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INTRODUCTION

J.HE invention of lasers and improvements in laser
techniques have uncovered extensive possibilities for
the study of the interaction between matter and ex-
ceedingly intense beams of coherent radiation at op-
tical frequencies. One of the most interesting phe-
nomena in this region, which was observed in 1962
and immediately attracted the attention of many r e -
searchers, was the breakdown of gases and the for-
mation of a " spark" in the focus of a laser beam.
Experiments have shown that at very high light flux
intensity, in gases which are usually perfectly t rans-
parent to optical frequencies (argon, helium, air,
etc.), breakdown takes place, that is , strong ioniza-
tion develops. The breakdown of the gas is accom-
panied by a light flash, as any ordinary spark dis-
charge, and by virtue of this this phenomenon is
frequently called a "spark."

Ionization occurs under these conditions if the
radiation intensity exceeds a certain rather strongly
pronounced threshold value. Experiments have shown
that for gas breakdown it is necessary to employ
very high intensities. If, as is frequently done, we
characterize the radiation intensity by the intensity
of the electric field in the light wave, then threshold
fields are of the order of 106—107 V/cm (depending
on the type and pressure of the gas).

Such high intensities of light radiation can be ob-
tained by focusing with a lens the beam from a Q-
switched laser operating in the so called giant-pulse

mode, when the maximum (peak) power reaches
several times 10 megawatts. The spark phenomenon
was therefore observed only after methods were de-
veloped for pulsed Q switching of lasers .* The dura-
tions of the giant pulses are usually 20—40 nsec
(1 nsec = 10~9 sec ). A beam of laser light in a giant
pulse has a divergence of 3—30' » 10"3—10~2 rad,
and is focused by the lens into a circle of radius
10~3—10~2 cm. The characteristic densities of the
light-energy fluxes at the focus are in the case of
ruby lasers of the order of 1011 W/cm2, and the
photon flux densities ~ 1030 cm"2 sec"].T

One can conceive of several mechanisms for gas
ionization at very high intensities of light radiation.
The electrons can break away from the atoms
directly by the action of the radiation, as a result of
a simultaneous absorption of many quanta. (The point
is that the ionization potentials I of the atoms are
much higher than the energies of the laser quanta;
for example, I = 15.8 eV for argon, whereas a ruby
laser quantum has fiw = 1.78 eV, so that ionization
of argon requires nine quanta.)

An electron cascade can develop in the radiation
field. The multiquantum photoeffect produces in the
gas the first, "priming" electrons. The electron
absorbs light quanta by colliding with the atoms (in a
process which is the inverse of bremsstrahlung) and

*See[46-«> "> "] concerning Q-switched lasers.
tWe shall henceforth for brevity use simply "flux" in lieu of

"flux density."
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is accelerated. After accumulating an energy suf-
ficient for ionization, the electron ionizes the atom,
so that one electron is replaced by two slow ones,
which begin the same process anew, etc. A combined
cascade-light process is also possible, in which the
electron does not ionize the atom, merely exciting it;
the excited atom is then ionized by the radiation. It
will be shown later that in dense gases (at pressures
on the order of and higher than atmospheric) cascade
ionization takes place. Only in rarefied gases, in
which the electrons are emitted from the region of
field action without experiencing many collisions, is
the multi-quantum photoeffect the only ionization
mechanism.

The spark phenomenon is also remarkable because
when the generator power exceeds noticeably the value
necessary for the breakdown, the gas becomes
strongly ionized under the influence of the light even
during the initial stage of the laser pulse, and the r e -
sultant plasma absorbs the laser beam to a consid-
erable degree. The light energy is then released in
a relatively small volume and the gas is heated in
the absorption region to temperatures of tens and
hundreds of thousands of degrees. This effect can be
used to concentrate energy in matter and to obtain
high temperatures in small volumes. The laser-
beam absorption mechanism has interesting features.
The light is not absorbed in a single volume with
dimensions characterized by the radius of the focus-
ing circle in which the primary gas breakdown has
occurred. Owing to the ionization which occurs ahead
of the layer that absorbs the light at a given instant,
the new layer itself becomes capable of absorbing
light. Thus, the laser-beam absorption region is
continuously displaced after the primary breakdown
in the direction towards the lens, producing some-
thing like a wave of light absorption and gas heating,
which propagates in the gas opposite to the beam
direction.

We consider below the new physical " laser spark"
phenomenon, present a review of the experimental
data, and describe the results of theoretical studies
of the process.

The material is divided into two parts. The first
contains everything pertaining to the breakdown ef-
fect, that is, to the development of ionization in the
region of the focus and to the formation of the primary
plasma. In the second part we consider the effects of
absorption of the laser beam by the plasma and of the
gas heating, and also some phenomena that are ob-
served after the termination of the laser pulse. The
last sections contain a brief report of results of an
experimental study of the effect of giant pulses on
solid targets and estimates of the possibility of
heating hydrogen to thermonuclear temperatures. We
begin each part with a summary of the obtained ex-
perimental data, as complete as possible, followed
by an examination of the mechanism of the phenomena.

1. BREAKDOWN OF GASES

1. Measurement of Threshold Parameters

The first communication of an observation of
breakdown of a gas (air) under the influence of a
focused beam from a ruby laser, operating in the
giant-pulse mode, was presented in February 1963 at
the Third International Conference on Quantum Elec-
tronics in Paris.'-1-' This was followed by reports
from several authors of measurements of threshold
parameters for gas breakdown at different pressures

Meyer and Haught "^ used a ruby rod 15 cm long
and 1.3 cm in diameter. A diagram of the setup is
shown in Fig. 1. Pumping was by means of four
xenon flash lamps, through each of which a capacitor
bank was discharged. The Q was switched with a
polarizer and a Kerr cell, as in the experiments of .
The result was a single giant pulse. The pulse energy,
determined by calorimetric means, was in a typical
case 1 J, the duration 30 nsec, and the peak power
30 MW.

No oscillograms of the laser pulse are published
in ^ but one can be found in another paper by the
same authors, ^ devoted to a study of the absorption
of a laser beam at above-threshold laser power,
with the measurements performed apparently by
means of the same setup. We shall deal with this in-
vestigation in Sec. 6, in which an oscillogram of the
pulse is shown (Fig. 5). The dimension of the focus-
ing circle was determined from the hole burnt by the
beam in thin gold foil (thickness 5 x 1O"G cm). The
hole diameter was 2 x 1O~2 cm. The same value was
estimated from a measurement of the divergence of
the laser beam 2a and the known focal distance of
the lens f (radius of circle r0 « fa; the values of f
and a are not given in the article). At 30 MW peak
power and a focusing-circle diameter of 2 x 1O~2 cm,
the flux of radiant energy at the focus was
1018 erg/cm2sec = 1011 W/cm2. The occurrence of
the breakdown was established by the appearance of
a light flash in the focal region; the glow lasted ap-
proximately 50 /usec. In addition, a pair of electrodes,
to which a low voltage of 100—200 V was applied, was
used to register the breakdown. Approximately 1013

electron charges were drawn from the region of the
focus during the breakdown.

Focusing lens Window

Xenon lamps

Collecting
electrodes

Mirror Kerr cell

FIG. 1. Experimental setup used in[2].



652 Yu. P . R A I Z E R

Pressure, mm Hg

FIG. 2. Threshold fields for breakdown in argon and helium
(as measured in[2]).

Breakdown in argon and helium was investigated
at 1.5 x 103—105 m m Hg. The resu l t s of the e x p e r i -
ments—the threshold fields for the breakdown as
functions of the p r e s s u r e — a r e shown in Fig. 2 . * The
authors note that the p r e s s u r e for the breakdown is
very c r i t i c a l , and a s l ight reduction in the power at
a given p r e s s u r e was sufficient to prevent o c c u r r e n c e
of the breakdown.

General ly speaking, the threshold for the b r e a k -
down can be c h a r a c t e r i z e d by var ious quanti t ies : the
flux of radiant energy J , the flux of quanta S = j/fiw,
the m e a n - s q u a r e (average) intensity of the e lec t r ic
field in the light wave E = V4irJ/c (the amplitude of
the field osci l lat ions is E o = V2E ). For convenience
in conversion, we p r e s e n t s o m e n u m e r i c a l formulas .
If W is the l a s e r power and r j the radius of the
focusing c i r c l e , then

E = 1(Г8 VS = 19

(ro lcm]/10 2 ) 2 cm2 sec '

^V^m7] = 1.1 • 106 ^ ! Щ ^ - ^ -r0 |cm]/l()-2 cm

Mink'-3-' used a Q-switched ruby l a s e r with a r o -
tating p r i s m . The sawtooth pulse had a half-width of
25 nsec and a peak power of 3—5 MW. A lens with a
focal dis tance of 2 cm was used. The breakdown was
r e g i s t e r e d by noting the appearance of the glow. The
p l a s m a s p e c t r u m contained l ines of singly ionized
atoms and molecules ; no l ines of double ions w e r e
observed. At gas p r e s s u r e s above 15 atm the e m i s -
sion had a continuous s p e c t r u m . Breakdown was i n -
vest igated in argon, helium, hydrogen, and ni trogen
at p r e s s u r e s from 0.5 to 100 a t m . The r e s u l t s of
the work—the threshold l a s e r power—are shown in
Fig. 3. The d iameter of the focusing c i rc le was not

*The paper does not show how the field was calculated from
the energy flux. It is not excluded that the values given are not
the average fields, but maximum fields, which exceed the values
averaged over the electromagnetic oscillation cycle by a factor

m e a s u r e d . It is m e r e l y noted that an e s t imate , with
allowance for the lens aber ra t ion and the c h a r a c t e r -
i s t ics of the l a s e r beam, gives a focusing-circle
d i a m e t e r of 1.2 x Ю " 3 c m . This a p p e a r s to be an
u n d e r e s t i m a t e . On the other hand, however, the
d i a m e t e r of the focusing c i rc le in Mink's e x p e r i -
ments was undoubtedly much s m a l l e r than the
2 x io~ 2 cm obtained by Meyer and Haught,^-1 s ince
the power required for the breakdown of the argon
and helium in the exper iments of ™ exceeded by tens
of t imes the threshold powers in Mink's e x p e r i -
ments '-3-' (at the s a m e gas p r e s s u r e s ) .

Nelson et a l . ^ determined the threshold for
breakdown in a tmospher ic a i r by a different method —
by m e a s u r i n g the absorpt ion of the l a s e r beam. A
Q-switched ruby l a s e r produced pulses with energy
up to 0.8 J and duration 30 n s e c . The beam diverg-
ence, m e a s u r e d photometrical ly, was 2 a = 4
x Ю " 3 rad, and the beam d i a m e t e r was 1 c m . The
radius of the focusing c i r c l e was defined as r 0 = fa
(the focal distance is not indicated; judging from the
maximum value of the beam flux at the focus,
~ 8 x Ю 1 0 W/cm 2 , the radius of the c i r c l e was a p -
parent ly ~ 1 0 " 2 cm, that i s , f = 5 cm) . The coeffi-
cient of t r a n s m i s s i o n of the l a s e r beam through the
focusing region was m e a s u r e d as a function of the
l a s e r power by a c a l o r i m e t r i c method a c c u r a t e to
5%. At power below threshold, the beam p a s s e d with-
out absorption. Starting with s o m e value of the power,
the absorption of the beam increased very sharply
with increas ing power, indicating that an absorbing
p l a s m a was produced. At the s a m e value of the power,
a light flash—a spark—appeared. The threshold
value of the energy flux was 5 x i o 1 0 W/cm 2

= 0.5 x Ю 1 8 e r g / c m 2 sec (field E = 4.4 x Ю6 V/cm),
and at this value of the flux the beam t r a n s m i s s i o n
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FIG. 3. Threshold laser power for breakdown in nitrogen, helium,
and argon (as measured in[3]).
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coefficient decreased very abruptly, almost jumpwise
from 1 to ~ 0.3. With increasing incident flux to
8 x Ю 1 0 W/cm, the t r a n s m i s s i o n coefficient d e c r e a s e d
to - 0 . 2 .

Tomlinson '-15-' investigated breakdown in noble
gases at 400 m m Hg. The d iameter of the focusing
c i r c l e was determined by photographing the focal
region through a m i c r o s c o p e and defined as the d i s -
tance between the points where the intensity of the
beam was half the maximum value. The d i a m e t e r
was 3 x 10~3 cm. The l a s e r pulse was attenuated
with the aid of f i l ters ; the instant when the flash
disappeared was r e c o r d e d . F r o m the corresponding
value of the peak power, the threshold flux of quanta
was de termined. Values of 0.28, 0.33, 0.66, and
0.70 x Ю 3 0 photons/cm 2 sec were m e a s u r e d for Kr,
Ar, Ne, and He respect ive ly . These data a g r e e in
o r d e r of magnitude with the r e s u l t s of the e x p e r i -
m e n t s of ^ . The t r a n s m i s s i o n of light through the
focal region during the t ime of the pulse was
m e a s u r e d in ^ H . The t ransmi t ted flux was r e g i s t e r e d
with a t ime resolut ion ~ 1 n s e c . T r a n s m i s s i o n curves
a r e presented for argon at 1850 m m Hg and various
values of excess of power above threshold. It is seen
that when the power i n c r e a s e s the breakdown and the
absorpt ion begin e a r l i e r and e a r l i e r .

To d e t e r m i n e the frequency dependence of the
threshold, Akhmanov et al.'-27-' m e a s u r e d the threshold
for the breakdown of a tmospher ic a i r with the aid of
a neodymium-glass l a s e r . The m e a s u r e m e n t s were
made a t the f irst and second harmonics (Aj = 1.06 ц,
Л2 = 0.53 ц ) . For the f irst h a r m o n i c , the d i a m e t e r of
the focal spot was 2 x 10"2 cm, the pulse duration
40 nsec , the threshold energy 0.3 J , and the threshold
field 5 x 1OG V/cm. The pulse duration at the second
harmonic was s m a l l e r by a factor of 1.3, the focusing
was approximately the s a m e o r about 15% b e t t e r .
The threshold energy, m e a s u r e d ca lor imetr ica l ly ,
was 1.6—1.7 t imes l a r g e r , that i s , the threshold field
at the second harmonic turns out to be 50% higher
than at the f i rs t . Thus, the threshold for breakdown
drops with decreas ing frequency.

In all the foregoing invest igations, the breakdown
was produced in gases of not too low density, at
p r e s s u r e s on the o r d e r of and above a t m o s p h e r i c ,
when the m o s t important p a r t in the formation of the
free e lectrons is played by ionization by e lect ron
impact, and an e lectron cascade develops (see below).
Unlike these exper iments , Voronov and Delone ^ in-
vest igated ionization of a strongly raref ied gas —
xenon—at p r e s s u r e s £ 10~2 mm Hg, when the ioniza-
tion of the atoms by the electron impact cer ta inly
plays no ro le , s ince the electron mean free paths
exceed by tens and hundreds of t imes the dimensions
of the l a s e r - b e a m focusing region. These expe r i -
ments were undertaken to study the d i rec t knock-out
of e lec t rons from atoms by an intense light wave.
The ruby l a s e r beam was spli t by a s emi t r anspa ren t

m i r r o r . One of the beams was focused in a vesse l
containing the gas . The posit ive ions were drawn by
a col lector with a field ~10 V/cm, the construction
of the collecting device prevented charges which
could be produced outside the focal region from
str ik ing the col lector . The second beam was a t tenu-
ated, focused, and the focal region was recorded with
the aid of a micro-object ive on a film. The d imen-
sion of the focusing c i rc le was thus measured and
the distr ibution of the il lumination over the focusing
c r o s s section determined. The detector made it
possible to r eg i s t e r 4 x Ю 3 ions (produced within a
pulse t ime 20 nsec) . At fields (0.8—1.5) x Ю 7 V/cm
there were produced ~ 105 ions corresponding to an
ionization probability of ~ 5 x ю 5 s e c " 1 under the
influence of the light wave. Ionization of s trongly
raref ied gases (air, argon, helium) at p r e s s u r e s
~ 2 x io " 2 m m Hg was investigated e a r l i e r by
Damon and Tomlinson. ^ They obtained s t range r e -
su l t s , which a r e subject to doubt: s t rong ionization
( ~ 107—10 ions) was observed at very low power
- 2 0 0 kW (fields ~ 4 x Ю5 V/cm; l a s e r without Q
switching). Yet, according to the m e a s u r e m e n t s of'-6-',
no signal was observed in xenon a t fields lower than
0.8 x Ю7 V/cm. The authors of that paper repeated
the exper iments of ^ and showed that the charges
observed in ^ w e r e not the resu l t of ionization of the
gas in the focus but apparently of ionization on the
surface of the lens or on the vesse l wal ls .

The question of the field distr ibution in the focus-
ing c r o s s section is of g rea t importance in explaining
the breakdown m e c h a n i s m s . The point is that the
radiat ion flux and the field a r e not at all uniformly
distr ibuted over the c r o s s section, but have local
maxima, corresponding to different vibrational modes

[8] ,L9].of the l a s e r (Leontovich and Veduta L 8 J, Bradley L J ) .
The s t r u c t u r e of the radiat ion field in the region of
the focus was investigated experimental ly by B a r k -
hudarov et a l . ^ The beam of a ruby l a s e r , which
was Q-switched by means of a K e r r cell, had a
power ranging from severa l MW to s e v e r a l t imes
10 MW and was focused by lenses c o r r e c t e d for
spher ica l aber ra t ion (f = 4.5 and 12 cm). An image
of a selected beam c r o s s section was obtained by
means of a micro-object ive on photographic film,
and the distr ibution of the il lumination over the
c r o s s section was recorded. Local inhomogeneities
in the c r o s s section of an unfocused beam a r e of the
o r d e r of 10~2 cm (beam d i a m e t e r ~ 1 cm); at the
minimum c r o s s section of the focused beam, the
dimensions of the inhomogeneities a r e of the o r d e r
of 10" 3 cm. The m e a s u r e m e n t s have shown that the
c r o s s section of the beam has a minimum not in the
focal plane, but somewhat far ther away from the
l e n s . Thus, at a focal length f = 12 cm and a d i s -
tance of ~ 1 m e t e r from the lens to the ruby, the
average dimension of the c r o s s sect ion (the square
root of the area) was minimal and equal to 0.04 cm
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a t a d i s t a n c e 0.7 c m f r o m t h e foca l p o i n t . At t h e

f o c u s t h e c r o s s s e c t i o n h a d a d i m e n s i o n of 0 .1 c m ,

a n d a t a d i s t a n c e of 1.2 c m b e h i n d t h e f o c u s — 0 . 0 6 c m .

P h o t o m e t r i c m e a s u r e m e n t s of t h e i n h o m o g e n e i t y i n

t h e d i s t r i b u t i o n of t h e i l l u m i n a t i o n i n t h e m i n i m u m

c r o s s s e c t i o n h a v e s h o w n t h a t i n t h i s c r o s s s e c t i o n

t h e r e a r e p o i n t s w h e r e t h e l o c a l i l l u m i n a t i o n s e x c e e d

t h e a v e r a g e o v e r t h e c r o s s s e c t i o n b y 30—50 t i m e s ,

a n d t h e e l e c t r i c f i e lds a r e c o n s e q u e n t l y 5—7 t i m e s

l a r g e r t h a n t h e a v e r a g e o v e r t h e c r o s s s e c t i o n . Of

c o u r s e , t h e d i m e n s i o n s of r e g i o n s w i t h v e r y l a r g e

l o c a l f i e lds a r e e x c e e d i n g l y s m a l l .

In t h i s c o n n e c t i o n , w e p o i n t to t h e w o r k of

Z e l ' d o v i c h a n d Pi l ipetsk i i , ' - 1 7 - ' w h o e x a m i n e d t h e o -

r e t i c a l l y t h e i n f l u e n c e of l e n s a b e r r a t i o n s on t h e

f o c u s i n g of a b e a m of l i g h t w h i c h h a s n o i n t r i n s i c

d i v e r g e n c e , a n d c a r r i e d o u t a d i f f r a c t i o n c a l c u l a t i o n

of t h e f ie ld w i t h c a u s t i c s .

2 . M u l t i q u a n t u m P h o t o e f f e c t

We p r o c e e d t o c o n s i d e r t h e b r e a k d o w n m e c h a n i s m

a n d t o e x p l a i n t h e r e s u l t s of t h e e x p e r i m e n t s . As

n o t e d in t h e i n t r o d u c t i o n , o n e c a n c o n c e i v e of two

p r i n c i p a l w a y s of g a s i o n i z a t i o n i n a f ie ld of i n t e n s e

r a d i a t i o n : d i r e c t k n o c k - o u t of t h e e l e c t r o n s f r o m t h e

a t o m s b y t h e l a s e r b e a m , a n d f o r m a t i o n of a n e l e c -

t r o n c a s c a d e .

D i r e c t k n o c k - o u t of e l e c t r o n s f r o m a t o m s in a

r a d i a t i o n f ie ld w a s c o n s i d e r e d b y B u n k i n a n d P r o k -

h o r o v , [ l i : l K e l d y s h , [ 1 2 ] a n d Gold a n d B e b b [ 1 3 ] ; t h e

m o s t g e n e r a l r e s u l t s w e r e o b t a i n e d b y K e l d y s h . T h e

v a l u e of a q u a n t u m f r o m a l a s e r i s m u c h s m a l l e r

t h a n t h e i o n i z a t i o n p o t e n t i a l , s o t h a t t h e u s u a l p h o t o -

e f fec t i s i m p o s s i b l e i n a t o m s . A m u l t i q u a n t u m

p h o t o e f f e c t , h o w e v e r , i s p o s s i b l e in w h i c h t h e a t o m i c

e l e c t r o n i s r e l e a s e d a s a r e s u l t of s i m u l t a n e o u s a b -

s o r p t i o n of s e v e r a l p h o t o n s (nine i n t h e c a s e of a r g o n ) .

T h e p r o b a b i l i t y of s i m u l t a n e o u s a b s o r p t i o n of n

p h o t o n s b y a n a t o m i s p r o p o r t i o n a l t o t h e n - t h p o w e r

of t h e q u a n t u m flux S, t h a t i s , t o E 2 n . T h e d e p e n d -

e n c e o n t h e f ie ld i s v e r y a b r u p t , a n d t h e m u l t i q u a n t u m

p h o t o e f f e c t o c c u r s o n l y i n s u f f i c i e n t l y s t r o n g f i e l d s i n

t h e l i g h t w a v e .

A l o n g w i t h t h e m u l t i q u a n t u m p h o t o e f f e c t , o n e c a n

c o n c e i v e a d i f f e r e n t m e c h a n i s m , s i m i l a r t o t h e t u n n e l

e f f e c t — t h e k n o c k - o u t of a n e l e c t r o n f r o m t h e a t o m by

a s t a t i c e l e c t r i c f i e l d . [ 1 8 > 1 9 : i T h e p r o b a b i l i t y

w 0 [ s e c " 1 ] of t h e t u n n e l e f fect i n a f ie ld E i s e q u a l

t o

4 V~ "'

• ) . (2.1)

where the pre-exponential factor /3 is equal in order
of magnitude to the frequency of motion of the elec-
tron in the atom I/fi.

It is obvious that the electric field of the light
wave acts like a " s t a t i c " field if it varies little dur-
ing the time of flight of the electron through the po-

tential b a r r i e r т . The width of the b a r r i e r is of the
o r d e r of Д ~ I/eE, and the e lectron velocity in the
atom is of the o r d e r of v ~ Vl/m, so that т ~ Д/v
~ Vlm/eE. If the c i r c u l a r frequency of the field is
ш, then the condition for the field to be quasistat ic
is the inequality шт ~ w / l m / e E « 1 . At sufficiently
high frequencies, the e lectron does not have t ime to
jump through the b a r r i e r within a t ime on the o r d e r
of the field-oscillation period, and the knock-out
probabil i ty is frequency dependent; the inverse in-
equality шт » 1 is the condition under which the
knock-out p r o c e s s has the c h a r a c t e r of the m u l t i -
quantum photoeffect. The l a t t e r inequality is s a t i s -
fied in the case of optical frequencies of i n t e r e s t to
u s : w = 2.7 x Ю 1 5 s e c " 1 * I ~ 10 eV, E ~ 107 V/cm,
and шт ~ 20.

At f irst glance i t may appear that the mult iquan-
tum photoeffect and the tunnel effect a r e different or
even competing m e c h a n i s m s . However, as follows
from the work of Keldysh,'-12-' both m e c h a n i s m s have
a common n a t u r e and a r e l imiting cases of a single
p r o c e s s wherein the e lectron goes from a bound
s t a t e in the atom into a free s ta te under the influence
of an a l ternat ing e lec t r ic field. In that paper the
probability is calculated of such a t rans i t ion from
the ground state of the hydrogen a tom. Unlike the
usual per turbat ion theory, in which s tat ionary final
s ta tes a r e considered, the author considered a non-
stat ionary final s ta te of the free e lectron in the o s -
cil lating e lec t r ic field of the light wave E ( t )
= E 0 cos wt, giving r i s e to the t rans i t ion. In ca lcu-
lating the m a t r i x element, use is made of the exact
wave function corresponding to this s ta te ; by the
s a m e token, the main acce lera t ing action of the field
on the free e lectron is taken into account.

As a r e s u l t of all these calculat ions, a formula is
obtained for the probabil i ty W [ s e c " 1 ] of knocking
out an e lectron from the a tom. The probabil i ty d e -
pends on the frequency ш and the field amplitude E o ,
the l a t t e r enter ing into the formula only in the c o m -
bination у = ш V2mI/eE 0 , which coincides with the
c h a r a c t e r i s t i c p a r a m e t e r w т.

In the l imit of low frequencies and very s t rong
fields, у = шт « 1, the general express ion for the
probability is pract ica l ly the s a m e as the formula for
the tunnel effectt. In the opposite l imit ing case of
high frequencies, у = шт » 1, the formula descr ib ing
the multiquantum photoeffect is obtained.

This formula can be wri t ten in the following
simplified form, which is convenient for n u m e r i c a l

*This is the frequency of the light from a ruby laser; wave-
length Л = 6934 К.

tThe principal, exponential factor is exact, and the pre-ex-
ponential factor differs somewhat from the correct expression, [18]
since no account was taken in the calculation of the influence of
the Coulomb field of the nucleus on the wave function of the free
electron.
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e s t i m a t e s :

8mco2/ / тс (о/
(2.2)

h e r e n is the number of quanta n e c e s s a r y to knock
out the e l e c t r o n s , equal to the integer p a r t of the
quantity (T/Roi) + 1, with the effective ionization p o -
tential I exceeding the usual ionization potential by
a value equal to the average osci l lat ion energy of the
free e lectron in the field of the e lectromagnet ic wave:
T = I + e 2E§/4mw 2 . The values of the factor vary in a
r a t h e r smal l range about unity. In e s t i m a t e s one can
put В = 1. The point is that the probabil i ty w d e -
pends exceedingly s trongly on the field E o , and in
p r a c t i c e it is n e c e s s a r y not to e s t imate w from E o ,
but conversely, E o from w. Therefore even an a p -
prec iab le spread in the values of В leads to a negl i-
gible var iat ion in the value of the field: E o ~ В n .

Numerical ly we have for Ku> = 1.78 eV

.75-Ю"34 ^ (2.3)

w h e r e I H = 1 3 . 6 e V a n d S i s i n p h o t o n s / c m 2 s e c .

If t h e e n e r g y o f e x c i t a t i o n o f a n y s t a t e i n t h e a t o m

i s v e r y c l o s e t o a n i n t e g e r n u m b e r n 4 o f q u a n t a , t h e

t r a n s i t i o n w i t h t h e g r e a t e r p r o b a b i l i t y i s t h a t t h r o u g h

an in termedia te s ta te , which includes resonant a b -
sorpt ion of П) photons with excitation of the a tom,
and absorption of n - n t quanta, leading to the knock-
out of the e lectron. The probabil i ty of such a p r o c e s s
is calculated in"-1 . Account was taken there of the
Stark shift of the in termediate level; the width of the
level is the sum of the natura l width and the ionization
probabil i ty of the level . Away from resonance, the
probabil i ty of a two-step p r o c e s s is much s m a l l e r
than the probabil i ty of d i rec t knock-out; in the d i rec t
vicinity of the resonance, it can exceed by many
t i m e s the la t te r , but the resonance for a toms is very
n a r r o w .

Gold and Bebb ^ calculated the probabil i ty of the
multiquantum photoeffect by the usual method of
per turbat ion t h e o r y . ^ ^ The authors used a c las s ica l
Hamiltonian of interact ion between the atomic e l e c -
tron and the e lect romagnet ic wave, H = ( e / m c ) A - p ,
where A is the vector potential and p the e lectron
momentum, and wrote down a general express ion for
the amplitude of the t rans i t ion through the i n t e r m e d i -
ate bound s ta te in the lowest nonvanishing o r d e r of
per turbat ion theory. The final, free s ta te of the e l e c -
tron is descr ibed by a plane wave. As a ru le , the
main contribution to the sum over the in termediate
s ta tes is made by one or two t e r m s , including t r a n s i -
tions a t which the energy of s e v e r a l quanta turns out
to be close to the excitation energy of some atomic
level . Thus, for example, for the ionization of argon
it i s n e c e s s a r y to have nine quanta with Ru> = 1.78 eV,
while the energy of eight quanta differs by 0.18 eV
from the excitation energy of the 5p3Sj level. The

ionization of helium r e q u i r e s fourteen quanta; the
main contribution is m a d e by t rans i t ions through the
intermedia te s ta te 3p 'P j , the energy of which
differs from 13hw by 0.116 eV, and the s ta te г в ^ р ,
the energy of which differs from 12fia> by 0.811 eV.
The paper contains a s u m m a r y table with the r e s u l t s
of calculations for all the noble gases . The n u m e r i -
cal formulas for the ionization probabil i t ies of argon
and helium a r e of the form

sec " 1

Numerical ly the formulas of Gold and Bebb give a p -
proximate ly the s a m e r e s u l t s a s the formulas of
Keldysh (in the sense that for the s a m e probability w
they obtain very close values of the quantum fluxes),
but the dependence of w on the frequency w is s o m e -
what different*.

Gold and Bebb '-13-1 calculated the threshold fluxes
n e c e s s a r y to " b r e a k d o w n " gases by the multiphoton
m e c h a n i s m (to knock out 10 1 3 e lec t rons within
10~8 sec in the volume of the focus at a density of
10 2 0 a t o m s / c m 3 as in the exper iments of ^ ) . The
threshold fluxes a r e 7 x Ю 3 1 and 4.4
x Ю 3 2 photons/cm 2 sec for Ar and He, respect ive ly .
The exper imental values a r e S ~ 1— 2 x Ю 2 9 for Ar
and ( 3 - 5 ) x Ю 2 9 for He.

Thus, from these data for s t r o n g multiphoton
ionization of the a t o m s , the fields required exceed by
one o r d e r of magnitude the exper imental averaged
threshold fields. The s a m e conclusion was reached
also by Tomlinson '-15-' who compared the calculations
based on ^ with the resu l t s of his own exper iments
with all the noble gases .

In drawing conclusions concerning the rea l ro le of
this mechanism of ionization, i t n e c e s s a r y to b e a r in
mind that under the exper imental conditions the local
fields in very s m a l l volumes can great ly exceed the
average values over the focusing volume, obtained
from exper iment; multiphoton ionization occurs p r e -
dominantly just in the places with the la rge fields.
In addition, no account is taken in the calculations

0£ U2.13J 0£ ^ e smear ing of the upper levels of the
atom in the s t rong e lec t r ic field of the light wave,
which may actually cause the number of quanta
n e c e s s a r y for the ionization of the atom to be r e -

*Tozer["] derived a semi-qualitative formula for multiquantum
absorption. The probability of this process is defined as the pro-
bability of collision of n particles — photons — with an electron
during an interaction time ~ 1/ш , which follows from the un-
certainty principle tu,t ~-h. The formula contains an undetermined
collision cross section, which is assumed in the estimate to be
10~16 cm2. The multiquantum photoeffect could be analyzed with the
aid of this formula. However, it is hardly meaningful to apply this
formula, as was done by the author, to the multiquantum transition
of an atom to the first excited state, which unlike the transition
to the continuous spectrum (photoeffect) has a sharply pronounced
resonant character.
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duced by unity; this leads to an i n c r e a s e in the knock-
out probabi l i ty .*

However, jus t the s a m e , it is improbable that the
multiquantum photoeffect alone can explain the ob-
s e r v e d threshold for the breakdown in gases a t high
p r e s s u r e s . F i r s t , the gap between the exper imenta l
values of the threshold field and those calculated
from k 2 ' 1 3 J i S too la rge ; second, the assumption of the
multiphoton mechanism i s incompatible with the d e -
pendence of the threshold on the gas p r e s s u r e . In
fact, with increas ing p r e s s u r e , say from 1.5 x 103

to 105 m m Hg in helium, the threshold field d e -
c r e a s e s from 8 x 106 to 2 x Ю 6 V/cm, that i s , by a
factor of 4. Even if we a s s u m e that at the lower
p r e s s u r e and in the s t r o n g e r field the multiquantum
photoeffect takes p lace, the photo-ionization p r o b a -
bility a t the higher p r e s s u r e and the weaker field
should be ~ 4 2 8 « 10 1 7 t i m e s s m a l l e r . Consequently,
at high p r e s s u r e s and low exper imental threshold
fields this effect certainly plays no r o l e . t

In a strongly raref ied gas, where the possibi l i ty of
formation of an e lectron cascade is excluded, the
multiquantum photoeffect is the only ionization
m e c h a n i s m . Exper iments ^ with raref ied xenon
yield an average threshold field of 8 x Ю 6 V/cm.
F r o m Keldysh's formula (n = 7 ) for the exper imenta l
conditions the threshold field amounts to 4.5
x 107 V/cm, and according to the formulas of'-13-', to
2.7 x Ю 7 V/cm. If we take into considerat ion the
existence of s t rong local fields and the unaccounted
for reduction in the ionization potential , then we m u s t
recognize that these exper imenta l data agree with
the assumption of multiphoton ionization.

An important role may be a s s u m e d in the b r e a k -
down p r o c e s s by ionization of the excited atoms by
the radiat ion. Zernic '-14-' calculated exactly the p r o b -
ability of the two-quantum photoeffect from the
metas tab le 2s level of the hydrogen atom. For Kw
= 1.78 eV, w = 1.53 x Ю " 4 7 S s e c " 1 . It is in teres t ing
to note that the approximate calculations of'-13^ give
for this case a value 9 t i m e s l a r g e r , and formula
(2.3) gives a value 250 t i m e s s m a l l e r (Keldysh's
formula, general ly speaking, per ta ins to the c a s e of
absorption of a l a r g e r number of quanta). We call
attention to ^ , in which two-quantum ionization of
negative ions of iodine under the influence of a l a s e r
beam was invest igated.

3. Cascade Ionization (Qualitative P i c t u r e )

Cascade ionization of a gas at the focus of a l a s e r
beam, which occurs a t re lat ively high p r e s s u r e s (on

*This argument was advanced by L. V. Keldysh.
tWe note that in[7] the breakdown in air at atmospheric pressure

was erroneously interpreted on the basis of the notion of the multi-
quantum photoeffect. The apparent agreement with experiment was
attained by the authors only because their formulas contained two
undetermined constants, which were chosed in a suitable manner.

the o r d e r of a tmospher ic and above) is the subject of
theoret ica l p a p e r s by Ya. B. Zel 'dovich and the
a u t h o r , ^ Wright, B l ^ Ryutov/ 2 ^ and Askar 'yan and
Rabinovich.'-23-' According to the general notions d e -
veloped in '- 2 0, the p r o c e s s proceeds as follows.

In places with la rge local fields, multiphoton ab-
sorption (most likely by impuri ty atoms with low
ionization potentials) causes the f i rs t " p r i m i n g "
e lect rons to appear at the beginning of the l a s e r
p u l s e . *

The free e lectron absorbs light quanta by col l i-
sion with neutra l a t o m s . Along with absorption,
t h e r e occurs in the coll is ions under the influence of
the intense radiat ion a s t imulated b r e m s s t r a h l u n g of
quanta of the s a m e energy and direct ion. The energy
of the e lectron in the random acts of interact ion,
with emiss ion of Kco batches, changes a l ternate ly in
one direct ion and then in the other , so that the en-
ergy var iat ion has in the main the c h a r a c t e r of a
one-dimensional diffusion along the energy ax i s . The
l a r g e r the quantum flux, the faster this p r o c e s s .
After accumulating an energy somewhat higher than
the ionization potential, the e lectron ionizes an atom,
with high probabil ity, as a r e s u l t of which one e l e c -
t ron gives r i s e to two e lectrons with lower energy
(a new generation) which begin the ent i re cycle anew.
At sufficiently s t rong fields t h e r e is not even any
need for the e lectron to acquire the ionization e n -
ergy. It is sufficient that the e lectron excite the
atom (the excitation potentials of the f irst levels of
the a t o m s , following the ground s ta te , a r e approxi-
mate ly 3/4 of the ionization potential), s ince the ex-
cited atom is rapidly ionized by the radiat ion after
absorbing two or t h r e e quanta.

On the other hand, in weak fields, insufficient for
rapid ionization of the f irst excited s ta tes of the
a t o m s , the energy loss by the e lectron to excitation
hinders the development of the cascade; the e lectron
can acquire and lose its energy many t i m e s before
it succeeds in " jumping o v e r " the energy band in
which it excites the f i rs t s t a t e s of the atoms above
the ground s ta te , and reaches an energy sufficient
for the ionization or excitation of high-lying s ta tes
that can be readi ly ionized by the radiat ion (we note
that the ionization of excited a toms by e lect rons is at
first, while the number of e lectrons is s t i l l smal l ,
very r a r e ) .

T h e r e a r e st i l l no a c c u r a t e calculations of the
probabil i ty of ionization of excited a t o m s by r a d i a -
tion with account of the different effects which o c c u r
in this connection. Therefore there is considerable
uncerta inty in the question concerning the ro le of the
excitation, m o r e accurate ly the value of the field that

•Calculations by means of the formulas of Keldysh and of Gold
and Bebb (the latter have been published in[15]) show that in fields
(3 — 4) x 107 V/cm, even without impurities, one electron appears
in argon or helium within a time ~ 1 nsec.
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demarcates the regions of positive and negative in-
fluences of excitation on the cascade development.
For the time being it is necessary to make do with
semiqualitative considerations. Two-photon ioniza-
tion, undoubtedly, proceeds rapidly. From Zernic's
formula t14^ (which, to be sure, pertains to the 2s
state of the hydrogen atom), we obtain even in a field
of 10G V/cm a probability ~109 sec" 1 . Under ordinary
conditions, however, the first excited levels of argon,
helium, etc. atoms are separated from the end point
of the continuous spectrum by more than two quanta;
three quanta are necessary (and even more for
nitrogen or oxygen molecules). For three-quantum
ionization with probability ~109 sec" 1 it is necessary,
according to Keldysh's formula (2.3), to have fields
of 107 V/cm. Of course, an important role may be
played here by the lowering of the end point of the
continuous spectrum in the field of the wave, con-
nected with the smearing-out of the upper levels (but
possibly the first levels also drop simultaneously).
The considerable broadening of the levels uncovers
great possibilities for resonant transitions via in-
termediate states. This pertains in particular to
molecules where there are many more levels and
where they are more likely even to overlap. Thus,
one can conceive of different possibilities of obtain-
ing a very large probability for ionization of excited
atoms by radiation at fields lower than 107 V/cm, say
at fields equal to several times 106 V/cm and per-
haps even 106 V/cm*. We emphasize once more that
the excitation of the upper readily-ionized levels of
atoms always contributes to the development of the
cascade.

The developed cascades always slow down the
electron energy loss in elastic collisions with atoms,
and also the loss of the electrons themselves which
diffuse from the effective region of the radiation
(unlike energy loss, a loss of electrons breaks the
multiplication chains in the cascade). The energy
loss due to elastic collisions is the higher, the lighter
the gas, and plays accordingly a relatively increasing
role the slower the electrons acquire energy from
the radiation, that is, the weaker the field. Under the
conditions of the experiments in'-2-', elastic losses in
argon and helium are generally speaking noticeable,
and in helium at high pressures and weak fields they
are even large.

The diffusion of the electrons is the slower, the
higher the gas density and the larger the dimensions
of the focusing region. According to estimates, the
electrons under the conditions of the experiments
in ^ do not have time to leave an effective radiation
region with radius ~ 10"2 cm even during the entire
time of the pulse. However, from the very small
volumes in which large local fields exist, the elec-

*Some effects of this kind were discussed by L. V. Keldysh.[12]

trons drift rapidly, that is, they become distributed
over the entire volume of focusing, and in general
are not subject to the action of the local fields but of
fields averaged over the volume.

If the diffusion drift of the electrons from the
region of action of the field does not play a primary
role (as in the experiments of ^), the threshold
field is determined by the condition that a sufficient
number of electrons Nj appear during the short
time of the light pulse (tj » 30 nsec ). The number
of electrons in the cascade, at least at the start of
the process, increases exponentially N = N j e " "
= No • 2 . The number of generations of e lectrons k,
produced by the end of the pulse, kj = tj/0 x In 2
= 1.45 In ( N j / N 2 ) , depends very l i t t le on the n u m b e r s
NQ and Nj. We can therefore a s s u m e approximately
that the cascade begins, say, with one e lectron
(N o = 1 ) , and that the breakdown condition is the
atta inment of a cer ta in number N t of e lec t rons , for
example 10 1 3, as in the exper iments of'-2-'. Thus, the
breakdown condition fixed the number of generat ions
(kj = 43), and for a given pulse duration (30 nsec)
a lso the cascade t ime constant 6 = 1 nsec (the t ime
n e c e s s a r y for the number of e lec t rons to double is
92 = в In 2 = 0.7 nsec ). The final number of e lectrons
Nj is ex t remely sensit ive to the t ime constant в,
which depends on the field, and this explains the
existence of an abrupt breakdown threshold.

In the case of a high degree of focusing or suffi-
ciently low p r e s s u r e s (lower than a tomospher ic if
r 0 ~ 10~2 c m ) , the multiplication of e lectrons is
great ly influenced by their diffusion drift. Under
c e r t a i n conditions, a quas i-s tat ionary s ta te can
a r i s e , when the e lectron production is offset by thei r
loss (cr i t ical conditions, using nuclear r e a c t o r theory
terminology; the conditions considered above, when
the loss is smal l , a r e s u p e r c r i t i c a l ) . At low p r e s -
s u r e s , the e lectrons leave the focusing volume
rapidly and no cascade develops a t a l l . In this c a s e ,
the breakdown can r e s u l t only from multiphoton
p r o c e s s e s .

4. Growth of Electron Energy in the Radiation Field

The r a t e of development of the cascade is d e t e r -
mined p r i m a r i l y by the r a t e of growth of the electron
energy in the radiation field. The la t ter is a quantity
appear ing in the theory of high-frequency breakdown
in gases , which has features common with the break-
down at optical frequencies. In the theory of high-
frequency breakdown, й 4 ^ the acce lerat ion of the e l e c -
tron by the e lectromagnet ic wave is t reated c l a s s -
ical ly. A free isolated electron osci l lates in the a l -
ternat ing e l e c t r i c field of the wave, and i ts energy
r e m a i n s in the mean constant. The mean energy of
electron oscil lation is e 2E 2/2mw 2 . The electron a c -
quires energy from the wave, only when i t collides
with the a t o m s , when the abrupt change in the velocity



658 Yu. P . R A I Z E R

d i r e c t i o n c a u s e s t h e o s c i l l a t i o n e n e r g y to go o v e r i n t o

t h e e n e r g y of r a n d o m t r a n s l a t i o n a l m o t i o n . T h e r a t e

of g r o w t h of t h e e l e c t r o n e n e r g y e u n d e r t h e i n f l u -

e n c e of t h e e l e c t r o m a g n e t i c w a v e i s '-25-'
„te^e2£2 щ2
Jt ™™2 е П ...2 _l_ л;2 _ ' V * /

Here eeff = Navcrtr is the effective frequency of
collisions between the electron and the atoms, N a the
number of atoms per cm2, v the electron velocity,
а£Г = CT(1 — cos"?) the transport cross section, a the

the averagee l a s t i c - s c a t t e r i n g c r o s s s e c t i o n , c o s

c o s i n e o f t h e s c a t t e r i n g a n g l e . I f u > 2 >

( 4 . 1 ) a s s u m e s t h e s i m p l e r f o r m

«iff.

de_

dt

f o r m u l a

(4.2)

The energy equal in order of magnitude to the elec-
tron oscillation energy in the field, which on the
average is taken during each collision from the en-
ergy of the electromagnetic waves, consists under
the high-frequency breakdown conditions of many
quanta. Its order of magnitude is 10~3 eV, whereas
fiw ~ 10~4—10~5 eV (Л ~ 1-10 cm), making the
classical treatment natural. In the case of breakdown
at optical frequencies, the situation is reversed, the
quantum energy fiu> = 1.78 eV is much larger than the
oscillation energy, ~ 1СГ2 eV. Therefore in the over-
whelming majority of collisions the electron will not
acquire energy from the field (nor will it deliver any
to the field), and only once in a large number of
collisions will it acquire from the radiation instan-
taneously a large batch of energy Кш. The effect is
quantum-like in character and it would appear that
classical theory is not applicable here. Similar
statements were made by many authors (for exam-
ple ^>2 1J). Some authors, to the contrary, use classical
theory without any stipulations. A solution of this
problem is contained in '-20-', where the energy acquisi-
tion by the electron is treated on the basis of quan-
tum notions, which in this case undoubtedly agree
more with the nature of the process than the classical
concepts. However, a clarification of the conditions
of the transition to the classical limit shows that
formula (4.2) can be used approximately also in the
case of optical frequencies (in this case always

2 2

To find the rate at which energy is acquired and
the time constant of the cascade development it is
necessary, generally speaking, to start from the
quantum kinetic equation for the distribution function
of the electrons interacting with the radiation. To
this end it is necessary to find first the coefficient of
absorption of quanta by the electrons in the gas. This
can be done by considering, on the basis of classical
electrodynamics, the bremsstrahlung of an electron
that experiences a collision with a neutral atom, and
then determining the corresponding absorption co-
efficient, using the principle of detailed balance. The
approximate differential cross section for brems-

strahlung of quanta was obtained in

4
tfco. ( 4 . 3 )

T h e c o e f f i c i e n t o f a b s o r p t i o n o f l i g h t b y e l e c t r o n s

w i t h e n e r g y e = m v 2 / 2 , d i v i d e d b y t h e n u m b e r o f t h e

electrons and by the number of atoms, аш ( e ) [cm 5 ],
is

, \ 2

(4.4)

! 8 JlCO
_ 4ne2i;otr (e)

_

The quantity a w c , separated in the formula, is the
effective absorption coefficient obtained in the clas-
sical theory of absorption of electromagnetic waves
in a weakly ionized gas *-2^ when to2 » ^|ff-t

The coefficient of stimulated emission of quanta
fiw by electrons with energy e + fiw, according to
Einstein's relation, i s l

,(e). (4.5)

Figure 4 shows the coefficients а ш and bo> for
argon and helium, calculated in ^ by means of
formulas (4.4) and (4.5) on the basis of experimental
elastic-scattering cross sections. We note that in
this case spontaneous emission does not play any
role.

We now set up a kinetic equation for the electrons
interacting with the radiation. Let n ( e, t ) de be the
number of electrons per cm3, possessing energies
from e to e + de. Leaving out for brevity the index
u), and disregarding the spatial dependence of the

*In a more rigorous derivation with account of the correlation
between the individual collisions of the electrons and the inter-
ference of the radiated waves, there appears in (4.3) the factor
U)2/(OJ2 + î eff) which is contained also in (4.1). The effect of
correlation is considered in a paper by the author.[26] In this case,
as already noted, this factor is close to unity.

t Inasmuch as the absorbed energy of the electromagnetic wave
goes into the acceleration of the electrons, the classical absorp-
tion coefficient au)c can also be obtained from (4.2). If Ne is the
number of electrons per cm3 and J = сЕ2/4тг i s the radiant energy
flux, then

rfe e 2^ 2

From this we get directly expression (4.4) for aMC.
t The absorption coefficient of frequency a> by electrons with

energy e, corrected for the stimulated emission, which corresponds
indeed to the classical coefficient of effective absorption, is

<4 (e) = аш (e) - Ьш (e) = аш (е) -

In the limit as Ъы/ 6->0

а ш (е — ha).

Thus, if veil (<=) = const and ащ с (б) = const, the limiting value of
ajj coincides exactly with the classical value аыс.
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25 s,ev
FIG. 4. Coefficients of true absorption and stimulated emission

of quanta from a ruby laser in argon and helium, calculated per
electron and per atom (from the data of[20]).

electron density, we write

dn (e);-•'- = SNa {— a (e) n (e) ~ b (в + Ш) n(E + ?.co)

— b (e) n (e) + a (e — ?iw) n (в — ftto)} + Q, (4.6)

w h e r e Q d e s c r i b e s p r o c e s s e s w h i c h a r e n o t c o n -

n e c t e d w i t h r a d i a t i o n ( e l a s t i c a n d i n e l a s t i c e n e r g y

l o s s e s , e l e c t r o n d r i f t f r o m t h e v o l u m e , e t c . ) . S i n c e

w e a r e i n t e r e s t e d i n a r a t h e r a p p r e c i a b l e i n t e r v a l o f

e n e r g i e s e , w h i c h i s o f t h e o r d e r o f t h e e x c i t a t i o n

e n e r g y o r i o n i z a t i o n e n e r g y o f t h e a t o m , a n d i s a p -

p r o x i m a t e l y t e n t i m e s l a r g e r t h a n Ko>, w e s h a l l r e -

g a r d fiw/e a s a s m a l l q u a n t i t y . E x p a n d i n g i n p o w e r s

o f t h i s p a r a m e t e r i n ( 4 . 6 ) ( a c c u r a t e t o t e r m s o f t h i r d

o r d e r ) and in the express ion (4.5) for Ь ш , we obtain

l ds • V '

„ dn
l = n u - D - ,

. . 1 D (г)
«00 = У в (4.7)

This is the equation of one-dimensional diffusion of
particles in a flux with sources Q; the role of the
coordinate is played by the energy e. The quantity D
has the meaning of a diffusion coefficient, and u is
the flow velocity along the e axis. Actually SNa x
(a + b ) « 2SNaa = 1 / T ' is the reciprocal of the life-
time of the electron relative to absorption or emis-
sion of a quantum, Ku) is the magnitude of the jump
along the energy axis, that is, the "mean free path,"
Кш/г ' is the average velocity of " r a n d o m m o t i o n "
along the axis, and D = (Kw/2 )Йш/т' in accordance
with the definition of the diffusion coefficient.

Let us t r a c e the var iat ion of the energy of the
" a v e r a g e " e lectron produced with the low energy

( e f= 0 ) under the assumption that t h e r e a r e no other
p r o c e s s e s except interact ion with the radiat ion
(Q = 0 ). We put h e r e ve^( e ) = const (this is n e c e s -
s a r y for an exact t rans i t ion to the c la s s ica l l imit) ,
so that according to (4.7) and (4.4) we have D ~ a ( e)
~ e when fico/e « 1. Multiplying the diffusion equa-
tion (4.7) by e and integrat ing from 0 to °°, we ob-
tain after s imple calculations an equation for the
average e lectron energy:

ds
dt

dD
--r- =U-ds. 2 E

(4.8)

We substi tute h e r e express ions (4.7) for D, u, and a
in a c c o r d with formula (4.4). Going over to the l imit
n W e ^ * 0 and noting that Sfiw = cE2/47r, we obtain
for de/dt the c lass ica l formula (4.2). Thus, the con-
dition for its approximate applicability is the s m a l l -
n e s s of the quantum Кш compared only with the total
e lect ron energy e, not compared with the energy of
the osci l lat ions in the field.

If we take into account the e lect ron energy l o s s e s
in e las t ic collisions with the a t o m s , we must wri te in
lieu of (4.2)

de
dt (4.9)

where M is the m a s s of the atom (in pr inciple one
could also add h e r e a t e r m descr ib ing inelast ic
los ses ) .

This formula demonst ra tes c lear ly the s h o r t -
coming of the c las s ica l descr ipt ion of the p r o c e s s e s
of energy acquisition in the case when VLLO » е 2 Е 2 / т ш 2 .
Judging from this formula, the e lectron energy can
never exceed*

Actually, however, in view of the quantum c h a r a c t e r
of the energy acquisition t h e r e always exists a finite
probabil i ty that the e lectron can absorb a quantum
within a shor t t ime, and at the s a m e t ime does not
lose much energy to e last ic col l i s ions, so that its
energy grows to a value exceeding e m . This p e r -
tains to an even g r e a t e r degree to the case when in-
elast ic los ses a r e apprec iab le . The foregoing c i r -
cumstance is automatical ly taken into account in the
descr ipt ion of the p r o c e s s with the aid of the quantum
kinetic equation.

We p r e s e n t a numer ica l example of the r a t e of
acquisit ion of energy by means of formula (4.9). hi
argon at 1500 m m Hg N a = 5.3 x Ю 9 c m " 3 and ^eff
» 1.7 x Ю 1 3 s e c " 1 (for e ~ 10 eV). In a threshold
field E = 6 x Ю 6 V/cm 2 the e last ic losses amount
to approximately three percent of the energy a c -
quired. The energy i n c r e a s e per collision is Де
« 0.9 x к г 2 eV and de/dt « 150 eV/nsec.

The e lectron energy reaches a value on the o r d e r
of excitation and ionization potentials ( ~ 15 eV)

*For example, in helium e^ = 20 eV at E = 4.7 x 106 V/cm.
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within ~O.l nsec. Analogously, for helium at the
same pressure we have ^eff » 4 x Ю12 sec" 1 and
E t h r * 8 - 5 * 1()S v / c i n 2 ; a t e = 15 eV, the ratio of
the elastic losses to the energy acquired from the
radiation is 0.23; Де « 1.6 x Ю"2 eV and de/dt
« 64 eV/nsec. An energy of 20 eV is reached after
0.3 nsec.

5. Calculations of Cascade Ionization

The electron cascade was calculated in ^ on the
basis of the quantum kinetic equation, or more ac-
curately the diffusion equation (4.7), to which the
kinetic equation reduces when Kai/e « 1. The non-
stationary solution of the equation, describing the
electron multiplication for supercritical conditions,
is of the form n ( e, t ) = n ( e) exp (t/0 ). The bound-
ary conditions which must be satisfied by the elec-
tron energy distribution function n ( e ), with account
of the multiplication, give an equation for the time
constant в of the cascade. It was assumed in that
paper that the excited atoms are not ionized by the
radiation, that is, that the excitation acts retard the
development of the cascade. In this case the constant
в was found to have an approximate value в = t */a .
Here t* is the time required for the energy of the
electron to grow as a result of absorption and stimu-
lated emission of quanta ("diffusion along the energy
axis") to a value sufficient for rapid ionization of
the atom by electron impact. In accordance with the
statements made in the preceding section regarding
the relation between the quantum and classical treat-
ments, this time coincides with the analogous quan-
tity calculated from the classical formula (4.2). The
quantity a is the probability that the electron can
" jump" through the excitation band, that is, I/a is
the number of cycles of motion along the energy
axis, which must be executed by the electron before
multiplication takes place. The probability a, which
decreases from several tenths to several hundredths
in the pressure range from 1 to 100 atm and at
threshold fields, was calculated by solving the equa-
tion of diffusion along the energy axis. Elastic losses
were not taken into account in the calculations. As a
result of the calculation of the threshold fields,
reasonable agreement with the measurements of ^
was obtained. However, in light of the notions con-
cerning the rapid ionization of the excited atoms by
the radiation (see Sec. 3), it is possible that it is
sufficient to have even one or a small number of
cycles for electron multiplication (the value of a is
close to unity). It must be noted that under this as-
sumption, in the case of low pressures, multiplication
is too fast. According to the estimate made at the end
of the last section, the time necessary for doubling of
the number of the electrons at a pressure of
1500 mm Hg and at experimental values of the
threshold fields is of the order of 0.1—0.3 nsec,

whereas it follows from experiment that it is several
times larger, approximately 0.7 nsec. In other words,
the threshold fields should be somewhat smaller than
those measured experimentally. At high pressures
~ 100 atm and small measured threshold fields, an
important role is played by the elastic losses, which
were not taken into account on the calculations. How-
ever, at such high pressures, when the spatial diffu-
sion of the electrons in the focusing region is slow,
the cascade develops predominantly in places where
the local fields exceeds noticeably the average
threshold fields. This makes it difficult to compare
the calculations with experiment, which yields only
fields averaged over the volume.

D. D. Ryutov '-22-' studied breakdown on the basis of
the classical kinetic equation for an electron velocity
distribution function f(v)

« £ * sin «*£ =
dt m dv

where I (f) was the integral of collisions between the
electrons and the atoms. The atoms were assumed
to be infinitely heavy, that is , the elastic energy
losses were not taken into account. The solution of
the equation is sought in Lorentz form f (v) = fo(v)
+ g (v) cos $ where £ is the angle between the
directions of the velocity v and the electric field
vector Eo. As a result of several transformations,
the kinetic equation reduces to an equation of the
diffusion type along the energy axis, analogous to
(4.7). Terms are added to the equation to describe
the inelastic energy loss to excitation and the elec- •
tron drift from the region of action of the field as a
result of spatial diffusion. The excitation of the atoms,
as in ^ , is assumed to be a "harmful" effect. The
equation is solved for stationary conditions, which
were called above "cr i t ical ," when the electron
production is compensated by loss due to escape from
the volume. The fields corresponding to the sta-
tionary conditions are obtained and are regarded as
corresponding to threshold of the breakdown.* No
estimates were made, however, of the actual number
of electrons produced at the focus under such condi-
tions. The estimated fields are in reasonable agree-
ment with the results of the experiments of'-3-', in
which a high degree of focusing was obtained and a
"quasistationary" mode was probably realized.

Wright '-3-' started with quantum notions concerning
the absorption of radiation, writing down a semi-
qualitative expression for the quantum absorption
coefficient and a formula for the rate of growth of
the electron energy de/dt; the stimulated emission
was not taken into account. He estimated the time
required for the electron to attain excitation energy;
the paper favors the idea of rapid ionization of the

*The same procedure is used in the theory of high-frequency
breakdown.
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excited atoms by the radiation. The breakdown con-
ditions are estimated.

The calculations of Askar'yan and Rabinovich &^
pertain to strong fields, in which the excited atoms
are rapidly ionized by the radiation.

The paper emphasizes the fact that owing to the
large quantum absorption probability, the electron
with enough energy to excite the first level of the
atom, following the ground state, acquires rapidly,
as a result of absorption of only one quantum, the
ability of exciting the upper states, which can be
readily ionized by the radiation. The kinetic equa-
tion for the number of electrons is written with
allowance for the excitation and ionization of the
upper levels of the atom. The effective electron
energy loss per multiplication act, e*, is introduced,
so that the time constant в of the cascade is defined
by the formula 1/0 = (de/dt)/e*. Notice is taken in
the paper of the influence of the striction force on
the electron drift from the focusing volume.

Summarizing the discussion of the cascade ioniza-
tion mechanism, we must emphasize that there are
still several unclear points which require additional
theoretical and experimental research. The role of
the excitation of the atoms at not very strong fields
is not yet clear, there are no consistent calculations
for breakdown in light gases at high pressures and
relatively weak fields, when the elastic losses are
high. There are no calculations for breakdown with
allowance for spatial inhomogeneity of the field,
which plays a very important role at high pressures
when the cascade is localized at the points with the
maximum fields. There is no theory allowing for the
effects that are specific for molecular gases (air),
where the excitation levels lie very low and where it
is consequently very important to understand the in-
fluence exerted by the excitation of the molecules
under various conditions. At the same time, the low
value of the times necessary for the electrons to ac-
quire energy in the radiation field, and the reasonable
agreement between the threshold fields calculated
under various assumptions with those measured ex-
perimentally, offer evidence that at pressures on the
order of atmospheric and above the breakdown under
threshold conditions has undoubtedly a cascade-like
character. Favoring the cascade mechanism, in the
opinion of the authors of'-27-', is also the observed
lowering of the threshold fields with decreasing fre-
quency.

II. ABSORPTION OF THE BEAM AND HEATING OF

THE GAS

6. Measurements of Absorption and Scattering of a
Laser Beam and Heating of the Gas in the Break-
down Region

If the intensity of the light beam exceeds noticeably
the threshold intensity for breakdown, the latter oc-

Without breakdown Breakdown

10 nsec/div

FIG. 5. Oscillograms of the total laser flux passing through the
focus in the absence of breakdown and during breakdown (as mea-
sured in[5]).

curs even before the end of the laser pulse, and an
appreciable fraction of the radiation energy is ab-
sorbed by the produced plasma. At the same time the
plasma is heated to high temperatures. This phe-
nomenon was the subject of numerous experimental
papers.

Meyerand and Haught ^ measured the absorption
of a laser beam at intensities above threshold. The
measurements were apparently made with the aid of
the generator described in the first paper of these
authors. ^ Breakdown was produced in argon at
atmospheric pressure and at a generator power of
40 MW, which exceeded threshold by a small amount.
The diameter of the focusing circle was 2 x 1СГ2 cm,
the length of the focusing region, according to optical
calculations, was 6 x 10"2 cm. A photomultiplier was
used to register the total flux through the radiation
focus during the breakdown and in the absence of
breakdown, with the generator power maintained the
same in both measurements so as to retain fully the
identical conditions. A filter was used to reduce the
flux to a value below threshold. Figure 5 shows os-
cillograms of the total transmitted flux. We see that
the absorbing plasma is produced approximately
9 nsec after the start of the pulse. By that time, ap-
proximately 10 percent of the total pulse energy has
been radiated. A total of approximately 0.5 J of radi-
ation energy was absorbed. To check that the light is
indeed absorbed by the plasma, and is not scattered,
the authors measured the intensity of the scattered
radiation at different angles. Integration of the inten-
sity over the solid angle has shown that only a very
small fraction of the energy is scattered. The energy
absorbed by the plasma goes to heating of the gas.
This is confirmed, in particular, by measurements
of the gas pressure after the breakdown in a vessel
of fixed volume, 23 cm3. Some time after the pulse,
the gas pressure rose by 0.064 atm, corresponding
to an energy of ~ 0.3 J . This agrees within the limits
of accuracy with oscillograph measurements of the
absorption of the radiant energy.

Interesting features of the process of absorption
of the beam were observed in studying the scattering
of laser light produced by the plasma and by photo-
graphing the breakdown region in the light of its own
glow. This was done by Ramsden and Davis.'-28-' The
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FIG. 6. Intensities of laser and scattered radiation, and also
of the spark glow (as measured in[28]).

beam of a ruby laser was focused by a short-focus lens
(f = 0.8 cm) into a circle of 10 ~2 cm in diameter.
The breakdown in air appeared at a power exceeding
5 MW. About 60% of the pulse energy was absorbed
by the plasma.

Laser radiation scattered by the plasma at right
angles to the incident beam was registered. The
scattered beam was gathered with a lens and focused
on the slit of a spectrograph. The variation of the
intensity of the scattered radiation with time was
measured photoelectrically and photographically. To
eliminate problems connected with the incidence of
light scattered by the surfaces, the transmitted beam
entered a beam stop. The scattered beam appeared
only in the presence of breakdown, thus eliminating
the possibility of observing scattering from unper-
turbed air. The scattered light was a narrow mono-
chromatic line with wavelength close to that of the
laser, but shifted up to 3 A towards shorter wave-
lengths. Figure 6 shows the variation of the intensity
of the scattered and laser radiations, and also the
intensity of the glow of the heated air (the latter has
a continuous spectrum, on which several N II lines
are superimposed).

The shift of the wavelength of the scattered line is
naturally interpreted as a Doppler shift connected
with the motion of the scattering-plasma boundary
opposite to the laser beam. The maximum shift of
3 A corresponds to a boundary velocity of approxi-
mately 100 km/sec. This deduction was confirmed by
lateral time-sweep photographs of the focal region
(Fig. 7). The photograph shows how the glowing
front moves opposite to the beam, and the velocity of

!00ns

the motion can be determined from the slope of the
front line. The initial velocity is the above-mentioned
100 km/sec, and decreases with time (the Doppler
shift decreases simultaneously). Sometimes one ob-
serves a weak line shifted towards longer wavelengths.

Absolute measurements of the intensity of the
scattered light, with a known geometry, have made it
possible to estimate the density of the electrons in
the plasma, which was found to be of the order of
5 x Ю 1 9 c m " 3 .

Within the l imits of a c c u r a c y of the spect rograph
resolut ion of 0.4 A, the s c a t t e r i n g line was not
broadened compared with the l a s e r l ine. The p lasma
p a r a m e t e r s under these conditions were such that
theoretically'-2 9-' the broadening of the s c a t t e r i n g line
should be determined by the ion t e m p e r a t u r e . One
could therefore conclude that the ion t e m p e r a t u r e s
did not exceed 10 eV.

Considerable i n t e r e s t , of c o u r s e , should be a t -
tached to a d i r e c t determinat ion of the t e m p e r a t u r e
of the p l a s m a produced as a r e s u l t of absorption of
the l a s e r b e a m . Measurements of this type a r e d e -
s c r i b e d in the paper by S. L. Mandel ' shtam et a l . ^
The r u b y - l a s e r pulse energy, 2.5 J , was great ly in
excess of the ~ 1 J threshold for the breakdown of
a i r (duration 40 nsec , focusing radius 10" 2 cm) . The
maximum p l a s m a t e m p e r a t u r e was determined by
m e a s u r i n g the intensity of the soft x radiat ion with
Л ~ 10 A. The e lectron t e m p e r a t u r e was approxi-
mate ly 60 eV « 700,000°K. At such t e m p e r a t u r e s , the
quanta with wavelength Л ~ 10 A were in the far
Wien region of the s p e c t r u m and therefore the r a d i -
ation intensity was ext remely sensi t ive to the t e m -
p e r a t u r e . This ensured a sufficient accuracy in the
determinat ion of the t e m p e r a t u r e , in spite of the
known uncertainty in the s ize of the radiat ing volume
and in the other p a r a m e t e r s used to calculate the
t e m p e r a t u r e from the m e a s u r e d intensity. At any
r a t e , t e m p e r a t u r e s of 45 and 75 eV in lieu of 60 eV,
a r e incompatible with the m e a s u r e d intensity for any
reasonable values of the p a r a m e t e r s .

Simultaneously with m e a s u r e m e n t s of the t e m p e r -
a t u r e , investigations were made of the s c a t t e r i n g of
the l a s e r beam (in a somewhat different setup than
in ^ G ) , and the resu l t s obtained w e r e essent ia l ly the
s a m e as in '-28-'. The velocity of the p l a s m a boundary
moving opposite to the beam, determined from the
Doppler shift, turned out to be approximately
110 k m / s e c *

When the intensity of the light flux a t the focus J
was var ied over a sufficiently wide range of values,
the velocity of the p lasma boundary changed slowly,

approximately as J1/3

FIG. 7. Streak photograph of the process in the zone of laser-
beam absorption (according to[28]).

•Convincing proof of the Doppler nature of the shift was the
fact that when observing the backward scattering towards the lens,
that is, at an angle ~ 180°, the shift of the wavelength doubled
compared with the shift corresponding to scattering at 90°.
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FIG. 8. Frame-by-frame photograph of the process in the region
of laser-beam absorption (from[31])- The interval between succes-
sive frames is 4.4 nsec. Selected frames are shown: the numbers
of the frames are indicated.

Valuable information on the dynamics of the ab-
sorption cf a laser beam and the propagation of the
gas-heating region is obtained by the high-speed
framing photography of the phenomenon, reported by
R. V. Ambartsumyan et al.'-31-' Photographs of the
breakdown in air were obtained with the aid of a
framing camera with the frames spaced 4.4 nsec
apart. Figure 8 shows sample frames with serial
numbers marked (negative prints). In this experi-
ment the pulse from a Q-switched ruby laser (de-
scribed in ^32J ) carried an energy ~ 3 J . The focal
distance of the lens was 5 cm, the laser beam
diameter 1 cm, and the divergence 10'. The pulse
wave form is shown in Fig. 9. Its width at the half-
peak power level was 11 nsec. The degree of black-
ening of the spot in the right side of the frame char-
acterizes the laser radiation power at an instant
6 sec before the exposure of the frame. It is seen
from the photographs that the breakdown develops
quite unevenly in space; the determination of the
boundary velocity entails certain difficulties. It can
be stated, however, that it is not less than 100 km/sec.
The aperture angle of the white cone in frame 7 co-
incides approximately with the angle of convergence
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o f t h e r a y s t o t h e f o c u s , a n d t h i s , i n t h e a u t h o r s '

o p i n i o n , i s e v i d e n c e t h a t t h e r e i s n o a p p r e c i a b l e g a s -

d y n a m i c e x p a n s i o n o f t h e h e a t e d g a s i n t h e t r a n s -

v e r s e d i r e c t i o n . T h e m a x i m u m p u l s e p o w e r i s a t -

t a i n e d a p p r o x i m a t e l y i n f r a m e 8 . B y t h a t t i m e a p -

p r o x i m a t e l y 4 0 p e r c e n t o f t h e e n e r g y , a b o u t 1 . 2 J ,

i s r e l e a s e d .

T h e l i g h t c o n e i s ~ 4 m m h i g h a n d h a s a b a s e

d i a m e t e r ~ 1 m m . R e l e a s e o f t h i s e n e r g y i n s u c h a

v o l u m e c o r r e s p o n d s t o a n a v e r a g e e n e r g y o f

3 7 0 e V / m o l e c u l e a n d a n a v e r a g e t e m p e r a t u r e o f a p -

p r o x i m a t e l y 1 0 e V . C o r r e s p o n d i n g t o t h e s a m e m a g -

n i t u d e i s a p p r o x i m a t e l y t h e a v e r a g e v e l o c i t y o f t h e

t r a n s v e r s e e x p a n s i o n o f t h e h e a t e d g a s , e s t i m a t e d

f r o m t h e m o t i o n o f t h e s i d e b o u n d a r y i n f r a m e s 9 — 1 4 ,

a t a d i s t a n c e 4 m m f r o m t h e f o c a l p o i n t — 1 4 k m / s e c .

( T h e e s t i m a t e w a s b a s e d o n t h e s h o c k - w a v e f o r m u l a . )

7 . L i g h t A b s o r p t i o n a n d G a s H e a t i n g W a v e .

" D e t o n a t i o n " M e c h a n i s m

A g e n e r a l a n a l y s i s o f t h e p h y s i c a l p r o c e s s o f a b -

s o r p t i o n o f a l a s e r b e a m b y t h e p l a s m a r e s u l t i n g

f r o m t h e p r i m a r y b r e a k d o w n o f a i r i n t h e f o c a l r e -

g i o n , w a s p r e s e n t e d b y t h e a u t h o r i n ^®. I n t h a t p a p e r

t h e c o n c e p t w a s i n t r o d u c e d o f t h e l i g h t - a b s o r p t i o n a n d

g a s - h e a t i n g w a v e , c o n s t i t u t i n g t h e e x p e r i m e n t a l l y o b -

s e r v e d p l a s m a b o u n d a r y m o v i n g o p p o s i t e t o t h e b e a m ;

t h e s h o c k a d i a b a t o f t h e w a v e w a s p l o t t e d a n d t h e w a v e

v e l o c i t i e s w e r e c a l c u l a t e d f o r d i f f e r e n t m e c h a n i s m s

o f i t s p r o p a g a t i o n , a s w e l l a s t e m p e r a t u r e s t o w h i c h

t h e g a s i s h e a t e d . S o m e p r o b l e m s i n t h e t h e o r y o f

t h e p h e n o m e n a d e s c r i b e d h e r e a r e c o n s i d e r e d a l s o i n

t h e a r t i c l e b y R a m s d e n a n d S a v i c ^ 3 4 J a n d i n p a p e r s ' - 3 0 ' 3 1

c i t e d a b o v e .

W h e n t h e i o n i z a t i o n i s a p p r e c i a b l e a n d t h e t e m p e r -

a t u r e s r e a c h t e n s a n d h u n d r e d s o f t h o u s a n d s o f d e -

g r e e s , t h e s m a l l q u a n t a f r o m t h e l a s e r a r e a b s o r b e d

i n t h e g a s a s a r e s u l t o f f r e e - f r e e t r a n s i t i o n s o f t h e

e l e c t r o n s i n t h e i o n f i e l d . T h e c o e f f i c i e n t o f a b s o r p -

t i o n o f l i g h t b y t h e p l a s m a , c o r r e c t e d f o r t h e s t i m u -

l a t e d e m i s s i o n ( w i t h a c c o u n t o f t h e f a c t t h a t Ru>

« кТ),С з 5 'З Й

Z4«NeN±g_ _16л2 /2л \Чг

* » - — 1 т • -
V

— c m
i со [eV])2

= 0 . 5 5 I n f ^ — 7 - ^
V Z4<4v'/3 J

H e r e N e , N + , a n d N a r e n u m b e r s o f t h e e l e c t r o n s ,

i o n s , a n d o r i g i n a l a t o m s p e r c u b i c c e n t i m e t e r . T h e

i o n i z a t i o n i s a s s u m e d t o b e m u l t i p l e s o t h a t N + = N

a n d N e = Z N . N u m e r i c a l v a l u e s o f t h e m e a n f r e e

path 1Ш = 1/кш for a i r of normal density and for
FIG. 9. Wave form of the generator pulse used in[31] (from[32]). quanta with Ко; = 1.78 eV a r e l isted in the table. The

10 20

T i m e , n s e c

30



664 Yu. P . R A I Z E R

FIG. 10. Diagram of light channel in the focal region.

effective charge of the ions Z is taken from the data
of ^ under the assumption of equilibrium ionization.

Let us assume that in the focal region, in the
narrowest region of the converging light channel
(Fig. 10), where the radiant-energy flux is maximal,
breakdown took place and a high degree of ionization
and a high temperature have already been attained.
The light is absorbed in a very thin layer of the order
of the mean free path of the quanta 1Ш and heats the
gas. One of the most remarkable features of this
process, which is quite evident physically and which
has been observed experimentally (see Sec. 6), is the
motion of the absorption zone in a direction opposite
to that of the light flux. In fact, the light quanta are
strongly absorbed in the highly ionized medium. As
soon as the degree of ionization ahead of the gas layer
which absorbs at the given instant reaches for one
reason or another a sufficiently high value, a new
layer becomes opaque and by the same token starts
absorbing. Thus, moving opposite to the beam in the
light channel is an "absorption and heating wave."
This effect prevents the entire pulse energy from
being released in a very small volume where break-
down takes place soonest, and hampers the attain-
ment of very high temperatures.

There are three completely different and inde-
pendent mechanisms which lead to the occurrence of
the absorption wave.

1. If the light flux at the focus is appreciably
larger than the threshold for the breakdown, then its
value exceeds the threshold also in a certain area of
the light channel that expands in the direction towards
the lens. The breakdown takes place also in those
parts of the channel, but with a delay with respect to
the narrowest spot; the larger the cross section of
the channel and the smaller the flux, the longer the
delay. Thus, a "breakdown wave" moves opposite
to the beam. (The result of the high-speed photogra-
phy of the process is interpreted in '-31-' on the basis
of this mechanism.)

2. The heated gas in the absorbing layer expands
and transmits a shock wave in all directions, includ-
ing the direction along the light channel opposite to
the beam. In the shock wave, the gas is heated and
ionized, so that the light absorption and energy-re-
lease zone moves following the shock-wave front.
This hydrodynamic mechanism is similar in many
respects to the detonation of explosives.

It was noted by Ramsden and Savic, "0 who esti-
mated the velocity of the "detonation" wave, but
drew incorrect conclusions concerning the tempera-

ture to which the gas is heated, without taking into
account the energy conservation law (see below).

3. The gas in front of the absorbing layer becomes
ionized and acquires the ability of absorbing light
because of absorption of thermal radiation from the
strongly heated region of the gas (from behind the
front of the absorption wave). This can be called a
"radiative" mechanism.

The heating and ionization in front of the absorb-
ing layer, connected with the electronic thermal
conductivity and the diffusion of the electrons, are
shown by calculation to play a small role.

The efficiency of each of the mechanisms is char-
acterized by the rate of displacement of the absorp-
tion wave resulting from this mechanism, the real
wave moving, naturally, with the largest of the possi-
ble velocities.

The absorption wave can be regarded in some
sense as a hydrodynamic explosion. In the coordinate
frame fixed in the wave, the process is quasi-sta-
tionary. Indeed, after a time At, during which the
wave covers a distance on the order of its width Ax,
the flux of the laser radiation and the velocity of the
wave D = Ax/At do not have time to change strongly,
Ax SB 1Ш < 10"2 cm, D » 100 km/sec (At ~ 10~9 sec) .

Let us calculate the energy balance, disregarding
for the time being the fact that when the gas is
heated it is set in motion. The energy incident on one
square centimeter of the wave surface in a time dt is
Jdt, where J is the flux of radiant energy. The en-
ergy goes into heating of a mass p0D dt, which is
captured by the wave during that time (p0—initial gas
density). Consequently, the specific internal energy
e ( T) acquired by the gas after total absorption of
the light flux, is given by the equation

Q0D&(T) = J. (7.2)

This relation expresses simply the law of energy
conservation, and does not depend on the concrete
mechanism of wave propagation. In a more detailed
analysis of the wave as a hydrodynamic explosion, it
is necessary to start from general conservation laws
for the mass, momentum, and energy as the gas
passes through the wave, similar to the procedure
used in shock-wave theory (see ^ ). As a result we
obtain the equation of the "shock adiabat" of the
absorption wave, which relates the pressure and the
density of the gas behind the front of the wave with
the initial density and the energy flux J incident on
the wave. The shock adiabat of the absorption wave*,

*In spite of the common features, it differs from the shock
adiabat of an explosive, in which, just as in an absorption wave,
energy is released, because the energy released per gram of the
explosive (q) is a constant quantity, whereas in the absorption of
light the energy ]/p0V released per gram depends on the velocity
of the wave.
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7+1

FIG. 11. Shock adiabat of the absorption wave. The straight
vertical line is the shock adiabat of the strong shock wave.

calculated in '-33-', is shown schematically in Fig. 11.
The energy balance equation of the type (7.2)

changes little when account is taken of the work of
compression and of the change in the kinetic energy
of the gas. The change reduces to the fact that J is
replaced in the equation by a somewhat different
quantity J(3, with the coefficient /3 confined to a very
n a r r o w interval 1 </3 < 2y/(v + 1), where у is the
adiabatic exponent of the gas . F o r a i r a t t e m p e r a -
t u r e s 1O 5-1O 6 deg, у « 1.33 [ 3 5 ] and 1 < /3 < 1.14,
that i s , the e lementary energy equation (7.2) always
r e m a i n s valid with sufficient accuracy . This equation
r e l a t e s the velocity of the absorpt ion wave and the
energy of heating of the gas behind the wave, and
m a k e s it possible to e s t imate the t e m p e r a t u r e from
the exper imental ly m e a s u r e d velocity and from the
known flux J , even if the mechanism of absorpt ion-
wave propagation is not known. It m u s t be borne in
mind h e r e , however, that an e s t imate based on Eq.
(7.2) gives the c o r r e c t r e s u l t only in the case when
the l a s e r beam is pract ica l ly completely absorbed
by the p l a s m a and the width of the absorption band
(the width of the wave) is s m a l l compared with the
d i a m e t e r of the sur face of the wave o r of the light
channel (see below).

As in the case of the shock wave, the velocity of
the absorption wave D is de termined by the slope of
the line drawn on the p r e s s u r e - s p e c i f i c volume
diagram (Fig. 11) from the point of the initial s ta te О
to the point of the final s ta te of the gas behind the
wave. It is seen from Fig. 11 that at a given radiant
energy flux J t h e r e exists a minimum possible
velocity of wave propagation, corresponding to the
point of the final s ta te J o . This is the so called
Jouguet point, well known from detonation theory.'-37-'
At this point the velocity of the wave re lat ive to the
heated m a t t e r behind the wave coincides exactly with
the local velocity of sound. When al l the o ther ioni-
zation (ignition) m e c h a n i s m s a r e le s s efficient than
the ionization by the shock wave, it is this hydrody-
namic (detonation) mode which is rea l ized . The gas
is then c o m p r e s s e d and heated by the shock wave to

the s ta te A, and then, after acquir ing additional
energy by absorpt ion of the l a s e r radiat ion, it expands
along the l ine AJo, reaching the Jouguet point at the
instant when the energy r e l e a s e is completed.

The maximum absorption-wave velocity is *

(7.3)

In this mode the heating is maximal and equal to

e = •,..,, ,;,_. , .,V'= =r^! ( — ) . ( 7 . 4 )

The compress ion behind the front is ( 7 + 1 )/y and
the coefficient /S = 2>/(-y + 1 ) .

If any of the ionization m e c h a n i s m s , for example,
the breakdown m e c h a n i s m , produces at the given flux
J a wave-propagation speed which exceeds the
velocity of the " n o r m a l d e t o n a t i o n " (7.3), then no
shock wave is produced in the light channel. The gas,
absorbing the light flux, goes over from the initial
s ta te О into the final s ta te С by continuous heating
and compress ion along the line ОС, and then the
i n c r e a s e in the p r e s s u r e and density in this case a r e
not the causes but the consequences of the wave p r o -
duction. In this case the wave propagates through the
gas remaining behind it with supersonic velocityf.

We p r e s e n t a n u m e r i c a l example. At values
J = 2 x Ю 1 8 e r g / c m 2 s e c , p 0 = 1.3 x l ( T 3 g/cm 3 and
у = 1.33, corresponding to the exper iments in'-30-',
formulas (7.3) and (7.4) yield D = 133 k m / s e c and
e = 1.35 x 10 1 4 erg/g, corresponding at equil ibrium
to a t e m p e r a t u r e T = 910,000° (the experimental
values a r e D = 110 k m / s e c and T = 700,000°).

The figures calculated in this m a n n e r a g r e e in
general with the exper imental values, but they a r e
somewhat too high, as no account was taken of the
energy lost to l a t e r a l expansion of the gas . The point
is that the width of the wave, that i s , of the energy-
r e l e a s e zone, is actually comparable with the radius
of the sur face of the wave (radius of the focusing
c i r c l e ) , and there fore even during the s tage of energy
r e l e a s e the gas acquires radia l velocit ies and ex-
pands through the l a t e r a l " s u r f a c e " of the light
channel. Taking into account the loss to l a te ra l ex-
pansion/ 3 3 -' the "e f fec t ive" flux J d e c r e a s e s by a p -
proximate ly one half, so that we obtain

*Formula (7.3) can be obtained also directly from the formula
for the detonation velocity D = [2(y2 — 1) q]V4 if we substitute in it
the energy release q = J/p0D (see the preceding footnote). This
was precisely the procedure used by Ramsden and Savic,[34] but
as a result of an error in the derivation of the connection between
q and J, their formula which is analogous to (7.3) contains not p0

but the density behind the wave.
t The hydrodynamic modes with ionization of the shock wave,

but with velocity exceeding that of the detonation»wave (0->A'̂ B)
are not realized. Motion behind the wave would then be subsonic,
and the expansion of the heated gas behind the wave would then
attenuate the wave, bringing it into the mode of "normal detona-
tion."
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D » 105 km/sec, £ » 8.5 x Ю13 erg/g, and
T » 720,000°, practically coinciding with the experi-
mental values of й й *.

In the paper of Ramsden and Savic, ^ in which the
results of the experiments of '-28-1 are interpreted,
there is a correct estimate of the wave velocity on
the basis of a formula similar to (7.3), yielding
D ~ 100 km/sec, which agrees with experiment.
However, the gas absorbing the laser beam is a s -
signed a temperature of 40,000° which follows from
a certain interpretation of the measured width of the
scattering line (see Sec. 6). On the basis of the chosen
value of the temperature, they estimate the absorp-
tion coefficient of the laser beam.

The authors of '-34-' paid no attention to the fact that
the energy of gas heating and the velocity of the ab-
sorption boundary are far from independent, being
connected by the energy conservation law [an ex-
pression of this is just the formula (7.4)]. The tem-
perature 40,000° is incompatible with a velocity of
~100 km/sec, which corresponds, for an almost
complete beam absorption, to a temperature on the
order of a million degrees (or several hundred
thousand if account is taken of the losses).

In fact, the width of the scattered line does not
give the temperature to which the gas is heated after
absorbing the laser beam. The question of the line
width still remains unclear. -̂

It should be noted that in the experiments of '-30-'
the authors determine from the intensity of the x
radiation not the ionic but the electronic temperature.
However, an estimate of the rate of energy exchange
between the electrons and the ions from the known
formula in'-38^ shows that exchange is quite rapid,
under the conditions in question within a time
~ 3 x Ю"1 0 sect . At a wave velocity D » Ю0 km/sec,
this then corresponds to an exchange length
(~ 3 x 1O~3 cm) of the same order of magnitude as
the width of the energy-release zone. Thus, there
can be no great discrepancy between the electronic
and ionic temperatures, such as would make the ionic
temperature one order of magnitude smaller than the
electronic temperature. It must be stated that the
energy of the laser radiation absorbed by the elec-
trons is transferred to the ions not only by energy
exchange during collisions between these particles,
but also by hydrodynamic means, via the work per-
formed by the electron-pressure forces on the ions,
since the electrons and ions are rigidly coupled by
the Coulomb interaction. The latter circumstance
comes clearly into play if one writes out the com-

*One must not have any delusions, of course, as a result of
such "exact" agreement, since it undoubtedly contains a con-
siderable element of chance.

tThis value is obtained at T = 700,000°, normal air density,
and five-fold ionization of the atoms. The Coulomb logarithm is
taken equal to six.

plete system of equations for the dynamics of a
mixture of ionic and electronic gases.

8. "Breakdown" and "Radiative" Mechanism

Let us consider now the breakdown mechanism
and estimate the corresponding wave velocity. As
mentioned in part I of this article, the laser radia-
tion causes an electron cascade to develop in the
cold gas. The electron density increases in time in
accordance with

(8.1)

and at large radiation fluxes when the breakdown
mechanism is the only one which plays a role, the
time constant 0 is determined essentially by the
time required for the electron to acquire under the
influence of the field an energy sufficient for excita-
tion (or ionization) of the molecules and the atoms.
In this case the rate of cascade development 1/0 is
approximately proportional to the light flux: 1/0
= AJ, A « const.

Let us assume that the breakdown occurs when the
electron density N e reaches a certain value Nec> a t
which the absorption of light quanta becomes suffi-
ciently intense. This means that the instant t at
which breakdown takes place in a given cross section
of the light channel x (see Fig. 10) is determined the
equation

(8.2)

The quantity д, which depends only logarithmically
on N e c and Neo. will be assumed to be approxi-
mately constant.

We represent the light flux J (x, t) in the form

where W is the peak power of the generator and
<p ( t ) is a dimensionless function characterizing the
wave form of the pulse (see Fig. 9 ); r = r (x) is the
radius of the channel at the section x. Substituting
this expression in (8.2), we get

(8.3)

If t c is the instant of the primary breakdown at the
focus, then

(8.4)

Let us assume for an estimate that the light
channel in the focal region is conical and that r = r 0

+ x tana (see Fig. 10).
From relations (8.3) and (8.4) follows an equation,

which determines the law of motion of the breakdown
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wave x ( t

When the power is appreciably in excess of
threshold, breakdown usually occurs even before
peak power is attained. For convenience in esti-
mating by means of (8.5), we approximate the curve
<p (t) during the power-growth stage by a straight
line. We measured the time from the point of inter-
section of the line with the abscissa axis, as if the
pulse had a triangular form. Then (p ( t )
= const • t. Extrapolating the line to zero power, we
obtain from (8.5) the velocity of the breakdown wave
during the stage of generator power growth:

dxx=D{t-tc), D = ^=-t tga "
(8.6)

In the experiments of й 0^ r 0 = 10 2 cm, t c » 10 nsec,
tan a ~ 0.1, and D ~ 100 km/sec, that is, the break-
down wave velocity is close to the hydrodynamic
velocity (see Sec. 7).

In the experiments of ^28-' r 0 « 4 x Ю"3 cm and
t c « 7 nsec, tan a = 1 (short-focus lens). The ve-
locity of the breakdown wave is D ~ 6 km/sec and
is much smaller than the hydrodynamic velocity,
which, as in ^ , is ~ 100 km/sec, that is, in these
experiments the breakdown mechanism certainly
plays no role. Let us estimate the dependence of the
initial velocity of the breakdown wave on the peak
power of the generator W, the pulse duration At,
and the geometry. Assuming as an estimate <p ( t )
= const • t/At, we obtain from (6.4) that t c

'At l / 2W~ l / 2r 0 . Formula (6.6) then yields

D-
At41 • t g a

( 8 . 7 )

I n t h e c a s e o f s h o r t p o w e r f u l p u l s e s a n d l o n g - f o c u s

l e n s e s ( s m a l l a ) t h e i n i t i a l v e l o c i t y o f t h e b r e a k d o w n

w a v e c a n b e v e r y l a r g e , o f t h e o r d e r o f s e v e r a l

h u n d r e d k m / s e c , a n d m a y g r e a t l y e x c e e d t h e h y d r o -

d y n a m i c v e l o c i t y . A s i m i l a r e f f e c t i s b r o u g h t a b o u t

a l s o b y t h e d i f f e r e n c e i n t h e f o r m o f t h e l i g h t

c h a n n e l f r o m c o n i c a l , t h e " s h a r p e n i n g " o f t h e

c h a n n e l i n t h e d i r e c t v i c i n i t y o f t h e n a r r o w e s t s p o t

( d e c r e a s e i n t h e c o n v e r g e n c e a n g l e a ) . I n t h i s c a s e

t h e e l o n g a t e d r e g i o n o f t h e c h a n n e l i s t r a v e r s e d b y

t h e b r e a k d o w n w a v e , a n d t h e n , w h e n t h e c h a n n e l b e -

g i n s t o e x p a n d , t h e b r e a k d o w n m e c h a n i s m c a n g i v e

w a y t o a n o t h e r m e c h a n i s m , f o r e x a m p l e , t h e h y d r o -

d y n a m i c m e c h a n i s m .

I n '-31-' a f o r m u l a i s d e r i v e d f o r t h e b r e a k d o w n

p r o p a g a t i o n w h i c h i s s o m e w h a t d i f f e r e n t f r o m ( 8 . 6 ) .

T h e a u t h o r s a s s u m e t h a t t h e b r e a k d o w n i n t h i s s e c -

t i o n o f t h e c h a n n e l o c c u r s a t t h e i n s t a n t w h e n t h e

i n t e n s i t y o f t h e l i g h t f l u x i n t h i s s e c t i o n , w h i c h g r o w s

*tg = t a n .

t o g e t h e r w i t h t h e g r o w t h o f t h e g e n e r a t o r p o w e r ,

r e a c h e s a d e f i n i t e t h r e s h o l d v a l u e . T h e d i f f e r e n c e

f r o m t h e p r e v i o u s c o n c l u s i o n , c o n s e q u e n t l y , c o n -

s i s t s i n a s s u m i n g t h a t t h e c a s c a d e d e v e l o p s " w i t h o u t

i n e r t i a . " A l t h o u g h f o r m u l a '-31-' g i v e s a t r u e e s t i m a t e

o f t h e v e l o c i t y ( ~ 2 0 0 k m / s e c f o r t h e e x p e r i m e n t a l

c o n d i t i o n s o f ' - 3 1 - ' ) , n o n e t h e l e s s i t i s m o r e c o r r e c t t o

t a k e i n t o a c c o u n t t h e a c c u m u l a t i o n o f t h e e l e c t r o n s i n

t h e c a s c a d e d u r i n g t h e t i m e o f a c t i o n o f t h e f i e l d , a s

w a s d o n e a b o v e i n t h e d e r i v a t i o n o f ( 8 . 6 ) .

L e t u s d w e l l b r i e f l y o n t h e r a d i a t i v e m e c h a n i s m o f

w a v e p r o p a g a t i o n .

A t t e m p e r a t u r e s o f t h e o r d e r o f s e v e r a l h u n d r e d

t h o u s a n d d e g r e e s , t h e f r e e p a t h s o f t h e q u a n t a w i t h

e n e r g y ~ k T , r a d i a t e d b y t h e h e a t e d g a s , a r e

I ~ 1 0 " 1 — 1 0 c m a n d a r e c o n s i d e r a b l y l o n g e r t h a n t h e

f r e e p a t h s o f t h e s m a l l l i g h t q u a n t a (1Ш ~ 1 0 ~ 3 —

1 0 ~ 2 c m ) , t h e w i d t h o f t h e w a v e , o r e v e n t h e c h a r a c -

t e r i s t i c d i m e n s i o n s o f t h e h e a t e d r e g i o n . T h e h e a t e d

g a s i s t r a n s p a r e n t t o t h e t h e r m a l r a d i a t i o n a n d e m i t s

f r o m i t s e n t i r e v o l u m e . T h i s r a d i a t i o n i s a b s o r b e d i n

t h e c o l d e r l a y e r s , w h e r e t h e i o n i z a t i o n i s s m a l l ; t h e

c o r r e s p o n d i n g m e a n f r e e p a t h s i n a t m o s p h e r i c a i r

a r e ~ 1 0 " 2 - 1 0 " 1 c m ( f o r Rw ~ 2 0 - 2 0 0 e V ) . A s

s o o n a s t h e i o n i z a t i o n d u e t o t h e a b s o r p t i o n o f t h e

t h e r m a l r a d i a t i o n r e a c h e s a s u f f i c i e n t v a l u e ( t h i s

o c c u r s a t t e m p e r a t u r e s ~ 1 5 , 0 0 0 — 2 0 , 0 0 0 ° ) , t h e n e w

i o n i z e d l a y e r b e g i n s t o a b s o r b t h e l i g h t f l u x i n t e n s i t y .

T h e i n t e n s i t y o f t h e f o c u s e d flux o f l a s e r r a d i a t i o n i s

m u c h l a r g e r t h a n t h e f l u x o f t h e r m a l r a d i a t i o n , s o

t h a t t h e n e w l a y e r b e c o m e s r a p i d l y h e a t e d a n d t h e

b o u n d a r y o f t h e h i g h - t e m p e r a t u r e z o n e m o v e s

t o w a r d s i t .

T o c a l c u l a t e t h e p r o p a g a t i o n v e l o c i t y o f t h i s

b o u n d a r y i t i s n e c e s s a r y t o c o n s i d e r t h e s t a t i o n a r y

c o n d i t i o n s i n a c o o r d i n a t e s y s t e m i n w h i c h t h e w a v e

i s a t r e s t , a s i s d o n e i n t h e t h e o r y o f t h e s h o c k - w a v e

f r o n t s t r u c t u r e . 3 5-' I n t h i s c a s e d o u b t s m a y a r i s e

c o n c e r n i n g t h e p o s s i b l e e x i s t e n c e o f a s t a t i o n a r y

m o d e , f o r d u r i n g t h e c o u r s e o f t i m e , a s t h e w a v e

m o v e s , t h e v o l u m e o f t h e h e a t e d a n d e m i t t i n g g a s ,

w h i c h r e m a i n s b e h i n d i t i n c r e a s e s a n d o n e m i g h t

t h i n k t h a t t h e flux o f t h e r m a l r a d i a t i o n a n d t h e v e l o c -

i t y o f t h e w a v e i n c r e a s e . A c t u a l l y t h i s d o e s n o t t a k e

p l a c e b e c a u s e t h e l i g h t c h a n n e l h a s a f i n i t e d i a m e t e r .

I n f a c t , t h e p r o g r e s s o f t h e w a v e i s i n f l u e n c e d a l w a y s

o n l y b y t h e r a d i a t i o n p r o d u c e d i n t h e l a y e r b e h i n d t h e

w a v e , t h e t h i c k n e s s o f w h i c h i s o f t h e o r d e r o f t h e

c h a n n e l d i a m e t e r ; t h e r a d i a t i o n f r o m t h e r e m a i n i n g

v o l u m e i s b e y o n d t h e l i m i t s o f t h e l i g h t c h a n n e l .

T h i s i s w h a t e n s u r e s a q u a s i - s t a t i o n a r y b e h a v i o r o f

t h e p r o p a g a t i o n p r o c e s s . A p p r o x i m a t e c a l c u l a t i o n s o 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 w a v e , m a d e i n '-33-1, s h o w

t h a t , b o t h i n m a g n i t u d e a n d i n t h e d e p e n d e n c e o n t h e

l a s e r p o w e r , t h e v e l o c i t y o f t h e r a d i a t i v e m o d e i s

c l o s e t o t h e h y d r o d y n a m i c v e l o c i t y . T h u s , f o r t h e

e x p e r i m e n t s o f й й o n e o b t a i n s D » 9 5 k m / s e c . T h i s

m e a n s , t h a t i n t h e a b s e n c e o f a b r e a k d o w n w a v e i t i s
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Laser beam

FIG. 12. Photographs of the spark (a) and of the laser beam in
the absence of breakdown (b). The light channel is partially seen
because of the scattering of light by particles specially introduced
into the air.

most likely that the radiative and shock waves are
" t ied" to each other and move together, and the wave
velocity can be calculated from the formulas applied
to either mechanism. The radiation wave serves in
this case as a "tongue" which heats the gas ahead of
the front of the shock wave, as is the case in ordinary
shock waves of very large amplitude.'-35-' The temper-
atures in the heating zone are relatively low,
-20,000°.

It is possible that the scattering of the laser light
in this region is the cause of the experimentally ob-
served width of the scattering line. Along with this
assumption concerning the smallness of the scatter-
ing-line broadening, another assumption is advanced
in -̂30-1, that the "scat tered" line is the result of regu-
lar reflection from the curved shock-wave front.
(Owing to the presence of lateral expansion of gas,
the front of the shock wave becomes convex in the
direction of motion, similar to the front of a detona-
tion wave in cylindrical explosive charges of small
diameter.) It must be stated that the question of the
reasons why the scattering line has little broadening
remains unclear.

In concluding the discussion of the process of
absorption of the laser beam, we must emphasize
that the notions presented above give apparently only
the main scheme of the process; they can serve as a
working model in the interpretation of the experi -
mental data and in estimates of the expected results.
The real process is much more complicated. In
particular, an irregularity in the propagation of the
plasma boundary was observed in the experi-
ments.'-30'31-' As regards the role of the different
mechanisms under different conditions, in experi-
ments ^ with a short-focus lens the "breakdown"
mechanism is certain not to be effective and the wave
is most likely to be hydrodynamic. For the experi-
ments of t-30-1, all three mechanisms give nearly equal
velocities, which does not contradict the experimental
data. It is not excluded that all three mechanisms
"operate" simultaneously, and that the velocities
are not "additive" in this case.

In the case of long-focus lenses, which produce

light channels with small convergence angle in the
focusing region, and in the case of powerful short
pulses, the wave is "guided" by the breakdown
mechanism during the early stage of the beam ab-
sorption. However, after some time, the hydrody-
namic or the radiative mechanisms must come to the
forefront.

Even without knowing the exact mechanism of
wave propagation, it is always possible to estimate
the gas temperature from the measured wave
velocity, using Eq. (7.2).

9. The Spark as a Strong Explosion. Spark in a
Magnetic Field

At the instant of termination of the laser pulse, a
strongly heated volume is produced in the gas, in a
shape that is elongated along the laser-beam direc-
tion. The length of this region obviously is of the
order of the path traversed by the absorption wave,
that is , of the order of the product of the wave
velocity by the duration of the pulse, equal to several
millimeters. The radial dimensions are determined
by the dimensions of the converging light channel and
constitute several tenths of a millimeter, and by the
instant of termination of the pulse the layers of the
gas, heated at the start of the pulse, have time only
to expand laterally, sending a shock wave into the
surrounding air. The initial velocities of the radial
expansion of the heated gas and the initial values of
the radial component of the shock-wave velocity,
which coincide with them approximately, are equal in
order of magnitude to the speed of sound in the
heated gas. These quantities are two or three times
smaller than the velocity of the absorption wave, that
is, of the order of several times 10 km/sec in those
sections of the light channel where the energy r e -
lease is intense. (By the end of the pulse, the absorp-
tion wave traveling through the expanding channel
with decreasing light flux, is of course slowed down.)
In the course of time, the radial velocities of the
shock wave decrease, as is the case for a cylindrical
explosion.

Figures 12 and 13 show photographs of a spark in
air, taken at 625,000 frames per second by S. L.
Mandel'shtam et al. ^ The time interval between
frames is 1.6 fisec = 1600 nsec, that is, a prolonged

FIG. 13. Frame-by-frame photographs of the spark. The frames
are numbered. The interval between the frames is 1.6
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stage has been photographed, compared to which the
energy release in the gas (~ 1 J ) is instantaneous.

The process during this prolonged stage has much
in common with a strong explosion in air. From the
point of energy release in the air, a shock wave
propagates in all directions, and attenuates with time.
Its surface is not fully spherical, since the energy
release took place in a volume of elongated form.
However, during the course of time the form of the
surface of the shock wave undoubtedly becomes
nearly spherical. This is not seen in the photographs
since the boundary of the glowing region can coincide
with the shock-wave front only at the very start of
the explosion process. All that glows is the highly
heated air; therefore, starting with a certain instant,
when the amplitude of the shock wave decreases to a
value insufficient for strong heating, the wave be-
comes invisible and travels forward, leaving behind
it a strongly-heated glowing region of smaller dimen-
sions. Gradually, as the air becomes cooler, this
glow also attenuates. All these phenomena are well
known and were considered in detail in a book by Ya.
B. Zel'dovich and the author,'-35-' as applied to large-
scale explosions.

In '-40-' the spectrum of the glow of the spark was
plotted. Lines of singly-ionized nitrogen and oxygen
atoms, which are strongly broadened, are superim-
posed against a strong continuous background. An
estimate of the temperature and of the electron
density over the spectral lines yielded values
T ~ 30,000—60,000° and N e ~ 3 x ю 1 8 c m " 3 . These
values were obtained from s p e c t r a which were
s u m m e d in t i m e , and consequently per ta in to the
prolonged and developed stage of the s p a r k . As noted
in Sec. 6, the final gas p r e s s u r e following the p r o -
duction of a s p a r k in a s m a l l closed volume was
m e a s u r e d in . The i n c r e a s e in p r e s s u r e c o r r e -
sponded to the amount of energy re leased .

G. A. Askar 'yan et a l . ^ investigated the p lasma
cloud of an explosion produced in a i r as a r e s u l t of
absorption of a l a s e r pulse, using microwave radio
emiss ion methods . The s p a r k was produced between
the antenna of a radio g e n e r a t o r a t 0.8-cm wave-
length and the receiving horn of a de tec tor . The
signal t ransmi t ted through the p lasma and reflected
from it w e r e r e g i s t e r e d s imultaneously. To es t imate
the p a r a m e t e r s of the p lasma cloud with which the
radio waves interacted, the cloud was s imulated by
bodies of different d imensions, made of crushed
meta l foil, and a body was chosen from which s i m i l a r
signals were obtained. It turned out that the d i m e n -
sions of the p l a s m a a r e of the o r d e r of a cent imeter ,
which is much l a r g e r than the radi i of the shock
wave during the stage when it st i l l leads to not ice-
able t h e r m a l ionization. The reflection of the radio
signal la s t s for hundreds of m i c r o s e c o n d s , at test ing
thus to the fact that dur ing this t ime the e lectron
density r e m a i n s above the c r i t i c a l value ~ 1 0 1 3 c m " 3 .

Reflection is observed a l so in t imes s h o r t e r than a
microsecond, when the shock wave has not had t ime
to r e a c h a radius corresponding to the m e a s u r e d
dimensions of the reflecting region (the maximum
reflection is observed a t the instant ~ 5 tisec). The
authors advanced the hypothesis that ionization in a
volume exceeding the dimensions of the volume
which can be ionized by the shock wave is connected
with the action of short-wave radiat ion from the
highly heated c e n t r a l zone.

In a paper by the s a m e authors ^ they r e p o r t in-
vest igat ions of a s p a r k produced in the p r e s e n c e of
an external magnetic field. The magnetic effects
w e r e predicted in a paper by G. A. Askar 'yan and
M. S. Rabinovich. ^ Ci rcu lar induced c u r r e n t s were
produced during the course of expansion of heated
ionized a i r behind the shock wave propagating from
the point of energy r e l e a s e in the p r e s e n c e of an ex-
terna l magnetic field H. The crowding out of the
magnetic field from the s m a l l volume of the p lasma
is insignificant, according to e s t i m a t e s , so that the
change in the external magnetic field can be
neglected.

If we a s s u m e for s implici ty that the p l a s m a is
s c a t t e r e d in spher ica l ly s y m m e t r i c a l fashion and if
we introduce polar coordinates r, 3 and <p with axes
d i rec ted along the magnetic field, we can wri te for
the e lect r ic induction field

r, t)Hs

where v r is the radia l s c a t t e r i n g velocity. The
magnetic moment of the c i r c u l a r c u r r e n t , d i rected
opposite the external magnetic field, is

M=~ inH_
' З с 2 O(r, t)vT(r, t)rsdr,

where a is the conductivity of the p l a s m a , and R ( t )
the radius of the expanding p l a s m a . Under the a s -
sumption that the sca t te r ing velocity depends l inear ly
on the rad ius , v r = rj^r/R, we get

M= — Ал
vR(t)Ha(t)R*(t),

w h e r e V R i s t h e v e l o c i t y o f t h e b o u n d a r y o f t h e

p l a s m a s p h e r e a n d a i s s o m e a v e r a g e c o n d u c t i v i t y .

W h e n V R ~ 3 0 k m / s e c , R ~ 1 0 " 2 — 1 0 " 1 c m , a n d

cr ~ 1 0 1 4 s e c " 1 , t h e m a g n e t i c m o m e n t i s a p p r o x i -

m a t e l y 1 0 " 1 — 1 0 ~ 2 o f t h e m o m e n t o f a n i d e a l d i a m a g -

n e t i c s p h e r e h a v i n g t h e s a m e d i m e n s i o n s M o

= - R 3 H / 2 .

O w i n g t o t h e t i m e v a r i a t i o n o f t h e m a g n e t i c m o -

m e n t , t h e f o l l o w i n g e m f s h o u l d b e i n d u c e d i n t h e

t u r n s s u r r o u n d i n g t h e p l a s m a s p h e r e :

„ 2л п dM
e~~T~Q~dT

( n i s t h e n u m b e r o f t u r n s a n d p t h e i r r a d i u s ). F o r

n ~ 1 0 0 , H ~ 1 k O e , a n d a c h a r a c t e r i s t i c t i m e o f

t h e p r o c e s s o f 1 0 ~ 8 s e c , w e c a n e x p e c t a n e m f o n t h e
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order of 1 volt. The recorded signal can yield infor-
mation on the scattering of the plasma volume.

In the experiments of'-41-' the coils used had n
n ~ 2—20 and p ~ 1 cm. The magnetic fields reached
10 kOe. A time sweep of the diamagnetic signal has
shown that two pulses of opposite polarity are pro-
duced, with durations of a fraction of a microsecond
separated by a time interval of several microseconds.
The first signal corresponds to the appearance of a
diamagnetic moment in the plasma cloud, the second
corresponds to the vanishing of the currents. During
the time interval between the signals, the induction
currents apparently exist in the plasma. The spark
glows during the entire time of existence of the
diamagnetic moment. Integrating the coil voltage with
respect to time, we can estimate the magnetic moment.
It turns out that it reaches its magnitude M ~ 10"6 H
cm 3 even within the time of the first pulse, 0.3 /xsec.
The nature of the long existence of the plasma
diamagnetism is still not clear.

The diamagnetism of the plasma makes it possible
to act on it by means of an inhomogeneous magnetic
field in order to accelerate the plasmoid [the total
force acting on the plasma is F z = M (9H/8z ~ R3

(3H2/9z )], and use a spark and a magnetic field to
obtain fast jets of pure dense plasma, to fill traps, to
make plasma more compact, etc.

10. Production of Plasma from a Solid Target

It is possible to heat matter to very high tempera-
tures with a laser beam not only by producing a
spark in a gas, at a generator power noticeably ex-
ceeding the threshold value for the breakdown. A
high-temperature plasma can be obtained also by
focusing a giant pulse on the surface of an opaque
solid (or liquid) substance. In this case, incidentally,
there is no absorption threshold as in transparent
gases; the light is absorbed by the opaque body at any
intensity. The indicated method of obtaining a plasma
has its advantages compared with the formation of the
plasmoid in a gaseous medium. A solid target can be
placed in a vacuum. This, in principle, makes it
possible to guide to the investigated material an a r -
bitrarily strong light pulse without the danger of
screening the substance as a result of the breakdown
in the surrounding gas medium. When the target is
placed in a vacuum, the plasma produced under the
influence of a laser pulse, expanding in vacuum, can
be accelerated to high velocities. It is not our pur-
pose here to consider in detail the mechanism of the
processes which occur during the focusing of a giant
pulse onto a solid target. We only mention papers on
this subject for the purpose of information.

Ready [ 5 0 ] focused a giant pulse from a ruby laser
on a carbon target placed in atmospheric air. The
resultant bright flare was photographed at a frequency
of 108 frames per second for 800 nsec. The rate of

expansion of the flare, which could be determined
from the photographs, was approximately 20 km/sec.
The dimensions of the glowing region on the last
frame were on the order of several millimeters.

Linlor ^51] placed targets made of several ele-
ments, from the lightest ones to the heaviest ones, in
a vacuum chamber (10~e mm Hg). The pulse parame-
ters were 0.2 J, 40 nsec, and 5.4 MW. He registered
the time interval during which the plasma covered a
known distance 4.3 cm from the point of beam
focusing to the collector, and thus determined the
velocity. The time of flight of the ions depended on
the atomic number of the target material A approxi-
mately as /A. This offers evidence that the energies
of ions having different masses were approximately
equal. At a pulse power of 5.4 MW, the energies
amount to ~ 1 kev, and at double that power—420 eV.
Analogous experiments were made by Opower and
Burlefinger. -* They measured the time of flight of
the ions of carbon from a carbon target placed in
high vacuum. The pulse energy was five times
larger than in the experiments of'-51-', ~ 1 J . By
means of a small transverse electric field, electrons
were drawn from the layers of the moving plasma
farthest to the front, and consequently of lowest
density (the field does not act on the denser plasma,
since the removal of electrons is hampered by the
resultant space charge). The forward boundary of
the moving ions was registered. The ion front was
very sharp. At a laser pulse of 1 J and a power of
30 MW, the velocity of the leading front was
130 km/sec, corresponding to an ion energy of
~ 1 keV, at 0.5 J and 10 MW the corresponding value
was 85 km/sec. According to estimates based on the
known solid angle subtended by the ion detector,
assuming that the plasma propagates from the target
isotropically, for a pulse of 1 J 1014 ions have ener-
gies from 1 to 1.1 keV. The initial plasma tempera-
ture, estimated from the ion energy, is ~106 deg. It
must be noted that the foregoing estimate highly
overvalues the temperature, since the authors, on
going from the kinetic energy of the ions to the
initial internal energy of the plasma, disregarded the
energy lost to detachment of the electrons (only the
thermal energy of the electrons was taken into ac-
count), and did not take into account the fact that the
boundary of the gas that propagates in vacuum is
accelerated to velocities that are larger than the
average propagation velocity corresponding to the
initial internal energy (see '-35-').

Linlor '-54-' measured the absorption of a giant
laser pulse, focused on gold and aluminum foils
1.8 x i o " 4 and 1.6 x Ю"4 g/cm2 respectively. In the
first case the plasma absorbed 94% of the incident
light, and in the second 99%. The ion energy deter-
mined from the time of flight over a known distance
was approximately 1 keV. He also registered the
diamagnetic signal in the presence of a magnetic
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field.
[53]Archbald et al.L J carried out a spectrographic

investigation of the plasma from targets made of
different metals (laser power 1 MW, pulse duration
100—500 nsec ). It is noted that the craters produced
on the surface of the target at the focal point had a
diameter on the order of 10"2 and a depth of several
microns.

Spectral measurements during the focusing of a
neodymium-glass laser on a solid target containing
lithium and placed in vacuum were made in the al-
ready cited paper ^ (pulse energy 3 J, duration
40 nsec). It was possible to distinguish against the
background of the continuous plasma glow the lines
of the lithium atoms and ions. The temperature, ac-
cording to estimates based on the spectral-measure-
ment data, was ~230,000°.

Neuman ^ measured the momentum acquired by
different targets. The momentum, corresponding to
the reflection of the laser beam, is only
2 x Ю" 4 dyne-sec, whereas the m e a s u r e d momentum
for copper was 0.18 dyne-sec. This is connected with
the recoi l resu l t ing from the evaporation and s c a t t e r -
ing of m a t t e r from the sur face . This effect, which
should be observed during evaporation of a sur face
by means of a l a s e r beam, was called attention to by
G. A. Askar 'yan and E. M. Moroz ^1. it is perfectly
analogous to the effect produced when very fast
m i c r o m e t e o r i t e s s t r i k e against a sur face . T h e r e have
been many studies of the action produced on the solid
ta rge t by focused radiat ion from a l a s e r operat ing in
the usual (not giant-pulse) mode. In this mode, the
duration of the pulse is re lat ively l a rge , ~ 10" 3 s e c ,
and the powers a r e much s m a l l e r than obtained with

Q-switching. The m a t e r i a l of the surface, when such
a pulse is focused on solid t a r g e t s , a l so evaporates ,
but no p lasma is produced, s ince the energy r e l e a s e
is too slow and the t e m p e r a t u r e is too low. The
thermionic and ionic emiss ions from s u r f a c e s , as
well as other effects were investigated. References
to these investigations can be found in '- 5 1 j .

11. Conditions for Strong Heating of Hydrogen

Of great i n t e r e s t is the fundamental question
whether hydrogen (deuterium) can be heated by l a s e r
radiat ion to thermonuclear t e m p e r a t u r e s -~ 107 deg.
E s t i m a t e s of var ious effects which exer t an influence
on the heating, and the l a s e r power n e c e s s a r y for
this purpose, w e r e made by N. G. Basov and O. N.
Krokhin. ^ These calculations were subsequently
repeated in somewhat expanded form, by Dawson. -̂
The hydrogen p lasma absorbs light quanta as a resu l t
of free-free t rans i t ions of the e lec t rons in the field
of the ions, and the p l a s m a density should not exceed

3 x Ю 2 1 c m " 3 , which is the cr i t ica l value for the r e -
flection of light from a ruby l a s e r . At a t e m p e r a t u r e
10v deg and a density ~ 3 x Ю 2 1 c m " 3 , the coefficient
of absorption of the light quanta (which d e c r e a s e s

with i n c r e a s i n g t e m p e r a t u r e ) is ~ 1 0 2 cm ' , the mean
free path of the quanta is ~ 10 " 2 cm, that i s , of the
o r d e r of the focusing rad ius , and the p lasma is s t i l l
opaque. Consequently, in pr inciple heating by l a s e r
light to such high t e m p e r a t u r e s is poss ib le . However,
the heating is hampered by energy loss due to the
e lect ronic t h e r m a l conductivity (if the p lasma is
s i tuated in a medium) and by hydrodynamic s c a t t e r
of the p lasma (the radiat ion l o s s e s a r e l e s s signifi-
cant). A par t icu la r ly important role is played by ex-
pansion, as a r e s u l t of which the p l a s m a escapes from
the region of action of the l a s e r beam. For effective
heating it is n e c e s s a r y that during the t ime At of the
l a s e r pulse, the energy of which is sufficient to heat
the p l a s m a within the focusing region to the required
t e m p e r a t u r e T ~ 107 deg, the p lasma be unable to
expand s trongly.

Let us es t imate very roughly the generator power
n e c e s s a r y for this purpose . The ra te of s c a t t e r i n g of
the p l a s m a is of the o r d e r v ~ ( k T / M ) , where M
is the m a s s of the atom; the c h a r a c t e r i s t i c expansion
t ime is т ~ r o /v, where r 0 is the focusing r a d i u s .
If the l a s e r power is W and the initial density of the
a t o m s is N, then when al l the energy is r e l e a s e d in
the m a s s contained in the focusing volume, the p lasma
will be heated to a t e m p e r a t u r e kT ~ WAt/(47r/3 ) r 3 N .
In o r d e r for the energy actually to be r e l e a s e d in
this m a s s , the gas dynamic t ime т should exceed
the pulse durat ion: r > At. Thus, the generator power
should exceed W > ( 47r/3 )rjjN ( kT ) 3 / 2 / m l / 2 . F o r r 0

~ Ю" 2 cm, N ~ 3 x Ю 2 1 c m " 3 and T ~ 107 deg, a
power on the o r d e r of 10 4 MW is n e c e s s a r y . These
e s t i m a t e s concern, natural ly, only the fundamental
aspect of the phenomenon and do not solve all the
difficulties of concrete real izat ion of such an e x p e r i -
ment . Of very g rea t importance h e r e is a s e a r c h for
an optimal exper imental setup and effective p lasma
heating conditions.

One of the heating m o d e s , in which the dimension
of the region occupied by the p lasma is close during
all s tages of the p r o c e s s to the mean free path of the
light quanta, this being the condition for effective
trans format ion of the radiat ion energy into heat, is
proposed and considered by O. N. Krokhin.'-44-'

We make mention of an a r t ic le by I. V. Nemchi-
nov, 45-' in which a problem is solved which is close
in scope to the questions considered h e r e , the p r o b -
lem of p lanar sca t ter ing of a heated gas layer . We
note also a paper by Caruso and Gratton.'-61-' The
l a t t e r paper contains an es t imate of the effect of
compress ion of a p lasma produced as a resu l t of a b -
sorption of l a s e r light by light p r e s s u r e .
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