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At p re sen t  CO 2 l a s e r s  exci ted by e lec t r ic  d i scha rges  have obtained cons iderab le  development.  High 
values  of t h e  ef f ic iency and the sPecif ic and absolute  radia t ion  energy  have been achieved [1, 2]. Theore t i ca l  
methods  of invest igat ion of CO 2 l a s e r s  a r e  being developed intensively,  making it poss ib le  to de te rmine  the 
dynamics  of exci tat ion and generat ion and the effect  of the composi t ion  on the main p a r a m e t e r s  of l a s e r s  [1, 
3-8].  In doing this cons iderab le  attention is paid to quest ions of the opt imizat ion of the mode of excitat ion of 
l a s e r  s y s t e m s  p o s s e s s i n g  a ce r ta in  genera l  set  of e ssen t i a l  dis t inguishing fea tu res .  A typical  example  of such 
a s e p a r a t e  c l a s s  of l a s e r  s y s t e m s  is compr i s ed  of pulsed e l e c t r i c - d i s c h a r g e  CO 2 l a s e r s  opera t ing  with a high 
content of CO9 in the mixture .  In this case  one can obtain rad ia t ion  pulses  with a durat ion of ~ 10 -7 sec  at a 
cons iderab le  rad ia t ion  ene rgy  density,  which a l lows the i r  use in expe r imen t s  on p l a s m a  heating [9]. 

The purpose  of the p re sen t  r e p o r t  is to study the op t imum conditions for  the fo rmat ion  of shor t  and long 
radia t ion pulses  in CO 2 l a s e r s  of the indicated type. As the cha r ac t e r i s t i c  sca le  for  the cha rac te r i za t ion  of the 
duration of the radia t ion it is convenient  to choose the re laxa t ion  t ime  of the upper  l a s e r  level  ~ ~5"  10 -6 sec �9 
a tm.  In this case  the shor t  and long radia t ion pulses  will be de te rmined  by the re la t ionships  pt r << T and pt r >> 
T, r e spec t ive ly ,  where  the values  o f  ptr  -~ 10 -? and 3 �9 10 -5 sec  �9 a t m  were  spec i f ica l ly  chosen in the calculat ions.  

The s e a r c h  for  the op t imum modes  of t r an s fo rma t ion  of e lec t r i ca l  energy  into coheren t  radia t ion was 
c a r r i e d  out with the help of ma themat i ca l  model ing of the l a s e r  p r o c e s s e s .  A s y s t e m  of equations descr ib ing  
pumping of the act ive  med ium by e lec t rons  of the d i scha rge ,  induced emiss ion  on the P(20) v i b r a t i o n a l - r o t a -  
t ional t rans i t ion ,  heating of the gas ,  and re laxa t ion  p r o c e s s e s  was solved on a computer  for  the following t r an s i -  
t ions:  

N~(l) ~ COz(00~ CO~(00~ -}- N2(0), 
{CO~ (iixO) "k M 

CO~ (00~ ~ M  ~ CO 2 (03~0) q_ M, 

COs(0i10) + M ~ COs(00~ + M, 
COs(10~ +.COs ~ CO~(02~ + COs, 

where  M is any of the molecules  CO2, N2, He, H2, or  H20. For  s impl ic i ty  only the t rans i t ions  between lower 
v ibra t ional  levels  a r e  indicated. The model  a lso  takes  into account s ingle-  and mult iquantum t rans i t ions  be -  
tween higher v ibra t iona l  s ta tes .  The re laxa t ion  of the v ibra t iona l  energy  was descr ibed  using the equations 
proposed in [5]. The model  used in the ca lcula t ions  does not allow for  expansion of the gas and its t he rma l  
conductivity,  which is valid for genera t ion durat ions of < 50 psec .  A detailed descr ip t ion  of the ma themat i ca l  
model  is p resen ted  in [10]; m o r e  exact data for  the r a t e  constants  of energy  re laxa t ion  f r o m  the a s y m m e t r i c  
mode of CO 2 and for  the broadening constants  of the P(20)CO2(00~ -CO~(10~ [11, 12] we re  used to de te rmine  
the coefficient  of ampl i f ica t ion  in the p resen t  r epo r t .  

The ma themat i ca l  solution of the s ta ted p rob lem is cons iderably  s impl i f ied by the introduction of the 
fol!owing p a r a m e t e r s  (which e l iminate  the p r e s s u r e  of the act ive  medium f r o m t h e  analysis) :  the ra t io  W/p 2 of 
the specif ic  power of the d i scha rge  to  the s q u a r e  of the initial p r e s s u r e  of CO2§ the product  tpp of the dura -  
tion of pumping t imes  the p r e s s u r e ,  and the r e l a t i ve  e lec t r ic  field s t rength  E /p  in the d ischarge .  : In [10] it is 
shown that  a Change in the p r e s s u r e  of the act ive medium does not affect  the coeff icient  of ampli f icat ion,  the 
eff iciency,  or  the quant i t ies  Qr /P ,  I /P  2, and pt r if the p a r a m e t e r s  W/p 2, ptp, and E / p  (other conditions being 
equal) do not v a r y  with the t rans i t ion  to another  p r e s s u r e  (I and Qr a r e  the radia t ion intensi ty and the radia t ion 
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energy  r e m o v e d  f r o m  a unit volume of act ive  medium).  The re fo re ,  the data p re sen ted  in the r e p o r t  a r e  c o r r e c t  
for  p = (0 .1-5) arm, although the calcula t ions  were  made with p=2  a tm  for  a mix tu re  of  CO 2 +N2. It should be 
noted that the mode of pumping and genera t ion can be de te rmined  not only by the p a r a m e t e r s  W/p  2 and ptp, but 
a l so  by one of them and by the r e l a t ive  densi ty  Q/p  of e lec t r i ca l  energy  abso rbed  in the d i scharge ,  s ince 
(W/p2)ptp = Q / p .  In a s tudy of CO 2 l a s e r s  having a non- se l f -ma in ta ined  d i scharge  it is convenient  to introduce 
(in place of W/p  ~) the p a r a m e t e r  n /p ,  the re la t ive  concentrat ion of e lec t rons  in the d i scharge ,  s ince W/p 2= 
A(n/p) (E/p) 2, and with a fixed E / p  we have W/p 2 ~ n / p  (A is a constant) .  The p a r a m e t e r s  Q/p  and ptp or n /p  
and ptp w e r e  used in the p resen t  r epo r t .  

A typical  CO s pulse genera to r  was studied: The length of the act ive  medium was L=100 cm,  the ra t io  of 
L to the length of the r e s o n a t o r  equalled 0.8, the d is t r ibuted lo s ses  we re  taken as equal to 10 -4 c m  -1, and one 
r e s o n a t o r  m i r r o r  was  ful ly r e f l ec t ing  while the other  was s e m i t r a n s p a r e n t  (coefficient of ref lec t ion  0.38). It 
was  a s s u m e d  that the exci tat ion of the act ive  med ium takes  place with an e lec t r ic  field s t rength  and e lec t ron  
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concentra t ion n in the d ischarge  which a re  constant  in t ime. The quantity n is set by an external  ionization 
so41rce. 

The calculations showed that for the formation of long (pt r =3. i0 -5 sec �9 arm) and short (pt r =i0 -Y sec. 
atm) radiation pulses the most suitable prove to be mixtures in which the ratio between CO s and N2 equals 1 �9 2 
and I : 1/4, respectively. The effect of the gases He, H~, and H~O on the generation efficiency in the indicated 
modes of duration was also studied. It was established that the following ratios are optimal for obtaining a long 
radiation pulse in the medium ICO2: 2N 2: PIle = 0.4p, PHA = 0.04p, PH20--2" 10-Sp. The formation of pulses with 
a duration ptr = i0 -7 sec. atm requires rapid pumping ofathe active medium (pt = 10 -7 sec "atm) with Q/p = �9 p . 

0.5-1 J/cm S- atm, as will be shown below. In this case the optimum content of auxiliary gases for a composi- 

tion of ICO2 : I/4N 2 equals: PIle =P, PH.=0,1p, PH~O =2" I0"2 P. (in all cases it is assumed that only one of the 
gases, He, I~19, or H~O, is added to the a~tive medium.) As the calculations showed, the optimum partial pres- 
sures of He, H2, and H20 depend weakly on the relative electric field strength E/p = (10-20) V/cm. mm Hg and 
the density of the energy Q/p= (0.01-1) J/cm S- atm absorbed in the discharge. 

The efficienctes of the transformation of electrical energy into coherent radiation with the optimum com- 
positions of the active medium are presented in Fig. I, where the solid lines correspond to a relative electric 
field strength E/p=10 V/cm. mm Hgwhile the dashed lines correspond to E/p=20 V/cm. mm Hg. Curves 1-4 
pertain to the mixture ICO~ : I/4N 2 : 1.25He (mode of short pulses). In these calculations pip was fixed and the 
electron concentration in the discharge was varied. In cases 1 and 2 ptp=l.3- 10 -6, while in 3 and 4 pip= 
1.3 �9 10 -7 sec �9 atm. Curves 5-7 pertain to the mixture ICO 2 : 2N2 : 6.10-SH20 (mode of long pulses). In the cal- 
culation of these dependences the pumping durations were also fixed (pip =4. I0 -s and 6.10 -5 sec �9 atm) and the 
electron concentration in the discharge, and hence the relative density of energy absorbed in the discharge 
(Q/p) was varied. An increase in the electron concentration leads to the fact that at some value of n the gen- 
eration is cut off at a time pt' < ptp. The decrease in pt, is due to the fact that an increase in the power of the 
(lischarge leads to faster heating of the gas and populating of the lower laser level and consequently to cutting 
off of generation. Obviously, the active medium should not be excited for pt > pt'. The values of ptp and pt' 
corresponding to several values of Q/p are indicated by numbers near the dots on curves 5-7 (see Fig. I). In 
all cases the value of the efficiency pertains to the time when generation ceases. 

As seen from Fig. i, the highest efficiency of 0.32 is reached in a mixture of ICO2:!/4N2 : 1.25He with 
Q/p--0.4 J/cm S. arm and E/p=10 V/cm. mm Hg. With E/p--20 V/era. mm Hg the efficiency is considerably 
lower, which is due to the lower efficiency of the transformation of electrical energy into the vibrational exci- 
tation of the asymmetric mode of CO s [4]. In a mixture of ICO 2 : 2N~ : 6" I0-6H20 the maximum efficiency is 
reached with Q/p--0.35 J/cm S. atm and E/p=10 V/~m. mm Hg. The effect of the electric field strength on the 
efficiency and the density of energy removed from a unit volume in this mixture in a quasisteady mode of gen- 
eration can be judged from Fig. 2, where dependences of the efficiency, Qr/p, pip, and Q/p on the relative 
electron concentration n/p in the discharge are presented. The solid lines correspond to E/p--10 V/cm. mm 
Hg and the dashed lines to E / p = 2 0  V / c m .  m m  Hg. In this case  it is assumed that pumping of the active me-  
dium takes place up to the moment of cutoff of generation,  and therefore  the dependence of ptp on n /p  allows 
one to determine the pumping modes in which one reaches  the maximum value of the radiant  energy removed  
f rom a unit volume of active medium. 

As seen f rom Fig. 2, in the region of n /p  ~ 1013 cm -3" atm -1 with E/p  =20 V / c m -  mm Hg the density of 
radiant  energy removed f rom a unit volume is higher,  while the efficiency is slightly lower,  than with E/p  = 10 
V / c m .  mm Hg. In addition, the use of high E/p  facil i tates the maintenance of a d ischarge of long duration 
owing to ionization of the gas in the e lectr ic  field. Consequently, pumping with E/p  =20 V / c m .  mm Hg is pref-  
erable .  

In the quasis teady mode of pumping, as seen f rom Fig. 2, a decrease  in the relat ive concentrat ion of 
e lectrons in the d ischarge  entails an increase  in the duration of the radiation pulse, a decrease  in the density 
of the emitted energy,  and a lowering of the efficiency s tar t ing with some n/p.  The decrease  in efficiency and 
Qr /P  is due to relaxation losses  of vibrational  energy f r o m  the a symmet r i c  mode of CO 2. Consequently, an 
increase  in the duration of the radiation pulse will be accompanied by losses  of efficiency and of density of 
emitted energy.  

The main cha rac te r i s t i c s  of the shape of the radiat ion pulse a re :  the duration of the f i r s t  generation peak, 
the radiant  ene rgy  removed  f rom a unit volume during this peak, and the duration of the radiat ion pulse in the 
mode established after  the f i rs t  peak. The dependence of Qf/p on Q/p is presented in Fig. 3. Carves 1-4 pe r -  
tain to the mixture 1CO 2 : 1/4N2: 1.25He; the respec t ive  durations of pumping equal ptp = (0.13; 0.13; 1.3; 1.3) �9 
10 -6 sec .arm. Curves 5 and 6 pertain to the mixture 1CO 2 :2N2:  6.10-3H20; the values of ptp a re  indicated on 
the graphs,  as in Fig. 1. 
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It is seen f rom Fig. 3 that a low value of Qf/p = (1-2) �9 10 -3 J / c m  3' a tm is rea l ized  in a mixture with a 
high N s content (curves 5 and 6). The calculations show that in this case the duration of the f i rs t  peak is ~ 10 -6 
sec.  In a mixture with a high content of CO 2 the value of Qf/p grows approximately by a linear law with an 
increase  in Q/p (see Fig. 3, curves  1-4). This nature of the dependence is due to the linear increase  in energy 
in the a s y m m e t r i c  mode of CO s up to the t ime of the s tar t  of generation,  since with a fixed pip the increase in 
Q/p is achieved through an increase  in the e lectron concentrat ion in the discharge.  With a fixed Q/p a de- 
c r e a s e  in pip leads to an inc rease  in Qf/p, which is also explained by an increase  in the pumping power. The 
high density Qf/p = 0.2 J / c m  3. a tm of the radiat ion in the f i rs t  peak with E/p  = 10 V / c m .  mm Hg' is achieved 
owing to the high efficiency (~ 0.5 [4]) of the direct  p rocess  of energy t r ans fe r  f rom the electrons to the asym-  
met r ic  mode of CO 2. The duration of the f i rs t  peak of emiss ion in this case  is equal to ~ 1.2 �9 10 -? sec and is 
a lmost  independent of Q/p. A s imi lar  nature of the dependence is noted in the experiments  of [13]. The dura-  
tion of generat ion grows with an increase  in Q/p, but s tar t ing with Q/p  = 0.2 J / c m  3. a im it remains  pract ical ly  
constant:  pt r ='7" 10 -? s e c .  a tm with ptp= 1.3 �9 10 -~ sec .  a im while pt r =1.4" 10 -~ sec" a tm with pip = 1 .4 .10  -6 
see �9 aim. 

In the format ion of a radiat ion pulse of long duration it is important  to know the radiat ion intensity in the 
established mode of generation. 

The ra t io  of the maximum intensity in the established mode (after the f i rs t  peak) to the product Lp s is 
presented in Fig. 4 as a function of Q/p, as is the duration of generation pt r .  The composit ion of the active 
medium was 1COs:2N2: 6.10-3H20, the solid lines cor respond to E / p = 1 0  V / c m .  mm Hg, the dashed lines to 
E / p = 2 0  V / c m .  m m  Hg, and the duration of pumping is indicated by numbers  near  the dots on the graphs,  as in 
Fig. 1. The pumping durations were  assigned in the calculations (p tp=4 .10  -5 and 6 �9 10 -5 sec .  atm) and the 
electron concentrat ion in the d ischarge  (and hence Q/p) was var ied.  When Q/p < 0.25 J / c m  3. aim in the pumping 
modes under considerat ion (ptp ~ 2 �9 10 -~ sec �9 generation pract ical ly  occurs  only during the excitation of 
the act ive medium. Therefore ,  the increase  in the duration of the radiat ion pulse takes place owing to shor ten-  
ing of the lag t ime of generat ion re la t ive  to the s tar t  of pumping. When Q/p ~ 0.25 J / c m  3. a tm the discharge 
power is sufficiently great  and the cutoff of generat ions is due to heating of the gas and populating of the lower 
laser  level. There fore ,  an increase  in Q/p (through an increase  in the discharge power) leads to a decrease  in 
the duration of the radiat ion pulse. At the optimum value of Q/p = 0.35 J / c m  3" a im the radiat ion intensity, 
normal ized  to a unit length of active medium and to the square  of the p re s su re ,  is equal to ~2 kW/cm 3. a tm s, 
while the product of the duration of the radiat ion pulse t imes  the p re s su re  is ~ 3 �9 10 -5 sec �9 

Thus, the investigation conducted made i t  possible to establish the opt imum conditions for the formation 
of short  and long radiat ion pulses. For  the obtainment of pulses with a duration ptr =3 �9 10 -5 sec �9 aim the opti- 
mum is the mixture 1COs:2N 2 with an admixture of one of the gases in the following amount: PHsO =2 �9 10 -~ p~ 
PIle =0.4p, o r  pH2=0.04p. The highest density of emitted energy is achieved with E / p = 2 0  V / c m .  mm Hg. The 
opt imum density of energy  absorbed in the d ischarge  is Q/p = 0.35 J / c m  3. a tm and the efficiency is 0.18. The 
format ion of short  powerful radiat ion pulses with pt r =10 -T sec �9 a tm and Qf/p =0.2 J / c m  3- a tm requi res  high 
pumping power,~: Q /p=0 .5 -1  J / c m  3- atm, ptp=10 -? sec .  atm, E / p = 1 0  V / c m .  mm Hg. The optimum composi -  
tion of the act ive medium is 1CO2 : 1/4N s with the addition of one of the gases in an amount PIle =P, PH2 = 0.1p, 
or PH20=2 �9 10"2p. The data presented in the repor t  a re  valid for p re s su res  p=0 .1-5  aim, which facil i tates the 
select ion of the pa r ame te r s  for concre te  CO s lasers .  

The author wishes to thank R. I. Soloukhin for support  of the present  work and A. G. Ponomarenko for 
ass i s t ance  in the work. 
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The s ta tement  of the p rob l em  in the p resen t  a r t i c l e  is the s a m e  as  in our p reced ing  work  [1], name ly  
opt imizat ion by the method of configurat ions with r e s p e c t  to initial  condit ions,  composi t ion,  and nozzle  geom-  
e t ry .  The t rans i t ion  to d imens ion less  va r i ab l e s  shows that  the opt imizat ion p a r a m e t e r s  in the given p ro b l em 
a r e  P0, To, ~ i, ~', and d j, where  P0 and T O a r e  the initial  p r e s s u r e  and initial t e m p e r a t u r e ;  ~ i denotes the mole 
f rac t ions ;  k =p0 / (l is a c h a r a c t e r i s t i c  length); and flj denotes p a r a m e t e r s  de te rmin ing  the d imens ion less  
function A / A . ,  where  A and A .  a r e  the nozzle  c r o s s  sec t ions  at  an a r b i t r a r y  point and at the geome t r i ca l  
c r i t i ca l  point, r e spec t ive ly .  In [1] we adopted as  flj the values  of the de r iva t ives  at ce r t a in  fixed mesh-po in t s  
~j = x j / L ,  where  ~ is the d imens ion less  dis tance along the x axis ,  r e f e r r e d  to the nozzle  length L. Quadrat ic  
approximat ion  was applied to de te rmine  A / A .  between the mesh-po in t s .  We take l = L, so that for  p lane-  

2 tg 0y 
pa ra l l e l  flows ~j----~L = - - ~ . "  L, where  0j denotes  the s lope angles of the nozzle  contour at the points xj =:~jL; 

and h .  is the height at the c r i t i ca l  c r o s s  sect ion of the nozzle.  We consider  fixed values of the initial  p r e s s u r e  
P0, so that To, ~ i , a j ,  and L can be taken as  the opt imizat ion p a r a m e t e r s  [1]. Unlike [1], the p a r a m e t e r s  ~ j (j = 
1, 2) can a s s u m e  negat ive  values .  

The r e su l t s  of opt imizat ion with r e s p e c t  to the indicated p a r a m e t e r s  as a function of the initial  p r e s s u r e  
P0 a r e  given in Fig. 1 for  a CO 2 +N 2 +He mixture .  These  r e su l t s  show that  following the l a rge  expansion of the 
supersonic  flow in the geome t r i ca l  c r i t i ca l  zone of the nozzle  a ce r ta in  downs t r eam cons t r ic t ion  is obse rved  in 
the opt imal  r e g i m e ,  i .e . ,  a ~ a n d a  2 can a s s u m e  negat ive  values .  For  sma l l  initial  p r e s s u r e s  (p0 < P0) we have 

~l 
> 0 a n d a  2< 0, i .e . ,  flow cons t r ic t ion  must  occur  c lose r  to the nozzle  exit ,  and for  l a rge  initial p r e s s u r e s  

P0 > P0 ) we h a v e ~  1 < 0 and a 2 > 0, i .e . ,  c o n s t r i c t i o n  is obse rved  in the middle par t  of the supersonic  flow region 
of the nozzle.  For  p r e s s u r e s  P0 ~ P0 we find that  ~ t ~ 0 and a 2 ~ 0, i .e. ,  a f te r  the initial expansion and parabol ic  
t rans i t ion  (a 0 > 0) the flow c r o s s  sect ion r e m a i n s  p rac t i ca l ly  invar iant  up to the op t imum dis tance L. For  the 
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