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Several regimes of propagation of optical breakdown in gases exposed to laser radiation 
have been studied thus far both experimentally and theoretically. These regimes correspond 
to different ranges of intensities of the incident radiation and pressures of the undisturbed 
gas medium and differ from one another by the mechanisms of transfer of the plasma front 
along the light channel [1-3]. In recent years researchers have been interested in the fast 
ionization wave (FIW) regime [3-8], in which the motion of the breakdown wave is determined 
by the thermal emission of the plasma, corresponding to the development of an electron ava- 
lanche in the field of the laser radiation in front of the light absorption front [3]. This 
regime is characterized by a very sharp dependence of the velocity of the ionization front 
u on the intensity of the incident radiation q (u ~ qa, a > i), which distinguishes it from 
the well-known regimes for which a < I. 

For all well-known regimes of propagation of an optical breakdown wave the stationary 
stage has been studied in greatest detail theoretically. In so doing, one specific mechanism 
for transfer of the plasma front, determining the basic characteristics of the process, stands 
out. However, the stationary analysis may be inapplicable in studies with short pulses or 
in cases when the intensity of the incident radiation is close to the threshold intensity 
for a definite breakdown propagation regime. In such situations the competition between 
different mechanisms of transfer of the ionization front is important (especially at the 
starting stage of the motion) and the characteristic time at which the stationary regime is 
reached may be comparable to the duration of the laser pulse. It is obvious that in this 
case the process is not stationary, and it must be studied on the basis of nonstationary gas 
dynamics, which takes into account the entire complex of physical factors affecting the flow 
of the process [9]. 

This work is devoted to the study of the nonstationary interaction of laser radiation 
with gases, For simplicity we shall study hydrogen, for which it is possible to follow all 
characteristic features of the process and for which the most complete data on the atomic and 
kinetic coefficients are available in the literature. The range of radiation intensities and 
initial gas densities adopted in the calculations is chosen so that it would be possible to 
follow the character and the regularities of the process accompanying the transition from the 
photodetonation regime of propagation of a plasma front to the FIW regime. 

Formulation of the Problem. Basic Equations. Unlike the stationary phase of the pro- 
cess, in which stationary relations between the intensity of laser radiation and thechar- 
acteristics of the absorption wave at an arbitrary moment in time are studied, we shall study 
these regularities at the stage of formation of the breakdown wave from the moment at which 
the plasma "seed" forms [i0, II]. As a rule, breakdown is initiated either by a preliminary 
short pulse with a radiation intensity exceeding the threshold for breakdown of the gas or 
by interaction of the laser beam with a barrier [4, 6, 12]. In both cases the starting "seed" 
is quite transparent to the incident radiation, and the formation of the breakdown wave, as a 
comparison of calculations with experimental photoregistrograms show, has qualitatively the 
same character. We shall study a "seed" in the form of a local plasma formation in the gas 
medium with a characteristic size L < s (s is the mean-free path length of laser quanta). 
The main laser pulse is switched on at the time t = 0 and it starts the evolution of the 
plasma region. In the process, as experiment shows, the breakdown wave propagates only in 
the channel of the light beam and the geometry of the process is close to a planar one-dimen- 
sional case [6]. 
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The determining factors in the formation of the breakdown wave and its structure and 
dynamic characteristics are the absorption of radiation, electron- ion energy exchange, and 
ionization and radiation transfer. Because of the difference in the relaxational properties 
of the plasma components at the wave front the discontinuity between the electron and ion 
temperatures as well as the deviation of the degree of ionization and the intensity of the 
plasma radiation from equilibrium values could be significant. As a rule, such processes are 
studied on the basis of two-temperature, one-dimensional gas dynamics, taking into account 
all physical factors enumerated above. 

Based on the foregoing, the system of equations is written in the form 
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( f o r  c o n v e n i e n c e  in  p e r f o r m i n g  t h e  n u m e r i c a l  c a l c u l a t i o n s ,  L a g r a n g i a n  v a r i a b l e s  a r e  em- 
p l o y e d ) .  Here p i s  t h e  d e n s i t y ;  v i s  t h e  mass v e l o c i t y ;  Qei = ( 3 / 2 ) ( m e / m i ) n e ~ e f ( T e  - T i )  i s  
the co!lisional energy transfer from electrons to ions; T e and T i are the electron and ion 
temperatures; and, ~ef is the effective frequency of elastic collisions between electrons and 
heavy particles. 

Since in the interaction process the plasma in the zone of radiation absorption consists 
of partially ionized gas, collisions of electrons with ions and neutral particles contribute 
to ~ef, and 9el = ~ei + ~en, where 9ei = 2(2~/me)I/2e4AniT~ 3/2, A is the Coulomb logarithm, 
and n i is the ion density. The expression from [13] can be used for ~en: ~en = 2.2"i0-7Na 
(N a is the density of neutral particles). 

The heat flux W is determined by the electronic thermal conductivity X(Te, p), which 
is calculated taking into account also the interaction of electrons with the neutral compo- 
nents of the plasma and can be taken in the form [I0] 

X -I  = X?* + X[I~ 
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where Z i s  t h e  i on  c h a r g e ,  ~0 = 3 .16  ( f o r  h y d r o g e n ) ,  o i s  t h e  t o t a l  e l e c t r o n - n e u t r a l  c o l l i -  
s i o n s  c r o s s  s e c t i o n ,  and n e i s  t h e  e l e c t r o n  d e n s i t y .  

The i n t e r n a l  e n e r g y  and p r e s s u r e  o f  t h e  e l e c t r o n i c  and i o n i c  componen ts  o f  t h e  p lasma 
e q u a l ,  r e s p e c t i v e l y ,  

R R 
El = ~ Ti, Pl = RpT,, E e = ~--I zTe + Q(z)~ Pe = RpzT~. (2) 

Here Q(z) is the specific ionization energy, while z = ne/N is the degree of ionization de- 
termined from the kinetic equation 

dz/dt  = / ( z ,  Te, p) (3)  

( t h e  e x p l i c i t  fo rm o f  t h e  r i g h t  s i d e  i s  w r i t t e n  o u t  b e l o w ) .  

We s h a l l  now c o n s i d e r  in  g r e a t e r  d e t a i l  how t h e  t h e r m a l  r a d i a t i o n  o f  t h e  p lasma i s  
t a k e n  i n t o  a c c o u n t  in  t h e  model  u n d e r  s t u d y .  I n  t h e  p h o t o d e t o n a t i o n  r eg ime  t h e  f r o n t  o f  t h e  
wave o f  a b s o r p t i o n  o f  l a s e r  r a d i a t i o n  i s  t r a n s f e r r e d  h y d r o d y n a m i c a l l y .  The p lasma  r a d i a t i o n  
has  v i r t u a l l y  no e f f e c t  on t h i s  p r o c e s s  and can  be t a k e n  i n t o  a c c o u n t  i n  t h e  e q u a t i o n  o f  
c o n s e r v a t i o n  o f  e n e r g y  as  a l o s s  [ 1 1 ] .  I n  t h e  c a s e  o f  FIW t h e  t h e r m a l  r a d i a t i o n ,  as  i s  ob-  
v i o u s  f rom e s t i m a t e s  g i v e n  in  [ 2 ] ,  a l s o  does  n o t  p a r t i c i p a t e  in  t h e  h e a t i n g  o f  t h e  gas  and 
i t s  r o l e  r e d u c e s  e x c l u s i v e l y  t o  c r e a t i n g  t h e  seed  i o n i z a t i o n  i n  f r o n t  o f  t h e  b o u n d a r y  o f  t h e  
p lasma r e g i o n  in  t h e  zone  o f  t h e  l i g h t  beam, which  l e a d s  l a t e r  t o  d e v e l o p m e n t  o f  an e l e c t r o n  
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avalanche and transfer of the zone of light absorption in the field of the incident wave. 
Thus the transfer of thermal radiation can be studied only along the laser light channel with 
radius R l, assuming for simplicity that the intensity I V is uniform over the entire trans- 
verse section of the beam. This means that I v is a function of only two variables: the co- 
ordinate x and the angle % between the direction of propagation of the radiation and the 
channel axis (~ = cos%), and in addition the region of variation of 8, as follows from the 
geometry under study, is also a function of x (0 < % < %max (x)). 

The spectral coefficient of absorption of thermal radiation xv consists of the coeffi- 
cient of bound-free absorption~tpoh, responsible for the photoionization of atoms by hard 
quanta, and the spectral coefficient of absorption of radiation owing to elastic collisions 
of electrons with ions and atoms M e (~ =~P~5 +%r The expression for x Po h has the form% 

[14] ~ ph 32~2Z~ee 
V 33/2h%v3 Naf ~, h~;>f,, and the coefficient ~, corrected for induced emission, can 

be taken in the form 

e 4~% re ( ( hv~'~, (4) 
~v= cn v hv l--exp----f-e-eli  

where I H is the ionization potential of hydrogen; o~ is the conductivity of the plasma; n~ 

~ e  . S 4Yfn e e2 
~ vel ; n~ = i ,;2 + v~e1', ~ e  = is the refractive index; a~= me ~+~! m 

In the case of laser radiation ~0)<</H(~ = 2go) and its absorption is described only 
2 )-1/2 2 O)pe 

�9 O)@e Vef ~ 0)2 2 by the expression (4), which for ~0) < Te transforms into ~ = c ~3 + ~21 + We / 

The electron density, which appears in the expression for the coefficients of thermal 
conductivity, the absorption of radiation and electron-ion exchange in Eqs. (I), is deter- 
mined from (3). The electron density changes in two independent channels: inelastic inter- 
action of electrons with atoms and photoionization processes. The rate of photoionization 

xvlv 
equa ls  --~--= 2~ d~ ~ dr. In the  p r o c e s s ,  e l e c t r o n s  whose energy can be s u b s t a n t i a l l y  

o N/h 
higher than the ionization potential I H are created. As a result of inelastic collisions 
such photoelectrons subsequently lead to the appearance of additional electrons, and in this 
manner the initial thermal quantum generates more than one electron. It is shown in [2] 
that for laser radiation fluxes sufficient to realize the FIW regime it may be assumed that 
each act of photoionization leads effectively to the appearance of two thermal electrons, 
so that in (3) a factor of 2 must be included in the terms responsible for the photoioniza- 
tion processes. The rate of impact ionization is taken in the standard form [14] a = 
Cve(I H + 2T e) exp (-IH/Te), v e = (8Te/~me)I/2. Recombination constants are calculated from 
the ionization rates in terms of the equilibrium constants bph = aph/Keq, ~ = ~/Keq, aph = 
( 1 IN) dnPeh/dt �9 

Thus (3) can be w r i t t e n  in the  form 

dz _ ~ h } d Z e  
d-T = -~- ---- 2ap h- 2bp hNz2 + ~Nz -- ~N3z 8, (5) 

where z e and Zph correspond to electrons produced by impact ionization and photoionization. 

Since the medium in the zone of radiation absorption is not in a state of thermodynamic 
equilibrium, the deviation of the charged-particle densities from their equilibrium values 
must be taken into account in the coefficients in the radiation transfer equation. Construct- 
ing the kinetic equation for the radiation intensity function I v taking into account the 
above-discussed mechanisms of radiation absorption in a nonequilibrium medium, we obtain the 

. -2 

corrected radiation absorption coefficient My and the "equilibrium" radiation intensity Ioeq: 

%Here and below we assume that the ionization of an atom occurs from the ground state. This 
approximation is valid in the region of low temperature in front of the absorption wave. In 
the region of high temperatures the role of photoionization is insignificant. The validity 
of this approximation for the shock-wave mechanism is demonstrated in [15]. 
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] e ~ V ,  
~v=~v+ ( h v ) ~ e q ' - -  x~ Veq ' ~ = -  " " i - - e x p  ----~"e Zeq(i--z)" 

Here Zeq is the equilibrium degree of ionization, determined from Saha's equation, and l~e q 
is the spectral intensity of the equilibrium radiation. It is easy to verify that for z = 
Zeq the equation of radiation transfer has the usual form [14]. 

Results. In performing the calculations the initial value of the degree of ionization 
of the undisturbed gas was set equal to z 0 = 0 and the temperature T o = 0.2 eV. For simplic- 
ity the gas was assumed to be atomic. Taking into account the kinetics of dissociation com- 
plicates the calculations somewhat, but does not significantly change the results. 

The calculations performed revealed definite regularities in the emergence of the ion- 
ization wave into the stationary state. For characteristic parameters of the "seed" (L ~ 
50-100 pm and T e = T i = i0 eV) it is quite transparent to the incident radiation and absorbs 
only part of the laser energy. The plasma region at first expands owing to heat conduction 
by electrons; in the process, because of the sharp pressure gradient, a shock wave begins to 
form in the gas adjacent to the "seed." At the same time, under the action of the radiation 
from the hot region a precursor of the ionization front, in which the electron temperature 
breaks away from the ion temperature, forms in the cold gas. For the foregoing parameters of 
the "seed" the electron temperature increases up to some constant value T~, determined by the 
intensity of the incident radiation q, within approximately 0.3 nsec (for a neodymium glass 
laser with ~ = 1.06 pm) and this increase is virtually independent of the gas density and q. 
In the process, the spatial variation of T e and T i, starting at some distance from the plasma 
front, is so insignificant that their profile may be regarded as practically constant over 
the entire volume of the precursor (Fig. i, q = 30 GW/cm2). The ionization is also insignif- 
icant and does not exceed z ~ i0-~-i0 -~ 

As the temperature increases, increasingly more of the incident radiation is transmitted 
through the "seed," but owing to heating and ionization of the adjacent mass of gas the opti- 
cal thickness of the region occupied by the ionized gas increases and the zone of absorption 
of radiation becomes gradually localized at the shock wave. In the process, the change in 
the characteristics of the hot region of the plasma has virtually no effect on the parameters 
of the precursor, which are determined by the insignificant characteristic absorption of 
laser radiation in this region. This structure also remains unchanged later, when the ioniza- 
tion wave detaches from the "seed," and can be explained based on the following considerations. 
In the region of the undisturbed gas in front of the plasma front at a distance of the order 
of the mean-free path length of thermal quanta, which make the greatest contribution to photo- 
ionization, the laser energy absorbed by the electrons goes into heating the particles and 
impact ionization of the gas. For z<<i v~const, therefore ~ us and QeiNz, and in addi- 
tion dz/dt = aNz. Taking into account (2) and (5), the equations describing the energy bal- 
ance for this region can be written as 

OTe/Ot = Aq - -  [B(Te - -  Ti) + QaN],  OTi/at = Bz(Te - -  TO. (6 )  

I t  i s  o b v i o u s  f rom h e r e  t h a t  f o r  z < < i  8 T J S t ~ O  and T i [ e m a i n s  c o n s t a n t  and a p p r o x i m a t e l y  
e q u a l  t o  T o . I n  a d d i t i o n ,  T e a l s o  r e a c h e s  some v a l u e  T~, d e p e n d i n g  on q ,  f o r  wh ich  8 T e / 0 t  ~ 
0. Near  t h e  p l a s m a  f r o n t  where  z i n c r e a s e s  s h a r p l y  t h e  e x p r e s s i o n  (6 )  i s  no l o n g e r  v a l i d ;  
t h e  c o n t r i b u t i o n  o f  o t h e r  e n e r g y  r e d i s t r i b u t i o n  mechan i sms  becomes  i m p o r t a n t ,  T e and T i i n -  
c r e a s e ,  and  a s  a r e s u l t  t h e r e  f o r m s  a r a d i a t i o n  a b s o r p t i o n  zone  w i t h  a s t r u c t u r e  c h a r a c t e r -  
i s t i c  f o r  t h e  c o r r e s p o n d i n g  r e g i m e  o f  p r o p a g a t i o n  o f  an o p t i c a l  b r eakdown  wave .  I t  i s  ob-  
v i o u s  t h a t  t h e  p r e c u r s o r  f o r m s  in  f r o n t  o f  any  e m i t t i n g  p l a s m a  f r o n t  a b s o r b i n g  l a s e r  r a d i a -  
t i o n ,  so  t h a t  t h e r e  a r i s e s  t h e  q u e s t i o n :  wha t  u l t i m a t e l y  d e t e r m i n e s  t h e  c h a r a c t e r  o f  t h e  
p r o p a g a t i o n  o f  t h e  i o n i z a t i o n  wave? T h i s  q u e s t i o n  can  be a n s w e r e d  q u a l i t a t i v e l y  a s  f o l l o w s .  
The t h e r m a l  r a d i a t i o n  c r e a t e s  s e e d  e l e c t r o n s  in  f r o n t  o f  t h e  p l a s m a  f r o n t  i n  a c h a n n e l  o f  
l e n g t h  / ~ i / ~ P  h .  The c h a r a c t e r i s t i c  t i m e  f o r  t h e  d e v e l o p m e n t  o f  an a v a l a n c h e  i n  t h e  gas  
~1 ~ 1 /Na ,  i . e . ,  t h e  b o u n d a r y  o f  t h e  i o n i z e d  g a s  moves t o w a r d  t h e  beam w i t h  a v e l o c i t y  u ~ 
Na /~P  h.  I f  t h e  v e l o c i t y  o f  t h e  r a d i a t i o n  a b s o r p t i o n  zone  D, a s s o c i a t e d ,  s a y ,  w i t h  t h e  t r a n s -  
p o r t  o f  h y d r o d y n a m i c  d i s t u r b a n c e ,  e x c e e d s  u ,  t h e n  t h e r e  i s  n o t  enough  t i m e  f o r  an a v a l a n c h e  
t o  d e v e l o p  in  t h e  u n d i s t u r b e d  g a s  and t h e  m o t i o n  o f  t h e  p l a s m a  b o u n d a r y  o c c u r s  by a h y d r o -  
dynamic  m e c h a n i s m ,  i . e . ,  t h e  r e g i m e  i s  a p h o t o d e t o n a t i o n  r e g i m e .  I f ,  h o w e v e r ,  t h e r e  i s  
enough t i m e  f o r  an a v a l a n c h e  t o  f o r m  (u  ~ D) ,  t h e n  t h e  m o t i o n  o f  t h e  p l a s m a  b o u n d a r y  i s  d e -  
t e r m i n e d  by t h e  v e l o c i t y  u ,  and  in  t h e  p r o c e s s  t h e  g a s  b e h i n d  t h e  i o n i z a t i o n  wave r e m a i n s  
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undisturbed, which corresponds to the FIW regime. Thus a natural criterion is obtained for 
the transition from the photodetonation regime to FIW: N~/• e D. The arguments presented 
here are consistent with [3]: the transfer of the front occurs by the mechanism for which, 
under specific conditions, the velocity of the plasma boundary is highest. 

Following the criterion obtained above, we can attempt to evaluate the threshold inten- 
sity of the incident radiation qth, after which the FIW regime appears. For this we return 
to the formulas (6). The laser energy absorbed in the precursor is expended primarily on 
ionization and heating of the gas. Since in this region T i and T e do not change signifi- 
cantly, and T e = T~(q), the role of these mechanisms in energy redistribution can be esti- 
mated. Figure 2 shows the dependence of the relative fraction of the energy expanded on 
heating the ions (curve i) and ionization of the gas (curve 2) in the precursor on q. It is 
obvious that for q = qth (the threshold value qth is marked with an arrow) Qei ~ Qdz/dt, so 
that Aq = B(T e - Ti). Since A = ~p-IN p~-2 add B ~ p, q~-2 ~ Te" The rate of ionization 

~ T~/2 exp (-IH/Te), while D = [2(~ 2 - l)q/p] I/3. Substituting all this into the expression 
for the criterion and taking the logarithm, we obtain qth = A*~2(inqth + 2 in p - 6 In~ + 
C) -I, where A* and C are constants. This expression, obtained from qualitative considera- 
tions, correctly describes the dependence of the threshold intensity on the laser frequency 
and the weak dependence, found computationally, of the threshold on the starting gas density. 

Finally, we would like to point out one other fact. The computed dependence of the 
velocity of the ionization front on the incident radiation for some value q* > qth has a 
discontinuity: u ~ q2-4 for qth < q < q* and u N q for q > q*. This is also confirmed by 
physical experiments [7]. The change in the character of FIW on both sides of q* can be 
most clearly followed for the dependence of the plasma temperature behind the wave front on 
q [2]. The value of q*, as calculations showed, is virtually independent of the gas density 
and, for example, equals approximately 25-30 GW/cm 2 for hydrogen in the case of neodymium 
laser radiation. This behavior of the curve u(q) can also be qualitatively explained, based 
on the fact that one of the mechanisms for dissipation of the energy absorbed in the pre- 
cursor plays the dominant role. Turning once again to Fig. 2, it is obvious that the energy 
flux from electrons to ions and the ionization losses Qdz/dt are also equal to one another 
when q = 26 GW/cm 2. For q > q*, Qdz/dt > Qei and we can set q = Q~N/A. From here u ~ N~/ 
~ph ~ q. In the case q < q*, q ~ T e, arguing analogously we obtain u = Kq I/2 exp (-IH/Te), 
which differs from the expression u ~ qa, which approximates the experimental and computed 
data. However, taking the logarithm of both these expressions, differentiating with respect 
to to in q, and equating the right sides we obtain (the derivatives of the neglected constant 
factors vanish) 

a = tl2 + ~ I T ~ .  (7) 
It follows from both experiments and calculations [2] that the index a assumes the value 

~4 at the threshold of the regime and decreases as the intensity of the incident radiation 
q increases. The same behavior also follows from the formula (7). As the calculations per- 
formed show, the electron temperature T e in the precursor equals -3 eV for q = 20 GW/cm 2. 
This gives an index a ~ 5. As q increases in the interval qth < q < q~ the electron tempera- 
ture in the precursor increases, which causes a to decrease. 

. 
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FEATURES OF IONIZATION AND EMISSION BEHIND STRONG SHOCK WAVES IN AIR 

V. A. Gorelov and L. A. Kil'dyushova UDC 533.6.001..72 

In 1960-1970 numerous experiments were carried out for studying emission processes in 
air (see, e.g., [i]) on the basis of shock tubes. Studies embraced a wide spectral range 
(~ = 200-6000 nm), and equilibrium values of temperature 2000-14,000 K with gas pressur e 
P0 > 13 Pa. On the basis of experiments the role of different emission processes was estab- 
lished and values of parameters required for quantum mechanics calculations for emission 
were specified. Results of detailed calculations of emission equilibrium for air are pre- 
sented in tables in [I, 2]. 

By comparing calculated values for spectral intensity of emission for air from these 
experimental works it is possible to draw the following conclusions. The main mass of experi- 
mental results obtained in shock tubes relate to values T ~ 104 K and p a 10 -~ P0 (P0 is 
density under normal conditions, p is gas density). There is good conformity between results 
of experiments and calculations. A more complex situation is observed in analyzing data 
found at higher temperatures and low values of p. A considerable proportion of experiments 
with T > 104 K were carried out in shock tubes with observation of emission in the region behind 
the reflected shock wave (SW) with relatively high gas density and pressure. With low pres- 
sures and T > 104 K the study of emission capacity was carried in a few works (e.g., [3, 4]). 
In them experimental conditions were not analyzed for explaining the presence behind the shock 
wave of local thermodynamic equilibrium (LTE). It was assumed that in the region behind the 
SW, corresponding to the output of the recorded signal of the emission receiver at a quasi- 
steady level, LTE exists. Values of spectral emission intensity obtained under these condi- 
tions (l = 500, 6100 nm) with v s > ii km/sec are markedly below the corresponding calculated 
values (if the calculation is carried out using [i, 2]). 
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