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INTRODUCTION 

The  nlotion of a p lasma front  towards  a l a s e r  beam 
was  studied in many exper iments  and investigated the- 
oret ical ly  ( see ,  e.g., Refs. 1-6, the l i t e ra ture  ci ted in 
Ref. 1 ,  and ~ a i z e r ' s  monograph7). Some of the  1980 ex- 
perinlental  r e ~ u l t s , ~ ' % o w e v e r ,  could not be explained 
on the b a s i s  of the prevailing ideas concerning the con- 
ditions of the motion of the p lasma front  and of the a s -  
sociated laser-radiat ion absorpt ion wave. Nemtsev and 
~ u l ' c h e n k o ~  have shown that the  r e g i m e  in t h e i r  exper i -  
ment cannot b e  identified with any  of the known re- 
gimes.7 T h i s  new r e g i m e  w a s  named fas t  ionization 
wave (FIW). Also  observed was  an unexpectedly s t r o n g  
(much s t r o n g e r  than l inear )  dependence of the  front 
velocity 14 on the  lase r -emiss ion  intensity q, (Refs. 
2-41, whereas  a l l  the calculat ions predicted a u(q,) 
weaker  than l inear . ' )  The  experimental  r e s u l t s  in Refs .  
2-4 pointed t o  the exis tence of a t  l eas t  one r e g i m e  with 
p roper t i es  different f r o m  those  of a l l  those  hi ther to in- 
vestigated. 

T h e  main t a s k  in the  ini t ia l  s tage of the  FIW investi- 
gation' w a s  t o  identify the  physical  mechanism capable 
of ensur ing  a s t r o n g  u(q,) dependence. The  calculations 
w e r e  made f o r  monatomic hydrogen, s ince  the  c r o s s  
sec t ions  f o r  the e lementa ry  p r o c e s s e s  in th i s  g a s  have 
been most  thoroughly investigated. The  experiments ,  
however, w e r e  not per formed with hydrogen, s o  that 
the  theore t ica l  and exper imenta l  r e s u l t s  on the  FIW a- 
g r e e  only s o  long a s  the condition a > 1 is sat isf ied,  and 
the real izat ion of the  proposed front- t ransport  mechan- 
i s m  r e m a i n s  an open question. 

The  bas ic  investigations aimed a t  observing F I W ~ - ~  
w e r e  made f o r  a rgon  and xenon, using a s h o r t  (nanosec- 
ond) l a s e r  p u l ~ e . ~ '  T h e  f i r s t  purpose of the p resen t  pa- 
p e r  is the calculation of the FIW a s  applied t o  the condi- 
t ions  of t h e s e  experiments .  Agreement  between the cal- 
culat ions and the exper imenta l  r e s u l t s  can be regarded  
a s  weightly evidence favoring the proposed plasma-front 
t r a n s p o r t  mechanism.'  In addition, we continue the in- 
vestigation of the  FIW; t h e  problem is reformulated t o  
t a k e  into account the  finite duration of the l a s e r  pulse,  

T h i s  conclusion prompted one of u s  t o  investigate 
fu r ther  the  possible  plasma-front t ranspor t  n ~ e c h a n -  

and an express ion  is obtained f o r  the  threshold of the  
reg ime.  

isms. '  Calculations have shown that a t  a l ase r -emis -  
s ion intensity exceeding a ce r ta in  threshold 4 ,  i t  is 
possible t o  observe  a reg ime that differs  great ly in i t s  PLASMA-FRONT TRANSPORT 

proper t ies  f r o m  a l l  those studied before. The threshold 
of the  reg ime,  calculated f o r  the conditions of t h e  ex- 
per iments  of Nemtsev  and ~ u l ' c h e n k o , ~  is close t o  ob- 
s e r v e d  one, and the  new regime'  i s  there fore  identified 
with the F I W , ~  and will  s o  designated hereafter .  The  
FIW is in fact charac te r ized  by a s t rong  u(q,) depend- 
ence.  If the dependence of the front velocity and of the  
p lasma t e m p e r a t u r e  T* behind the front on the  l a s e r  
emiss ion  intensity is approximated by powerlaw func- 
t ions 

then the FIW is charac te r ized  by exponents a > 1 and b 
< 0 (Ref. I ) ,  thereby distinguishing it f r o m  the o ther  
reg imes ,  f o r  which t h e s e  inequalities a r e  reversed. '  
T h e  threshold values a r e  marked by c a r e t s .  The  condi- 
tion a > 1 cor responds  t o  a s t rong  ( s t ronger  than l inear )  
u(q,) dependence, while the condition b < 0 cor responds  
t o  a d e c r e a s e  of the p lasma tempera ture  behind the  FIW 
front  with increasing l a s e r  intensity, a most  unusual 
behavior. 

T h e  t h e r m a l  radiation of the p lasma propagates  in the  
cold g a s  ahead of the absorpt ion front ,  in the direction 
counte r  t o  the l a s e r  emission.  The  hard p a r t  of the 
t h e r m a l  radiat ion (hv > I )  ionizes  ce r ta in  a toms ,  and if 
the  l a s e r  intensity is high enough, the  photoelectrons 
detached f r o m  the a t o m s  within the  boundaries of the  
light b e a m  initiate an e lec t ron  avalanche. H e r e  I is the 
ionization potential of the  atom. With increas ing  dis- 
t a n c e  f r o m  t h e  luminous front  of the discharge,  the  in- 
t ens i ty  of the  ionizing radiation is decreased  by the ab- 
sorpt ion.  T o  obtain a near-unity probability of initiating 
a n  e lec t ron  avalanche at  a ce r ta in  dis tance ahead of the 
f ron t ,  the t h e r m a l  radiat ion must  e n s u r e  h e r e  a definite 
physical ly  s m a l l  but finite r a t e  of appearance of pr iming 
e l e c t r o n s ,  h;Phln. A reasonable o r d e r  of magnitude of h,mbn 
can  b e  determined f r o m  the exper imenta l  conditicns. 
In the  p resen t  c a s e ,  f o r  example,  one can choose a r a t e  
a t  which one photoelectron is produced in a volume of 

c m 3  within 0.1 nsec ,  i.e., ngn = 10-l6 ~ m - ~ .  sec-l. 
T h e  dis tance A* between the  discharge front and the  
p a r a l l e l  thin cold-gas l ayer ,  where  the photoionization 
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r a t e  is A:", can be calculated f rom the known dimen- 
sions of the discharge and the spatial distributions of 
the thermodynamic variables. 

The motion of the plasma front in the FIW regime is 
the result  of weak (priming) photoionization of the gas at 
a distance A* ahead of the front. This is in essence the 
only role of the ionizing radiation, inasmuch a s  the sub- 
sequent gas ionization is by avalanche in the laser-  
emission field. As the fresh gas layers become ionized, 
the absorption zone moves in a direction counter to  the 
l a s e r  emission, and i t s  glow generates priming elec- 
t rons  in new gas layers a distance A* ahead of the lum- 
inous front.3' The avalanche evolution t ime 7 ,  is de- 
termined by the laser-emission intensity, and the charge 
propagation velocity i s  close to  X* (T* )/~,(q,). 

Calculations show that only during the initial growth 
stage of the degree z of the ionization does the photo- 
ionization rate.& exceed the ra te  i. of the impact ion- 
ization, since 2,-z. The main growth of the degree of 
ionization takes place under the condition i, >>;,,. 

The difference between the FIW and the radiation wave7 
is that the FIW only "triggers" the avalanche, and the 
energy needed to ionize the gas comes from the l a se r  
emission. The radiation wave heats and ionizes the gas 
until effective absorption of the laser  radiation se t s  in, 
i.e., To-  2 eV and z -z,(To) (Ref. 7, p. 2221, where z, 
is the equilibrium degree of ionization. This difference 
between the degrees of ionization of the gas by the radi- 
ation, inherent in the model of the phenomenon, '" leads 
to  fundamental differences in the laws governing the 
discharge propagation. Thus, for example, in the case 
of the radiation wave an increase of the plasma temper- 
ature with increasing q, i s  assumed to  be obvious (Ref. 
7, p. 2191, while for the FIW the calculations yield a 
decrease of Tt(qm). 

The ionization wave produced in argon and xenon 
when a CO, laser  beam acts on a graphite partition was 
investigated experimentally in Refs. 4-6. The radia- 
tion pulse was a spike of 120 nsec duraticn at half max- 
imum with a flat peak (-60 nsec) and a long tai l  contain- 
ing half the energy. The recorded plots show that when 
the radiation intensity q,(t) approaches the maximum val- 
ue q, the ionization wave propagation becomes station- 
ary. The front i s  almost plane, inasmuch a s  at a beam 
diameter -2 cm the wave moves several  millimeters 
away from the partition during the time of the spike. 
The experimental conditions thus conform to the ap- 
proximations made by us  in Ref. 1 ,  when steady-state 
motion of a plane ionization wave was considered. 

FORMULATION OF PROBLEM 

We discuss in this section the changes that must be 
made in the problem a s  formulated in Ref. 1 to take into 
account the actual experimental conditions of Ref. 4-6. 

Allowance must be made f i rs t  for the finite duration 
TL of the l a se r  pulse. In the case  of a sufficiently long 
l a s e r  pulse, the integration of the system of equations 
describing the FIW started from the coordinate x =X* 
determined by the discharge dimensions and by the 
spatial distribution of the thermodynamic variables. A 

degree of ionization z (A*) = 0 was specified ? t  the point 
x =A*, and the derivative ; (X*) was ;:'" =;a$" in accord 
with the definition of A*; here No is the gas density a- 
head of the wave front. In the superdetonat~on regime 
of the plasma-front propagation, the expansion of the 
gas begins behind the zone where the l a se r  elnission is 
absorbed. The velocity of the FIW is an e l*  privalue of 
the problem. The method of determining u(q,) i s  de- 
scribed in detail in Ref. 1. If the inequality X* > UTL is 
satisfied at a certain laser  intensity, the laser-pulse 
t ime will not be long enough for the absorption-wave 
front to  negotiate the distance A*, i.e., at a given q, the 
avalanche cannot develop fully during the time 7, i f  the 
initial photoionization ra te  is kg". For  arbitrary r L ,  
the initial coordinate must obviously be chosen to be 

A', it' T ~ > ~ / u  

, if ~ , , < p / u  

and it i s  necessary to specify z ( A )  = 0 at this  point. We 
have in this case  for the derivative i(X) ai(X*)z;,mb', 
since X < A*. 

The time of establishment of the FIW regime in the 
experiment differs little from the time 7, of formation 
of a lun~inous plasma layer at the surface of the parti- 
tion. The laser  intensity approaches q, within this 
time. A plot of 7,(qm) i s  shown in Fig. 3 of Ref. 6. The 
FIW regime terminates at the instant T,= 140 nsec, 
when the laser  intensity drops to q,= 0.7qm. We assume 
hereafter  that the laser  pulses that maintain the steady 
motion of the FIW a r e  rectangular with intensity qo ( t )  
= q, and duration 

The width H ( t )  of the luminous plasma layer at the 
target  surface increases with time, but the formation 
of the priming electrons i s  influenced primarily by the 
initial plasma luminosity, when the layer width i s  a 
fraction of a millimeter. 

Comparing the thermal velocity of the electron with 
the velocity of i ts  oscillations in the light-wave field, 
it can be shown that the electron energy distribution 
function f ( & )  begins to deviate substantially from Max- 
wellian at q, - 1 Gw/cm2 (CO, laser)  o r  100 Gw/cm2 
(neodymium laser) .  The FIW was observed in experi- 
ment at much smal ler  q,, s o  that the frequencies of the 
ionization and of the excitation of the atoms by electron 
impact, a s  well a s  the frequencies of the elastic colli- 
sions of the electron with the atoms and with the ions, 
were calculated using a Maxwellian distribution func- 
tion. The frequencies of the inelastic processes a r e  the 
most sensitive to the form of f ( c ) ;  we shall  therefore 
calculate the e r r o r  due to replacement of the true dis- 
tribution function by a Maxwellian for  the excitation 
ra te  constant a f  (Ref. 8). We compare the a f ( ~ / w )  de- 
pendence calculated by phelps9 for the t rue  distribution 
function with the analogous dependence that can be easi- 
ly obtained from Eq. (20) of Ref. 1 ,  using explit expres- 
sions for the frequencies and assuming f ( & )  t o  be Max- 
wellian. Here w and E a r e  the frequency of the laser  
emission and the field strength in the light wave. The 
upper curve of Fig. 1 was obtained for  the following con- 
ditions: the excited atoms a r e  ionized immediately, the 
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FIG. 1. Rate of excitation of atoms by electron impact vs  the 
field intensity in the light wave. Argon, for details s e e  the 
text. 

probability of direction ionization i s  considerably lower 
than the probability of ionization via excited level, and 
the electron energy i s  equal to the potential of the first 
excited level. The lower curve was obtained with ac- 
count taken of direct ionization of the atom by electron 
impact and of ionization via excited levels, with the 
electron energy equal to the ionization potential. The 
middle curve was taken from Phelps's paper. The rela- 
tive error  due to the use of a Maxwellian distribution 
function does not exceed 20% in terms of the field 
strength. 

The rate constants of the ionization and excitation of 
atoms by electron impact were calculated in the usual 
manner (see Ref. 8) from the experimental data given 
in Refs. 7, 8, and 10. The effective frequency v,, of 
elastic collisions of the electron with the atoms was 
calculated by integrating the experimentally measured 
cross sections (see Ref. 11). The results of the inte- 
gration, with accuracy no less than 5T1, are  approxi- 
mated by the expressions 

for argon and xenon respectively (1 6 T,  S 6 eV). The 
cross  section u,,(hv) for the ionization of the atoms 
were taken, in the numerical solution of the problem, 
from the detailed tables of the experimental r e~u l t s !~"~  

DISCUSSION OF THE RESULTS 

The u(q,) relation obtained by numerically integrating 
the system of equations of Ref. 1 i s  compared with the 
experimental results in Fig. 2. The agreement for 
xenon is almost complete, while for argon the results 
differ by a factor of almost 1.5 in the radiation inten- 
sity. The cause of this discrepancy i s  not clear at 
present. The main result, however, is the equality of 
the exponent a in Eq. (1) for the observed and calculat- 
ed relations. This agreement holds for both argon and 
xenon, even if account i s  taken of a deviation from the 
power law, i.e., if n =a(q,). Thus, the discussed 
plasma-front transport mechanism yields the correct 
character of the ~ ( q , )  dependence. All other transport 
mechanisms yield a much smaller slope of the curve. 

Great interest attaches also to Fig. 3; the plasma 
temperature behind the FIW front decreases with in- 
creasing q,, i.e., with increasing energy input to the 
laser pulses. In other absorption-wave propagation 

FIG. 2. FIW velocity in argon (1, C) and xenon (2, *). Initial 
pressure 1 atm. CQ laser. Experimental results of Ref. 4 .  

regimes the plasma temperature rises with increasing 
laser intensity. Let us clarify the cause of so unusual 
a form of the function T*(q,). The degree of ionization 
in the avalanche increases exponentially: 

right up to near the equilibrium value e,(T,). Here 
I?(q,) i s  the frequency of electron production, and zo(T*) 
i s  the priming degree of ionization produced by the 
plasma radiation upon photoionization of the atoms from 
from a distance x -  A. 

Consider rectangular laser pulses of duration r, and 
T2 and respective intensity q, and q2. Let q, <qz,  then 
rl(ql) < r2(q2) according to (2). The electron tempera- 
ture in the avalanche is also higher in the second case 
and F2 2 F,. In both cases, one value z, 2 0.01, corre- 
sponding to the start of the effective absorption of the 
laser emission, i.e., 

Z,,eG,.,'-Zo.E(7,.') - ,  (3) 

but the product 0,7, < E 2 r 2  and to satisfy Eq. (3) we need 
zol(Tf)  >zO2(Tf ), i.e., Tf > Tf at q, <qz. It turns out 
thus that a lower temperature behind the plasma front 
is necessary to transport the front in the FIW regime 
at a higher laser intensity. The true picture is some- 
what more complicated than this simple scheme, for X 
increases whem q, increases, so that a decrease in the 
priming photoionization i s  due in part to the increased 
distance from the luminous layer; the main decrease of 
zo  is nevertheless connected with the lowering of the 
temperature. 

The transport of the plasma front in the FIW regime 
is not connected with motion of the matter. The energy 
conservation law 

qn=N0u['lrTf ( l + z S )  + I z S ]  

FIG.  3. Maximum electron temperature behind FIW front. 
Curve 1-argon, 2-xenon. Initial pressure 1 atrn. CQ laser. 
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explains the strong u(q,) dependence. With increasing 
energy input into the laser pulses, T* decreases and the 
degree of ionization z *(T*) of the plasma behind the 
front decreases. To conserve the energy in this case, 
the function u(q,) must be stronger than linear. 

We now describe briefly the structures of the FlW in 
argon and xenon. The electron temperature ahead of the 
absorption-wave front, in the electron avalanche de- 
velopment zone (i.e., O< x -( A ,  zab, 2 z 2 0) i s  constant 
and is determined by the laser-emission intensity, 
more accurately by the equilibrium between the absorp- 
tion and the losses. When the ionization approaches 
equilibrium, the inelastic losses decrease and T, be- 
gins to increase. The profile of the electron tempera- 
ture has the usual maximum in the zone where the laser 
radiation i s  absorbed. The energy i s  transferred from 
the electrons to the atoms and to the ions slowly be- 
cause of the large difference between the masses of the 
particles. In the absorption region, the temperature 
of the heavy particles is still much lower than 1 eV. 
The greater part of the laser radiation i s  absorbed in a 
plasma layer whose thickness i s  several microns (No 
= 2.7x 1 019 ~ m ' ~ ) .  The electron and ion temperatures 
are  equalized in argon and in xenon over a length of the 
order of several dozen microns. In hydrogen, the re- 
laxation took place (mainly) within the limits of the ab- 
sorption zone. The degree of ionization of the plasma 
at the start of the ionization zone is much lower than 
the equilibrium value, and approaches the latter to- 
wards the end of the zone. 

THRESHOLD OF THE REGIME 

When the laser intensity is reduced, the electron 
temperature in the avalanche T,,,(q,) is lowered, the 
frequency of the inelastic collisions falls off exponen- 
tially, and the plasma-front transport velocity i s  de- 
creased. It i s  easy to determine the laser-emission 
intensity Q, at which the energy absorbed by the elec- 
tron gas suffices only to compensate for the elastic 
losses: 

Here v, is the frequency of the elastic collisions of the 
electrons with the atoms and the ions, 51 i s  the ratio of 
the laser frequency to that of the CO, laser, A i s  the 
atomic weight of the gas, and Tea= 1 eV. At q, < Q, 
there is no transport of the plasma front, i.e., 4, is the 
strict (unattainable) threshold of the regime. 

Motion of the plasma front in the FIW regime was ob- 
served experimentally for xenon in a neodymium laser 
beam at q,:: 100 MW/cm2 (Ref. 3). The 4, threshold (4) 
under these conditions i s  60 MW/cm2. For argon in a 
CO, laser beam, the threshold is 4,=2 M W / C ~ ~ ;  no 
measurements were made at q, > 20 M W / C ~ ' ,  inas- 
much as  at low laser intensity no priming plasma layer 
(whose emission would "divert" the FIW from the sur- 
face) managed to be formed at the graphite surface dur- 
ing the time of the laser pulse. In the experiment with 
neodymium laser3 the laser pulse duration was of the 
order of microseconds, as  against several dozen nano- 
seconds in the experiments with the CO, laser,  so that 

in the former case it was possible to  come much closer 
to the regime threshold. In both cases, motion of the 
plasma front was observed at a laser intensity that was 
low compared with the gas optical-breakdown threshold 
q* . 

The FIW threshold i s  quite high for hydrogen in a 
neodymium-laser beam, Q,= 8 Gw/crn2. For many 
gases at atomspheric pressure this intensity is suffi- 
cient to produce optical breakdown. In pure hydrogen, 
however, under conditions when the priming electrons 
can appear only as  a result of 12-photon ionization of 
the atoms by the laser radiation, the breakdown thresh- 
old is q* -500 Gw/crn2. This value can be easily ob- 
tained on the basis of the results of Bebb and  old." 

In conclusion, we dwell briefly on certain results ob- 
tained in Refs. 2 ,  3, and 5. A jumplike plasma-front 
motion was observed in the case of sharp focusing of 
the neodymium laser beam in air.' The threshold@, in- 
creased with decreasing gas p r e ~ s u r e . ~  The front vel- 
ocity varied in a complicated manner (but not greatly) 
when the pressure was lowered from 1 to  0.001 a t n ~ . ~  
In the former case the exponent a =  1.5 in Eq. (1) points 
to FIW, but within the framework of the existing model 
one can claculate only the steady-state motion of the 
front, while the stationary problem (which is not planar 
because of the sharp focusing) calls for another formu- 
lation. In the second and third cases, the wave be- 
comes semitransparent with decreasing pressure. The 
fraction of the laser radiation absorbed in the wave 
front cmld not be measured, and this fraction i s  itself 
dependent on q,. In addition, in the case of a semi- 
transparent absorption wave the method used to initiate 
the wave (auxiliary flash3 o r  a partition5) influences the 
laws governing the front transport during the time of the 
entire laser pulse. The appropriate mathenlatical prob- 
lem i s  nonstationary, and i s  difficult to solve in a 
forlnulation that takes the experimental conditions into 
account. 

At the same time, at an initial pressure po 2 1 at m 
and higher the wave is opague to the laser radiation and 
the formulation of the problem is relatively simple. 
Experiments at increased gas pressures are  of interest. 
They should reflect the dependences of the regime 
threshold, of the velocity, and of the temperature on 
the gas pressure, the beam radius, and the laser-pulse 
duration. In this case the laws governing the FIW dif- 
fer from those for other regimes. 

The authors thank S. I. Anisimov and P. P. Pashinin 
for helpful discussion, and M. Ya. Amus'ya for supply- 
ing the experimental results on the photoionization 
cross sections. 

The waveform of the l a se r  pulse prior to i t s  absorption in 
the medium is  qo( t ) .  The maximum instantaneous emission 
intensity in the pulse i s  q, - max q,( t ) .  

') The authors of Refs. 4-6 identified the observed wave with 
the radiation wave, the most likely from among those known 
a t  that time. They have indicated, however, that the results 
do not agree  with the u(q,) relation obtained in Ref. 7 for 
radiation waves. 
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') The charge propagation i s  assumed here  stationary, and the 
laser  pulse long enough. 
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