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Intense light from a powerful ruby laser is found to induce in the ruby an absorption increase preced­
ing destruction. The kinetics of this increase under the action of the pulse is investigated. Estimates 
are made of the dependence of the shock wave pressure on the absorption and intensity of the incident 
light. 

WE investigated breakdown in ruby under the influence 
of light from a ruby laser operating in the single-pulse 
regime. In area investigations[l'21 it was established 
that at incident-radiation power densities 3 x 1010 W/cm2 

there occurs damage inside the ruby sample in the reg­
ion where the laser beam is focused. The damage is 
accompanied by shock waves, the pressure on whose 
front reaches 3 x 106 atm [2J. 

One of the authors[3 J proposed a mechanism for en­
ergy transfer from the light to the transparent dielec­
tric. This mechanism consists of the development of an 
electron cascade in the medium as a result of absorp­
tion of light by the free carriers and shock ionization of 
the lattice. The purpose of the present paper is to de­
termine the change of the light absorption in the sub­
stance during the time of action of the laser pulse and 
to establish a criterion for a breakdown in which the 
damage has a dynamic character. 

EXPERIMENT 

The investigations were performed with the setup 
illustrated in Fig. 1. Light from the Q- switched ruby 
laser 4-7 was focused by lens 10 into the interior of 
the ruby sample 11 measuring 4 x 4 x 15 mm. Part of 
the light was diverted with a semitransparent plate 12 
to a semitransparent mirror 13 and illuminated the ruby 
sample 11 through the side faces. This light was focused 
by lens 14 on diaphragm 15 and struck the photographic 
film 16. Diaphragm 15 eliminated the light from the 
flash lamp and the laser light scattered by the ruby 
sample. 

The light pulse incident on the ruby was registered 
with an FEK- 09 coaxial photocell 17. The light pulse 
passing through the ruby was registered with a second 
FEK-09 cell 18. The signal from the photocell 17 was 
fed to an S11-11 high-speed oscilloscope 19 directly, 
and the signal from photocell 18 was fed to the same 
oscilloscope through a delay line 20. The system was 
adjusted with the aid of a helium-neon laser 1, the 
divergence of which was made equal to the divergence 
of the ruby laser by means of a telescope system 2- 2' 
and a diaphragm 3. 

The incident laser light was attenuated by combined 
filters 9. The same filters were used also to balance 
the sensitivities of the photocells. To increase the in­
tensity of the light incident on the sample, the filters 
were moved to a position behind the sample, in position 
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FIG. 1. Diagram of experiment aimed at investigating the absorp­
tion in ruby prior to breakdown. 

FIG. 2. Shadow picture of absorption in ruby prior to the occur­
rence of damage. 

9' in front of the photocell, without disturbing the bal­
ance of the photocell. 

Figure 2 shows a shadow picture of the ruby sample 
with increased absorption in the region of the laser­
beam focus 1>. The absorbing region in Fig. 2 is marked 
by an arrow, which shows also the direction of the inci­
dent light. The dimension of the region of increased 
absorption corresponds to a zone of high power density 
of the incident light, determined by the caustic of the 
lens. This shadow picture was obtained with the aid of 
the same laser pulse which produced the change of the 
absorption, but delayed by 3 nsec. The attenuation of 
the transmitted light by the region of increased absorp­
tion is ~ 10%. An estimate of the absorption coefficient 
averaged over the pulse yields a value of several re­
ciprocal centimeters. 

As follows from Fig. 2, no mechanical damage occurs 

l)The attenuation of the light incident on the receiver could not 
be due to nonlinear refraction, since the change of the refractive in­
dex, measured by an interferometry method, was -1 o-2 • Such a 
change did not bring the beam outside the limits of the aperture dia­
phragm of the setup. 
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FIG. 3. Oscillograms of laser pulses of different duration, incident 
on the ruby and passing through it: a) T = 12 nsec (at half-width), E 
= 0.3 J; b) T = 35 nsec (one division corresponds to 20 nsec), E = 0.5 J. 

as yet at a time t = 3 nsec. The time variation of this 
absorption was investigated by means of the oscillo­
grams of the incident and transmitted light pulses. 

Typical oscillograms are shown in Fig. 3 for genera­
tion pulses of equal duration. It is seen from Fig. 3 
that the transmitted pulse (right-hand side) has a shor­
ter duration in amplitude than the incident pulse. In the 
case when the incident pulse was small (all filters in 
position 9), the transmitted pulse coincided with it in 
shape and in amplitude. 

We denote the intensity of the incident light by J 0 (t) 
and then the intensity of the transmitted light is J(t) 
= J 0(t)e- k(t)x, where k is the absorption coefficient of 
the ruby and x is the length of the absorbing region. 
Hence 

1 lo(t) 
k(t)=-;lnl(tf 

Figure 4 shows plots of the absorption coefficient 
against the time for the oscillograms of Fig. 3. It is 
seen from the curves of Fig. 4 that the absorption coeffi­
cient amounts to k ~ 10 cm-1 (it is impossible to trace 
the subsequent increase of the absorption, owing to the 
insufficient sensitivity of the apparatus). 

DISCUSSION 

If we used for the absorption coefficient the form­
ula r4 J 

4rr.Ne2 
k=--2-Veff, 

mw c (1) 

then we can calculate the carrier density N, which turns 
out to be 1019 em -3 (the effective collision frequency for 
ruby is Veff ~ n14 sec-1 r2 ' 5 l). In the measured interval 
of absorption coefficients, the density N increases by a 
factor e within the time ~ 2 nsec. This cascade-develop­
ment constant agrees qualitatively with the calculations 
of Molchanov[5 J. The discrepancy may be due to the 
rapid thermalization and the settling of the conduction 
electrons on the traps, a factor not taken into account 
in r5J. This is confirmed qualitatively by the character 
of the curve of Fig. 4b, which shows that the absorption 
coefficient follows the oscillations of the incident-light 
intensity. One can speak only of qualitative agreement, 
since the temporal resolution of the apparatus (~ 2 nsec) 
does not make it possible to determine accurately the 
course of the absorption coefficients. 
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FIG. 4. Time dependence of the absorption coefficient for genera­
tion pulses of different durations: a) T = 12 nsec, b) T = 35 nsec. The 
generation pulse waveform is shown below the abscissa axis. 

It is also seen from Fig. 4 that the absorption be­
comes significant in the second half of the generation 
pulse. This means that the substance acquires the basic 
energy within a time shorter than the duration of the 
generation pulse. This is the cause of the dynamic 
character of the damage. Let us estimate the critical 
rate of the energy acquisition leading to the formation 
of the shock wave. 

The absorption of light produces in the medium a 
heat source, the power of which is 

TV= k(t)J(t) V, (2) 

where k(t) is the absorption coefficient, J(t) is the in­
tensity of the incident light, Vis the volume of the ab­
sorbing region of the substance. If we neglect the 
thermal conductivity of the medium, then the rate of its 
heating is 

d1' i dt =TV/ c,pV, (3) 

where cv and p are the specific heat and density. 
It can be assumed that heating within a time shorter 

than the time of propagation of the disturbance through 
the heated region occurred at a constant volume. The 

· time of propagation of the disturbance is t' = r /v s 
~ 10-8 sec (r-radius of focal region, v s- speed of 
sound). Heating leads to an increase of the pressure in 
the volume V: 

(4) 

where f3 and IJ. are the coefficients of volume expansion 
and the compressibility of the substance. If within a 
time t' = r /v s the pressure 

r/v 8 

P=-~- J k(t)J(t)dt 
J.lCvP 0 

(5) 

exceeds the pressure P crit at which Hooke's law is 
violated, then a shock wave begins to propagate in the 
medium. The spreading of matter behind the front of the 
shock wave gives rise to a rarefaction zone. 

When the negative pressure in this zone exceeds the 
strength of the substance, the latter is damaged. Sub­
stituting the numerical values for sapphirer7 J in (5) we 
find that for dynamic destruction it is necessary that 
under our conditions (T ~ 10 nsec, V ~ 10-5 cm3 ) the 
energy absorbed be E > 10-1 J. This value agrees well 
with the values of E measured in our experiments. 

Expression (5) contains the experimentally deter­
mined quantity k(t). If it is expressed in terms of the 
electron density in the conduction band N, then we can 
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obtain an expression connecting the pressure in the 
shock wave P with the density of the incident light J(t). 

The powerful light causes the electron in the conduc­
tion band to acquire an energy at a rate 

dff/ 4ne2J(t) 
--;;t" = -,~w"c 'Veff• 

If we neglect the energy losses on the phonon[sJ, then 
within a time 

'\' = mw2cl / 1ne'J (t) Veff, 

where I is the lattice ionization potential, the electron 
acquires an energy sufficient to ionize the lattice, and 
causes a cascade-like growth of the number of electrons 
in the conduction band. The electron density N increases 
like 

{ 
t l,;re2J(t')ln2 '} 

N(t)=Noexp J . ~eff dt , (6) 
0 I mw"c 

where No is the initial electron density in the conduction 
band. The connection between the pressure P and the 
light intensity J(t) is given by the following expression: 

r/vs t 
4ne2 ~ J { 4ne2 v,eff In 2 J , , } P=----N0 J(t)exp J(t )dt dt. 
mw2c ~lCrP 0 lln~v2c 0 

(7) 

At an initial electron density No - 1016 (this density can 
be produced by single-photon ionization of the impuri­
ties), the pressure on the shock wave front is 
p - 106 atm. This value agrees well with the estimate 
of P based on the shock-wave velocity[2 J 

In conclusion we wish to emphasize the following: 
1) In the investigation of mechanical damage to trans­

parent dielectrics by monopulse laser light, it is neces­
sary to take into account the formation and development 
of shock waves. 

2) Mechanical damage sets after the shock wave 
moves away, with a time delay exceeding 10 nsec. Thus, 
the main action of the laser light on the substance oc­
curs prior to the occurrence of mechanical damage. 
This makes it possible to observe nonlinear effects 
such as stimulated Mandel' shtam- Brillouin scattering, 
the thresholds of which is higher than the damaged 
threshold, but the transient time is shorter than 10 sec. 

The authors are grateful to M. D. Galanin for interest 
in the work and L. A. Pakhomycheva for help with the 
work. 
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