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A fundamental  a spec t  of the p r o b l e m  of developing shor t -wave length  l a s e r s  is  the question of the i r  eff i -  
c iency [1]. P r o m i s i n g  shor t -wave leng th  l a s e r s  a r e  the p l a s m a - d y n a m i c  l a s e r s  (PDL), r e f e r r i n g  to p l a s m a -  
recombina t ion  l a s e r s  or  l a s e r s  based on a recombin ing  p l a s m a  (the word p l a s m a  r e f e r s ,  in accordance  with 
the adopted t e rmino logy  [2], to the aggrega te  s t a te  of the working body of the l a s e r  while recombina t ion  r e f e r s  
to the m e c h a n i s m  by which the upper  working level  is pumped).  Based on the method employed to f o r m  the ac -  
t ive  m e d i u m -  cooling by means  of adiabat ic  expansion [3] - PDL a re  analogous to gas -dynamic  l a s e r s  (GDL), 
and in addition this  m e c h a n i s m  of cooling is  m o s t  widely used. This c i r cums tance  l imi t s  the range  of poss ib le  
s i tuat ions,  so that c a se s  when the p l a s m a  expansion is m e r e l y  an unavoidable cofac tor ,  while the main  cooling 
m e c h a n i s m  is e scape  of radiat ion,  or when expansion is n e c e s s a r y  only for  lowering the p l a s m a  densi ty a r e  of 
no impor tance  for  p l a s m a - d y n a m i c  l a s e r s .  

The published data  on the eff ic iency of p l a s m a  l a s e r s  a re  highly inconsis tent .  Thus in [4] it is s ta ted that  
the eff ic iency of p l a s m a - r e c o m b i n a t i o n  l a s e r s  can r e a c h  10%, while in [5] i t ' i s  pointed out that  the eff iciency 
of l a s e r s  based on mult iply charged  ions (at the nonsta t ionary  s tage of levelwise  relaxation) equals to 10-8-10-~%. 

The main  purpose  of this work  is to give a r easonab le  r ep resen ta t ion  of the s t ruc tu re  of the total  ef f i -  
c iency of PDL, which would enable  efficient  evaluat ion of the eff iciency and compar i son  with the total  eff ic iency 
of other  types  of l a s e r s .  Based on this  r e p r e s e n t a t i o n  an upper  e s t ima te  of the eff ic iency of PDL based on 3 s - 2 p  
t rans i t ions  of l i th ium-l ike  ions is  given. 

The s cheme  of the p r o c e s s  conver t ing the ene rgy  E 0 injected into the PDL into the energy of the l a s e r  r a -  
diation E t with the concomitant  l o s ses  is shown in Fig. 1. The number s  1-3 denote, r e spec t ive ly ,  the s tages  of 
exci ta t ion of the working body, the des t ruc t ion  of the equi l ibr ium,  and recombinat ion,  E i is the initial  energy of 
the working body, and, E .  is  the exci ta t ion energy.  According to this scheme the to ta l  eff ic iency of the PDL 7, 
m e a s u r e d  f rom the ene rgy  E 0 neglect ing i ts  quality, can be r ep re sen ted  as a product  of a s e r i e s  of f ac to r s ,  c h a r -  
ac te r i z ing  the eff ic iency of di f ferent  s t ages  of energy  conversion:  

= ~ , ~ t ~ , ~ l ~ q ~ z ~ t r l ~ q .  (1 )  

Here  ~s  is the eff ic iency of the  auxi l ia ry  s y s t e m  (analogous to [6]) and in Fig. 1 the energy  lo s ses  in the auxi l i -  
a ry  s y s t e m  a r e  denoted by Es,  ~ t r  is  the eff ic iency of energy  t r a n s f e r  to the working body, i .e . ,  the eff iciency 
of the p l a s m a  sou rce  (in g a s - d i s c h a r g e  l a s e r s  this  p a r a m e t e r  co r r e sponds  to the eff iciency of the d i scharge  
scheme  [6], while in GDL it  co r r e sponds  to the eff ic iency of the hea t e r s  [7]) and in Fig. 1 the energy  losses  in 
the p l a s m a  source  a r e  denoted by AEtr; V. is  the ionization eff iciency - the re la t ive  f rac t ion  of the energy  of 
ionizat ion of the r ecombin ing  ions in the total  enthalpy of the p l a s m a  (in e lec t r i c  d i scharge  CO 2 l a s e r s  this  is 
the vibrat ional  eff ic iency of the pumping method [6], while in gas  l a s e r s  i t  i s  the eff ic iency of t h e r m a l  exc i ta -  
t ion [7]), and the lo s ses  accompanying  the ionizat ion of the working ions ( thermal  energy,  energy  of p r e l i m i n a r y  
s tages  of ionization, etc.) in Fig. 1 a re  denoted by AE.  ; ~n is  the r e l a t ive  f rac t ion  of the energy  of ionization 
of working ions which is conserved  when the p l a s m a  expands to the region of the r e sona to r  (in the p r e s e n c e  o f  
a n o z z l e  it is  the eff ic iency of the nozzle  by analogy to GDL [7]), and in Fig.  1, AE r a re  the lo s ses  of ionization 
energy  in the p r o c e s s  of p l a s m a  expansion; ~/p is  the pumping eff iciency - the r e l a t ive  f rac t ion  of the r e c o m -  
bination flux populating the upper  working level  u, and in Fig. 1 the energy  Ep co r r e sponds  to this flux and the 
ene rgy  AEp c o r r e s p o n d s  to the los ses ;  ~ r  is the recombina t ion  eff iciency - the re la t ive  change in the degree  
of ionization of the working body in the region of the resona to r ;  Vu/ is the quantum eff iciency - the ra t io  of the 
ene rgy  of the working t rans i t ion  to the ionizat ion energy  of the ionization s tage cor responding  to th is  t r a n s i -  
t ion, and the lo s ses  a s soc ia t ed  with ~ul a r e  denoted in Fig. 1 by AEu/; Vst i s  the re la t ive  probabi l i ty  of s t i m -  
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ulated t r ans i t ions  in the overa l l  decay of the upper  working level  (in [8] this p a r a m e t e r  co r r e sponds  to the 
lo s ses  assoc ia ted  with deact ivat ion by coll is ions) ,  and in Fig. 1 Es t  is the energy  of the s t imula ted  t rans i t ions  
and AEst  a r e  the lo s ses  owing to spontaneous and col l is ional  decay of the upper  working level;  7/c is  the eff i -  
c iency of the r e s o n a t o r ,  i .e . ,  the eff ic iency of convers ion  of the energy  of the working body by the r e s o n a t o r  
into the energy  of the l a s e r  radiat ion;  ~q is  a coeff icient  that  t akes  into account the optical  nonuniformity of 
the working medium,  assoc ia ted  with the p r e s e n c e  of shock waves ,  turbulent  pulsat ions,  sca t te r ing ,  etc. ,  and 
in Fig. 1, A~. c and AEq a re  the l o s s e s  correspondL~g to ~/c and ~/q. 

The des i rab i l i ty  of this detai led decomposi t ion  of the total  eff ic iency into components  l ies  in the fact  that  
it r evea l s  the l eas t  efficient  s tages  of the energy  convers ion  p r o c e s s e s  and the r ea sons  f o r  the i r  low efficiency.  

We shall  analyze the eff ic iency of PDL without r egene ra t ion  of energy  lo s ses  on l i th ium-l ike  ions, the 
poss ib i l i ty  and the p r o s p e c t s  of using which as working bodies in PDL were  d iscussed  in a number  of works  
[1, 9-13]. The components  of the total  eff ic iency 7 . ,  ~ r ,  ~p, ~ul a r e  evaluated mos t  accura te ly .  

Neglect ing in a p l a s m a  of mult iply charged ions the t h e r m a l  energy  compared  with the ionization energy  
and assuming  that  the ionic composi t ion  of the p l a s m a  includes only the recombin ing  and working ions (ions on 
whose t rans i t ions  las ing is  real ized)  with ionizat ion mult ipl ic i ty  z and z - 1, r e spec t ive ly ,  the eff iciency of ex-  
c i ta t ion can be es t imated  as 

~l, "= 1 + ~ h ,~ (2) 

where a z  = n~ /n ;  n z is the densi ty  of recombin ing  ions; n is the densi ty  of a toms  and ions of the working body; 
and I z is the potential  of the z - th  s tage of ionization. The values of ~ ,  for  a z  = 1 and 0.1 (the l ines i and 2) 
and z = 2-10 fo r  a z-fold  ionized p l a s m a  of l i th ium-l ike  ions a r e  p resen ted  in Fig. 2. 

We shall  e s t ima te  the re la t ive  change in the degree  of ionization ~ r  in the region of the r e s o n a t o r  (or, i f  
the re  is  no r e sona to r ,  in the region where  the threshold  las ing condition holds,  s t a r t ing  f r o m  the following con- 
s idera t ions .  

In the t w o - t e m p e r a t u r e  model  of the p l a s m a  in the absence  of fr ict ion,  heat  conduction, and externa l  f ie lds  
the equations for  the ene rgy  of the e l ec t rons  and heavy p a r t i c l e s  have the f o r m  

3 t dT I dn QAT 
T T - a ' F  = ~ ' - ~  + "-~2- " 

(3) 

Here  Qr and QAT a r e  change in the energy  of the f r ee  e l ec t rons  pe r  unit t i m e , p e r  unit volume during the r e -  
combinat ion p r o c e s s  and in e las t ic  in te rac t ions  with heavy pa r t i c l e s ;  (dne/dt)~ is  the change in the e lec t ron  
densi ty  owing to expansion only (with absolute ly  f rozen  kinetics) .  To within the energy  of the l a s e r  radia t ion 
we can set  Qr _ iz(dnZ/dt)r  [(dnZ/dt)r is  the r a t e  of change of the densi ty of working ions owing to r e c o m -  
bination]. 
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Compensation of the recombinat ion heating of e lect rons  in the region of the resona tor  (so that the condi- 
tion dTe/d t  __< 0 would hold) requi res  a cer ta in  rate  of expansion of the plasma,  whose lower l imit can be e s -  
t imated assuming that the p lasma i s  i so thermal  [(T e - T) /T  e << 1]. Then, setting in (3) (1/T)dT/dt  = (1/Te) 
dTe/d t  _< 0, we obtain the condition for  the e lectron t empera tu re  to be nonincreasing in the form 

"rex p ~'~ n e - ~ n  k T  e z ~ ,  a z - ' ~ l k T  e 

z I z = r z I z ~ (4)  ~r n i 

where 7ex p is the charac te r i s t i c  t ime for the expansion of the plasma,  equal to [(1/V)dV/dt] -1 (V is the volume); 
~r = [(]/niZ)dni z /d t ] - I  is the charac te r i s t i c  t ime for recombinat ion of innsof ionization multiplicity z, and, n e is 

the e lec t ron density. The factor  c~ z / ( z  + &z + 1) is the ratio of the number of recombining par t ic les  to the 
number  of par t ic les  absorbing recombinat ion energy.  In a p lasma consist ing of multiply charged ions, the 
lat ter  are  p r imar i ly  e lect rons  [their re la t ive f ract ion equals (z + ~ z ) / ( z  + ~z + 1)], so that in such a p lasma 
the cooling of e lec t rons  in elast ic  interact ions with heavy par t ic les  cannot be the determining mechanism r e -  
sponsible for their  cooling in a t ime segment  of the o rde r  of the recombination time, as, for example, in a 
singly ionized p lasma [14]. For  this reason,  the breakdown of thermal  equilibrium accompanying the expansion 
of a p lasma of multiply charged ions does not significantly affect the e lectron tempera ture .  

Fo r  s ta t ionary  expansion of the p lasma in a wedge-shaped nozzle with an aper ture  angle 0 ~ 90 ~ in the 
region of the resona to r  Tex p ~ 10r /v  (v is the velocity of the p lasma at the stage of inert ial  expansion), so 
that the condition (4) determines  the maximum charac te r i s t i c  size of the cr i t ical  sect ion r, enabling the achieve-  
ment of the required  p lasma pa rame te r s .  

For  example, the region of existence of population inversion on the t ransi t ion 3 s - 2 p  of l i thium-like ions 
r ight up to F VII is bounded by the p a r a m e t e r s  [15] T e < 0.2z 3/2 eV, n e > 3 �9 1012z 7 cm-3. F rom here,  the 
charac te r i s t i c  recombination does not exceed T r = 0.1Z - l i  sec.  The recombinat ion length L = v/~  r .  To eval-  
uate v = [(7(7 + 1 ) / (7  - 1 ) ) k T , / m a  ]1/2, we can set 7 ~ 5/3, m a ~. 2M(z + 2), T ,  = Te ,  ~. 3Tec (M is the 
atomic unit of mass  and Tec is the tempera ture  of the electrons in the region of the resonator) ,  and then v = 
I04[z3/2/(z + 2)]1/2, i.e., v var ies  insignificantly in the region z = 2-10 and equals (0.8-1.5) �9 106 c m / s e c .  Set- 
ting Iz ~ Ryz2/4, we obtain the limit for  the maximum charac te r i s t i c  s ize of the cr i t ical  section in a p lasma 
of l i thium-like ions r < 10az- l~  z ram. 

Some p lasma p a r a m e t e r s  corresponding to this condition a re  given in Table 1. F r o m  the values of r and 
L presented there  it follows that for  ~z ~ 1 B I I I  is obviously the maximally ionized l i thium-like ion which can 
be employed as the working body of a PDL on the transit ion 3 s - 2 p .  The minimum lasing wavelength ~ in this 
case equals ~76 nm. The difficulty of achieving a population inversion on the t ransi t ion 3 s - 2 p  in a p lasma of 
I i thium-iike ions C IV, expanding in a s ta t ionary manner,  is pointed out in [12]. 

It follows f rom the condition of efficient gas -dynamic  cooling of the p lasma (4) that the ra te  of change of 
the recombining- ion density accompanying expansion must  be [~z / ( z  + ~z + 1)]Iz/kT e t imes  g rea t e r  than the 
recombinat ion rate,  so that the efficiency with which the energy of the ionized continuum is utilized in the 
lasing zone - t h e  recombinat ion efficiency of the PDL ~?r - cannot exceed the value 1 / [1  + ~ z I z / ( z  + ~z +l)kTe],  
and it is all the higher  the lower the value of ~z, but at the same t ime the efficiency of excitation V, - the 
relat ive f ract ion of the ionization energy of recombining ions in the total enthalpy of the p lasma (see Fig. 2) - 
dec reases .  

The condition (4) has essent ia l ly  a dual meaning. F r o m  the viewpoint of the efficiency of neutral ization 
of the recombinat ion heating of the p lasma it gives the upper limit for the value of r of a wedge-like nozzle, 
while f rom the viewpoint of the efficiency of the utilization of the energy of the ionization continuum this l imi t -  
ing value of r is optimal. In this case the lowest value of r will cor respond to even la rger  losses of ionization 
energy accompanying expansion in a nozzle with this geomet ry  ( 0 ~ 90~ 

Figure  3 shows the limiting values of the recombinat ion efficiency 77r for  ~z = 0.1 and 1 (lines 1 and 2) 
and z = 2-10. Since the functions 7 .  = ~ *(~z, z) and ~/r = ~r(O~z, z) vary  as a function of both arguments  in 
a d i rec t ly  opposite manner,  it is des i rable  to study their  product.  The maximum values of the product  V *~r 
for  the t ransi t ion 3 s - 2 p  in a z-fold ionized lithium p lasma are shown in Fig. 4 (curve 1). The quantum effi-  
ciency Uul of l a s e r s  on the 3 s -  2p t ransi t ions  of the i soelec t ronic  lithium se r i es  var ies  f rom 0.28 for  Li I up 
to 0.5 for  F VII ( thedataon the excitation and ionization energies  are  taken f rom the tables in [16]). Figure 4 
also shows the maximum values of the product  ~ ,  ~/r~u/ (curve 2). One can see that the value of this p rod-  
uct does not depend s t rongly on z and equals 2-3%. For  compar ison  we note that the analogous components of 
the efficiency equal 4-5% in gas -dynamic  CO 2 l a se r s  and 25-30% in gas -d i scha rge  lasers .  Thus in spite of the 
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TABLE 1 

Atom 
O ~  i o n  r , l m ~  

Li I 104/% 
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much higher efficiency of excitation r/, in PDL compared with GDL (~T ~0.1  [7]), the product  7 ,  ~r~ ul (in 
COz-GDL the p a r a m e t e r  r/r co r responds  to the efficiency of util ization of the vibrational energy of nitrogen) 
is pract ica l ly  identical in both cases ,  which is explained by the inadmissabi l i ty  of overheat ing of the working 
body in the region of the r e sona to r  in both cases .  

The pumping efficiency for  the 3s level was est imated f rom an analysis  of the resu l t s  of numer ica l  cal-  
culations of the population kinetics of the levels  of Li I in a recombining plasma.  In the model of levelwise 
relaxation [12] employed in the calculat ions energy s ta tes  with principal  quantum number  n _> 5 were not studied, 
and the 3p, 3d and 4s, 4p, 4d, 4f s tates were combined into Boltzmann blocks with a distr ibution t empera tu re  
equal to the electronic tempera ture ,  the recombinat ion flux of e lectrons in the 4spdf block was determined in 
the diffusion approximation [17], and the lines in the main se r ies  were assumed to be fully reabsorbed.  In the 
region T e = (2-3) �9 10S~ ~p ~ 0.5-0.6, i.e., a lmost  one-half  of the recombination flux bypasses  the upper work- 
ing level. 

Thus, based on the es t imates  obtained, the total eff iciency of the PDL on l i thium-like ions is bounded by 
the value 

.~ = 0~0i']plt~n~ls~r (5) 

Es t imat ion  of the components of the total efficiency, appearing in (5), with reasonable accuracy  (of the 
o rde r  of 10%, if one takes into account the fact that there  are  six components) is a difficult problem, so that 
we shall confine ourse lves  to the following r emarks .  The upper es t imate  of the efficiency of stimulated t r an -  
sitions in the overal l  decay of the upper working level ~st is 1 - (nu/gu)(nl /gl) ,  where n and g are  the popula- 
tion and s ta t is t ical  weight of the upper u and lower l levels.  The resul t s  of the numer ica l  calculations show 
that, for example, for  the 3 s - 2 p  t ransi t ion in L i I  ~s t~  0.3. The efficiency of the nozzle,  by analogy to nozzles  
in GDL, can be est imated as 0.5-0.7. 

There  is no unique definition of the efficiency of the resona to r  Vc in the l i te ra ture .  For  example, in [2] 
the efficiency of GDL lase r s  is defined as the relat ive fract ion of vibrational quanta enter ing together  with the 
gas flow into the inlet of the resona tor  and converted into l a se r  radiation quanta. Thus the efficiency of the 
resona tor  depends not only on the p a r a m e t e r s  of the resona to r  itself, but also on the cha rac t e r  of the Mnetic 
p rocesses  and the optical p roper t i es  of the working body in the region of the resona tor  and equals in our  case 
the complex Vrr/PVst~c~q. In [7] this definition is narrowed and the resona tor  efficiency is defined as the rat io 
of the energy of the l a se r  radiat ion to the total s tored energy capable of being converted into radiation. In our 
case,  as follows f rom (1), the resona to r  efficiency depends only on the p a r a m e t e r s  of the resona to r  itself,  i .e.,  
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it t akes  into account  the imper fec t ion  of i t s  des ign [the nonoptimali ty of the type of r e sona to r ,  i ts  geome t ry  and 
d imens ions ,  l o s ses  to absorp t ion  and sca t t e r ing  in the m i r r o r s  (but not in the working medium),  etc.] and is  
defined as the ra t io  of the l a s e r  radia t ion energy  to the energy  of the rad ia t ion  f r o m  a l a s e r  with an ideal r e s o -  
na tor ,  having zero  l o s s e s  and opt imal  m i r r o r  t r a n s m i s s i o n  coeff ic ients ,  geomet ry ,  d imens ions ,  etc.  

As a function only of the l o s s e s  fl and the gain ~ the expres s ion  for  Vc has the f o r m  [7, 8] ~c = [1 - 
( ~ / ~ )  1/212 whence i t  follows that  i t  is  poss ib le  to obtain for  a gain exceeding l o s se s  by m o r e  than a fac tor  of 
10 a r e s o n a t o r  eff ic iency of the o r d e r  of 50%. 

As a rule ,  t he re  a r e  no published expl ici t  data  on the value of ~s" In powerful  c o m m e r c i a l  CO2-1asers,  
however ,  Vs, defined according  to the value of the total  eff ic iency and the r e s t  of i ts  components ,  is of the o rde r  
of 0.1 [6]~ 

Thus, based on the expression (5) and the foregoing remarks, it may be assumed that the upper limit of 
the total efficiency of a PDL without regeneration of energy losses on the 3s-2p transition of lithium-like ions 
equals 10 -3, which is approximately an order of magnitude lower than the efficiency of CO2-GDL (~1% [6, 7]). 
This is explained primarily by the comparatively low pumping efficiency ~p, owing to the branching of the re- 
combination flux, and the low population inversion on the 3s-2p transition, owing to the low fraction of stim- 
ulated transitions in the decay of the upper level. The foregoing analysis also shows that for the restrictions 
employed for the region of existence of inversion on the 3s-2p transition of lithium-like ions, the ion B III is 
the ion with maximum ionization based on which a plasma-dynamic laser can be built. 
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