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It is shown that  the l imit ing c h a r a c t e r i s t i c s  of COL!asers  a r e  de te rmined  mainly  by two 
p a r a m e t e r s :  the specif ic power of the e lec t r i c  d ischarge ,  r e f e r r e d  to the square  of the a c -  
t ive medium p r e s s u r e ,  and the product  of the pumping t ime  and the gas p r e s s u r e .  An inves-  
t igat ion is  made of the dependence of the eff iciency and the radia t ion  pulse Shape over  a wide 
range  of the p a r a m e t e r s .  For  the f i r s t  t ime it is noted that  the energy  f r o m  the lower l a se r  
level  can be given to the upper v ibra t ional  s ta tes  of the s y m m e t r i c  and deformed modes,  
which allows high radia t ion density , ~0.2 J / c m  3. a tm,  to be achieved,  as  is shown by ca lcu-  
lation. Because  of energy  red is t r ibu t ion  in the a s y m m e t r i c  mode the l imi t ing  gain coeff i -  
cient  in C02 l a s e r s  is ~0.12 cm -1. 

Publ ished exper iments  [1-6] have es tabl i shed l imit ing values of the m o s t  impor tan t  quanti t ies ch a r ac -  
t e r i z ing  the eff iciency of C021aser  s y s t e m s  in which the opt ical ly ac t ive  medium is genera ted  by means  of 
an e lec t r ic  d ischarge .  It ha s  been shown that  in the e lec t r i c - ion iza t ion  type of l a s e r  the gain factor  K 
r eaches  12% with a specific power of abso rbed  e lec t r i ca l  energy  Q/p ~ 1 J / c m  3. a tm.  In l a s e r s  with a 
twin t r a n s v e r s e  d ischarge  (TEA sys t ems) ,  because  of the higher  initial  value of the p a r a m e t e r  E / p ,  neces -  
sa ry  to c r ea t e  a volume discharge ,  the l imit ing gain fac tor  does not exceed 5~0 with Q/p  = 1 J / c m  3. a tm.  
However ,  as  is shown by exper iment ,  independently of the method of generat ing the invers ion  medium by 
means  of an e lec t r i c  field, the re  is a l imit ing energy  abso rbed  in the e lec t r i ca l  d ischarge  Q/p  = 0 . 8 - 1  
J / c m  3. a tm,  beyond which one obse rves  the development  of instabil i ty and t rans i t ion  of the d ischarge  into 
a spark .  The min imum t ime for instabi l i ty development  a t  a p r e s s u r e  of 1 a tm  is t* = 2" 10 - r  sec. P r e -  
l iminary  expe r imen t s  conducted with ve ry  rap id  pumping, accompl ished  in a t ime  less  than the instabi l i ty 
development  t ime,  i .e. ,  tin s < t * ,  have shown that there  is a r e a l  poss ibi l i ty  of r each ing  ve ry  high Values of 
Q/p = 3 -  5 J / c m  ~. a tm.  I t  is c l ea r  that  the p rospec t s  for fur ther  development  of compac t  ampl i fy ing and 
generat ing s y s t e m s  with CO 2 a r e  de te rmined  by the possibi l i ty  of using the l imit ing c h a r a c t e r i s t i c s  of the 
invers ion medium obtained. 

The p r e sen t  paper  a d d r e s s e s  ma themat i ca l  modeling of the p r o c e s s e s  governing the dynamics  of 
c rea t ing  an invers ion medium in CO 2, the object  being to es tabl i sh  a m o r e  genera l  approach in solving 
prac t ica l  p rob lems  assoc ia ted  with the investigation and product ion of specif ic l a se r  sys tems .  

1. In order  to seek optimal  and l imit ing c h a r a c t e r i s t i c s  of CO 2 l a s e r s  in which the act ive  medium is 
excited by an e l ec t r i ca l  d i scharge ,  we conducted computer  solution of the sys t em of equations descr ib ing a 
volume discharge  and the act ive  medium in a l a s e r  radia t ion field. The calculat ions were  made for pulsed 
s y s t e m s  with constant  power level  added to the d ischarge  of e l ec t r i ca l  energy.  Exper iments  conducted with 
e lec t r ic  ionization and TEA l a s e r s  have shown that this  r e g i m e  may be r ea l i zed  in mos t  ca ses .  

The p r o g r a m  examined the following scheme:  at  t ime  zero an e lec t ron  beam with constant  cu r r en t  
density and 100 keV energy  was injected into the d ischarge  gap, filled with a mixture  CO 2 : N  2 = 1 : 2  a t  a 
p r e s s u r e  of p = 1-10 a tm.  Simultaneously,  a voltage was applied to the d ischarge  f r o m  a source  capable  of 
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TABLE 1 

Constants 

Relaxation-rate constants; 
Literature 

W3. r WI.2 W3+.i 

4,8. t06 7,2. l0 s 2. t05 
30, 22, 30, 26 30, 
24 23--25 

Wl[sec-l, arm -I ] 

HrS. i 

7 104 
30, 
23--25 

H~.O 

1,5 105/ 

W ~0 

7.10 .t 
30, 
29 

m a i n t a i n i n g  a c o n s t a n t  l e v e l  of E / p  =21 V / c m .  t o r r  d u r i n g t h e w h o l e t i m e  of  a p p l i c a t i o n  of the e l e c t r o n  b e a m .  
A r e s o n a t o r  of  l ength  l = 1 m w a s f o r m e d b y t w o  m i r r o r s  ( f u l l y r e f l e c t i n g a n d  s e m i t r a n s p a r e n t )  wi th  a r e -  
f l e c t a n c e  of R = 0.38, and  the  a c t i v e  m e d i u m  length  L was  70 cm.  

As  w a s  e s t a b l i s h e d  i r o m  ~ne a~ove  c a l c u l a t i o n s ,  the l i m i t i n g  power  of  r a d i a t i v e  e n e r g y  Q r / P  = 0.2 
J / c m  3. a t m  c a n  be a c h i e v e d  only in m i x t u r e s  wi thout  h e l i u m  for  r a t h e r  f a s t  pumping  ove r  a t i m e  l e s s  than  
the i n s t a b i l i t y  d e v e l o p m e n t  t i m e  of  " 2 0 0  n s e c .  The  va lue  E / p  = 21 V / c m .  t o r r  a s s u m e d  in the  c a l c u l a t i o n  
s a t i s f i e s  the  r e q u i r e m e n t  of e f f i c i e n t  t r a n s f e r  of e i e c t r i c a l  e n e r g y  to the  CO 2 and  N 2 m o l e c u l e s  [7, 8] and  
m a k e s  i t  p o s s i b l e ,  for  a high d i s c h a r g e  p o w e r  l eve l ,  to a c h i e v e  l i m i t i n g  e n e r g y  c h a r a c t e r i s t i c s  a n d  to  e x -  
pand the  r e g i o n  of  a p p l i c a t i o n  of  t h e s e  c a l c u l a t i o n s  fo r  o the r  l a s e r  s y s t e m s .  Thus ,  in TEA l a s e r s  the  b e s t  
r e g i m e  for  a b s o r p t i o n  of e l e c t r i c a l  e n e r g y  i s  a c c o m p l i s h e d  with  E / p  = 25 V / c m .  t o r r  [6]. 

The  c o m p u t e r  c a l c u l a t i o n s  a r e  b a s e d  on a m o d e l  in which  the CO 2 and  N 2 m o l e c u l e s  a r e  c o n s i d e r e d  a s  
a s e t  of  h a r m o n i c  o s c i l l a t o r s  wi th  a B o l t z m a n n  d i s t r i b u t i o n  of v i b r a t i o n a l  l eve I  popu la t i ons  [9, 10]; the  
r e l a x a t i o n  of  v i b r a t i o n a l  e n e r g y  i s  a c c o u n t e d  for  in the  s c h e m e  p r o p o s e d  in [11]. The  r e l a x a t i o n  l e v e l s  a r e  
i den t i f i ed  wi th  r e g a r d  to the  m e a n  n u m b e r  of v i b r a t i o n a l  quanta  e i of  the  CO 2 and  N 2 m o l e c u l e s ,  w h e r e  i = 
1, 2, and  3 c o r r e s p o n d s  to  the  s y m m e t r i c ,  d e f o r m e d ,  and  a s y m m e t r i c  v i b r a t i o n a l  CO 2 m o d e s ,  i = 4 c o r r e -  
sponds  to N2, and  the  fo l lowing  p r o c e s s e s  a r e  t aken  into accoun t :  

502(00~ N2(t) ~=~ C02(00~ Wa.4; 

co..(oo~ ~ co~(l i lo)+x w3.1; 
CO.(OOH)+X ~ C02(03~ W3o.; 

co~(0fl0)+x = coo.(00o0)+x w...0; 
COo. (10~0) + COo. ~-  COo (02~ + CO2 W~.2; 
COo.(00~ ~ COo_(i0~ + 2hv Wv. 

The  CO2(00~ r e l a x a t i o n  r a t e  c o n s t a n t s ,  we l l  known in the  l i t e r a t u r e ,  equa te  W3.1 = W3.2, which i s  i m -  
p o s s i b l e ,  s i n c e  Wi.  2 >>W3. I. H e r e  X is  any  of  the  CO 2 o r  N 2 p a r t i c l e s ,  the s u b s c r i p t s  + and  - r e f e r  to CO 2 
and  N 2 m o l e c u l e s ,  r e s p e c t i v e l y ,  and  W3.1 = W~. l + ~ l; W3.2 = W~.2 + W +  - W +  �9 9.2; W2.0 = W2.0 + 2.0; the t e m p e r a -  
t u r e  d e p e n d e n c e  of the r e l a x a t i o n - p r o c e s s  r a t e  c o n s t a n t  Wj w a s  c h o s e n  f r o m  the p a p e r s  c i t e d  in T a b l e  1, 
in which  the v a l u e s  of Wj a r e  r e f e r r e d  to  T = 300~ and 1 a t m  p r e s s u r e .  In d e s c r i b i n g  the  h e a t i n g  of  the  gas  
the  b a s i c  channe l  i s  t aken  into accoun t ,  i . e . ,  r e l a x a t i o n  of v i b r a t i o n a l  e n e r g y  into t r a n s l a t i o n a l  e n e r g y .  

The  r a d i a t i v e  i n t e n s i t y  w a s  c a l c u l a t e d  on the a s s u m p t i o n  of  a s i n g l e - m o d e  l a s i n g  r e g i m e  to a s ing le  
20 - fo ld  r o t a t i o n a l - v i b r a t i o n a l  R - b r a n c h  t r a n s i t i o n  [12, 13]. In f o r m i n g  the  v o l u m e t r i c  d i s c h a r g e  p l a s m a  a 
h o m o g e n e o u s  d i s t r i b u t i o n  of  e l e c t r i c  f i e ld  and  e l e c t r o n  c o n c e n t r a t i o n  [1] was  a s s u m e d ,  c a l c u l a t e d  with  a l -  
l owance  for  i o n i z a t i o n  by the e l e c t r o n  b e a m  in the e l e c t r i c  f i e ld ,  a s  we l l  a s  r e c o m b i n a t i o n  and  c a p t u r e .  

The  v i b r a t i o n a l  s t a t e  popu la t ion  i s  d e t e r m i n e d  by the  e n e r g y  con t a ined  in the  mode  and the c o n c e n t r a -  
t ion  of mo lecu le s~  and t h e r e f o r e  the  p u m p i n g  M i of the  a c t i v e  m e d i u m  can  be  e x p r e s s e d  in t e r m s  of the  
s p e c i f i c  d i s c h a r g e  power  M = enVE and  the  f r a c t i o n  of e n e r g y  go ing  to e x c i t e  the  i - t h  v i b r a t i o n a l  m o d e ;  
M i = BiM, w h e r e  e,  n, and  V a r e  the  c h a r g e ,  c o n c e n t r a t i o n ,  and  d r i f t  v e l o c i t y  of  the  e l e c t r o n ;  E i s  the  e l e c -  
t r i c  f i e ld  i n t e n s i t y .  The  d e p e n d e n c e  of B i on the  m i x t u r e  c o m p o s i t i o n  and E / p  w e r e  g iven  in [8]. F o r  
Q / p  > 1 J / c m  3 �9 a r m  one m u s t  t ake  into a c c o u n t  the  d e e x c i t a t i o n  by d i s c h a r g e  e l e c t r o n s  of the  N 2 and CO 2 
v i b r a t i o n a l  s t a t e s .  The  v a l u e s  of the  r a t e  c o n s t a n t s  u Xi of m u l t i q u a n t a  t r a n s i t i o n s  of  m o l e c u l e s  on c o l l i -  
s ion  with an  e l e c t r o n  w e r e  d e t e r m i n e d  a p p r o x i m a t e l y  f r o m  the known c r o s s  s e c t i o n s  [14] and  the d i s t r i b u t i o n  
func t ion  for  e l e c t r o n s  in N 2 [7], and  th i s  i s  e v i d e n t l y  p e r m i s s i b l e ,  s i nce  the  e n e r g y  b a l a n c e  i s  d e t e r m i n e d  
m a i n l y  by  n i t r o g e n  for  the  g iven  v a l u e s  o f  E / p  and the  g iven  gas  m i x t u r e .  The  r a t e  of  change  of the m e a n  
n u m b e r  of v i b r a t i o n a l  quanta  of  the  i - t h  mode  h a s  the  f o r m  
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where T i and E i a re  the tempera ture  and energy of the vibrational quanta of the i- th mode; N+ and N_ are  
the concentrat ions of CO 2 and N 2 molecules;  ~ is the number of vibrational quanta excited per unit e lectron 
collision; U is the mean effective e lec t ron energy;  Nmi is the ra t io  of the population of the m-th vibrational 
level to N+ for CO 2 and to N for N 2. InCO2 ~ = 1, since the excitation c r o s s  section for ~ = 2 is small;  in 
ni t rogen we accounted for p rocesses  with k = 1 - 6 .  With the above assumptions the system of equations 
describing the dynamics of the laser  p rocesses  has the following form:  

d e x / d t = - - W ~ . l F , +  Wx.~r~- t -g l+  KI /Cop;  

~ d a t = - a w ~ : ~ r ,  - w 3 . 1 r ~ + 2 w ,  o r ,  - 2 w l , r , + g , ;  

d e j d t = - - W s  4(ca - -  e4)r Ws. 2Fl+ W a . x I " a - b  g3 - -  KI /Cop;  

deJd t  = W 3. 4(% -- eL)*'+ + g4; 

dT/d t  = N+ [-- (En -- E~] W 3.ir3 --  3 {E, --  E2) w3  ~r , --  2E,Wa.oF,] 
p (c+p+r + c_p_r  ; 

d I / d t = C l ( K  - -  ]In R 1/2L)L/l;  

dn/d t=(c t  - -  o t ' )Vn+ ~ (~oVo~noN - -  [~n~; 

e~=r~ exp ( - - E J k ' T i ) / ( l  - -  exp ( - - E J k ' T O .  

for t=0  ei--=eio; 
F:-=U~ [exp (--500/T)(t + ea)(e2/2) a -  ea(l + eJ2)3; 

F~ =exp (--80/T)(i + e:)(e.j2)"- --  e:(l + %/2)~; 

F 3 =i /2  [exp (--420/T)(i + ea)eieJ2 - -  %(i + ex)(l +%/2) ]; 

F a : ( e o 2  ~ e~)/(2+ eo~.), 

where r i ,  E+, T, I a re  the level of degeneracy of the oscillations, the radiat ive quantum energy,  the gas tem- 
pera ture  of the active medium, and the radiat ive intensity in the resonator ,  respect ively;  c+, c_, P+, P-  
are  the heat capacity and density of CO 2 and N2; $+ = N+/N, @_ = N_/N; Co = 2.4. 1019@+E+; and q 0 is the 
c r o s s  section for ionization of ac t ive-medium molecules  by an electron beam with electron concentration 
no and speed V 0. With a constant E /p  = 21 V / c m .  to r r  the ionization coefficients in nitrogen a re  ~/p = 
5 .10  -4 cm -i  [15], in CO2~/p= 4 .10  -3 cm -1 [16], for capture in CO 2 -  ~ ' / p  = 10 -3 cm -i  [17], for recombina-  
tion fl = 2 x 10 -~ sec -1 �9 cm -3, and the drift  speed of the electrons in the discharge V = 6 .10  ~ c m / s e c  [8]. 
The gain factor  can be expressed  in the form [13] 

K=a[N(00ot) -- N(i0o0) l/p; 

c~ = i 0 - - 1 7 ( 2 5 , 8  - -  8.98.10-~T+ 1.2,10• ~ -- 5.8.i0-8TS). (1.1) 

The vibrational state populations are  expressed in t e rms  of the mean number of vibrational quanta and the 
quantum numbers  v, vl, v2, v3 for ni trogen and CO2, respect ively ,  for the symmet r ic ,  deformed, and asym-  
metr ic  modes: 

N (v) = N _ e ~ / ( l  + e~)~ 

4 N +  (t  ~ '  v.~) e tv'e2'''e3v3 
N (vlv~v3) = (1 @ el) i+v~" (2 @ e~) z+v '  (1 @ %)l+v~ "'" 

The sys tem of differential equations constituting the mathematical  p rogram was solved on a computer  by a 
Runge-Kut ta  method. The efficiency of the model was checked [4] by comparing it with known experimental  
resu l t s  (1, 3, 18, 19]. It was shown that, in spite of a cer ta in  indeterminacy in the values of constants used 
in the model, the resul ts  of the computations differed f rom the experimental  values by not more  than 25%, 
which can be considered sat isfactor i ly  at the present  time. 

2. The analysis and optimization of CO 2 lase rs  is appreciably simplified by introducing pa ramete r s  
determining the efficiency and the gain factor,  independent of the p res su re  and method of maintaining the 
e lec t r ica l  discharge.  In fact, the equation of the mathematical  code can be represented  in s t ruc tura l  form,  
by dividing the r ight  side by the concentration of the appropriate  molecules,  expressed in t e rms  of the initial 
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-K~ ] efficiency 
tO 9_ ~ , ,  

l O  

[Oa ~ 

pressu re  p of the working medium: 

�9 . 400-- ;,0 O, 18 N't,,. / ~  eff icmncy ~ -" , 

' .d/ i /  " " , \  
- I " b0,04 

. { { 

' ,doo ' 2o'oo ' ~o'oo 
~.p~ nsec, arm 

Fig. 1 

det/dT ---- ~.~ r (el,  e~, e a, e4) "F grip "Jr- 6KI*/Co; 
J 

(2.1) 

d I * / d ' ~ = I * ( K  - -  {ln RJ /2L)cL/ lp;  (2.2) 

dT/dx=](e l ,  e~, e 3, e4) , (2.3) 

where T = p t ,  I* = I / p  2, 6 = *  1 for i =  1,3 and 6 = 0  for i =  2,4. 

In Eqs. (2.1)-(2.3) it was assumed that the  concentrat ion of CO 2 and N 2 molecules ,  expressed in t e rms  
of the initial p ressure ,  does not change throughout the radiat ive pulse, since we a re  consider ing p roces se s  
whose time is considerably less  than the t ime for the gas to expand due to heating. Express ions  of the type 

~jfj determine the relaxation in t e r m s  of the j- th channel, the probabili ty for which is represen ted  
3 

in the form W i = pej$  ~., where ~i is the tempera ture  dependence of the relaxat ion probabili ty in t e rms  of 
the j- th channbl; f.. a re  coefficiehts depending on the vibrational t empera tures  of the CO 2 and N 2 molecules.  

J 
Thus, the r ight  sides of the equations governing the dynamics of the inversion and laser  t ransi t ions consis t  
of t e rms  of the following type: r gi/P, KI*/Co, f .  Clearly,  the solution will not depend on the p ressure ,  
if the quantities gi/P ~ M/P 2 and ~ *  remain  constant during t ransi t ion to another value of p, as well as the 
time of action M/p 2 i.e., Ptinst. By choosing M and the t ime of action of the pumping, one can hold M/p ~ 
and Ptinst constant,  and, as  will be shown below, the quantity KI* will then also be independent of p, since 
I "" p2, and K ~" Q/p = M/p2Ptinst . 

Therefore ,  for I* = 0, the solution of the sys tem (2.1)-(2.3) will not depend on the gas p r e s s u r e a n d  
is determined by two pa ramete r s :  the ra t io  of the specific e lec t r ic  d i scha rge  power to the square of the 
ac t ive-medium pres su re  M/p 2, and the product  of the pumping time by the p res su re  Ptinst. For  I* # 0 the 
se l f - s imi la r i ty  may f i rs t  be perturbed,  since the factor M/p 2 which depends on p enters  into the equation for 
I* ,  and transi t ion to a different p ressu re  is equivalent to change in the rat io between the lengths of the ac-  
tive medium and the resona tor .  Figure  1 shows the solution of the sys tem of equations for two p re s su re s ,  
5 and 10 atm, and the constant  values of M/p 2, Ptinst. It can be seen that the increase  in p r e s s u r e  leads to 
delay in the radiat ive pulse and to displacement  of the other solutions. However,  after  a t ime v, depending 
on the p ressure ,  the solutions pract ical ly  coincide. 

The calculations per formed have shown that the efficiency and the specific energy charac te r i s t i c s  of 
CO 2 l a se r s  in the region where the linewidth of the ro t a t i ona l - t r ans i t i on  (p = 0.1-10 atm) depends l inearly 
on p r e s s u r e  are ,  in fact, determined by the quantities M/p 2 and Ptinst. The rat io of the energy injected into 
the discharge to the p re s su re  is expressed  in t e rms  of these same pa rame te r s .  

The equation for e lectron concentrat ion does not enter into the sys tem (2.1)-(2.3), since the dynamics 
of laser  p rocesses  and the specific energy charac te r i s t i c s  in the approximation used in the model a re  giv- 
en by the quantities lY[/p 2 and Ptinst. The solution was ca r r i ed  out in order  to determine the effect iveness 
of using an e lectron beam as a means of ionizing the active medium. 
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Fig. 2 

As will be shown below, in the region Q/p = 0 . 2 - 1  J / c m  3, 
atm the efficiency is not very  sensitive to change in M/p 2 and Ptinst, 
and therefore  for many CO 2 l a se r s  one can use average values for 
these quantities. Continuous-wave CO 2 lase rs  can be considered as 
pulsed with pumping duration determined by the t ime for heating 
and cooling of the active medium. This considerably simplifies 
analysis  of CO 2 l ase r s :  Optimization reduces  to choice of values of 
M/p 2 and Ptinst for which the efficiency is a maximum. One can 
vary  M/p 2 by means  of the applied electr ic  field or the external  
source of ionization. 

We turn now to one important  fact which must  be taken into 
account for pract ical  use of the model, par t icular ly  for large values 

of Q/p. The sys tem of equations describing the dynamics of invers ion-medium generation and laser  t ran-  
sition does not contain the energy-conserva t ion  law in explicit  form. This indicates that the use of the drift  
approximation and the express ion for the ra te  of energy t rans fe r  f rom the external e lect r ic  field to vibra-  
tional s tates of N2 and CO 2 molecules requ i res  further  justification. 

As the calculations have shown, even for Q/p = 1 J / c m  3. a tm a considerable number of molecules a re  
in an excited vibrational state, so that the process  of exciting them with an e lectron beam is rea l .  This 
process ,  as was shown in [7], leads to an increase  in the h igh-energy par t  of the e lect ron-dis t r ibut ion func- 
tion, and it therefore  becomes possible to develop a volumetric  discharge instability [2, 5]. To account c o r -  
rec t ly  for the effect of the level of population of vibrational states and their t empera tures  on the e lec t ron-  
distribution function one must  r igorous ly  solve the Boltzmann equation to find the c o r r e c t  values of the quan- 
tity M/p 2, Ptinst. However,  it was shown in [7] that the drift  approximation can be used even for high vibra-  
tional tempera tures ,  up to T = 4000~ (this cor responds  to Q/p = 0.8 J / c m  3. atm), since, in spite of the ap-  
pearance of the high-energy part  of the distribution function, the average effective e lec t ron energy var ies  
very  little with increase  of vibrational t empera tures .  

3. Most of the theoret ical  and experimental  investigation s dealing with an analysis  of CO 2 l a se r s  [1, 
3, 5, 10, 18, 19] were per formed for reg imes  which do not have a high enough level of energy absorbed in 
the discharge Q/p = 0 .2 -0 .5  J /cma" atm, nor high enough N 2 and CO 2 vibrational t empera tures  T i < 4000 K. 

The present  paper attempts to study the possibili t ies of CO 2 l a se r s  over a wide range of injected en- 
ergy densities Q/p = 0 .01 -3  J / c m  ~, atm, which cor responds  to higher vibrational tempera tures .  

The region Q/p > 1 J / cm ~ . a tm is cha rac te r i zedby  the fact that  inthe p rocess  of pumpingthe active medium 
a eons iderab le f rac t ionof the  CO 2 and N 2 molecules  exists  in an excited vibrational state. Starting at a c e r -  
tain time when depletion of the zero vibrational level occurs ,  subsequent increase  in the energy of a given 
type of oscillation can occur because of increase  in the average vibrational energy of the molecules,  i.e., 
increase  in the population of the higher vibrational states f rom transi t ion of molecules  f rom lower levels, 
which leads to a reduced population of the lat ter .  When there is a Boltzmann distribution of vibrational lev- 
els within a mode the population of any vibrational state has a maximum for a specific vibrational t empera -  
ture,  above which the population diminishes. The presence of a max imum population of vibrational level 
can cause two effects that are  important for CO 2 l ase r s :  the existence of a limiting available gain factor 
~ 0.12 cm -1 and the possibil i ty of obtaining high absorbed-energy  densities. 

Figure 2 i l lustrates  the existence of a limiting gain factor and the dependence of the charac te r i s t i c  
time for variat ion in the gain factor on Q/p. Two reg imes  are  shown in the absence of lasing: the solid 
lines correspond to Q/p = 2.5 J /e ra  a. atm and the broken lines, to Q/p = 0.26 J / c m  s" atm. In the f i rs t  case 
the active medium is pumped throughout the whole t ime shown in Fig. 2, and therefore  e 3, the average num- 
ver of vibrational quanta of the a symmet r i c  CO 2 mode, increases ,  while the N (00~ population, and, con- 
sequently, the gain factor,  having reached a maximum, diminish. This occurs  because the CO2(00~ popu- 
lation decreases  in the CO 2 (00O0) + N 2 (1) ~ C O  2 (0001) § •2 (0) processes  and even for e 3 ~ 0.5 a considerable 
number of molecules are  a l ready excited. Fur ther  increase in e 3 can proceed because of excitation of high- 
er  CO2(00 ~ v3): vibrational states,  v~ > 1, which leads to a reduction in the CO 2 (00~ population and in the 
gain factor.  For  Q/p > 1 J / c m  3. a tm a con siderable number of molecule s with a symmet r i c  types of oscillation are 
inbound states CO 2 (01 v3) , CO 2 (02 v3) , etc. Calculations show that the limiting gain factor  of CO 2 lase rs  
(K = 0.12 cm -1) is reached with Q/p = 1 J / c m  3 .a tm.  This resu l t  was f i rs t  obtained experimental ly in [2]. 
The maximum gain factor depends on the value of E/p  exciting the active medium. For example, inTEA CO 2 
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l ase rs ,  where E /p  - 30V/cm . t o r r ,  K = 0.03-0.05 cm -1, which is due to a decrease  in the efficiency of ni- 
t rogen excitation. 

For  comparison,  Fig. 2 shows a reg ime where the energy Q/p = 0.26 J / c m  3. a tm is absorbed for a 
t ime tinst = 50 nsec.  For  smal lva lues  of Q/p the CO 2 (00~ population andthe gain factor reach  their  highest  val-  
ues at the maximum of e3, and then diminish with a charac te r i s t i c  relaxat ion time. Figure 2 shows that the 
gain factor  K ~ Q/p, and the lifetime of the gain diminishes with increase  of Q/p. The lat ter  is connected 
with the fact that for large of values of Q/p the r a t e  of energy transi t ion f rom N 2 to CO 2 (00~ is greater ,  
and, consequently, the N (00~ population dec reases  more  rapidly.  The dependence of the charac te r i s t i c  
lifetime of the gain on the density of injected energy was f i rs t  noted in the experiments  of [20]. The de- 
pendence of the gain lifetime on Q/p must  lead to a limitation in the duration of a probing signal when an 
active medium with Q/p > 1 J / c m  3. arm is used an an amplif ier .  

We consider  operation of CO 2 l a se r s  in a lasing reg ime in order  to determine the p rocesses  governing 
the efficiency and the radiat ive pulse shape for var ious values of M/p 2 and Ptinst. Figure 3 shows var iat ion 
of the lasing cha rac te r i s t i c s  during the pulse for conditions frequently rea l ized  in CO 2 l a se r s :  Q/p  = 0.2 
J / c m  3. atm, M/p ~ = 0.27 V / c m .  to r r ,  p = 5 atm. 

Figure 3 shows that during lasing one obtains an a lmost  constant gain factor ,  determined by losses  in 
the resona tor  and by the population of the lower lasing level. The value of CO 2 (10~ is determined by 
equilibrium between two p roces ses :  the ra te  of population CO 2 (00~ + hv--~ CO 2 (10~ + 2hv, which is 
proport ional  to (ea-e4) , i.e., to Q/p ,  and the opposite p rocess ,  the emptying of the symmetr ic  and deformed 
CO s modes.  It is c lear  that the grea te r  the population of the CO 2 (10~ level, the l a rge r  is the value of e 3 = 
e 4 remain ing  after  lasing ceases  and the smal ler  the efficiency. Therefore ,  for small  Q/p addition of the 
gases H2, He, and H20 can reduce  the CO 2 (10~ population, and therefore  the  efficiency must  be higher.  

The p roces se s  occur r ing  in CO s l ase rs  at high Q/p > 1 J / c m  3. atm are  i l lustrated by the exam01e of 
Fig. 4 (M/p 2 = 2.7 W / c m  3 . t o r r  2, Q/p = 2 J / c m  3- atm, p = 5 arm). The main special  feature of lasing in this 
region of Q/p is the presence of a maximum in the population of the lower lasing level, which allows high 
densities of energy absorbed per unit volume of active medium, using the CO 2 states CO 2 (vl00), CO 2 (0v20), 
(v 1 > 1, v 2 > 2) as  a r e s e r v o i r ,  to which energy is given f rom CO 2 (10~ Figure 4 shows the reg ime when 
relaxation in the thermal  energy of the symmet r i c  and deformed modes lags behind the population because 
of radiation.  This leads to an increase  in the average  number of vibrational  quanta e 1 and e 2 and to a c o r r e -  
sponding increase  in the population of the lower 1axing level, but at 150 nsec the CO 2 (10~ begins to dimin- 
ish, although 1axing continues and e 1 and e 2 increase .  The reason  is that the zero vibrational CO 2 state is 
depleted during the lasing because of the above p rocesses ,  and at t = 150 nsec only 30% of the CO 2 molecules  
remain  in the zero vibrational CO 2 (00~ level. Therefore ,  the CO 2 (10~ molecules  collide mainly with ex- 
cited molecules  and energy is t r ans f e r r ed  f rom the CO 2 (10~ to higher vibrational states.  For  the same 
reason  the CO 2 (00~ population diminishes for t > 150 nsec, although e 3 increases .  For  t > 240 nsec the 
gas is a l ready heated enough, the losses  f rom relaxat ion of CO 2 (00~ exceed the pumping power, and, the re -  
fore,  e 3 diminishes. The lasing is curtai led for t > 200 nsec because of overheating of the gas (T = 600 K) 
and reduction in the population of the upper lasing level. 
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Thus,  to achieve high specif ic  cha r ac t e r i s t i c  s of rad ia ted  energy  
the exci tat ion of the act ive medium and convers ion  of v ibra t ional  CO 2 
and N 2 energy  into radia t ion  mus t  be accompl i shed  rap id ly  enough so 
that  the energy  f r o m  the s y m m e t r i c  and deformed  CO 2 modes  is not 
able to re lax  and the gas does not become  heated.  It is c l ea r  that  He, 
tI20, and H 2 empty  the lower las ing level  effect ively,  and the eff ic iency 
will dec rea se  for  Q/p  > 1 J / c m  s.  a tm.  

The second impor tant  pecul iar i ty  of las ing a t  high Q/p is the high 
and a l mos t  constant  level  of r ad ia t ive  intensity.  This  r e s u l t s  f rom a 
high r a t e  of energy  t r a n s m i s s i o n  f rom N~ to CO 2 (00 ~ vs), and f r o m  the 
fact  that  the high rad ia ted  power level  does not lead to an inc rease  in 
population of the lower las ing level ,  but, s t a r t ing  a t  a ce r t a in  t ime ,  
when the CO 2 (00~ is  empt ied  noticeably,  leads  to a dec rea se  in CO 2 
(lO~ 

For  var ious  values  of Qlp these  p r o c e s s e s  de te rmine  the eff i -  
c iency and the moment  when lasing s tops ,  as  can be seen in Fig. 5a, 
which shows the dependence on Q/p of the quanti t ies N (10~ N (00~ 
e s, e 4 and T at  the t ime  when las ing cea se s .  

For  Q/p  ~ o. 1 J / c m .  a tm the lower las ing level  can empty,  s i n c e  the rad ia t ive  power is smal l ,  and t h e r e -  
fore  N (10~ does not affect  the lasing,  which is stopped by reduct ion in the upper level  populations. For  
l a r g e r  values  O/p  = 0 . 1 - 0 . 5  J / c m  s '  a tm the r a t e  of energy  t r a n s m i s s i o n  f rom N 2 to CO 2 (00~ and the r a d -  
iat ive intensi ty a r e  g r ea t e r ,  which leads to a l a r g e r  value of the N (10~ population level .  Since N (00~  
N (10~ = const ,  which is  de te rmined  by the gain factor  in the las ing being equal to the lo s ses  in the r e s o n a -  
to r ,  the N (00~ population and e s at  the moment  When Ias ing c e a s e s  wilt be l a rge r ,  which leads to reduced  
eff iciency for Q/p  > 0.2 J / c m  s. a tm.  In a given range  of Q/p  the eff iciency depends on the lower las ing-  
level  population and, to a ce r ta in  degree,  on the gas heating; the re fore ,  the efficiency may be inc reased  by 
adding gases  to the mix ture  which will efficiently quench the CO 2 (10~ For  Q/p > 1 J / c m  3. arm theN (10~ 
population diminishes  and lasing is stopped by gas  heating and reduct ion in N (00~ At the moment  las ing 
c e a s e s  e s i n c r e a s e s  (e4 > es), but N (00~ d e c r e a s e s ,  since mainly  h igh-energy  vibrat ional  CO 2 (00 ~ v s) 
s ta tes  a r e  exci ted.  With inc rease  of Q/p  the values of e s and e 4 r ema in ing  a f te r  las ing stops inc rease ,  which 
leads to a reduct ion in eff iciency.  

We now invest igate  the shape of the rad ia t ive  pulse a s  a function of M/p 2 and Ptinst.  F igure  5c shows 
the dependence of the peak r a t e  of intensity,  r e f e r r e d  to the product  of the square  of the p r e s s u r e  p2 and the 
length of the act ive  medium,  on Q/p  (the solid line is for M/p  2 = 30 W / c m  s.  t o r r  2, and the broken  line is for  
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M/p 2 = 2 W/cm 3. torr2). The increase  in intensity is determined by the fact that the N 2 population and the 
ra te  of energy t ransmiss ion  f rom N 2 to CO 2 (000 v3) increase  with increase  in Q/p. For  the same reason  
the quantity L/Lp 2 increases  with increase  of M/p 2. Calculations show that the quantity I /Lp  2 is pract ical ly  
independent of pres sure. 

The dependence of radiat ive pulse width on Q/p for var ious  values of M/p 2 = 2; 5; 10; 20 W/cm 3 . t o r r  2 
is shown in Fig. 5b (curves 1-4). For  a fixed M/p 2 the t ransi t ion to large Q/p means an increase  in the 
ac t ive-medium pumping time, which leads to an increased width in the radiat ive pulse. An increase  in 
M/p 2 for Q/p = const  leads to a reduction in the pulse width, since the vibrational energy cannot be t r ans -  
mitted from N 2 to CO 2 (000 v3) and pumped into N2; therefore ,  the ra te  of this p rocess  increases  and vibra-  
tional energy is t ransformed more  rap id ly  into radiation. 

4. The investigation of the dependence of efficiency on M/p 2 and Ptinst is shown in Fig. 6. 

We consider  the basic re la t ions  shown in Fig. 6. The lines A - A  and C - C  cor responds  to constant 
values of Q/p,  1; 0.2 J / c m  3. atm. For  Q/p > 0.01 J / c m  3" atm there is lasing and an increase  of efficiency 
with increase  of Q/p, and for Ptinst = const  this is associa ted  with an increase  in the excess  energy injected 
into the discharge above the threshold value. The increase  in the threshold value of Q/p and the decrease  
in efficiency for Ptinst > 10 -3 a r i se  f rom an increase  in the loss to relaxation of vibrational energy of the 
CO 2 a symmet r i c  mode. The efficiency reaches  the maximum value for Q/p = 0.18 J / c m  3. atm, and for 
Ptinst < 10 -3, where the CO~ (00~ relaxat ion is weak, the eff iciency is pract ical ly  independent of Ptinst and 
is ~0.24. The reduction of efficiency in the region O/p = 0.2-1 J / c m  3 . atm is due, for Ptinst > 10 -'3, to gas 
heating, and for Ptinst < 10 -~ to the population of the lower lasing level during lasing, since the pt value of 
the CO 2 (10~ relaxat ion is greater  than 10 -~ sec �9 tor r ,  even in a gas heated to this specific level. For  Q/p> 
1 J / c m  3 �9 atm the efficiency decreases  appreciably because of energy loss due to deactivation by discharge 
e lec t rons  of CO 2 and N 2 vibrational levels and because of a decrease  in the CO 2 (00~ population due to de- 
pletion of the zero CO 2 vibrational state. For  Q/p > 1 the CO~ (10~ population at the maximum ceases  to 
grow, since the energy is given to the higher vibrational  states of the symmet r i c  and deformed CO 2 modes.  
This c i rcumstance  allows us to achieve high radiat ive density values, Qr /p  = 0.2 J / c m  3. atm at an efficien- 
cy of 0.1, which may be important  in the design of compact  CO 2 l a se r s .  

Thus, the investigations conducted have shown that the efficiency and the specific energy cha rac t e r i s -  
tics of CO 2 lase rs  are  determined,  for a given mixture of gases,  by two pa rame te r s :  M/'p 2 and Ptinst. This 
simplifies the search for optimum conditions for CO 2 laser  operation. Analysis  of the proper t ies  of CO 2 
lasers  at high values of O/p has shown that the l imiting attainable gain factor  of CO 2 lase rs  is N0.12 cm -i .  
If excitation of the active medium is sufficiently fast  and for Q/p > 1 J / c m  a. atm one can achieve high val-  
ues of radiat ive energy,  0.2 J / c m  3 . a tm  at an efficiency of 0.1. In this case one should not add the vapor of 
He, H2, and H20 , since this will lead to heating of the gas and a decrease  in efficiency. The optimum pa rame-  
ters  of the external c i rcui t  can be chosen, using the dependence of the efficiency on M/p 2 and Ptinst. 

The experiments  confirm the basic conclusions of this work [3, 6, 21], but one should t reat  the de- 
pendence of efficiency for Q/p > 2 J / c m  3 . a tm with caution, since the model does not take into account the 
effect on the distribution function of quenching of the vibrational level of the CO 2 molecules by electrons.  

The authors thank V, N. Vetlutskyi, A. V. Afonin, and A. M. Orishich for their help in the work: 
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