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Luminescence, multiphoton absorption, photoconductivity, and breakdown accompanied by shock wave
are observed when ruby is irradiated by a high-power ruby laser pulse. A mechanism of light-induced
breakdown in transparent solids is proposed demonstrating the important role of electron transitions
in the absorption of light by free charge carriers. The coefficient of multiphoton absorption, tempera-

ture, and pressure in the shock wave are evaluated.

INTRODUCTION

It is shown in™’ that the beam of a high-power ruby
laser focused inside a ruby specimen causes lumines-
cence when the power is W ~ 10°—10° w/cm?, and break-
down when the power is increased above 10*° w/cm?®. It
is further suggested that the luminescence and break-
down are caused by multiphoton excitation and ionization
of the chromium in the ruby. The free carriers that ap-
pear in the conductivity band absorb laser radiation,
heat up, ionize the corundum lattice, and cause an ava-
lanche breakdown, a process similar to that occurring
in gases™’.

Experiments aimed at detectin% multiphoton absorp-
tion and photoconductivity of ruby 1 were carried out to
verify this hypothesis. The present paper describes
these experiments in greater detail than do the prelim-
inary reports™?’ and gives new results from the obser-
vation of shock waves accompanying ruby breakdown.

1. MULTIPHOTON ABSORPTION AND LUMINESCENCE

The ruby specimens (20 X 6 X 6 mm) containing
0.05% chromium were placed in the focus of the beam
from a high-power Q-switched ruby laser. With an ir-
radiation power W ~ 10° w/cm® we observed a lumines-
cence band with a maximum at A = 625 nm (Fig. 1,
curve 1); when the power was increased by an order of
magnitude, an additional blue luminescence band with a
maximum at A=~ 450 nm was observed (Fig. 1, curve 2).

The luminescence spectra were recorded by a quartz
spectrograph with a power 1:3; the scattered genera-
tion light was eliminated by a filter containing copper
sulfate solution. The light of the pump lamp was passed
through a KS-19 filter that was well matched to the cop-
per sulfate filter. The spectrum was calibrated against

‘ FIG. 1. Ruby luminescence
spectrum at various irradiation
. powers (plots are numbered
\ , according to increasing power).
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the density of photographic film. The standard light
source was a ribbon lamp with a known color tempera-
ture. The energy emitted by the luminescence bands
was determined from the density of the film and reached
E; ~ 107°—107° J for an incident energy E ~ 1 J. The
incident energy was determined with a calorimeter and
the power by measuring the generation pulse length with
an S1-11 oscilloscope. The beam cross section in the
focal region was determined from the beam divergence.
The space-time structure of the beam was not consid-
ered. This may have changed our results by a factor of
several units.

An irradiation power W > 10" W/cm? caused a break-
down within the specimen at the focus of the lens and
damaged the ruby 1 The breakdown was accompanied
by a strong light flash. The spectrum of the flash is
given in Fig. 1 (curve 3); it contains an ultraviolet band
with a maximum at A= 360 nm in addition to the lumin-
escence bands described above.

We assume that these effects are due to multiphoton
absorption. Multiphoton absorption in chromium and
free carrier absorption are manifested by the depen-
dence of the absorption coefficient of the ruby on the
intensity of the incident light. The following experiment
was performed to measure this dependence and to detect
directly the carriers in the conductivity band of corun-
dum (see Fig. 2).

The light of Q-switched ruby laser 1 was focused in
ruby specimen 4. Saturable filter 2 (a cryptocyanine so-
lution in our case) was used as the Q-switch. The ab-
sorption coefficient in ruby was measured with differen-
tial difference amplifier 7. The amplifier separated out
the difference between the signals from the photomulti-
pliers FEU-I and FEU-II that detected the light trans-
mitted by the ruby and the laser light split off by semi-
transparent mirror 3 respectively. The amplified dif-
ference signal was fed to one beam of an S1-7 two-beam
oscilloscope (OI in Fig. 2), while the other beam was
driven by the amplified signal from the photomultiplier
FEU-II. The light beams incident on the photomultipliers

FIG. 2. Experimental setup
for measuring ruby absorption
coefficient and photoconduc-
tivity (designations are given in
text).




FIG. 3. Ruby absorption
coefficient as a function of inci-
dent light intensity. Points and
plot 1 represent experimental

“:»-ﬁ:/—" data, plots 2 and 3 represent
, I theoretical data.
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were adjusted with neutral filters to obtain a precise
balance of both channels of amplifier 7.

The difference A I between signals from the photo-
multipliers FEU-II and FEU-I determined the light ab-
sorption in the ruby at the generation wavelength. The
ratio of this difference to the intensity of incident light,
I = A E/S, determined the absorption in the specimen.
Figure 3 shows the resulting dependence of AI/I on the
incident radiation intensity (curve 1). The decreasing
absorption in ruby with increasing irradiation density is
due to the bleaching of the ruby stemming from equal-
ization of the populations at the ground and excited
levels.

Let us see what form the absorption curve should
take with allowance for the bleaching of the ruby. We
denote the ground level population by n,, the excited

level population by n., and their difference by n, — n; = N.

When light with intensity I = f(t) passes through the ruby,
absorption from the ground level occurs with a probabil-
ity n,0I(t) (where o is the absorption cross section for
the working transition), and stimulated emission with a
probability n0I(t). Spontaneous emission can be neglec-
ted during the pulse length 7 ~ 10™® sec, because the
lifetime of the particles at the excited level is

To = 3 X 107° sec. In this case the balance equation for
the number of particles has the form

AN | dt = —2Nol(t)

(1)
and the attenuation of the light by the ruby is given by

0l | 6z = Nol.

Since the length of the ruby / = 2 cm is less than the re-
ciprocal absorption coefficient, the quantity f(aI/ax)Bx
is from now on replaced by AI. The shape of the incident
light pulse is assumed Gaussian:

] 2). (2)

The time constant of our apparatus was larger than the
pulse length, so that we actually measured the quantity

1(t)=10exp<—1’—t;
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The following dependencc; of the measured absorption is
obtained from (1) and (2):
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This dependence is given in Fig. 3 (curve 2). We see
that the curve lies substantially below the experimental
plot. The discrepancy increases with increasing inten-
sity of incident light. This means that we observed an
additional absorption that was not taken into account by
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our equations for a two-level system and that increased
with the intensity of light. We assume that this absorp-
tion is due to multiphoton transitions from the excited
level.

The transmission of light through the ruby, taking
two-photon absorption from the excited level into ac-
count, is defined by the following equations:

d
au = — nyol + nsol, (43)
dt
(Z‘Tz = nyol — nyol — nayI? + nayl? + ngws, (4b)
dns 4

T nayl? — nayI2 — naw;, (4c)

74 1
1d + a = ny0l — nyol — nayl? 4 nayl* (4d)

c dt  dz

here y is the cross section of two-photon absorption
from level 2 to level 3. The last two terms of (4b) de-
termine the stimulated two-photon emission and the re-
laxation from level 3. These can be neglected since the
energy involved in our experiment is not high enough to
cause saturation of the two-photon transition. We com-
pute n;/n, from the experimental data and find that ns/n,
< 0.05. The absorption as a function of incident light
intensity according to (4a) and (4b) has in this case the
following form (for a Gaussian incident pulse)
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The numerical values obtained from (5) by the M-20
computer were used to select points for a plot that would
coincide with the experimental curve (Fig. 3, curve 3).
The curve was then used to determine the numerical
value of y/0°7, which was found to be 0.2. The coeffi-
cient of two-photon absorption was equal to

k =2x 102 cm™ at an irradiation power W ~ 10% w/cm?.
Consequently for this power ~107° of the incident energy
is absorbed along ! = 1 cm of ruby length. As noted
above, ~107® of the incident energy is transformed into
luminescence and therefore the luminescence yield
amounts ton ~ 0.1%. This estimate may turn out to be
too low because the possible contribution from free car-
rier absorption was not taken into account.

2. PHOTOCONDUCTIVITY OF THE RUBY AND BREAK-
DOWN

The photoconductivity of ruby observed by us veri-
fies the presence of free carriers in the conductivity
band. The experiment was performed in the following
manner. Holes for electrodes 2 mm in diameter were
drilled in the investigated ruby specimen (4 in Fig. 2).
The distance between the capacitor plates formed by the
electrodes was 2 mm. The laser light was focused into
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the interelectrode space. A voltage of V = 4 kV was ap-
plied to the electrodes. The signal appeared across a
resistor (R = 10 K) and was fed through amplifiers 5
and 6 (Fig. 2) to one beam of the S1-7 oscilloscope

(OII in Fig. 2). A laser generation signal from the
FEU-II photomultiplier was supplied to the second beam
of the oscilloscope.

Without protective measures the signal is several
orders of magnitude larger than expected. This is due
to surface conductivity. The effect is eliminated by a
grounded metal ring fastened to the ruby around the
electrode that supplies the signal. It is possible that the
photoconductivity signal observed by Dneprovskii and
others[‘”, which exceeded the theoretical value by three
orders of magnitude, was also due to surface conductiv-
ity. This is all the more probable because the field den-
sity was the same on the surface and within the specimen
in™!, because it was illuminated by a parallel beam of
light. In our experiment the field density was higher by
an order of magnitude in the interelectrode space than
on the surface.

A volume conductivity signal was observed when the
irradiation power was W ~ 10'° W/cm®. Conductivity
was observed in a very small interval of intensity varia-
tion of the incident light before the onset of damage 31,
We consider that this damage was caused by free-car-
rier absorption of light followed by the development of
the breakdown.

As we know®™?, the coefficient of free-carrier ab-
sorption is K = 47 /c, where u is the high-frequency
conductivity due to these carriers. This quantity is de-
termined by the following expression™?:

where N is the free-carrier concentration, vg¢e is the
effective collision frequency, and w is the frequency of
light. According to our computation vesr ~ 10** sec™ for
ruby. K ~ 107 for a concentration N ~ 10*°* cm™ corre-
sponding to the pre-breakdown conditionm; this means
that the free-carrier absorption coefficient is compara-
ble to the multiphoton absorption coefficient computed
above.

The power lost by the light due to free-carrier ab-
sorption in ruby is

AW [ dt = &2,

where E is the light field intensity. The power acquired
by a single electron amounts to

dE. €282
dt == "’nu;’z‘\) eff .

For the intensities used, E = 3 x 10* cgs esu and we ob-
tain dE‘;/dt ~ 1 erg/sec, i.e. one electron in a time

t = 107! sec acquires an energy Ee = 107 erg ~ 10 eV.
This energy is a priori sufficient to ionize the corun-
dum lattice whose forbidden gap width is Eg ™~ 8eV. It
can be shown that with E = 3 X 10* cgs esu the electron
energy losses in lattice heating occur at a rate that is
lower by an order of magnitude. Lattice ionization yields
two new electrons and thus produces an avalanche proc-
ess causing the breakdown in the material. This ava-
lanche causes an almost total lattice ionization and total
absorption of the remaining radiation during the lifetime
of an electron in the band; as computed from effective
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mobility data[ﬁj, the electron lifetime is ~ 10~ sec. The
energy absorbed in the breakdown is Egpg ~ 0.1 J for
an incident energy of E ~ 0.3—0.5J.

3. OBSERVATION OF SHOCK WAVES IN RUBY DAM-
AGE BY LIGHT

The absorption of large energy in a small
(V ~ 107 cm™) volume of the focal region of the lens
results in a sharp rise of temperature and pressure in
this volume. The rise in pressure creates a shock wave
that propagates in the ruby. These shock waves were
observed by us in the course of the following experiment
(see Fig. 4).

The light of a Q-switched laser (4, 5, 6, 7) was fo-
cused by lens 10 within the ruby specimen 11. Lenses
10 and 10’ formed a telescopic system used to obtain a
weakly divergent beam. The beam was directed into a
delay line formed by mirrors 12 and 13. Movement of
mirror 13 allowed us to vary the delay time from a few
nanoseconds to 150 nsec. The light that passed through
the delay line crossed ruby specimen 11 through the
side walls, was focused by lens 14 onto diaphgram 15,
and fell on photographic film 16. The film and the ruby
specimen were in the conjugate planes of lens 14 at
double the focal length. Diaphragm 15 cut off the gener-
ation light scattered by the ruby specimen and increased
the image contrast of thoes eregions that had an altered
refraction coefficient. Such regions deflected the trans-
mitted light away from the aperture of diaphragm 15,
The dimensions of the diaphragm were determined by
the divergence of the laser beam and the focal length of
lens 14. The system was aligned by a helium-neon
laser 1 whose divergence was adjusted to match that of
the ruby laser, using telescopic system 2, 2’ and dia-
phragm 3.

The system was further refined to observe a single
breakdown at various time instants (Fig. 4b). A semi-
transparent mirror (12’) was placed across the light
path in the delay line, creating its own beam with a
shorter delay time. The second beam was focused by
lens 14 onto its own aperture in the diaphragm; prism
17 placed in the path of this beam separated the images
in the plane of film 16.

Figure 5 shows the photographs of various damage
modes obtained at various time instants. Figure 6 shows
photographs of damage regions obtained with two time

FIG. 4. Experimental setup for the study of shock waves in ruby
under light-induced breakdown.
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FIG. 5. Damage and shock waves in ruby with a time delay of 86
nsec.

delays. In addition to the damage shadowgraphs, these
photographs also show shock waves propagating from the
damage point. Since each ruby specimen was used sev-
eral times, the photographs show shadowgraphs of the
previous damage events. The damage corresponding to
the given time instant of the exposure is indicated by an
arrow that also shows the direction of the incident light.
If the power and energy of the incident pulse are sig-
nificantly above the breakdown threshold, the damage
propagates within the specimen, moving towards the
beam. The velocity of propagation of the damage can be
equal to that of the shock wave (Fig. 5a) or it can sig-
nificantly exceed the latter. Figure 5b shows a cone
formed by the envelope of shock wave fronts.

The measured velocities of shock waves depending on
the energy absorbed in the damage volume lie within the
limits of ~12—15 km/sec. These velocities correspond
to the pressures at the shock wave front of P = (1.5—3)
x 10° kg/cm® and to temperatures T = (3—6) x 10°°K
determined from the shock adiabat of rubym . The total
energy in the shock wave is

. 1 71 1\ | .+

U =[~?P\\E~?>+ dA\;,kT:l v,
where po and p are densities of unperturbed material
and material in the shock wave, respectively, Ny is the
atomic concentration, and V is the initial volume of the
shock wave. The thermal portion of the energy 3N_kT
is much smaller than the mechanical energy and can be
neglected. The mechanical energy in the shock wave de-
termined from this equation was Upech ~ 107! J in our
experiments. This quantity coincides with energies we
measured from absorption.

After the shock wave front passed, the particles of
the material have a certain velocity directed along the
radius away from the center. A decrease of temperature
and expansion of the material create a negative pressure
in the focal region leading to the formation of a cavity.
This cavity can occur with or without cracking. The rate
of transverse cracking depends on the energy absorbed
in the breakdown region and varies from 2.7 km/sec in
the initial phase to 0.27 km/sec 100 nsec later; it is
thus much slower than the speed of sound in ruby. The
motion of the damage region towards the beam can be
due to the following causes. The shock wave favors the
breakdown occurring in the wave front region that is ir-
radiated with the laser beam; in this case the shock
wave has a ‘‘detonating’’ nature. This mechanism ex-

FIG. 6. Damage and shock waves in ruby with two time delays:
a—40 nsec delay; b—86 nsec delay.

plains the velocity of the damage region, which equals
that of the shock wave (Fig. 5a), and does not explain a
velocity that is ten times higher than that of the shock
wave (Fig. 5b). Such a motion of the damage region can
be due to the time-dependent rise of the generation
pulse.

The intensity of radiation at a given instant of time
varies in space within the crystal, and has a maximum
in the focus. This is the site of the initial breakdown.
As the generation pulse rises in time, the radiation in-
tensity also increases in the region before the focus,
exceeding the threshold at some point and causing a
breakdown. The threshold intensity is then reached at a
point further removed from the focus, etc. Such a proc-
ess of intensity increase is limited by the time approxi-
mately equal to one-half the effective time of the gener-
ation pulse when the radiation intensity is increasing.

If the energy density is not much lower on the surface
than within the specimen, the breakdown also occurs on
the surface, since the threshold for the surface break-
down is lower. This is apparently due to the photoeffect
at the shallow traps in the surface layer of the crystal,
leading to the formation of an electron cloud near the
dielectric surface. It is apparently these electrons that
are responsible for the large surface photoconductivity
observed by us in the laser light. If the incident beam
energy exceeds some critical value, the electron cloud
becomes a plasma flare that absorbs the incident radia-
tion. A shock wave arises within the flare and moves
against the laser beam™’.

If the breakdown occurs on the back surface of the
specimen, the shock wave enters the ruby as shown in
Fig. 6. The predominant damage on the back surface
while the breakdown occurs on both surfaces is due to
the effect of this wave.

Bell and Landt™ recently reported breakdown caused
by a ruby laser beam on the surface of a platinum plate
immersed in water. Shock waves with 500,000 atm pres-
sure were observed in the water. Shock wave pressures
of several million atm obtained in light-induced break-
down in solids may possibly be used to create and study
phase transformations.

CONCLUSION

The above experiments demonstrate the important
role of electron transitions and absorption of light by
electrons in the processes of light-induced breakdown
in corundum. Acoustic phonons generated in the course
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of stimulated Mandel’ shtam-Brillouin scattering cannot
cause the destruction of corundum as suggested by
Pashkov and Zverev'’, because the threshold of the
stimulated Mandel’shtam- Brillouin scattering is much
higher than that of the electron avalanche and also the
stress in the acoustic wave is lower than the strength of
corundum.

The breakdown mechanism proposed by us points to
methods of increasing the power limit of ruby lasers
and amplifiers. First, this calls for a reduction of the
effective collision frequency by decreasing the tempera-
ture. According to computations, a temperature de-
crease to the nitrogen level doubles the power. Second,
this requires a reduction in the pulse length beyond the
limits of band lifetime of the electron, which in turn re-
duces the number of generations in the avalanche and
prevents the development of the breakdown.
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