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The kinet ics  of physical  p r o c e s s e s  in p inch-d i scharge  l a s e r s  is invest igated.  An analyt ic  
solution is p roposed  for  the re laxat ion problem of the population of d i sc re te  leve ls  of 
ionized a rgon  (ArII) in rapid compres s ion  of a h igh - t empe ra tu r e  nonequil ibrium p la sma .  
An exp re s s ion  for  population invers ion  as a function of the p a r a m e t e r s  of the p l a sma  and 
unit is obtained on the bas i s  of the solution and a lso  of a s impl i f ied model for  the c o m -  
p re s s ion  of a p l a sma  column. Basic exper imenta l  dependences for  p inch-d ischarge  l a s e r s  
a re  analyzed.  

1. Ion genera t ion in a pinch d ischarge  has been prev ious ly  obtained and invest igated [1-7]. A detailed 
su rvey  of the exper imenta l  resu l t s  can be found in [4]. Pinched l a s e r s  yield significant generat ion power  pe r  
pulse ,  and afford advances  in the field of shor t  wavelengths.  To es t ima te  the future s ta te  and poss ib i l i t ies  
of such l a s e r s  and a lso  to improve  and opt imize  them it is n e c e s s a r y  to study the kinetic p r o c e s s e s  that 
r e su l t  in genera t ion .  This  se t  of p rob lems  has not been developed, nor  has the mechan i sm by which popu- 
lation invers ion  is c rea ted  been c lar i f ied .  

The purpose  of this study was to invest igate  the kinet ics  of physica l  p r o c e s s e s  in pinched l a s e r s  and 
to explain the basic  exper imenta l  dependences.  

The physical  cause  for  the format ion  of population invers ion  is that the radia t ive  decay probabi l i ty  
of the lower  l a s e r  level  is g r e a t e r  than at the upper  level .  This leads to a repopulat ion of the upper  l a s e r  
level  in Ar I I  ionization by an e lec t ron ic  shock. 

A complete  analys is  of re laxat ion phenomena in pinch d i scharges  would be quite complex.  However ,  
the p rob lem can be reduced by making a number  of s implif icat ions to the analytic method of finding the 
population distr ibution function for  d i sc re te  levels  of ArI I ,  which has been previous ly  se t  for th [8], and 
genera l iz ing  it to a case  of rapid va r ia t ion  in p lasma  densi ty.  It is poss ib le  to obtain the exper imenta l  
c h a r a c t e r i s t i c s  of a l a s e r  by construct ing the cor responding  distr ibution function, which de te rmines  the 
p l a sma  p a r a m e t e r s ,  and by knowing how these p a r a m e t e r s  vary .  

We will consider  the population distr ibution function for  d i sc re te  levels  of Ar I I  under  rapid p l a sma  
c o m p r e s s i o n  conditions.  The population kinetics of the d i sc re te  levels  is cons idered  for  a slowly varying 
(in compar i son  with the re laxat ion time) e lec t ron  t e m p e r a t u r e  T e as the p lasma density rapidly v a r i e s .  
We will a s s u m e  the p l a sma  to be opt ical ly thin and spat ia l ly  homogeneous.  Then the sys t em of population 
balance equations has the form 

d Nnt  
dt Jr-N'~tdivv=Ne ~9~ [V(n' l ' ,n l )  N~, l , - -  V(nI,  n ' l ' )N~l]-~ (1.1) 

n' l '~nI  

A (n'l', nl) N~,r ~ A (nl, n'l') 7V,~l dN -- --77-- + N div v = 0 
En, l, > E nl En'l '  < En l 

Here ,  Nnl and Enl is the population and energy of the n l - t h  ArI I  IeveI (n is the pr incipal ,  and l the 
orbi ta l ,  quantum number) ,  Ne is the density of e lec t rons ,  N is the total  density of heavy p lasma  pa r t i c l e s ,  
V(n~, n~l ') is the i o n - e l e c t r o n  inelast ic  coll ision probabil i ty ,  ave raged  over  the Maxwell e lec t ron  d i s t r i -  
bution, An/,nTl , is the radia t ive  decay probabi l i ty  of the levels ,  and v is the hydrodynamic  p lasma  veIoci ty .  
By v i r tue  of spat ial  homogenei ty,  the total der ivat ive  d/dr = 0/at  + (v~7) is equal to the par t ia l  der iva t ive  
0/0t with r e s p e c t  to t ime .  
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To solve the sys tem (1.1) of equations fo r  the population Nn/ we no rma l i ze  to the total density of 
heavy p l a sma  pa r t i c l e s ,  a s suming  the e lec t ron t e m p e r a t u r e  T e to be an independent p a r a m e t e r s  de t e rmin -  
ing the population Nnl,  

/ Enl \ 
N=~ = N/~tx~t, ]~, = g., exp ~-- - ~ - )  (1.2) 

where  gnl is the s ta t i s t i ca l  weight of-the level n l .  

Substituting Eq. (1.2) in (1.1) and using the de ta i led-balance  pr inc ip le  for  the d i rec t  and inve r se  
p r o c e s s e s ,  we find 

/: tV (nl, n'l') ~- /~'t" V (n'l', nl) (1.3) 

and a f r ee  re laxat ion  equation fo r  the d imensionless  reduced populations Xn/, 

dx nt 
dt = i e  ~ V (nl, n'l') (x,r - -  xm) + E A (n'l', nl) ]~v x=z - -  ~,  A (nl , 'nT) x m (1.4) 

n ' l '~ l  En, l,>Enl ~ ' " En'l'<Enl 

We will use  a s ingle-quantum approximat ion  to solve these  equations,  a s suming  that  the t rans i t ions  
sa t i s fy  the se lec t ion rule  

n '  = n, n _-4=_ t, l' = l + t (1.5) 

The radia t ive  decay of the levels  will be taken into account  by the re la t ionships  

~, A(nl ,  n ' l ' )-+ A(nl ,  n - - t , l - - l ) + A ( n l ,  n - -  l , l + t ) = A ( n l )  
En, l,<Enl 

A (nT,  nl) l~'V x, ev.-~ A* (n + tl) x~+x , (1.6) 
iut En, l, > E nl 

A* (n -5 t/) = A (n -5 t/) /~+l'L 

We a s s u m e  a Boltzmann dis tr ibut ion among each three  neighboring levels  (Xn,/-1 = Xn,/= xn,l  +1). 
The s y s t e m  (1.4) decomposes ,  by taking into account  Eq. (1o5) and (1.6), into a sys tem of balance equations 
for  the populations of d i sc re t e  levels  with specif ied values of the orbi ta l  number  l = 0, 1, 2 . . . . .  that  is 

dxnl = NeRn,n+x (l) (xnslt - -  xnt) -4- N~Rn r,-1 (l) (Xn-lt - -  xra) - -  A (nl) xnt + A* (n + i/) xn+lt dt . 

B~,=+l (l) = V (nl, n + I l - -  t) + V (nl, n + t l + 1) (1.7) 
R,~,._~ (l) = V (nl, n - -  t l - - t )  + V (nl, n - -  I l + t )  

Equations (1.7) as  applied to Ar I I  where  the pr incipal  quantum n u m b e r  takes the values  n = 3, 4, .. . .  
can be wri t ten  in a different  fo rm sui table for  fu r the r  calculat ions,  namely  

xnl -~ x31 + ~ Bm,~+ 1 (l) r + r 1~-1, k (l) 
m~3 "= ~i 

1 dxm t A (ml) A* (m + I / )  
(1.8) 

Equation (1.8) is a r ecu r s ion  equation in Xn/ to a f i r s t - o r d e r  approximat ion  for  the der ivat ive  of the 
population of the ground s ta te  (for de ta i l s ,  see  [8]) 

Expanding it, and a s suming  that  the detai led balance pr inciple  (1.3) a l so  holds for  the probabi l i t ies  Rk,k_l 

(l) and Rk-l ,k  (l) we find 
n - - 1  n m Q~ (l) . . . . .  

x~ = Q3 '~(l) x3z -5 ~, ,o R .)  2J /klx3~ 
Jml m~m+lx k~.~-3 

~=a (1.9) (1) t dzaz 
x31 = ~ N ~ V - '  n = 4 , 5  . . . . .  l = s , p , d  

n - - l (  A ( k + t l )  ) -1 ,  Qa 3 l 
Q~(t)  = 1- [ t +  = l~=m " NeRk+l, k (t) 

Since the 3p level  in Ar I I  is a lower  l eve l  and pumping a t  the 4f, fp and 4d leve ls  bas ica l ly  proceeds  
f rom the 3p s ta te ,  the subsc r ip t  3l mus t  be rep laced  by 3p in Eq. (1.9) and it  is n e c e s s a r y  to se t  R3,4 (l) = 

R3j  (p). 
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We will consider as an example the expression for population inversion between the 4p and 4s con- 

figurations 

- -  = -- exp E4~ 
_~ .~ A (4p) l - i  [1 A (4s) ] - :  

I d%p 1 _ 1 d In Nap (1.11) 
~4 - -  24 e dt  Xap A'~. dt N 

It is evident from Eq. (1.10) that inversion between the 4p and 4s IeveIs is not observed in the case 
of purely coll ision-l ike relaxation. 

The final express ion  for  the distribution function and the population inversion can be obtained if we 
know the actual time dependences for the population of the ground state of ArH and the electron density 
of the p lasma.  We will a ssume that the populations of the upper levels a re  smal le r  than at the lower Ievels 
when ArH is ionized. In this case, the pa ramete r  ~ is determined by setting the population of the (no +l)- th  
d iscre te  level equal to 0 

7/o In  

s ~ - : - = -  ~ - ' 7 - ' - - -  " / ;  ( 1 . 1 2 )  

As a rule, the probabili ty R3,4(p) is one-twentieth to one-tenth R4,5(p), so that we may set • = -R~ 4(P) with 
a sufficient degree  of accuracy .  

Suppose a plasma consists  of ArI I  and Arl I I  with densities N1 and N2, respect ively.  Then using the 
charge conservat ion condition and the expression for the total density of heavy plasma part ic les  

N~ = N: + 2N2, N = N: + N 2 (1.13) 

and also assuming  that N3p ~ Ni, Eqs. (1.11) and (1.13) can be integrated together.  We obtain 

t 

o 
t (1.14) 

,~'10 N ~ = 2 N [ , @ ~ l e x p ( - - 2 1 •  I f =  N,o 
0 

where Nlo and N20 a r e  the initial ArI I  and ArII I  densities.  

2. Let  us consider  the physical p rocesses  and the generation mechanism in a pinch discharge.  
Population inversion appearing in a pinch discharge depends, in accordance with Eqs.  (1.10) and (1.11), on 
the plasma pa ramete r s  Ne, Te, and N and the initial conditions. To determine these pa ramete r s  and their  
t ime dependences, it is neces sa ry  to know the dynamics of a pinch discharge.  The large  sizes of the dis-  
charge cur ren t  (I = 103-10 ~ A) and its high ra tes  of growth (I = 101~ i2 A/sec)  are  the distinctive feature 
of such a discharge.  

The experimental  data obtained allow us to divide the process  by which a pinch discharge forms into 
three s tages.  At the e lect r ical  a r cove r  stage, the electron tempera ture  and plasma conductivity grow, and 
the magnet ic  field is driven from the control par t  of the discharge (a skin shell is formed).  The plasma 
column shrinks to the discharge axis as a result  of the interaction of the discharge cur rent  with its p roper  
magnetic field at the stage of compress ion .  Here, the electron tempera ture  can be considered pract ical ly  
invariant .  The last  stage of a pinch discharge is charac te r ized  by thermalizat ion of the p lasma ' s  ion com-  
ponent and by the fact that eIectron and ion tempera tures  are  equal. At this stage the electron tempera ture  
rapidly grow. 

In the general  case,  the compress ion  dynamics of a plasma column is descr ibed by means of a com-  
plex sys tem of equation from magnetohydrodynamics .  We wilI use a previously [k, 10] se t - for th  model for 
plasma description to c lassify the basic laws associa ted  with the creat ion of population inversion.  Within 
the f ramework  of this model the volume of a gas having a cylindrical  form is compressed  by a skin shell 
when an expressed  skin effect is present .  An expression was obtained [9] for  the compress ion  t ime of a 
plasma column, assuming that the current  increases  by the l inear  law I = It, 

t: ..~ ao ( M No)V~c'/2"I -'/' (2.1) 

where ao is the initial radius of the gas -d i scharge  chamber ,  N o is the initial gas density, M is the mass  of 
a heavy gas par t ic le ,  c is the speed of light, and I is the rate at which the discharge current  inc reases .  
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The compress ion  p rocess  of a plasma column has been previously investigated [11] in the absence of 
a magnet ic-f ie ld  skin effect, where it was shown that the compress ion  t ime for a power law of growth of 
the cur ren t  (I = I(n)t n) is determined by the expression 

tl ~ (a~ (MN~ ~I/n+1 
] (2.2) 

Equation (2.2) when n = 1 coincides with Eq. (2.1). 

Let us consider population inversion between the 4p and 4s levels at the stage at which plasma 
column compresses, namely when the electron temperature weakly depends on time and can be considered 
practically constant. Limiting ourselves to the first two terms in the sum (1.12) we have 

g exp E4P 

As can be seen from this equation, population inversion is entirely determined by the electron t em-  
pera tu re  for  small  values of the e lectron density. In the case of high electron densities,  the inversion 
between the levels 4p and 4s can vanish since relaxation becomes coll is ion-l ike.  The cri t ical  values of the 
e lectron density are  determined by setting Eq. (2.3) equal to zero,  

( hE ) A(4s) A(4p) exp AE (Ne)max e x p - - - -  I = (2.4) r e /~,,3 Cs) R4,3 (p) 

The value of the l imiting e lectron density was found equal to 5 o 10 is cm -~ for  T e = 4.3 eV = 5 �9 1 0 ~  
and previously [13] given values for  the radiative decay probabil i t ies of the levels .  Here and below, pro-  
babilities for inelastic Ar I I - e l ec t ron  collisions previously [12] given a re  used in the calculations. 

Fo r  the e lectron densities 
A (4s) 

Ne ~ R,,a(s) (2.5) 

population inversion is equal to the population of the upper l a se r  level.  As is evident from the foregoing, 
the basic pat tern by which inversion appears  has much in common with the case of an ordinary ArII  l a se r  
[13, 14]. Excited Ar I I  levels are  populated due to electron shocks.  Purification of the lower working level 
is caused by a radiative mechanism.  The g rea t e r  is the electron t empera tu re  and population of the ArI I  
ground state, the g rea te r  is the ionization flow to the upper levels f rom the ground state and the g rea te r  is 
the population of the excited levels .  States with negative tempera ture  a re  possible in a plasma of singly 
and multiply ionized argon atoms at low electron densities when the radiation flux emptying the upper 
excited levels is comparable  in magnitude with the ionization flow. 

Results a re  presented below of a calculation of the population inversion as a function of time, electron 
tempera ture ,  and initial gas densit ies.  To qualitatively represen t  the t ime dependence of the population 
inversion p rocess ,  we will consider  the variation in the plasma density over  time as given by the law 

( Nm y[ ~, 
N = No \-N~-0 ] (2.6) 

where N m is the plasma density at  the moment  of maximum compress ion  of the plasma column. 

Figure  1 depicts the dependence of population inversion AN/g on t ime for  T e = 4.3 eV, N o = 3.1014 
l0 cm -3, N m = 4 .10  f5 cm -3, a0 = 10 mm and I = 10 A / s e c .  The initial inc rease  in population inversion is 

explained by the increase  in p lasma density as a consequence of compress ion  of the cur ren t  shell to the 
center  while its full is explained by fur ther  ionization of the singly ionized argon.  The position of the 
maximum on the curve depends on the rat io between compress ion  t ime and charac te r i s t i c  ArII  ionization 
t ime.  The most  favorable conditions for  generat ion a re  found for the case when ArII  cannot successful ly 
s trongly ionize, i .e. ,  for  low compress ion  t imes or  low current  growth ra tes .  It can be shown by invest i -  
gating the population of the ground state that population inversion is at a maximum at the moment  t = tl if 

i dN 
dt >21~r (2.7) 

In fact, when t > tl a cumulation stage begins at which t ransmiss ion  of thermal  energy from the ions 
to the e lect rons  resul ts  in the t empera tu re  of the la t ter  sharply growing, which finally leads to acce lera t ion  
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of the ArI I  ionization p rocess ,  and to an interruption in generation. More-  
over ,  generation can be cut short  if ion tempera ture  rapidly grow, inc reas -  
ing Doppler broadening. Thus ArI I  generation at the cumulation moment is 
rapidly cut short ,  though ion generation may appears  at higher ionization 
multiplicity.  

Figure  2 depicts the maximum population inversion at the moment 
t = tl (it is assumed that condition (2.7) holds) as a function of the electron 
tempera tu re  T e given the above pa ramete r s  of the unit. At Iow T e the 
excitation probabilit ies of the upper l a se r  levels R3,4(p) grows fas te r  than 
the probabili ty R4,5(p) at which it empties ,  at the same time remaining 
smal l  in magnitude (and sca rce ly  vary the populations N3p of the ground 
state) ~ This is the reason for  the growth in population inversion at low T e. 
In the case of large  T e the fall AN/g is explained by ArII  ionization and 
by the decrease  in the population of the ground state.  

The number of active generation centers  increases  with increas ing 
initial gas densities, though ArI I  ionization proceeds more  rapidly and 
decreases  the population of the ground state,  so that the dependence of 
•N/g on No reveals a maximum. 

If we analyze Eq. (1.4) at the extremum for  t = tl, assuming that 
p lasma density at the moment N m of maximum compress ion  as a function 
of the initial gas densities has the form 

Nrn = BNo =, B = B (a, ao, I . . . .  ) (2.8) 

and if we also assume that 

tt 

i Nd t  ~ Nmtz 
o 

we find a formula for  the initial gas densities at which the population of 
the ground state is at a maximum, and, assuming Eq. (2.5) we have for the 
population inversion,  

2 1 • Bao M'/*c'[" (2.9) 

where z0 is the root of the equation 

t @ e x p ( - - z ) - -  u+1/4 z 

We find a value for (N0)0pt of 2.1014 cm -~ (P0 ~10-3 mm Hg) for  a = 
3/4 and the given pa ramete r s  [4] of the unit. The value of the constant B 
is found from the condition N O = 3.1014 cm -3 N m = 4 �9 1015 cm -3 

Figure  3 gives curves for  the dependence of AN/g  on the initial gas 
density N O for two values of the gas discharge tube radius (a0 = 1, 2 era) 
(curves 1 and 2, respectively),  while a = 3/4 is independent of a0 for  a 
constant B. The optimal initial densities fail with increasing gas-discharge 
tube radius,  and the maximum value of the population inversion decreases ,  

which is in accord  with the experimental  data. These curves are  true for  low initial densities,  satisfying 
Eq. (2.7). If condition (2.7) does not hold, it becomes difficult to investigate the population inversion maxi-  
mum as a function of a0 due to the need for determining the moment  of time at which AN/g  is at a maximum 
and also due to the absence of any dependence between B and a0. 

Population inversion increases  and the generation duration decreases  with increas ing rate of cur rent  
growth. I cannot inc rease  without limit since the plasma density N m would become so great  with inc reas -  
ing cur ren t  growth rate that relaxation becomes purely colIision-l ike.  

The mechanism by which generation is obtained in the case of ions of high multiplicity under pinch 
discharge conditions at  the compress ion  stage will be the same as in the case of ArII .  Inelastic i o n -  
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electron collision probabilities become less at optimal initial densities greater in passing to ions with high 
ionization multiplicity. The growth in the radiative probabilities increases the negative absorption coeffi- 
cient and also increases the limiting value of the electron density at which relaxation is not longer a 
collision phenomenon. 

To qualitatively analyze ion generation at the cumulation stage, it is necessary to take into account 
the term afnl "/fnl ~ caused by the rapid growth in the electron temperature. A number of qualitative 
features of the analysis conducted above are preserved in this case. 

The chief directions for increasing the efficiency of pinched lasers include the creation of high multi- 
plicity ion generation (preionization is necessary in this case), the increase in the repetition frequency 
(constraints due to a hot system), and a study of the possibilities of a collision mechanism for purifying the 
lower working level. 
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