -1~ F and the  s e l f - i n -  
d u c t a n c e  w a s  L0 = 3 �9 10 -7 H. In the  c o u r s e  of  the  e x p e r i m e n t  t he  p a r a m e t e r s  w e r e  v a r i e d  w i th in  the  fo l lowing  
l i m i t s :  i n d u c t a n c e  L = ( 1 . 5 - 2 ) .  10 -~ H, U0 = (157-225)  kV, p r e s s u r e  of  gas  m i x t u r e  1 -5  a t m ,  h e l i u m  c o n c e n -  
t r a t i o n  in  m i x t u r e  45-80%,  and  a c t i v e  v o l u m e  not  m o r e  than  3 x 1.5 x 9 c m  3. The  p r e l i m i n a r y  i o n i z a t i o n  of  
the  m i x t u r e  w a s  a c c o m p l i s h e d  wi th  an a u x i l i a r y  d i s c h a r g e  a long  the  s u r f a c e  of  the  d i e l e c t r i c .  The  t e c h n i q u e  
of a c c o m p l i s h i n g  the  p r e l i m i n a r y  i o n i z a t i o n  i s  p r e s e n t e d  in  [12]. W e  i n t r o d u c e d  # - x y l e n e  v a p o r ,  t he  p a r t i a l  
p r e s s u r e  of  w h i c h  w a s  1-3  m m  Hg [13], in to  t he  w o r k i n g  v o l u m e  to i n c r e a s e  the  d e g r e e  o f  p r e i o n i z a t i o n .  

T h e  e f f ec t  of  the  i n i t i a l  v a l u e s  of  E / p  on the  n a t u r e  of  the  e n e r g y  input  into t he  gas  w a s  s t u d i e d  in the  
m i x t u r e  CO2 : N2 : He = 1 : 2 : 5 w i th  U0 = 157 kV and  d = 2 cm.  Vol t age  o s c i l l o g r a m s  a r e  p r e s e n t e d  in F ig .  4. 
It i s  s e e n  t h a t  the  v o l t a g e  on the  p l a s m a  in the  q u a s i s t e a d y  p h a s e  i s  p r o p o r t i o n a l  to t he  p r e s s u r e ,  a s  fo l lows  
from the calculations; the nature of the discharge also varies as a function of the initial overvoltage: at 
overvoltages above twofold the discharge has an oscillatory nature, while below twofold it has an aperiodic 

nature. 

Since the processes responsible for the appearance of an arc channel in the gap are insufficiently stud- 

ied, the transition of the discharge from the volumetric to the arc stage was not analyzed in the calculations 
and the results of the calculations are only applicable to a volumetric discharge. The region of applicability 

of such calculations was determined experimentally. For this we studied the limiting energy density which 

can be put into the gas without the formation of an arc channel as a function of the rate of energy input into 

the gas, determined by the product pS ( p is the characteristic impedance of the circuit), and of the composi- 

tion and pressure of the gas. The limiting energy inputs at which the discharge still has a volumetric nature 

at atmospheric pressure, as a function of the parameter pS for d = 2.6 cm, are presented in Fig. 5a. The 
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dependence on pS of the p r e s s u r e  at which the limiting energy input is reached in the volumetr ic  stage of the 
d ischarge  is shown in Fig. 5b with U0 = 200 kV for d = 3 and 2.6 crn by solid and dashed curves ,  respectively.  
The rat ios  of components of the CO 2 - N  2 - H  e mixture  are  given in Fig. 5a, b. It is in terest ing to note that at 
high energy inputs and a p r e s s u r e  of 1-2 arm the energy put into the volumetr ic  d ischarge  grows with the 
heat capaci ty of the gas mixture.  

Thus, a model and a method of calculation are  proposed  for the mode of energy input into the gas, the 
use of which gives resul ts  in sa t i s fac tory  agreement  with the experimental  data. The region of applicability 
of the method is de termined experimentally.  The resul ts  obtained can be used to oalculate the cha r ac t e r i s -  
t ics  of e l ec t r i c -d i scha rge  carbon dioxide lasers .  

In conclusion, the authors thank Yu. D. Korotev for useful discussions.  
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