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A theoretical analysis is given of a mechanism proposed for the initiation of optical breakdown in
gases by “thermal explosion” of macroscopic particles suspended in them. It is shown that in the far
infrared (and, in particular, at A=10.6 p) this mechanism is probably largely responsible for the
breakdown. The results obtained are used to provide a qualitative and quantitative explanation of
many experimental data on the breakdown in gases induced by CO, laser radiation, which so far
have been difficult to explain. Conditions are discussed under which this breakdown-initiating
mechanism may play an important role in the visible and far infrared. Observations of this effect at

A=1.06 p are reported.

1. A macroparticle suspended in a gas exposed to the
field of an electromagnetic wave of intensity I absorbs
energy from the wave at a rate Q = 0,1, where o, is the
absorption cross section of the particle. K this cross
section is large enough, then for certain definite values
of I lower than the threshold for optical breakdown in the
ambient gas, the particle may undergo a 'thermal ex-
plosion." This phrase describes the situation when the
total energy a/ ug absorbed by the particle, and stored in
it while it is held inertially in the vapor state, exceeds
the evaporation energy pqv = N, .q;v,, where a is the
linear size of the particle, v is its volume, p and N_ are,
respectively, the mass density and atomic density of the
particles, q and q, are the heats of evaporation of the
particle material per unit mass and per particle, respec-
tively, and ug is the velocity of sound in the vapor at
temperatures close to the critical temperature T .t of
the particle material. It will be assumed throughout that
the length of the radiation pulse is 7 > a/ug.

During the explosion we can neglect thermal losses
by the particle due to thermal conduction and, corre-
spondingly, the threshold intensity Iexp for the explosion
is given by the condition®

Oalexp®/ UepYU.

It will be assumed that the particles are spherical in
shape with radius a. We now introduce the absorption
efficiency K, =04 /ma?, so that the threshold intensity
for the explosion becomes

Toxp~hoqui/ 3K, (1)

The particle is initially in the condensed state. If it en-

ters the radiation field of intensity I= Iexp then afer a
time t<a/ug it is converted into a gas (vapor) region at
temperature T ~ T, density N ~ N, ~ 5 x 10?2 cm?,
and size ~a. This dense vapor region spreads hydro-
dynamically with velocity ug and may initiate optical
breakdown even when I is much lower than the threshold
intensity for the cold ambient gas. In fact, during this
expansion process (where the vapor density decreases
from N ~ N.) there are always optimum conditions for
the development of electrical avalanches when the radia-
tion frequency is w = yggp = N(ugotp), i.e., it is equal to
the effective collision frequency between electrons and
the atoms of the vapor. In this situation, the rate of in-
crease in the energy of the electrons is a maximum and
is given by

(de/dt) mex=21€*1/mco>
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(e and m are the charge and mass of the electron and ¢
the velocity of light), and the electron mean free path is
lg = (No)™ ~ ug /w (ug ~ 10° cm/sec is the mean
velocity of free electrons).

Assuming that a > [g (for the CO; laser radiation /g
~ 10"° cm), we find that the breakdown threshold in the
above vapor region is approximately determined by the
condition

(vi—va) a/u, =k,

where k = In(Ng /Ngg) ~ 50 is the number of electron
generations necessary for breakdown, vy = 7°D/a% is the
rate of free electron diffusion from the region, and vi

= A™Y(dE/dt) . is the rate at which atoms in the vapor
are ionized by the electrons (A is the ionization potential
of the atoms). Since the diffusion coefficient is

D ~ uj/3vggs ~ uh /3w, where ug = (a/m)*2, we obtain
the following expression for the threshold intensity for
breakdown in the vapor region:

L(a)= cA? (1+k a u.).

2¢e'a? 3 u./w u.

)

We can always neglect the energy lost by electrons
due to inelastic collisions, since the spontaneous emis-
sion by the excited atoms (molecules) is "trapped." In
fact, the absorption coefficient for radiation on wave-
length X is p; = (A/2)*NA/Aw, where Aw is the spectral
width of the absorption line and A is the probability of
spontaneous emission. One can meaningfully consider
the energy losses only for A > ug /A. We then have

a >(l)z % =7
] )

where wp, = Nug0y,. is the laser frequency and w = 27c/A
is the frequency of the spontaneous emission. Hence, it
is clear that when ug/ug ~ 107, oy ~ 3 x 107 em?,
and o/Aw = 10, the optical thickness for the CO; laser
radiation (w7 = 1.8 x 10™ sec™) is au, > 1 even for
helium which has the maximum ionization energy

(a =24.5eV).

Losses of electrons due to attachment can always be
neglected for vapor temperatures T ~ Tc it Energy
losses due to elastic collisions with the atoms are un-
important when I > (m /M)mcw®A/re?, where M is the
mass of the atom. For the CO; laser radiation this means
means that I[W/cm?] > 10°A[eV]/A,, where A, is the
atomic weight.
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The development of breakdown in the dense vapor
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region, which appears as a result of the thermal explo-
sion of the suspended macroparticle, leads to the appear-
ance of a strong spherical shock wave. The front of this
wave produces heating and ionization of the "pure'' gas
which, in turn, leads to the expansion of the absorption
zone, i.e., to the breakdown of the ambient gas.[*] The
threshold intensity L (a) for this mechanism of gas
breakdown is clearly the larger of the above two intensi-
ties, Iexp(a) and Io(a), i.e.,

1, (@) =max{l,), I},

where for a macroparticle with given optical and thermo-
physical properties, and given diameter a, the mechan-
ism is significant only provided the threshold breakdown
intensity for the ''pure' gas (in the presence of initiating
electrons) is Iﬁlas > 1, @).

It will be shown below that, in most cases, Iexp >1Io
and, therefore, L (a) = Iexp(a). In the final analysis, this
is connected with the fact that the breakdown-initiating
mechanism which we are considering is effective (sig-
nificant) only when the particle is large enough. Under
real conditions, when the radius a of the particle is gov-
erned by a certain probability distribution, it is only the
large-diameter tail of this distribution which plays the
dominant role and is defined by radii a > an, where ap,
is the median radius. The inequality > I, for suffi-
ciently large a is a direct consequence of the fact that,
as a increases, the intensity I(a) given by Eq. (2) de-
creases monotonically while Lex (a) decreases only
initially and then tends to a constant value. In fact, the
absorption efficiency K, in Eq. (1) depends on the optical
thickness 2ay of the particle, where p is the absorption
coefficient of the particle material (seeEz]). For
"weakly absorbing particles' when 2apy < 1, we have
Ky =~ 4/3ay; for "highly absorbing particles," when 2apu
> 1, we have K, ~ 1. Consequently, according to Eq.
(1), the intensity Iexp is

_ {pqu,/ap., 2ap<1
pqu,,  2ap>1’

®)

For metal particles the intensity I = Iglx does not, in
general, depend on the particle diameter, since for such

particles (seel*J)

exp

K,=K*~3(0/2n0)"<1
where o is the conductivity and, therefore,
Iexp™'/spqu, (2n10/0) " >pqu,
(the metal particles are always weakly absorbing).

We note that the intensity pqug = Nq;u. is independent
of the optical properties of the particles and, for most
possible macroimpurities, it lies in the range 10°—3
x 10® W/em?,

We must first verify that for particles for which the
absorption coefficient of the particle material is
p < 10° em™, i.e., for practically all the macroimpuri-
ties which are encountered in practice with the exception
of metals and media such as soot, which we shall con-
sider separately, we have Iexp(a.) > Io(a) in the visible
and infrared, at least for a = 10™° cm. This follows from
the fact that, according to Egs. (2) and (3), this inequality
is satisfied for
A u’
a>a’ = —— php — A5,
2q, nu.c

where the plasma wavelength is A, = c(mm / Npartez)l/z
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~ 107 cm and the quantities A/2q, and uj /rugc are of
the order of unity so that a* S 10 ¢m. It will be clear
from the ensuing analysis that, under real conditions,
radii a S 10°® ¢cm are unimportant and, therefore, for
the broad class of particles which we are considering

(brp 1)
Ly (@) =Ieyfa). ’

Let us now consider particles for which the absorp-
tion coefficient of the material is © 2 10° em™, i.e.,
W\p 2 1. These are metal particles and soot particles.
For long-wave radiation, when VA_ /X < 1, i.e., for ex-
ample, in the case of CO, laser radiation (A = 10.6 )
and for the type of particles which we have been consid-
ering (mp 2 1), we may suppose, as before, that Lh@)
= Iexp(a). In fact, in this case, we can use Egs. (2) and
(3) to show quite readily that when

a>a'=M\,[ (A/2q:) (w.*/nu.c) "=,
[for metals a > w/3—)\p(w/21ro)1/‘] , we have Loy, ~ pqug

(for metals Iexp = Igg{p) and this value is greater than
Io(a). Since A, ~ 107 cm, particles with radii a < a*

are practically ineffective, just as before. It is only in
the visible and near-infrared, where VA_ /X ~ 1, that the
situation changes and, in a definite real interval of values
of a, the threshold intensity Ithtcan be represented by

the function Iy(a). In actual fact, in this case, Egs. (2)
and (3) show that I exp™ PdUs; and this exceeds Io(a) only
when

Since 2k/3 > 1, we have a* > Xx_ ~ 107° cm and, there-
fore, the interval of effective vallgs of the radius a is
not exhausted by the condition a > a*,

Therefore, in the visible and near-infrared we have

from Eq. (2) for soot particles (u)\p 2 1)
( imcmu.A %A_M_
_ ea 3 2q, A
Iy (a)= 2% A A, . 4)
pqus, 3 EI—; P

For metal particles we must replace pqug in this form-
ula by Iglxp, and the right-hand side of the inequalities
must be replaced® by KM = 3(w/210)",

2. The above breakdown initiation by thermal explo-
sion of macroparticles can be successfully used to ex-
plain both qualitatively and quantitatively many experi-
mental data on the optical breakdown of gases, which
could not be explained before.

The first phenomenon to explain is why experiments
on breakdown in the visible and at A = 1.06 u have not
shown the presence of any appreciable influence of
macroimpurities under '"natural" conditions (i.e., with-
out special introduction of highly absorbing particles
into the focal region), whilst experiments at A = 10.6 p
have clearly shown the presence of this effect in a sub-
stantial measure.*® Thus, when the CO. laser radia-
tion is focused down to a spot of diameter d ~ 0.1 cm in
an ordinary laboratory, air breakdown occurs for I~ 2
x 10° W/ecm?2.L*®) On the other hand, when dry nitrogen
is blown through the focal region, breakdown does not
appear even at intensities in excess of 10*° W/cm?.[*]
Finally, when particles with diameter 2a ~ 50 p are in-
troduced into the focal region, the threshold falls to about
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10® w/em?®
particles.

tG%ndependently of the optical properties of the

The second question is why experiments at A = 10.6
have shown "diffusion-like electron losses' when the
volume of the focal region V is known to exclude the
influence of electron diffusion on the breakdown proc-
ess.[?2%]) It is also necessary to explain the result
Ly, » 1/d obtained int**) (d is the diameter of the focal
spot; more precisely, is roughly inversely propor-
tional to the focal length of the lens F for a constant
divergence ¢ of the laser beam or, conversely, to the
angle ¢ for constant F).”

The final question is why the illumination of the focal
region of the periodically pulsed CO. laser radiation by
a sufficiently strong beam of continuous CO, laser radia-
tion may lead to a substantial increase in the threshold
for the pulse breakdown of gases.["]

Under real conditions, macroparticles suspended in
the gas may differ in their optical and thermophysical
properties. Moreover, in general, they have a spectrum
of values of a. Therefore, the above gas-breakdown
mechanism is essentially statistical, and we may there-
fore use it to calculate only certain average parameters
for the breakdown problem, for example, the mean
threshold intensity (ky, ), the relative spread in the
threshold intensity 6L, = ((If,) — (Ith)z)l/z/(lth), and so
on. We shall consider this problem in the next section.

3. We start by assuming that all the suspended parti-
cles have the same optical and thermophysical proper-
ties, and differ only in their radii a. Let n be the mean
density of macroparticles, independently of their size,
and let f(a) be the probability distribution density for the
radii a. It will be assumed that the particle distribution
inside the focal region réemains unaltered during the
duration 7 of the pulse of radiation.

The probability that breakdown through the above
mechanism may occur (independently of the breakdown
radiation intensity) is clearly equal to the probability w,
that at least one macroparticle is present in the focal
volume V. It is also assumed that V > a®. According to
the Poisson distribution, we then have w; = 1 — e Vn, On
the other hand, the probability that the resulting break-
down occurs for radiation intensity greater than I is

P(I) =w,"* {[pexp (-anfda')] exP(—Vn} fda’)}, (5)

where a is determined from the equation I =I,(a). The
curly brackets give the probability that at least one par-
ticle with radius less than a is present in the volume V,
but this volume contains no particles with radius greater
than a.

According to Eq. (5), the probability density for the
breakdown intensity is given by

dP  w,~'Vnf(a) "
=t T exp (—Vn( fda’
I ldly, /dal exp (Va1 ¥),

and the moment of the threshold intensity of order r = 1,
2, 3, ... is given by

F(l)=— (6)

(I'th> =fI'F(I)dI=w,"Vn]: f(a)I'm (a)exp (—an fda’) da
o vnﬂ a (7)

=w,~! J. el [a(z)lde,

where a(x) is determined from
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r= an f(a)da.
a(x)

It is clear from Eqs. (7) and (8) that when Vn > 2
(there are more than two particles, on the average, in
the focal volume), the main contribution of (Ifh) is ex-
clusively due to particles whose radii a are greater than
the median radius a.m." As Vn increases, increasingly
larger particles become important. On the other hand,
when Vn < 1, all particles in the distribution f(a) are
important. According to Eq. (7), we then have

U'p> = [I'n (@)f(a)da.

®)

©)

However, when Vn < 1, the probability of finding at
least one particle in the focal region is w; = Vn < 1
and, therefore, breakdown due to the above mechanics
is then found to have a sporadic character and can, on
the average, appear only once in 1/Vn laser pulses. K
we ignore such sporadic breakdowns and consider

Vn > 2, we have w; > 0.86.

We note that although sporadic breakdowns are rare,
fluctuations in their threshold intensity may, under cer-
tain definite conditions, turn out to be small, i.e., GIth
< 1. This occurs, for example, in the case of a
""'sharp' distribution f(a), when

S.=<Aa*"la, <1,

a,= [af(a)de, <Aa = (a*~a){(a)da,

where a,; is the mean radius and { aa®) is the spread in
radii. According to Eq. (9), we then have

<Ith =1 th (a”) 4 6, th ~ay | I’/Ilurau 8.<1,

independently of the mean optical thickness of the parti-
cles a;u. In the case of a ""broad" distribution f(a), when
6y ™~ 1, fluctuations in the threshold intensity for spor-
adic breakdown are small only for highly absorbing par-
ticles, when a;u > 1; when a;up < 1 we have OIth ~ 1,

i.e., breakdown is not only rare but occurs with a large
spread of threshold intensities.

Since Ith(a) decreases monotonically with increasing
a, and tends to a constant pqu (or Ig)[{p), it follows from
Eq. (7) that, as Vn increases, the mean intensity (Iy)
should also show a monotonic fall, tending to pqu (or
Ig/)[{p); the relative spread 4 th must then obviously tend

to zero. In the experiment, this dependence of (Ith) on
Vn (for Vn > 2) is probably seen as a diffusion-like
electron loss. We shall consider this in greater detail
below.

It is known (seel?)) that for aerosol particles with
radii a > ap, the distribution f(a) can be approximated by
p—1

am\ ?
f@=-—(=) . azen,
2am \ a

10)

where 8 lies between 2 and 5, depending on the type of
aerosol; in most cases, 8§ ~ 4. The above formula can
probably be used to approximate not only the distribution
of large-particle aerosol but, in general, the distribution
of any large particles ''naturally' suspended in other
experimental gases.

Substituting Eq. (10) in Eq. (7) with Vn > 2, we have
. hod . Vny ¥ 6=
Ay = [e Ty [a,,. (E?) ] de.

Let us now use the foregoing analysis (see end of Sec. 1)

(€3Y)
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for a broad class of particles and distributions (10)
characterized by the following conditions: a) ua _ <1,
amZ(pJ\p)A or b) px, 21, A/ <1, 2 & Ay

(A, ® 10 cm). The function Ith(a) in the 1ntegrand of
Eq. (11) can now be replaced by Texp (a) defined by Eqgs.
(1) and (3). The quantities (Iy,) and 61,, are then des-
cribed by the following expressions, depending on the
""mean effective thickness' of the focusing region:

2e= 'y VR (@), (12)
When z4 < 1,
o B pqu. _ i pqit. 1/(B=1)
o= F(g 1) PR (p )amu( ) . (13
: (Bt A
By ~T ( B—1 )/ F( 3—1) ! (14)
where I'(x) is the gamma function.

When zo > 1, we have

<I th >zpqun (133')

and 61, is a small quantity of order higher than 1/z,.

For metal pa.rtlcles, and when VX_/X < 1and am
2 V3 (w/21ro 14 the mean intensity is (I = Iexp and
the rela.tlve sprea.d o1 th is also vanishingly small.

Consider now the case of "soot" particles and metal
particles (uA 2 1) in the visible and near-infrared,
when v Ap /x ~ 1, The function I44 (a) is then given by
Eq. (4) and the mean effective thickness of the focal
region is

2¢./8 A am] -

"2 L 2ks o, Ay (15)

When a,, > 3u%/kwu (see Footnote 2) we have from Eq.
(11)
. cpgtenp (B
I ?=pqu, [1—e +z, P(ﬁ 1 xo)]
where I'(o; x) is the incomplete gamma function (see,
for example, [®)),

When x, < 1, we then have [for small x, I'(o; X)

~ T(a)]:
N 8 pgu. _ k meou,d 4 2 1=
o= F(ﬁ 1) 760 g (T/Tf) :
It is readily verified that under these conditions the
relative spread Alin is given by Eq. (14).

When xo > 1, we find from Eq. (16) that the mean
intensity (Iy,) is given by Eq. (13a), and the relative
spread 61 th is again vanishingly small.

(16)

@

étan,

Equations (15)—(16) refer to soot particles. For
metal particles, the quantity pqu in these expressions
must be replaced by

Toxg="/spqu.(2n0/0)",
and x, by

zM=1,[3(w/2n0) "],
When xM < 1 we have Eq. (17); when x0 >1, we
have <Ith> = Iexp

Equations (11)—(17) enable us to draw the following
general conclusion. For high particle densities n, or
large focal regions V, when Vn > 2 and the thermal ex-
plosion of the particles is of a regular character, the
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mean threshold intensity for breakdown, (Iy,), and the
fluctuations in it, 1., ,are essentially determined by
the mean effective thickness of the focal region. For
long-wave radiation, when vA_/x < 1, this quantity is
equal to z, (independently of the absorptive properties of
the particles themselves). For the visible and near-
infrared, when YA_/x ~ 1, it is, as before, equal to zo
for weakly absorbing particles for which pux, <1,
whilst for soot-type particles and metal particles for
which pa 2 1, it is equal to x,. If the mean effective
thickness of the focal reg107 is small in comparison with
unity, then (Iy,) ~ (1/Vn)l/(B—1). In other words, the
gas breakdown initiated by the thermal explosion mech-
anism is, in this case, subject to diffusion-like electron
losses. The threshold breakdown intensity is then sub-
ject to fluctuations, the relative spread of which is given
by Eq. (14); when g8 =~ 4 we have GIth ~ 0.37.

If, on the other hand, the mean effective thickness is
large in comparison with unity, the threshold breakdown
intensity for the thermal explosion mechanism assumes
its minimum value which is independent of the volume V
of the focal region (and of the density n) and is equal to
pqu [for metals it is equal to 1/3 pqus(2no/w)1/ ?]. Fluc-
tuations in the threshold intensity are then practically
absent.

So far we have assumed that there is only one type of
particle with uniform optical and thermophysical proper-
ties in the focal region. We shall now suppose that there
is a variety of particles. Since the contribution of a par-
ticular type of particle to the initiation of breakdown in
the gas is independent of the contribution of the other
kinds of particle, we can, in fact, use the above results
in the analysis of this more complicated case. Firstly,
to eliminate sporadic breakdowns from our analysis we
must also exclude all the minor types of particle for
which Vn < 1. Secondly, under '"natural conditions,"
the most probable situation is possibly that in which
several types of weakly absorbed particle are represen-
ted (for which Vn > 2 and pa, < 1). In this case, the
breakdown initiation threshold is clearly determined by
the particular type of particle for which the mean effec-
tive thickness is a maximum.

Particles such as soot and metal particles (ua 2 1)
are not well represented under ''natural conditions"
(Vn < 1). However, when the gas is artificially contam-
inated by them, and Vn > 2, their contribution to break-
down initiation is most frequently the predominant one.
In the case of long-wave radiation (v Ap /x <K 1), this is
always so because for soot particles we have z, > 1
from Eq. (12) (for a,, > A,)) and, consequently, the mean
intensity (I th> is close to ts minimum value pqug. For
metal particles, in this case, the mean intensity is
always a minimum and equal to I3 In the case of the
visible and near-infrared, on the ogler hand (\/ /X ~ 1),
the mean effective thickness x, (or xM) is not, in general
necessarily greater than unity [if Vn is not too large;
see Eq. (15)]. However, if, for example, a,, > )\p for

m > Ap3(w/2m0)* /2] thenxo = 1 (or xM > 1) and,

consequently, the mean intensity <Ith) is again close to
its minimum value.

4. Let us now consider the problems formulated in
Sec. 2. It is immediately clear from Eqs. (12)—(13) why
the effect of macroimpurities on gas breakdown under
"natural conditions" has not been detected in the visible
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and at A = 1,06 u. The fact is that, in this range, the ab-
sorption coefficients of all the possible impurities (apart
from soot and metal particles) which, under these condi-
tions, are not strongly represented (Vn < 1) are rela-
tively low (u S 10 cm™). The median radius a, of
"natural" particles will probably not exceed 3 x 107
(see®) so that au < 3 x 107 and, therefore, we have
from Eq. (13)

T >3 (3+10) -10*(2/Vn) -9 [W /em?®].

Undrr typical conditions (Vn ~ 3—10 and g ~ 4) we have
(Iy,) = (3—10) x 10* W/cm?, which exceeds the thres-
hold intensity for breakdown in a "pure"” gas. This, in
turn, means that the breakdown initiation mechanism as-
sociated with the thermal explosion of the particles is
ineffective. However, the impurity particles can act as
sources of electrons for the avalanche in the "pure' gas.
At A = 10.6 p the situation is radically altered because
most of the impurities exhibit much greater absorption
at this wavelength. Typical values lie between 100 and
1000 cm™ (for example, for water u = 800 cm™; seel?))
and, therefore, under ''natural conditions' the typical
maximum value is a4 ~ 0.03. Although the mean
effective thickness of the focal region is then still small
(zo < 1), the mean breakdown intensity is, according to
Eq. (13), still small

>~ (3+10) -10°(2/ Vo) -1 [W/cm?].

In experiments with CO; lasers, typical volumes V are
greater by one or two orders of magnitude than the
corresponding volumes in the visible region. When Vn
~ 30 and B ~ 4 we have (Iy,) ~ (1—3)X 10° W/em?,
which is in agreement, for example, with experimental
data on brea,kdoyn in laboratory air.t*’®) The function
(I ~ (1/An)1/(B—1) explains the diffusion-like elec-
tron losses reported inl*’®1, Since V ~ F%?®, we have
<Ith> ~ 1/FY %p for B = 4, which is in good agreement
with experimental results,t?’%

The artificial introduction of particles with diameter
2a ~ 50 u into the focal region of the CO. laser, as was
done inm, with density n > 1/V, clearly corresponds
to the realization of the case of large mean effective
thickness of the focal region (zo > 1). Under these con-
ditions, we have from Eq. (13a) (Iy,) ~ pqug ~ (1—3)

x 10° W/ecm?, independently of the optical properties of
the extraneously introduced particles. This explains the
results obtained inl%,

Finally, the results of the experiments reported inl"]
can also be explained in a qualitative fashion. When the
focal region of the periodically pulsed CO; laser is
"illuminated" by continuous radiation with A = 10.6 pu,
there is a reduction in the maximum value of ay, i (due
to the heating of the particles and partial evaporation
from the surface between successive pulses), and this
leads to an increase in (Iy,).

The fact that the above mechanism for breakdown
initiation in the visible and near-infrared by thermal ex-
plosion of macroparticles under '"natural conditions' is
ineffective does not mean that the mechanism will not
operate in this wavelength range. A substantial reduc-
tion in the breakdown threshold in this range is observed,
for example, in experiments with millisecond laser
pulses if a target consisting of a highly absorbing mater-
ial is placed at a certain distance beyond the focal point
of the lens.” In this case, the "main" part of the pulse
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produces ablation from the target surface. As a result,
macroparticles of the target material enter the focal
region and initiate gas breakdown (usually by individual
laser pulse spikes). In the case of nanosecond laser
pulses, this effect on target-gas breakdown beyond the
focus is usually absent because the particles from the
target do not succeed in reaching the focal region during
the pulses.

We have, however, performed an experiment on the
initiation of breakdown in air at A = 1.06 u with mono-
pulse length 7 ~ 100 nsec by artificially introducing
highly absorbing particles into the focal region, namely,
soot-type particles produced by burning rubber (black
smoke). The laser beam had a divergence ¢ ~ 10~ rad
and a diameter Do~ 1.5 cm. We used a lens with a focal
length of about 10 cm. Under these conditions V ~ 2
x 10°® ecm®. The smoke particle density apparently satis-
fied the condition Vn > 1. In "pure' air the breakdown
occurred when the energy per pulse was W = 0.55 J; in
the presence of smoke, this energy fell to less than
0.05 J.

The same giant-pulse laser system was used to ob-
serve a substantial reduction in the threshold for break-
down in air with a practically regular repeatability when
the radiation was focused on mist produced by condens-
ing a jet of water vapor issuing into the atmosphere from
a tube attached to a retort containing boiling water. This
reduction in the breakdown threshold could not be assoc-
iated with the change in the composition of the gas (high
partial pressure of water vapor) in the cloud of mist
because the ionization potentials of the H,O and N, mole-
cules was quite close to one another.

The authors are indebted to P, P. Pashinin and V. B.
Fedorov for discussions of the problems considered in
this paper.

DThe concept of the “thermal explosion” of a macroparticle in the
radiation field is the same as the generally accepted concept of a
thermal explosion due to exothermic combustion reactions in the
sense that a stationary thermal state cannot be established.

DWhen the first line in Eq. (4) was derived, it was assumed that
a> 3uf:/kwus, i. e., that the unity in Eq. (2) could be neglected
(diffusion losses need not be taken into account). For A = 1.06 u
and k =~ 50, this givesa>3 X 107 cm.

3dWe recall that, in the case of the mechanism involving electron losses
by free diffusion, [yh ~ 1/d? ~ 1/F2p?.

4By definition of ap,, we have .

j f(a)da="/s.

9In practice, this target is frequently black photographic paper; under
these conditions the threshold for breakdown in air may fall by a
factor of 1.5.
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