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The breakdown of a number of transparent dielectrics caused by an intense laser radiation was
investigated. The nature of the breakdown due to ordinary and giant pulses is described and the
size of the destroyed region is investigated as a function of energy, location of the focus, focal
length of the lens, and temperature. It is shown that the breakdown mechanism based on coher-
ent hypersonic phonons, generated in the course of a stimulated Mandel’shtam-Brillouin proc-

ess, is the least contradictory.

INTRODUCTION

THE recent appearance of intense sources of
coherent electromagnetic radiation in the optical
range affords an opportunity to launch large-scale
research on the interaction of such radiation with
matter. Of considerable interest here is the study
of breakdown processes of solids caused by in-
tense laser radiation and, in particular, the break-
down in transparent dielectrics. Whereas the basic
difficulty in the problem of opaque solid breakdown
resides in the understanding of the kinetics of the
act of breakdown itself, the light absorption mech-
anism being self-evident, in the case of transpar-
ent substances, the very mechanism of light ab-
sorption and the transformation of the absorbed
electromagnetic energy into the breakdown energy,
as well as the subsequent development of the
breakdown process, are prime objects of interest.

The breakdown in transparent dielectrics
caused by laser radiation was already observed
before, [176]

In particular, breakdown caused by a giant
pulse at the point of emergence of the light beam
from glass has been described in !, and evi-
dence of breakdown at the focal point of the laser
beam has been confirmed in (61, Unfortunately,
there is no general agreement as to the particular
mechanism responsible for the breakdown. In
view of this, it would be appropriate to attempt a
more detailed investigation of the breakdown proc-
esses in transparent dielectrics subjected to in-
tense laser radiation. Such, then, is the purpose
of the present work.

1. EXPERIMENTAL PROCEDURE

Ruby and neodymium lasers, generating photons
with energies of 1.79 and 1.17 eV respectively,
were used as radiation sources in this work. Both
types of lasers were used in order to clarify the
effect of polarization and photon energy upon the
nature of the breakdown. As it developed, however,
the qualitative character of the breakdown was the
same for polarized radiation (ruby) and for unpo-
larized radiation (neodymium). Consequently, all
the experiments were later carried out with the
neodymium laser, which could operate in the ordi-
nary-pulse and giant-pulse modes. The neodymium
rods were 12 X 120 mm. In the ordinary-pulse
mode, the energy reached 20J for a total pulse
length of about 5 % 10~ sec and pulse rise time of
1 x10~% sec. In the giant-pulse mode, the pulse
energy reached 2J and the pulse was triangular in
shape, having an approximate half-power width of
(2-3) x 1078 sec.

The energy incident upon the specimen could be
controlled, when necessary, within wide limits by
means of specially calibrated neutral filters. The
pulse energy was measured with a vacuum calori-
meter, and the pulse itself was recorded by a
rapid-acting photodiode and displayed on the
screen of the S1-29 long-persistence oscilloscope
(ordinary pulse), or the pulse was photographed
off the screen of the ISO-1 oscilloscope (giant
pulse). In the case of an ordinary pulse, the
Fabry-Perot resonator had plane-parallel plates
coated with multilayer dielectrics whose reflec-
tion coefficients were 99.5 and 60% respectively.
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FIG, 1. Diagram of the experiment. 1 — Totally reflecting
mitror, or rotating prism; 2 — ruby or neodymium rod; 3 — part-
ially reflecting mirror or plane-parallel plate; 4 — light filter
to cut off pump lamp; 5 — plane-parallel plate; 6, 10, 14 —
neutral filters; 12 — specimen under investigation; 7, 11, 13 —
lenses; 8, 15 — photodiodes; 9, 16 — oscilloscopes.

In the case of a giant pulse, a rotating prism
(24,000 rpm) and uncoated plane-parallel plates
were used. The diagram of the experiment is
given in Fig. 1.

Three different groups of materials were se-
lected as the objects of the experiments:

1. alkali-halide single crystals: LiF, NaCl,
CsI, KBr, KI, and others;

2. polymers: polymethyl methacrylate (Plexi-
glas), polystyrene;

3. glasses: K3 silicate glass, fused quartz.

The specimens were parallelepipeds with pol-
ished faces and dimensions varying from 0.1 to
25 cm in length and from 1 to 25 cm? in cross-
section. The character of the breakdown was ob-
served under a microscope, and the size of the
breakdown region was measured with a horizontal
comparator.

2, EXPERIMENTAL RESULTS

Transmittance Curves

The effect of incident beam intensity upon the
magnitude and time dependence of light trans-
mitted by the specimen was investigated in order
to obtain information on the kinetics of breakdown
development. Figure 2a shows a typical transmit-
tance curve for polymethyl methacrylate for the
case of an ordinary pulse. It can be seen that light
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FIG, 2. a — Relative transmittance of light as a function
of incident light intensity; b — oscilloscopic traces illustra-
ting the kinetics of the breakdown process: 1 — transmitted
light pulse at below-critical energies; 2 — same at above-
critical energies; 3 — same at repeated irradiation.

IN TRANSPARENT DIELECTRICS

789

transmittance practically does not change within

a fairly wide range of incident light intensities. A
certain value of intensity, critical for a given sub-
stance, causes a sharp drop in transmittance; the
drop coincides with an avalanche-like breakdown
of the substance. Analogous relationships were
observed in all other substances under investiga-
tion.

Figure 2b shows oscilloscopic traces, normal-
ized to a standard dimension, which indicate that
the breakdown causes an almost complete screen-
ing of the light beam and that it can develop within
a pulse length. In the case of the second pulse of
light, the intensity of the transmitted pulse will
naturally correspond to the transmittance of the
destroyed substance (curve 3 in Fig. 2b). This is
additional evidence that the intensity drop in the
trace of Fig. 2b is attributable to the breakdown
development.

Investigation of the onset of the breakdown
(marked by the drop in the oscilloscopic trace)
showed that increasing intensity of incident light,
Iy (if Iy > Icy), shortens the time interval preceding
the onset of the breakdown.

Character of Breakdown

First of all, one should note the essential dif-
ference in the nature of the breakdown in the cases
of ordinary and giant pulses. Ordinary pulse in
polymethyl methacrylate and polystyrene produces
plane cracks running approximately at an angle of
45° to the axis of the laser beam and distributed at
random with respect to the rotation of the crack
plane about this axis. Beam energies considerably
higher than the threshold result in a large number
of cracks, of the order of several dozen; the
cracks are separated by regions of intact material
over several mm long (especially with long-focus
lenses). It can be seen in Fig. 3a that most of the
cracks are small, of the order of 1 mm or even
less; however, there are also large cracks with
diameters of 1 cm, i.e., of the same order as the
diameter of the laser beam. Secondary breakdown
(Fig. 3b), caused by the reflection of the laser
beam from individual cracks, has frequently been
observed. The axis of the secondary breakdown
forms an angle of 90° with that of the main laser
beam. The overwhelming majority of large cracks
are intersected by the light beam axis near their
ends, rather than in the center of the crack.

When the ordinary pulse was focused in glass,
within the specimen or near its forward face, no
breakdown was observed even in the case of maxi-
mum energies used (20J). On the other hand, the
beam focused on the rear face produced splitting
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FIG. 3. Various kinds of breakdown (sche-
matic). Arrow indicates the direction of the

light beam; f _ position of the focus. a _—

Breakdown due to ordinary pulse in polymethyl

methacrylate and polystyrene; b _ same, break-

down due to beam reflected from a crack; ¢ —
breakdown due to ordinary pulse in alkali-halide
crystals (E = 2E_)); d — breakdown due to a
giant pulse in polymethyl methacrylate, poly-
styrene, and Cs] single crystals; e _ same for
glass; f _ same for alkali-halide crystals; g —
same for total internal reflection in polymethyl
methacrylate,

similar to that described in '3}, but much larger,
tending towards total destruction of the specimen.

In the alkali-halide crystals LiF, NaCl, KBr,
and KI, an ordinary pulse focused on the surface
or within the crystal produced cracks in the
cleavage plane. At the same time, energies only
twice as high as the threshold caused cracks large
enough to destroy completely small (2 cm) crys-
tals (Fig. 3c). Splitting occurred in one, two, or
all three cleavage planes. In large crystals, the
cracks failed to emerge to the surface regardless
of the pulse energy (20J). In the case of high en-
ergies, several cracks were formed in cleavage
planes perpendicular to the beam.

It should be noted that the threshold energy re-
quired to initiate the breakdown is correlated with
the elastic properties of crystals and the width of
the forbidden gap. Of interest is the breakdown
nature in CsI and AgCl crystals, which have the
narrowest forbidden gap. When focused on the sur-
face, the laser beam burns a hole in the crystal
(as it does in metallic materials); however, when
it is focused within the crystal, the laser causes
a random breakdown, although limited to the di-
mensions of the beam.

Breakdown in polymethyl methacrylate and
polystyrene caused by a focused giant pulse has its
own special features. The breakdown region has
the shape of a strongly elongated cone consisting
of very fine (about 0.1-0.5 mm) cracks whose
density smoothly increases towards the focal point,

reaches a maximum somewhere in its vicinity, and
again decreases, turning to zero at the focal point
itself. At the point of maximum density, the num-
ber of cracks is usually so large as to present an
aspect of total destruction. Unlike the flat cracks
caused by the ordinary pulse, the region damaged
by the giant pulse consists of local irregularities
resembling ‘‘stars’’ with random orientation.
Minute flat cracks are sometimes also observed,
similar to the cracks encountered in the case of
an ordinary pulse. On the whole the picture re-
sembles the tail of a comet (see Fig. 3d).

Giant pulse breakdown in K-3 glass has a
sharply defined filamentary character, the fila-
ments being markedly thickened in the focal re-
gion (Fig. 3e). The position of the breakdown fila-
ments apparently corresponds to the maxima (with
respect to the cross-section) of laser beam inten-
sities. The cracks show no regular orientation
away from the focus and are separated by large
regions of undamaged material. Near the focus,
the cracks as a rule form rosettes of planes in-
tersecting along the beam axis. When high ener-
gies per pulse (2J) and lenses of short focal length
(f £ 30 mm) are used, the nature of destruction
changes both in glass and in polymethyl methacryl-
ate. The cracks then form a large rosette due ap-
parently to a point explosion within the specimen.
(The nature of breakdown in glass of different
composition may be different.)

In alkali-halide crystals (LiF, NaCl), the break-
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down due to a giant pulse directed along [100] runs
along all cleavage planes (100) (similarly to the
case of large crystals exposed to an ordinary high-
energy pulse). Cracks running in planes (100) per-
pendicular to the beam axis [100] form a cone con-
verging at the focus, while planes (010) and (001)
contain only two cracks of quite large dimensions
which start near the focal point and intersect on
the beam axis (see Fig. 3f). Investigation shows
that the large cracks consist of fine, parallel, and
very closely spaced microcracks.

In CsI crystals, the giant pulse causes a total
destruction (within the limits of the light cone)

similar to that in polymethyl methacrylate (Fig. 3d).

Figure 4 shows a photograph of breakdown in
polymethyl methacrylate due to an ordinary pulse.

FIG. 4. Photograph of a breakdown in polymethyl metha-
crylate due to an ordinary pulse..

The Effect of Pulse Energy

The dependence of breakdown upon pulse en-
ergy is quite appreciable. Figure 5a shows the ef-
fect of the energy E of an ordinary pulse on the
length h of the breakdown region in polymethyl
methacrylate. The relationship obtained has the
form, h® ~E — Ecps where Eg,. represents the
critical energy required to start the formation of
first cracks at the focus. Attempts to obtain analo-
gous curves for glass and alkali-halide crystals
encountered difficulties, since no breakdown was
observed within the glass exposed to an ordinary
pulse, while alkali-halide crystals split off com-
pletely along the cleavage planes even when the
energies barely exceeded the critical value.

In the case of the giant pulse, the dependence
of the breakdown length squared upon pulse energy
in polymethyl methacrylate (Fig. 5b) and glass
(Fig. 5¢) is analogous to the above: h’~E — Eg..
It seems significant that the breakdown threshold
is approximately 10 times higher in glass than in
polymethyl methacrylate; this number is equal to
the ratio of their moduli of elasticity.

Effect of Focus Location

The next series of experiments investigated
the effect of the position of the lens focus with re-
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FIG. 5. Square of breakdown region size h, as a function of
pulse energy E. Focal length of lens, f = 6.1 cm. a — ordinary
pulse in polymethyl methacrylate; b — giant pulse in polymethyl
methacrylate; ¢ — giant pulse in glass.
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spect to the specimen upon the length and nature
of the breakdown region. Figure 6 (curve 1) shows
the result for polymethyl methacrylate (the case of
the ordinary pulse). It is a non-monotonic rela-
tionship: there is a maximum when the focal point
is located some distance in front of the front face
of the specimen, and a minimum close to zero
when the beam is focused on the front face. The
length of the breakdown region then rises linearly
as the focal point moves into the interior of the
specimen, reaches saturation, and, finally, gradu-
ally decreases to zero as the focal point is brought
to the rear face. It should be noted that no break-
down has ever been observed beyond the focus
when the focal point is within the specimen. The
breakdown diagram (Fig. 7a) shows this condition
with particular clarity.

No analogous curves were plotted for glass and
crystals because of the reasons stated above.
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FIG. 6. Breakdown size h, as a function of focus location.
Lens with f =6.1 cm. 1 — Ordinary 10.8-] pulse in polymethyl
methacrylate; 2 — giant 1-]J pulse in polymethyl methacrylate;
3 — giant 1-J pulse in glass.
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FIG. 7. Diagram of breakdown.
Cross-hatched breakdown region due
to sucessive breakdowns caused as
the focus was moved along the line
ff>. The cross-hatching lines show
f dimension and location relative to

ff> of the breakdown region for each

breakdown. a _— ordinary pulse in

polymethyl methacrylate; b — giant

pulse in polymethyl methacrylate;
f c — giant pulse in glass.
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Figure 6 (curves 2 and 3) shows the effect of
the focal position on the nature and size of damage
caused by a giant pulse in polymethyl methacrylate
and in glass. It is clear that curves 2 and 3 are
precisely analogous to curve 1 in Fig. 6, except
for the fact that no damage occurs when the focal
point is located ahead of the front face; this is due
to the absorption of beam energy by plasma from
an air breakdown near the focal point. Particu-
larly significant is the effect of the air breakdown
upon damage in glass, as shown by curve 3 in
Fig. 6 (because of the considerable volume strength
of glass). The start of damage occurs in this case
only after the focal point has been moved to a con-
siderable depth into the specimen. Saturation in
breakdown size is obtained when the distance from
the focal point and the front face of the material is
markedly larger than the length of the breakdown
region. The corresponding diagrams are given in
Figs. 7b and 7c. Furthermore, glass also shows
additional splitting off the rear face of the speci-
men, even when the beam energy is too low to
cause volume breakdown. Similar splitting appears
when the radiation is focused in the interior, near
the rear face. In the latter case, the region of
volume breakdown is separated from the region of
surface splitting by intact material; the splitting
takes place regardless of the fact that the major
part of the energy of the light beam has been ab-
sorbed in the breakdown region at the focus. This
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FIG. 8. Breakdown region size h, as a function of focal
length f of the lens. 1 — ordinary 12.8-] pulse in polymethyl
methacrylate; 2 — giant 1-] pulse in polymethyl methacrylate;
3 — giant 1-]J pulse in glass.

shows that in glass surface strength is much lower
than volume strength.

Similar experiments with LiF indicated a slight
difference between the volume and surface
strengths of this material, while no difference
whatever was found in the case of polymethyl
methacrylate.

The Effect of the Focal Length of the Lens

The investigation also included the effect of the
focal length of the lens upon the size and nature of
the damage. Figure 8 shows the dependence of the
length of the breakdown region for the cases of the
ordinary and giant pulses in polymethyl methacryl-
ate and glass. The size of the breakdown region
appears linearly related to the focal length in all
cases. Short focal length lenses also change the
nature of the damage; they facilitate the develop-
ment of a thermal explosion in the focal region
when high-energy pulses are used.

The Effect of Temperature

Some experiments were carried out at de-
pressed and elevated temperatures in order to
clarify the breakdown mechanism. These experi-
ments involved polymethyl methacrylate exposed
to the ordinary and giant pulses. It was found that
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FIG. 9. Breakdown region size h, as a function of tem-
perature in polymethyl methacrylate. Lens f = 6.1 cm.
Ordinary 10.8-] pulse.
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temperature within the range from 77 to 370° K
failed to show any noticeable effect upon the nature
and size of the damage. At high temperatures, a
peculiar melting of the material was observed in
the focal region, the cracks began shifting their
orientation from an angle of 45° to that approxi-
mately perpendicular to the laser beam, and the
crack density increased. Figure 9 shows how the
temperature affects the size of the breakdown
region,

Multiple Irradiation

As pointed out above, the experiments revealed
the existence of a critical intensity of the laser
beam, which must be reached before noticeable
damage begins. There are two possible explana-
tions of this fact: (1) a new mechanism of light
absorption arises at threshold intensity and leads
to the breakdown; (2) while the critical intensity
is related to a certain level reached by the
stresses, the threshold intensity of light absorp-
tion, even if it exists, must be much lower; how-
ever, we fail to observe this absorption (see
Fig. 2a) because of the inadequate accuracy of
measurement of the transmitted light (5% error).
To clarify this problem, experiments were under-
taken in which a polymethyl methacrylate speci-
men was repeatedly exposed at 2 min intervals to
a focused laser beam with an intensity below the
threshold value. Breakdown was observed to oc-
cur even in this case, and the number of exposures
necessary to start the breakdown process was in-
versely related to energy per pulse as compared
to the critical energy. The very concepts of ‘‘criti-
cal’’ energy and ‘‘sudden’’ breakdown must obvi-
ously be relative, since they are strongly depend-
ent upon the accuracy and method of observation.
Nevertheless, the multiple-exposure experiments
have a definite meaning, since they indicate the
absence of a unique breakdown threshold as mani-
fest by the discontinuities in the transmittance os-
cilloscope traces, and the absence of a unique
stimulation threshold for hypersonic phonons.

Microscopic Observations

Microscopic observation of LiF single crystals,
selectively etched to reveal dislocations, helped
establish the fact that no new dislocations were
detected in the irradiated crystals either in the
case of intensities below the critical, or in the
breakdown region (except for the split-off surface).
However, in both cases there was a marked change
in the effect of the etch: after etching, the struc-
ture of the irradiated region was substantially dif-
ferent from the initial structure.

IN TRANSPARENT DIELECTRICS

793
3. EVALUATION OF RESULTS

The mechanism of breakdown in transparent
materials exposed to laser radiation is the most
interesting aspect of the problem under considera-
tion. The probable mechanisms may be listed as
follows: (1) light pressure; (2) electric break-
down; (3) heating by direct absorption of the laser
beam by matter, or by scattering of coherent pho-
nons; (4) direct breakdown by coherent phonons
generated in the course of stimulated Mandel’-
shtam-Brillouin processes. [1]

Stresses caused by a direct action of light upon
matter (designated as light pressure) are due to
the following causes: (1) reflection of light from
surfaces, (2) electrostriction, (3) transmission of
a light pulse by the irradiated portion of the solid
volume. In the first two cases, stress is propor-
tional to the power density of the light beam. Crit-
ical densities available even in a giant pulse
(~50 MW /em? in polymethyl methacrylate) do not
drive the stresses beyond 107 kg/mm? in the case
of the reflection of light, or beyond 107° kg/mm?
in the case of electrostriction. Stresses caused by
the interaction of exposed and unexposed volumes
(third case) is proportional to the energy flow den-
sity in the pulse and, at critical energies available
even in an ordinary pulse (in polymethyl methacryl
ate ~100 J/cm?), do not exceed 10° kg/mm?. Con-
sequently, the pressure of light can be neglected.

Nor does electric breakdown apparently occur.
In polymethyl methacrylate, for example, electric
fields corresponding to the critical intensities
amount to only 15 kV/cm for an ordinary pulse and
to ~100 kV/cm for a giant pulse. This, at least in
the case of the ordinary pulse, falls considerably
below the static breakdown voltage. High-fre-
quency breakdown is all the more impossible, so
long as we assume that there are no impurities
with a low local electric strength. Furthermore,
arguing against the electric breakdown mechanism
are also certain qualitative considerations, such
as the orientation of cracks in polymers and the
difference in the breakdown of the entrance and
exit surfaces in glass.

The following remarks are in order with re-
spect to the role played by heating in the break-
down process. Numerical estimate shows that
heating cannot be the sole cause of breakdown in
polymethyl methacrylate. Given threshold inten-
sities available even in an ordinary pulse
(100 J/cmz), thermal stress does not exceed
0.02 kg/mm?; for a giant pulse (2 J/cm?), the
stress will be approximately 50 times lower.
(This corresponds to a heating by 1-2° for an or-
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dinary pulse.) However, as will be pointed out
later, the liberated heat may play a substantial
role in certain secondary effects when, under
specified experimental conditions, cracks already
formed in the incipient breakdown region are sub-
ject to a very large concentration of absorbed
energy.

The thermal concept has also been contra-
dicted by experiments with fused quartz, whose
breakdown hardly differs from that of glass, but
whose thermal stresses are almost two orders of
magnitude lower. The fairly peculiar nature and
orientation of cracks in polymethyl methacrylate
further testify against the thermal nature of
breakdown. As shown above (Fig. 3a), the cracks
in that case are always oriented at 45° to the axis
of the light beam. Since cracks in this material
tend to be opened by primary normal stresses, and
the primary components of the thermal stress
field coincide in a cylindrical coordinate system,
with the radial, axial, and circumferential
stresses, the crack orientation could not have as-
sumed the 45° angle if the breakdown process had
a thermal character. One could sooner expect that
tangential stresses, Tpps would cause the cracks
to form a family of planes intersecting along the
light-beam axis, as is the case with short focal
length lenses and high energies in the focal region.

In view of the experimental data obtained, it is
our opinion that the least contradictory breakdown
mechanism is based on coherent hypersound gen-
erated directly by the laser beam. Of all the
above mechanisms, only the last one is apparently
capable of explaining the fact, strange as it may
seem at a first glance, of the 45° orientation of
microcracks in polymethyl methacrylate. To do
this, it is enough to assume that the light wave
generates two kinds of phonons: axial and trans-
verse.

Indeed, as Davidenkov!®! has shown, to gen-
erate and to open up cracks, two stress compo-
nents must be present, viz., shear and normal
stresses applied, say, parallel and perpendicular
to the crack plane. The shear stress is necessary
to generate the crack, while the normal stress
subsequently forces its opening. The crack-gener-
ating shear stress acting in the plane of the crack
is caused by the axial hypersonic compression-
expansion wave (axial phonons) which, as is seen
in Fig. 10, produces shear stress at just the angle

DThe importance of hypersound in breakdown processes
involving solids has been considered earlier by B. P.
Konstantinov in connection with work on exploding wires[’].
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of 45° to the direction of the light beam. On the
other hand, stresses normal to the crack plane,
tending to open the crack, are created by the hy-
personic shear wave (transverse phonons). This
wave causes the appearance of maximum normal
stresses also at the angle of 45° to the beam di-
rection. Of course, given the axial and transverse
hypersonic waves, there are also other directions
(such as, perpendicular to the beam) associated
with both, tangential and normal stresses. The ab-
sence of cracks along these directions is evidence
of definite relations between the intensities of the
axial and transverse hypersonic waves.

The above considerations may serve as a basis
for an attempt to define a strength criterion. Let
us assume that a portion of the absorbed light en-
ergy is transformed into the energy of coherent
hypersound. The scattering of sound during the
pulse time is neglected at first (this means that we
neglect the loss-of-coherence processes, or proc-
esses of elastic-to-thermal energy transforma-
tion). Such an approximation is equivalent to an
assumption that the relaxation time T is consider-
ably longer than pulse length tp Then, if the en-
ergy per pulse is E, the coefficient of transforma-
tion of the absorbed energy into hypersound is
a <1, and the effective absorption coefficient is k,
then the energy Eoph of the generated phonons per
unit volume will be

Ephd = akE /s, 1)

where s is the effective beam cross-section area
at the point under consideration.

Equating E ph to the total energy of coherent
phonons, cons1st1ng of elastic energy Eeh and
kinetic energy Eph’ we get

a(EPhe+ Ephk) = Epho- (2)

Here a~ 3 is the coefficient accounting for the
presence of three kinds of phonons, two transverse
and one axial phonon. For the sake of simplicity it
is assumed that each kind of phonon carries the

FIG. 10. Stressed state in a specimen due to axial and
transverse waves. Solid arrows refer to the transverse
wave, dashed arrows, to axial wave. SS — direction of the
light beam.
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same energy. Noting further that always ESh
= E%h, we get

ZdE’phez Epho. (3)
Moreover, we have
Eone= ba?/ G, (4)

where ¢ is the stress amplitude in the hypersonic
wave, G is the modulus of elasticity effective in
the given problem, and b £ 0.2 is a coefficient ac-
counting for the wave shape, inhomogeneity, and
the volume distribution of the stressed state. Since

s = nd?h? [ 4n2f2 + As, (5)

where d is the effective diameter of the initial
laser beam, h the distance between the point un-
der consideration and the focal point, n the re-
fractive index, f the focal length of the lens, and
As ~ 2 x 1073 ¢cm? the cross section of the beam
at the focus, the following expression can be de-
rived from (1)—(5) for the stress amplitude in the
hypersonic wave:

2n?PakGE
7abd?h? (1 + 4n2fPAs/ ad?h?)

2 —

(6a)

For the case of extensive damage, when 7d%h?
> 4n’fAs, expression (6a) can be simplified to

. _ 2n*PakGE

i nabd?h? (6b)

Assuming that stress in (6) equals the local
strength limit 0.y, one can obtain an expression
relating the dimensions of the breakdown region,
hq, to the experimental parameters and properties
of the material. The resulting linear relationship
between the size of the breakdown region and VE
or f (see Figs. 5 and 8) is not, of course, specific
for the hypersonic wave damage, but merely cor-
responds to the assumption that local damage oc-
curs after threshold energy (or power) has been
reached. The manifestation of critical energy in
the curves h*~ E (see Fig. 5) is due to the finite
dimension As of the focus:

2abog,?
akG

The above interpretation fails to take into ac-
count elastic energy relaxation via the coherence
loss of hypersonic phonons and their transforma-
tion into thermal phonons. Such a process can be
approximately accounted for by introducing an ap-
propriate relaxation time (coherence loss time),
T, and by formulating the kinetic equation for the
energy density Eph of the coherent phonons as
follows:

E, = As.
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dEoh_ dEp”  Epn

A "

Here, dE‘I))h/dt is the phonon energy generation
rate which, according to (1) and (5), equals

dEpy® _ 4n*ffak dE

dt = mah® dt (8)

Solving (7) and (8), and substituting the expres-
sion obtained for Eg)h in (3) and (4), we get

4

2 2n2f2akG ot S
stabd?h?

dE(t)

t/

et dt’, 9)

Let us consider two limiting cases, tp > 7 and
tp < 7, where tp is the effective pulse length. In
the first case, damage occurs when the pulse
power reaches a maximum in time (peak power)
dE/dt = Wy ax; after integration, this yields

t 4
§ et'/"ﬂfhﬁdt’ X Whmaxtetl® & gE;Te‘/",
where t; is time to laser pulse maximum, and the
factor 2/5 corresponds to the real form of the pulse
curve (see Fig. 2b).

Substituting the resulting expression into (9),
the following criterion for the onset of breakdown

can be obtained:

2 4n?fPakGEx

¥ T (10)

In the case of the second limit, when 1> tp,

et/T— 1, and

3 ’

§ 9B 4 _ g,

Y dt
Eq. (9) assumes the form (6b). The results of an
experimental realization of both limiting cases
may be used to obtain 7. Just such a situation oc-
curred in our experiments with polymethyl meth-
acrylate exposed to an ordinary (o) and giant (g)
pulses. Comparing the breakdown criteria ob-
tained, we have

T = st (f | R)g?E¢g/ (f | k) *Eo

Substituting data from the graphs, we can find
T~6x%107%t; ~(6+2) x 107% sec. In the derivation
of equation (11), it was assumed that ooy in poly-
methyl methacrylate has the same breakdown
value for an ordinary and a giant pulse, i.e., that
strength is not time dependent. The last assump-
tion seems to be justified, since Fig. 9 shows that
strength is independent of temperature within a
wide temperature range which, in the case of poly-
methyl methacrylate, is known to mean an absence
of a pronounced time dependence of the strength.

(11)
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According to the above estimates, the decisive
factor in giant pulse breakdown (see Fig. 6b) is the
total pulse energy, while the pulse shape and length
have no noticeable effect. Conversely, in the case
of an ordinary pulse, the decisive factor is the
peak power which may be expressed for any smooth
pulse in terms of its total energy E, rise time ty,
and a coefficient depending upon the pulse shape.

The analysis analysis shows that, given uni-
form generation of the hypersound, the stresses
caused by the acoustic wave are at least an order
of magnitude smaller than the macroscopic
strength. Apparently this means either a low local
microscopic strength, or an inhomogeneous gener-
ation or absorption of hypersound, or both. The
local nature of the breakdown is an additional evi-
dence in favor of the above conclusion.

The problem of the kinetics of breakdown devel-
opment is of considerable interest, along with the
breakdown mechanism itself. It should be noted,
first, that the cracks are formed in a time interval
which does not exceed the effective duration of the
pulse, and that the breakdown starts in the focal
region and propagates backward. This is true for
both the ordinary and the giant pulse, although the
length of the latter amounts to only 3 x 108 sec.

The above can be substantiated by the following
arguments:

1. First, the absence of breakdown beyond the
focal point. Since the radiation intensity is maxi-
mum in the focus, the breakdown process naturally
begins here first, and the resulting cracks effec~
tively screen the beam. Screening of the ordinary
pulse, as is seen from Fig. 2b, results in a sharp
reduction of the transmitted light; this is mani-
fested by a drop in the photocurrent curve for the
photodiode which registers the transmitted light.Z)
The region in front of the focus is deprived of the
screening effect and is destroyed as the critical
density of elastic energy is reached. In a parallel,
or weakly divergent beam, the breakdown naturally
propagates in the forward direction. This is the
explanation for the breakdown in polymethyl meth-
acrylate (see curve 1 in Fig. 6) observed at a con-
siderable depth when the focal point was situated
in front of the front face.

2. Furthermore, light incident upon the interior
surface at the total internal reflection angle causes
damage by both, the incident and reflected beams

21t should be once again emphasized that even for minimum
threshold light intensities, the breakdown takes place in a time
interval that does not exceed the length of an ordinary pulse, as
evidenced by the drop in the oscillosoopic traces for transmitted
light.
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(Fig. 4). This is possible only when light is re-
flected from the intact surface, and is also evi-
dence of the fact that the breakdown begins near the
the focal point and propagates in the backward di-
rection.

3. Finally, there is the evidence of the second-
ary damage caused by light reflected from pre-
viously formed cracks (Fig. 3b).

If the above conclusions concerning the kinetics
of breakdown development caused by a laser pulse
are valid, a giant pulse delivering energy consid-
erably in excess of the threshold value may be ex-
pected to cause damage in the focal region within
a time interval substantially shorter than 10~ sec.

Furthermore, the above considerations indicate
that the breakdown develops independently in each
region, and the focal region is not the site where
the breakdown is initiated. This is further con-
firmed by two facts: that the cracks are separated
by extensive regions of intact material and that the
breakdown nature does not change when the focal
point is brought out to the rear face.

In conclusion, we shall once again emphasize
the fact that the above considerations are evidence
in favor of the hypersonic conception of the break-
down and basically contradict the thermal hypothe-
sist*! which holds that thermal explosion at the
focus is the cause of the breakdown. In our view,
thermal effects may play a role at moderate en-
ergies only in the direct vicinity of the focus; at
high energies, secondary thermal effects are pos-
sible also at large distances from the focus, if
considerable amount of laser light has been ab-
sorbed in the incipient breakdown region. Such an
absorption is most substantial in the case of an
ordinary pulse which starts the breakdown process
at the intensity peak, and following which the re-
sulting defect is still capable of absorbing up to
80% of the radiation energy (apparently, this may
be the explanation for the strong splitting of
crystals).

CONCLUSION

1. The nature of breakdown caused by a power-
ful laser radiation observed within a broad class
of transparent materials (crystals, polymers,
glasses), can at this time be explained only as due
to the action of coherent acoustic phonons gener-
ated in the course of a stimulated Mandel’shtam-
Brillouin process. The thermal explosion mecha-
nism comes into play only as a secondary effect.

2. The breakdown first begins in locations ex-
posed to a high intensity of the light flux and grad-
ually spreads to a region marked by a lower in-
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tensity. The forming breakdown region is being
screened by the light beam, so that there is no
destruction behind the focal point. Consequently,
focused beams cause the breakdown front to move
backward from the focus.

3. It has been shown that laser-induced break-
down occurs within very short time intervals,
shorter than the length of a light pulse. This af-
fords the opportunity to use a giant pulse in the
study of superfast breakdown processes occurring
in time periods shorter than 107° sec; this is at
least three orders of magnitude less than what can
currently be handled by other methods.

4, Laser-induced breakdown develops indepen-
dently at various points of the solid. Estimates of
stresses caused by the hypersonic wave indicate
that local effects play a substantial role in the
breakdown process.

5. A difference in the breakdown initiation cri-
teria has been shown to exist between the cases of
an ordinary and a giant pulse. The peak power is
significant in an ordinary pulse, while the total en-
ergy is significant in the giant pulse.

6. Damage comparison between an ordinary and
a giant pulse made it possible to evaluate the time
of phonon coherence loss.

7. Breakdown by powerful light beams can be
used as a method of comparing volume and surface
strength.
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