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ABSTRACT

Dielectric breakdown and mechanical damage in silicate
glasses under high intensity laser radiation 1is investigated
in detail. A Q-switched ruby laser is used to induce photo-
conductivity in soda glass, fused quartz and quartz crystal.

27

The number of charge carriers produced per laser pulse of 10
photons cm—2 s-l is accounted for by multiphoton ionization
of nonbridging oxygens in the silicon oxygen network. The
relative magnitude of the effect proves that the photoconductivity
does not result from ionization of sodium 1n glass as extensively
quoted in literature. The lifetime of the charge carriers
produced is estimated to be 107 %s.

From thermoelastic considerations a criterion for the
validity of possible damage mechanisms 1s established. It is
shown that stimulated Brillouin scattering cannot give rise
to an effective absorption of 50 cm~1 in the focal volume as
required by the thermoelastic considerations. It is proposed
and established that the mechanical damage 1is caused by the
acceleration of primary electrons produced by multiphoton
ionization, leading to a fully developed electronic instability
in few nanoseconds. At this electron density the absorption
in the focal volume is 106 cm_l, and 1s responsible for the
complete absorption of the laser pulse at intensities above

the threshold for breakdown. The diffusion and recombination

of electrons are found to be negligible, the only rate limiting

- 1iii -



process being the loss of electron energy to the lattice. The
variation in the threshold intensity for breakdown in different
glasses is due to the variations in the elastic scattering cross
section. The study of the mechanical damage caused by a laser

pulse, leads to the estimation of the surface energy of the

material, which in the case of soda glass is found to be 105 ergs/cmg.
The enhancement of the photoconductivity signal 1is obtalned when

a second laser pulse comes within the time 10—5—5 X lO_L‘L sec. of

the first pulse. The additional number of electrons produced

by the second pulse is accounted for by the ionization of the

color centers, caused by trapping the electrons produced by the

first pulse.
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CHAPTER I

INTRODUCTION

The recent appearance of intense sources of coherent
electromagnetic radiation in the optical region has given rise
to the study of nonlinear interactions of radiation with matter.
One of the phenomena of interest is the breakdown process of
solids caused by intense laser radiation and in particular the
breakdown of transparent dielectrics. While the basic difficulty
in the problem of the breakdown of opaque solids lies in under-
standing the kinetics of the breakdown, the light absorption
mechanism being well known, in the case of transparent materials
it is the very act of light absorption and the consequent trans-
fer of this absorbed energy into mechanical energy which is of
primary interest.

Destruction of organic and inorganic glasses and of many
other transparent dielectrics has been observed by many workers
under irradiation by Q-switched as well as non @-switched ruby

(1-7).

laser pulses In the case of non Q-swtiched laser pulses,
where the peak power is small but the total energy in the pulse
is large, sufficient energy to cause mechanical damage may be
absorbed in the focal volume as a consequence of residual linear
absorption of the medium in question(8). For a Q-switched laser
pulse, the peak power is many orders of magnitude higher, while
the total energy in the pulse is usually very much smaller than

in the non Q-switched case and the residual linear absorption

is too small to account for the energy removed from the laser



pulse. Here it is the high peak power density which renders

the nonlinear interactions between electromagnetic radiation

and matter important. The study of the specific nonlinear
interactions which lead to a very high absorption of laser
radiation within the transparent glasses and the consequent
transformation of the absorbed energy into the mechanical energy
leading to a destruction of the material 1is the main subject

of this thesis.

Chapter II gives a detailed review of the nature of the
destructive effects in silicate glasses where damage occurs
typically at ruby laser power densitiles of 3 X 109 to
5 X lOlO watts/cm2 depending on the composition, thermal
history of the sample as well as the f-number of the focuss-
ing lens. Criteria for the validity of the possible nonlinear
absorption mechanisms from thermoelastic considerations follow-
ing the treatment of Conners and Thompson(g) are established
in Chapter III. Assuming that the destruction of the material
is caused by the thermal stresses set up within the material
as a consequence of rapid heating caused by the nonlinear
absorption of the laser radiation, it is shown in this thesis.
that an effective absorption coefficient of at least 50 cm"l
in the focal region is required to generate stresses exceeding
the strength of the material. From the nature of the thermal
stresses generated, some of the features of the mechanical

damage are explained. The effect of the pulse duration and

the peak powers above the threshold value are also considered.
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A review of the possible mechanisms for the laser induced
mechanical damage is given in Chapter IV. The generation of
an intense hypersonic sound wave by the stimulated Brillouiln
scattering of the incident laser radiation was first suggested

(10)

by Chiao, Townes and Stoicheff Many workers have tried

to explain the various aspects of the damage phenomenon using
this hypothesis(ll’7). It is shown here that in materials
where stimulated Brillouin scattering is observed, it can only
account for an effective absorption coefficient of 0.1 cm_l.
Also, since damage is observed 1in materials like CaFg, MgO

etc. where no stimulated Brillouin scattering has been observed,
other mechanisms must be considered even 1in those cases where
stimulated Brillouin scattering does occur. 1In chapters V
and VI an alternative damage mechanism 1is proposed and
considered in considerable detail for the first time.

The experimental observation of the laser induced photo-
conductivity in silicate glasses by Sharma and Rieckhoff(lg) is
presented in chapter V. Rohatgill3) in 1957 observed photo-
conductivity in soda glass and Pyrex using ultraviolet light of
wavelength 2537&, and explained his results as due to the
ionization of sodium atoms in a 10A thick surface layer of
glass. Here it is shown that the electrons are in fact liberated
by the ionization of the bridging and nonbridging oxygen ions
in these glasses by the UV light or by multiphoton absorption

of the laser radiation. Using the theory of multiphoton ioniza-

tion developed by Gold and Bebb(lu), the number of free electrons



T

liberated by a given incident laser pulse has been calculated.
An order of magnitude agreement with the experimental results
is obtained. Our interpretation of Rohatgi's eXxperiments is
also presented. It is further shown for the first time that the
multiphoton ionization alone carnot account for the effective
absorption required, but merely provides an initiating mechanism
and the electrong thus liberated must build up by some multi-
plicative process to a critical density.

The multipiicative processes ieadling to a fully developed
electronic instability are considered in chapter VI. Here
the high frequency laser-induced breakdown and the dielectric
breakdown experiments with pulsed d.c. electric fields are
compared; the main dirference between the two being the mechanism
of acceleration of the electrons by the applied electric fields.
In the case of d.c. pulsed experiments an average electron picks
up sufficient energy during a mean free path so as to cause
collisional ionization at the end of a mean free path. While
in optical frequency EM fields, electrons absorb photons by

(15,16)

the inverse bremstrahlung process? The cross section
for such an absorption when an electron is scattered by an
atom or an ion is calculated from phenomenological considera-

(17)

tions It is shown here that in the case of glass the
inverse bremstrahlung cross section in the fileld of 1lons is
ten times larger than that of atoms. Since the ion density is

low in the initial stages of the build up, electrons pick up

energy mainly by the absorption of photons in the field of the
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atoms and cause collisional ionization. The eifect of diffusion
and recombination is found to be negligible and the only rate
limiting process is the loss of energy of the electrons by
elastic collisions with the lattice. At intensities of the
incident laser radlation where the rate of gain of energy exceeds
the rate of loss of energy, the multiplication of electrons takes
place at a very rapid rate and within a few nancseconds the
focal volume is completely ionized. ALfter this stage the free
electrons scatter and absorb the incident radiation strongly
and can give rise to effective absorption of the order of 106 cm_l.
This mechanism also explains the strong attenuation of the incident
pulse observed when the mechanical damage occurs. Finally, this
absorbed energy 1is transferred to the lattice, and the sudden
heating thus caused leads to mechanical fractures.

There were some other novel and interesting experimental
observations made during the course of this study:
(i) The surface energy of solid glass can be estimated from

the breakdown consideration.
(ii) An enhancement of the photoconductivity signal was observed

when a second laser pulse comes within a few milliseconds

of the first laser pulse. If the second pulse comes

within a few nanoseconds of the first pulse no such enhance-

ment is observed. The presence of light from a high

pressure mercury lamp also washed out the enhancement.
(iii) A change in the refractive index of glass at high intensities

was observed.
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Finally, a summary of the information gained from the experiments
as well as a discussion of possible impiications and some suggestions

for further work in this field are given in chapter VII.



CHAPTER II

THE DAMAGE PHENOMENON

An intriguing aspect of the interaction between light
and matter 1is presented by the phenomenon of damage induced
in solids by light of a wavelength at which the material is
considered to be transparent. The light in question 1is usually
derived from a high-intensity laser beam such as that produced
by a pulsed ruby or neodymium laser. Ry virtue of the temporal
and spatial coherence of these light sources, as evidenced by
their monochromatic character and their small beam divergence,
they are capable of producing an extremely high power density

11 watts/cm.g, are

when focused.. Power densities of 109 - 10
easily obtained. The many effects observable with such power
densities have given rise to new fields of investigation,
among them that of laser induced damage in transparent die-
lectrics.

The damage resistance to laser radiation for different
silicate glasses was measured by Cullom and Waynant(Q).
Using a Q-switched ruby laser they determined the threshold
power density by measuring the maximum power density which
can be transmitted without causing visible damage. Their
threshold power densities varied from 2 x 109 watts/cm2 to

11 watts/cm2 for glasses of different chemical composi-

7T x 10
tion having different damage threshold. Using their data and
comparing it with the information from the manufacturer

(Corning Glass Co.) it becomes apparent that the threshold
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for damage is dependent on the heat treatment of the glass and
on its elastic and thermal properties.

Miller and Boreilli(8) measured the damage threshold for
a number of glasses with a non Q-switched ruby laser beam.

Here the power densities are much lower than in the Q-switched
case and what is determined is the threshold energy. They
obtained a range of values from 2.5 to 5 Joule/cm2 for the
threshold and predicted a temperature rise of 1000°C at the
center of the focal region within 80 microsecond after the
onset of the laser radiation, as the result of the residual
linear optical absorption.

Harper(u) irradiated polished pieces of Chance-Pilkington
optical glass with a non Q-switched ruby laser beam. Comparing
the spectrum of the radiation from the focal region with a black
body type continuum, he estimated a temperature rise of 5000°K
for an incident laser pulse of 10 Joule energy. This high
temperature suggest the formation of a superheated liquid. In
the course of his investigations many samples broke apart.

Some of the broken samples showed a dark brown or black ring
around the actual point of focus and this was attributed to the
sudden release of pressure on a superheated liquid, resulting
in a small amount of vaporization and subsequent deposition of
one or more of the constituent metals or metal oxides.

A similar occurence of high temperatures by focussing a

Q-switched ruby laser into glass was first reported by Hercher(l).
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Askindaze et al(7) observed that the damage of silicate glasses
by a Q-switched ruby laser beam exhibits sharply defined fila-
mentary character. The filaments were markedly thickened in
the focal region. The cracks showed no regular orientation
away from the focal point and were separated by regions of un-
damaged material. Near the focus cracks as a rule formed
rosettes of planes intersecting along the beam axis. When

high energies (2 Joule) per pulse and lenses of shorter focal
length (f < 30 mm; were used, the nature of the damage changed.
Under these conditions cracks formed a large rosette apparently
as a result of a point explosion with-in the specimen. The
location of the focus with respect to the boundaries of the medium
had an effect on the threshold and the nature of the damage.
Three types of damage could be identified:

(1) Input interface damage.

This occurs when the beam 1s focused on the input face.
Damage is in the form of shallow conical pits. It is always
related to a bright spark. The threshold is low, e.g. of the
order of (2-5) x 10° watts/em®.

(1ii) Output interface damage.

This occurs when the beam is focused on the rear face
of the sample. It typically shows as circular conical pits, few
tenths of millimeters across and deep. It 1s not always
accompanied by a spark. The threshold 1s about twice that of
type (1).

(iii) Internal damage.

This is the one which is most frequently reported and
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occurs when the beam is focused within the sample. The fractures
obtained at power densities Jjust above the threshold are generally
composed of one or several small discs 0.01 to 1 mm in diameter.
The thresholds are higher than for the types (i) and (ii) and

11 watts/cm2 for glasses

range from 5 X 109 watts/cm2 to 7 x 10
of different composition. In samples which are longer than the
self focussing length of the laser beam, the damage appears as

a combination of gross fracture and a long thin filament made up
of very small bubbles, extending along the lens axis.

(11) Li11

A separate damage phenomenon observed by Giuliano
not be treated here. It occurs when glass shows additional
splitting of the rear face of the sample. In his experiments
light was passed through a totally internally reflecting roof
top prism, being reflected twice before leaving the prism.
Damage spots occured not only where the light left the prism
but also at the points where it was reflected inside.

Frechette and Cline(l8) explored the possibility that the
state of polarization of the beam might be of importance in
generating the damage, especilally within strongly anisotropic
materials. They focused an unpolarized beam in a calcite crystal,
travelling perpendicular to the rhombohedral cleavage plane
in calcite. It was found in a number of trials that the extra-
ordinary and ordinary rays caused damage of identical severity.
All these experiments confirmed the existence of a critical

intensity of the Q-switched laser beam and a critical energy

of the non Q-switched beam which must be reached before noticable



- 11 -

damage occurs. Multiple irradiation of the glass samples below
the critical intensity at intervals of 2 to 3 minutes does not
cause any visible damage.

In summary then, we may describe the damage phenomenon as
follows:

The focused beam from a non Q-switched ruby laser heats
up the material to temperatures as high as 5000°K., presumably
as a consequence of the linear optical absorption in some glasses
such as cornirg rumber 1723, 7740, 0530 and X95DTA(8). In the
interaction of the Q-switched ruby laser beam with glasses,
internal and surface damage occurs. Bubble formation and
incandescence indicate that here also high temperatures are
involved. Open cracks and cavities inside the bulk of the
glasses indicate yielding to the action of high mechanical
stresses. The fact that extraordinary and the ordinary rays in
calcite are equally damaging, although the directions of their
electric field vectors correspond to different packing densities
and bonding strengths, implies that no direct coupling occurs

between the atoms or ions and the electric field of the beam.



CHAPTER IIZI

ENERGY CONSIDERATION FOR DAMAGE IN GLASSES

Considering the nature of the damage 1t appears likely
that nonlinear absorption processes play an important role in
the transfer of energy from the laser beam to the solid. The
problem will now be formulated in terms of dynamic thermoelastic
theory with a view to determine how much energy must be absorbed
from the laser beam by such nonlinear processes to cause a
fracture. The energy absorbed from the laser beam is represented
by a heat source with a specified space and time dependence. The
thermelastic field equation is then solved for the stress
distribution. A fundamental assumption used in deriving the
equations for the fracture is that the fracture develops after
the laser pulse 1is over(lg). By introducing a criterion for
maximum stress fracture resistance under application of a thermal
shock, conditions for which the fracture can be initlated during
the irradiation process are obtained. All of the absorption
processes are represented by a single parameter which may be
looked upon as a measure of the average absorption. It 1s
assumed that no significant absorption occurs outside the focal
region which is assumed to be a sphere having a diameter equal
to a few Airy disk diameters. All of the energy in the laser
beam is assumed to enter this region. The approach used here
is approximate but can provide some insight into how large the
nonlinear effects must be in order to account for the observed

damage phenomena.



Mathematical Formulation

This problem has been formulated and investigated in detall
by Conners and Thompson<9). We present here, for the sake of
completeness their treaiment with some modification of pulse
width and fracture critericn. 1In the absence of body forces,
the thermoelastic wave equation in terms of the displacement

u. is(go):
i

2 . 2
woLy (h i 17 B2l __ pow =0 (1)

2%, f):xk’ax 02X, ot
where A and u are Lame's constants, p 1s the mass density and
B = (31 + 2u) a, a being the coefficient of linear thermal
expansion. The temperature field is represented by T.
Conventions of tensor analysis such as summation over 1like indices
apply. Assuming that the energy of the focussed laser beam 1is
absorbed in a spherically symmetric region about the focal
point of the beam the problem can be expressed in spherical
coordinates {r, @, ®). Under the assumed spherical symmetry,
the displacement components u, are derivable from a scalar
potential ¢ as follows

U, = 09

00X

With this assumption, the thermoelastic wave equation 1is

2
9%5 axz (/\+2,LL)T W<W%F>:'g—%] =0
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Integrating (3) and setting the constant of integration (i.e. the
ambient temperature) equal to zero;
2 z
Ve~ L8 = _BT (4)
t2 (A+21)

A—i—gﬂg ¢ being the dilational wave velocity.

P

where 02 =

\

Evaluation of temperature field T (T, t)

Since the laser induced temperature field is the driving
function for the thermoelastic waves, we use an uncoupled theory
so that the rate of strain tensor does not appear in the energy
equation. Thus the temperature field 1s expressed in terms of

the absorbed laser energy through the heat conduction equation:

Y<I*T +61=C:§_;£ (5)

where q represent the volume heat source and C is the heat
capacity, considered to be constant. Assuming the heat conduction
to be negligible, because of the low coefficilent of the heat
conduction and the short times involved, we may set YV2T = 0.

The quantity q is linked to the intensity I of the incident

radiation by the equation
ot )

where I is energy flux per unit area, and € 1is the equivalent
linear absorption (in cm—l) including the effects of all non-

linear absorption processes. On the basis of the diffraction
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theory 1t seems reasonable to approximate the intensity of the
laser radiation in the region of the focal point by the spherically

symmetric function:

T(at) = I, {6 (S5 ; (")

where v =-%E% is the lens parameter, a- the aperture radius
of the lens} f- its focal length and xl is the wave-length
of the ruby laser. The time dependence is determined by the laser
pulse shape. Disregrading the initial part of the pulse when
absorption is negligible, (see Fig. 2.1) this time dependence can
be approximated by a cosine function. Argument of the cosine
function is held within the limits 0 < wt = m/2.

Thus in terms of the approximated space and time dependence
the equation for the radiation intensity is

I =1, (5”“%) wwt 3 ogwt<F (8)

Using (7) and (8) in (6) the expression for T(F, t) is
C@T = I, E’(SWOWL COS(A)t (9)

Integrating (9) and setting the constant of integration (the

ambient temperature) equal to zero, we get:

(10)

T = IJ;E (smw)z Sim wt
- T <CWLW&)2 gma)t
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cos wt

i \\/INCIDENT LASER PULSE
/ \
/ \

/ \ TRANSMITTED LASER PULSE

\
/ A\
' \
/ A\
/ \
7 )
Ll l 1 p» time 10 ns/div

10 20 30 40

Pig. 2.1
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where TO = — .

The peak intensity I(0, 0) = I can be expressed 1n terms

O)

of the peak pulse energy flux Ep as:
2

- rna
Lo = 5z %

(11)
/2w
r
Now the total pulse enhergy QT = J E dt where E = Ep cos wt.
Ep e ol
Thus QT =3 or TO =% * 2.2 W QT
AT
1
2
-V
T, = T (12)

Final wave equation

Substituting into (4) the form of the temperature field

2
2x 1 2% _ BTo  /SmusVe
Ve -z = (/\+2/«b)< PlE) sim (13)

To solve this we make the assumption that the scalar potential

has the same time dependence as the driving temperature field.

(ﬁ ()?.,t) = ¢(/b) Sin wt (14)

With this equation (13) can be written as

\72¢ +kz¢ _ BTe Si/nv/a)?'

= (rrep) v (15)
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where k =-g

Conners and Thompson solved this wave equation using Green's
function, under the assumption that the region directly affected
by the laser pulse is small as compared to the total dimensions
of the sample. They obtained the following expression for the
scalar potential:

_—BEE QT [ ez e
F = [M + N Sim ]Smwt 6)

where

(!

M »[zscz('x_)mSL(2W+!)X*—~SL(\-2n)X] (17)

and

N :-'4» [CL (-2n)x +C 1+ z'rn)x—-2C'b(9C>] (18)

x = kr and n = —; Si(x) and Ci(x) are the sine and cosine integrals.

<

Determination of the Stress field

From equation (2) the displacements are

=29 . - -
W, = U, = Uy, =0 (19)

and the strains are given by
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€20 = €33 = ;é— §i~
(21)
éb} =0 (& L#£}
The stresses in terms of the strains are
(Qy = )\éz; 5(} - 2 M 5(,';' - BT 8&} (22)
So we have by substituting equations (16)-(21) into (22):
Radial StreE?
T, -ﬁk@:’r{ Cde 4k Smx _ B
I ML x At+2M x2 :l (23)
Sunx 3% _ Simx mwt
NI - (S "‘553“)]} it

Hoop stresses in the tangential direction:

_ 7. — BEka
152,“~(33» - jfTT(::[ A*‘Z}b

M[Afz}b co;:x + /\+2,U«<gmx+ cosx,) (=)

N [;\+sz S?cx - Aﬁiﬂ@i? s )]} St

wawc +

Estimate of the effective absorption coefficient

To estimate the minimum amount of absorption required to
cause mechanical breakdown, we use the experimental values of
Budin and Raffy(3). For convenience we write the stresses in

glass as



T, = Ba & F(n,x) S wt
4mC

(25)

= BQE Glnx)smut

Goo = (a3 =3¢

where F(n, x) and G(n, x) are given by (23) and (24). Budin
and Raffy's(3) experimental results indicate that the threshold
for the fracture in Borosilicate glass, free of any platinum
inclusions is just above 3 x 109 w/cm2 or 90 J/cmg. For a
Q-switched ruby pulse of 30 n sec focused by an £/10 lens, the
relevant parameters are:

w = LL = L g = 7.85 x 107 sec™?
2 x pulse width 2.2 x 10

QT = Total energy in the pulse
.13 x lO_3 Joule

1

5

= 1.22 x 10'3 Cal.
w _ -
< = 139 cm

where ¢ 1s the dilational velocity in Borosilicate glass;

c = 5.64 x 10° cm/sec

v = lens parameter = Tea 9 x lO3 cm_l.
le

B = (31 + 2u)a = 16.7 psi/c®

C = 0.446 cal/cm3 c®

Since there will be a maximum in the temperature gradient at the
edge of the illuminated region we calculate the value of G(n,x)

at the edge of this region. Thus calculating the value § by



xlO3 PSi
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stress
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k=139
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i
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Fig. 2.2
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taking the stress Too equal to the thermal shock resistance of

Borosilicate glass (Appendix II).

2
5200 = %;Q%f x 3.24 x10 .

£ = 50 -

Using this value of § and Qp = 6.8 x lO_3 Joule for an intensity
above threshold, the stress field is plotted using an IBM 360
computer system. Figure?2.2 is a plot of the radial stress T11
and the hoop stress Top V8 the distance from the focal point.
Radial stress is compressive and is a monotonically decreasing
function of distance from the focal point. The hoop stresses

are oscillatory in nature and become compressive and tensile
periodically as we move away from the focal point. The amplitude
of these oscillations decreases with increasing distance from the
focal point. Even though the radial stresses are twice as high
as the hoop stresses, it will not damage the glass, since

the glasses are known to be much stronger under compression than
under tension (Appendix I), the compressive strength of glasses
is at least 10 times higher than the tensile strength. Thus the
fracture is initiated at the tensile peaks of the stress where
the peak amplitude exceeds the tensile strength.

Figure 2.3 shows the effect of the pulse width on the hoop
stresses. The full line curve is for the case when the pulse
duration is 30 n sec. The dotted curve is for the case when
the initial part of the pulse 1is not considered and the pulse

duration is 20 n sec but has the same total energy. Peak
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amplitudes are almost equal but the positions of the peaks are
slightly shifted. A similar shift occurs for the radial stresses
too.

Stress fields were also calculated for different f-numbers
of the focusing lens. The nature of the stresses remains the
same but the amplitude of the stresses increases with decreasing
f-value of the focusing lens. The peak amplitude of the hoop
stresses at the edge of the Airy's disk increases as the sguare
of f-value. Thus if the damage 1is caused by a pulse when focused
by an £/10 lens, the stresses generated will not be sufficient
to cause damage when the same pulse is focused by an £/15 lens.
While using a lens of smaller f-value say f/5 the stresses
generated will be four times higher thus driving the cracks much
farther. This explains the severity of the damage when lenses
of short focal lengths are used.

In the Appendix I the Griffith crack theory and Smekal's
theory of volds were described. These theories assume the
presence of a large number of small cracks on the surface or
in the interior, rupture being primarily conditioned by the
extension of a crack already existing and not by the formation
of a new one. The spreading of the crack is accompanied by an
increase in energy proportional to the increase of the surface,
on the other hand internal surface increases the elastic deform-
ability of the material thus leading to a lower free energy when
the material is subject to a given external stresses.

It depends on the magnitudes and directions of crack and stresses
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whether the total contribution is negative or positive. If an
increase of the size of the crack leads to a diminution of the
free energy, the system will become unstable and the crack will
spread. From Figure 2.2, we see that the fracture is initiated
by the tensile peaks of ths hoop stresses which occur at distances
of 0.03 mm. The cracks in the form of a spherical ring are
forced open by the radial stresses. Typical speeds for the crack
propagation in glass is 1/3 of the dilational velocity, so the
next region will attain the fracture stress Too somewhat earlier
in time than the time needed for the crack to reach this region.
The cracks will propagate up to a certain distance until all

the elastic energy is consumed in creating new fracture surfaces
or if the crack meets a flaw or a step in the material. If at

a flaw boundary the stress concentration is high enough 1t may
lead to the branching of the cracks. Since the peak stresses
near the focal point are much larger, these cracks will propagate
further and merging of the consecutive crack disks occurs which
gives the appearance of a pit or the pulverization of glass in
that region.

The results of this analysis indicate that thermoelastically
generated stresses, resulting from the optical absorption heating
can explain most of features of the mechanical damage to glasses
under irradiation by a high intensity Q-switched ruby laser.

It must be noted that the absorption involved 1s not ordinary
optical absorption but includes energy transferred by nonlinear

effects. The value of the effective absorption coefficient &,
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is obtained from the tensile stress fracture criterion and is
found to be 50 cm_l for the borosilicate glass and a Q-switched
ruby laser pulse 30 n sec duration, with peak power density

3 X 109 watts/cmgo For incident energy densities near threshold
any nonlinear mecharism for the absorption must account for a

minimum effective absorption coefficient of 50 cm—l in the focal

region.



CHAPTER IV

POSSIBLE MECHANISMS FOR ENERGY CONVERSION

The main interest in the study of the breakdown process
of solids caused by intense laser radiation lies in the nature
of the energy transfer mechanism. In the case of opaque materials
the light absorption mechanism is well known. For transparent
materials the mechanism of light absorption and the transformation
of the absorbed energy into the breakdown energy is not at all
clear. Several quite different mechanisms have been proposed.
The three basic mechanisms for the mechanical breakdown of
glasses by a Q-switched ruby laser pulse are:

(1) Electrostriction

(2) Accoustic wave generation by stimulated Brillouin

scattering

(3) Multiphoton ionization and plasma formation.
We will discuss the first two mechanisms in this chapter and the
details of the third mechanism are presented in the following

chapters.

1l. Electrostriction

Stresses caused by the direct action of light on dielectrics
are due to:

(a) Direct light pressure

(b) Electrostrictive pressure due to the deformations by

the electric stresses.



- 28 -

(a) Direct light pressure: This phenomenon is consistent with

the concept of momentum of the electromagnetic waves. If an
electromagnetic wave falls on an absorbing material and 1s not
reflected, then its momentum is transmitted to the material in
accordance with the conservation law for linear momentum. The
rate of transfer of this momentum will be the force experienced
by the body and is termed the light pressure. This rate of trans-
fer in the case of totally absorbing body will be the momentum
density of the radiation which is equal to the energy density
divided by the speed of light. Thus the maximum light pressure

I

will be p = =

For an energy flux I = 5 x 109 W/cm2, we have

b = 5 x lOl6erg/cm2 sec
3 x 101°

cm/sec

:‘% X 106 dynes/cm2

=~ 2.5 psi
Thus the maximum pressure due to the direct action of light in
the case of transparent dielectric will not exceed 2.5 psi, which
is very small.

(b) Electrostrictive pressure: This refers to the deformations

produced by the electric stresses. Deformation of a dielectric
in an electric field is determined partly by the Maxwell stresses
and partly by the dependence of the dielectric constant upon the
strain. In an electric field a dielectric tends to assume a
configuration such as to reduce the total energy to a minimum.
If, as is usually the case for glasses, the dielectric constant

increases as the density increases, then Maxwell stresses and
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the varying dielectric constant conspire to make the density
increase when the field is applied. In some substances the
dielectric constant decreases with increasing density. In such
a case the state of minimum energy may be accompanied by a
decrease in density.

These deformations, and the resulting electrostrictive
pressure is proportional to the square of the electric field
and is independent of its direction. The electrostrictive
pressure can be evaluated by equating the work done on the
dielectric to compress 1t to the change in the electrical
energy(gg).

Consider a condenser of volume V immersed in a compressible
fluid. The change of electrical energy when the fluid constracts

by an amount Av 1is

2
2 3o

where de 1s the change in the dielectric constant due to com-
pression. Equating this energy to the amount of work done on

the fluid p,;AV

— 2 de
bV =LV ) Ay
Since é_f_). —_— - LAY 9

where p 1s the mass density, we get

_ E% . p.de _ YE
&__._ PZ’F - YE

QT
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. pde
where ¥ = /D';(:_F

is a constant having a value 0.6 to 1 for glasses.
Maximum electrostrictive pressure for an incident beam of

intensity 5 x 10° W/cm- will be (for y = 1) equal to:

- /6
P@ﬁ — 5’;’0 %ﬁ/,geccmz
= 24 psi

which is again very small when compared with the strength of

glasses,

2. Stimulated Brillouin Scattering:.

In the normgal RBrillouin scattering an incident light beam
is scattered by thermally excited acoustic waves. Scattered
light is shifted in wavelength and the znergy difference is
taken up by the acoustic wave. A consideration of the energy

and the phase vector conservation leads to the relations

(1)

b

I
ponlZ

~

ol
D

(2)
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where w and k are the frequency and thz phase vector of the
incident light; w; Kl for the scattared light and Wy 5 KS for
the acoustic wave. The well known Brillouin expression for the

frequency shift is:

where Ve c/n are the acoustic and optical phase velocities in

the medium, n is the index of refraction which will be essentially
the same for incident and scattered light rays in isotropic

media, and § is their angular separation.

These relations imply that acoustic waves can either be
generated or annihilated in the scattering process. When acoustic
waves are generated, enhancement in light scattering can occur.
With a weak exciting source enhancement i1s negligible but with
a Q-switched laser pulse, the effect is profound. The process
then leads to a marked regenerative behavior i.e. amplification
of the scattered light. A brief sketch of the dynamics of the
stimulated Brillouin scattering following Chiao et al(lo) is
presented below.

Coupling of the light waves with the sound waves 1is due
to electrostriction,the compression or expansion of the material
by the electric fields of the light wave. Consider two beams

of 1light at slightly different frequencies in the medium
- - -
E(&,t) = ’Eocb{s(k.&——wt+¢) (4)

and

E(Z,t) =g,k E-wt+¢) (o)



- 32 -

Let the sound wave be described by
P(E,t) = B (kE -t +q) (6)

The process of electrostriction causes a local compression 8V,
which in the pressnce of a local pressure P due to the sound

wave does work by an amount
Ew = P(E,t)8VEt) (7)

The average power transferred to the sound wave per unit volume

is:

du dt DPrE 42 v(F
_._9 — J\ v “J‘/.__r. 'P(/a,t),Sz V(E,t) . (8)

where U is the energy density of the sound wave
—SV(st) = L By (,¢t)
Vb

A
B
= X S[2E(X,t).E(Z,t)]

where B is the bulk modulus of the material. Considering only

the resonant term equation (8) can be written as

g—% ’.féfir‘B B (& &) (10)

-v_-» - _ _—]:]‘-
where we have used k = Kl + KS, w = uw =75 + Ql + @S

The polarization produced by the sound wave gives rise to a

+ W and &

dipole moment éa, which in the presence of the local electric

Vg
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field E leads to an energy transfer of:

l.’
Sw _—.E|(Z,t).5ﬁ(z,t) . (11)
Thus the average power transferred to the scattered wave at
the frequency Wy is
2 Té. -~ :jhcg‘t)
du, = (dr [ dt EE,¢) k&Y (12)
ctt' \6 -'vé T 13'&

where B(?,t), the induced polarization, is given by
6P (E,t) = 4¢ e(z,t) o
=X STPZ,t) E%,t)].
AT B IR ]

Again considering the resonant terms only we get

o U — Y P < £.E ) @
===l —_— — o ¢ (13)
At LT R lo” -

If the plane of polarization of the E be perpendicular to

it

the plane of the scattering or of El’ we can write: n

(dus)jm — YW PE,E, (1)

at 6T B

and
(..OLU:J) —xv FKREE
At Jogim, 16T B ° P

The energy density of the sound wave Ug (= _F_) will decrease

N

due to the losses according to

OL“S) = - Y%
I7%%,

dt
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e B
Similarly the energy density of the scattered wave Uy (E é
i

S

will decrease as

du/) — _ W
At g G
For the build up of the sound wave and the scattered wave

gain must exceed the losses that is

>
YW g > <2 B (15)
16T B B bk 2 T 5%

and

Y@ _ pEE, > = 6Ep
- Y (16)

Multiplying (15) and (16) we get the threshold condition for

gain as
£ / 2B €,
= > C =
e 0T, 0T, Y (17)

Thus in order to have a catastrophic build up of sound and the
Brillouin scattered wave, the incident intensity must be large
enough to overcome the losses. For the case of fused quartz

(23)

various constants are:

y = 0.6, T, = 3 x 10_9 sec, 7T, = 5 x 10_9 sec.
B = 1017 dynes/cm2
W, = lO15 sec_l
W, = lOlo sec":L
S
2
CEo MW

2 100 x ¢, —
8n 1 Cm2
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€1 is roughly 2.3, so the threshold energy density for the
stimulated Brillouin scattering is 230 MW/cmg. Kroll24 in
1965 considered the probiem of photoelastic instability in
quartz and sapphire under illumination by an intense laser
pulse. He solved the phenomenological equations, describing

the photoelastic coupling between the electromagnetic and the

elastic waves by a Lagrangian density

U
Lt = — g5 Piske Dé:bfé—-k

g1 1 4y G;QQZ
where U refers to the displacements; Di’ the electric dis-
placement vector and p*jKl 1s the Pockel's elasto-optic constant.

Results of his calculation show that the growth of a photoelastic

excitation is governed primarily by an exponential factor of

%/2 172

the form (1.23 W - vsat), where W, is the laser energy

in Joules/cmg, x 1is the interaction length, v_ is the sound

S

velocity, a the attenuation at sound wavelengths, and t is the

laser pulse duration. The backward instability is well developed

when this exponent is of the order of ten or more. Kroll gives
the following relation for the power carried by the elastic

wave 1in terms of the power carried by the Stokes shifted wave,

— We Vit P
k=5

where Wy is the elastic wave frequency, w the incident laser

frequency, PS is the acoustic power and P, the power in the

1

Stokes shifted wave. The build up of P 1s limited by the

l)
failure of the linear approximation and in particular by the

reaction back upon the incident laser power. Budin et al(25)
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measured the Stokes light power for various incident laser
energies for a silicate glass. From their data, for a focused
ruby laser energy of 0.07 J or 210 J/cm2 the Stokes shifted
power 1is Pl = 2000 W. Using Kroll's criterion for the instability
we can calculate x: '

125 W2 x?— yxt =10
Substituting all the values we get x = C.30 cm. or the PS =2 X lO"AW.
This yields an acoustic wave intensity of approximately 6 W/cm2.
Even if we assume that all this acoustic power 1is absorbed in
the focal volume, the maximum value of the effective absorption
due to this mechanism is € = 0.1, which i1s very much smaller
than the minimum effective absorption needed for mechanical
breakdown as deduced from energy considerations.

Ritus and Manenkov£26) investigated the threshold for

fivey
e

stimulated Brillouin scattering and for the volume damage in

Uity

glass, fus=d quartz and crystalline quartz. The results of

Iy
hrly

their experiments are given below:

Material Threshold for Threshold for
Stimulated Brillouin o Volume damage
Scattering (Pgpq)W/cm (Pdamage)w/cm2

9 9

glass 10.9 x 10 8.9 x 10

Fused quartz | 11.1 x 107 14.5 x 107

Crystalline 8.9 x 107 31 x 107

quartz
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e glass damage threshold found by us 1s lower, this discrepancy
» attributed to the differences in the brand of glass. The
.ct that the damage is observed before the stimulated Brillouin
attering threshold is reached indicates that stimulated Brillouin
attering cannot be responsible for the damage in glass. If
v the case of fused quartz and crystalline quartz, where PSBS
. lower than Pdamagej and stimulated Brillouin scattering is
e damage mechanism then the damage threshold in crystalline
artz should bs lowsr than in fused quartz.
In addition we find that the material fracture is observed

L crystals of Cal MgC and NaCl when subjected to the focused 1” e

a
M

N
.
&

ser radiation even when no stimulated Brillouin scattering is e b

served. Clearly there must be some other mechanism of damage

erating in these materials. Where stimulated Brillouin scatter-

£ does occur, the presence of this mechanism cannot be ignored.
P £

e details of this mechanism are given in the following chapters.

\wmuwmwu Shili
o

L i
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CHAPTER V

PHOTOCONDUCTIVITY IN GIASS INDUCED BY

Q-SWITCHED RUBY TASER

istorical Sketch

Photoconductivity and photoelectric emission induced by
Ltraviolet light in soda glass, Pyrex and quartz were observed
1 1957 by Ronatzit13). vu1{27) ang culler and Rexrora(23)
yserved conductivity induced by gamma radiation in glasses.
ter the advent of high intensity lasers photoelectric
n1ission under laser excitation was observed in metals (see

>r example Chang and Birdsall(ng, semiconductors and die-

ectrics(Bo). Laser induced photoconductivity in silicate

.asses was first observed by Sharma and Rieckhoff(12>. The Y
10toemission from metals and semiconductors can be explained fﬁtmﬁ 1
r multiphoton ionization(3l) or laser induced thermionic @ME
1ission(32). It is shown here that photoconduction under rwymﬁ

\NW‘”‘W AT

:citation from a Q-switched ruby laser in silicate glasses

N be explained by multiphoton ionization.

All energetic electromagnetic radiations such as gamma
ys, X-rays, and ultraviolet light interact with both organic
4 inorganic glasses. In each case color centers are produced(27’33).
ese centers are qualitatively similar, but the number: produced
d the lifetimes vary widely. Radiation is absorbed in different
ys depending upon the energy of the quanta. X-rays and ultra-

olet light are absorbed primarily by photoionization while gamma
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\ys may be absorbed by Compton scattering or pair production.
) each case free electrons are produced with an energy which
:pends upon the incident photon energy. These free electrons
‘e responsible for the production of the changes in the
;ructural units of the glasses involved. The changed units are
lentified as the various types of color centers which are
:sponsible for the induced absorption bands in transparent
.asses. LIor example in alkali silicate glasses containing
) mole % of alkali metal oxide, an absorption maximum occurs
; 3100% when exposed to the X-rays or uv light, irrespective
" the alkali metal used. A second absorption maximum is also
iserved whose position depends upon the particular alkali
:tal present in the glass. It is situated at 41504 for lithium;
; 45004 for sodium, at 47504 for potassium, at 48508 for rubidium
1id at 49003 for cesium. The exact position of the absorption
ak at 31004 depends upon the alkalil oxide concentration and
1ifts to lower wavelength with decreasing alkali metal con-
:ntration, while the absorption peaks around 4500% do not
'pend upon concentration. The absorption peak at 31004 is
;tributable to nonbridging oxygens which have lost an electron,
1ile the peak around 45004 is due to the interstitial alkali
tal cation which has captured an electron, and thus its position
ries depending upon the alkalili metal used. These absorption
nds are bleached by heating or by shining  1light on them.

The energy of photons produced in ruby lasers is 1.78 ev.

tis is far below the energy needed to produce a free electron
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1 glasses of this kind. However, at high photon flux densities

1027 photons em 2 - sec-l, three or four of the ruby laser

10tons can be absorbead simultaneously.(l4) They then produce
1e same effect which is observed under illumination by X-rays
»~ ultraviolet light, although the efficiency of this process

3 very small by comparison. We present here the results of
tperiments in which the contribution of the electrons produced

7 such a process to the electrical conductivity of the glasses

1der study is observed.

tperimental Arrangement

Figure 5.1 shows the basic experimental set up. The laser
sed is a Raytheon LH5 laser head with a high quality 60° ruby
rystal, six inches long and 3/8 inch in diameter. Vanadium
1thalocynanine in benzene was used as &a passive Q-switch and a
)° prism as an end reflector. The laser cavity was cooled by
ry, cold nitrogen to a temperature of -5°C. This temperature
s held constant to within 1°C in order to obtain reproducible
aser pulses. This was achieved by attaching a disc thermistor
JB31J) to the ruby crystal holder and using this in one arm of
re Wheat Stone bridge circult shown in figure 5.2. The bridge
18 balanced at -5°C by adjusting the 1K potentiometer. Any
luctuations in the cavity temperature will vary the resistance
£ the thermistor and will produce corresponding changes in

bltage at the points A and B. These voltage changes are fed
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nto a picopower comparator relay (DDC type PPC-1A) as shown
n figure 5.3, which provides the contact closure when the
nput voltage is 1/2 millivolt greater than the reference
oltage. This relay then actuates a solenoidal valve thus
onnecting or cutting off the flow of cooled dry nitrogen

o the laser cavity. A small flow of dry nitrogen is main-
ained through the laser cavity to pravent the silver from
etting tarnished. The laser output was monitored using a
icroscope slide as beam splitter. Four per cent of the
ncident pulse energy was reflected and attenuated by a
olution of Nickel Sulfate in water and neutral density ”“'ﬂﬁ
1lters before hitting the photocathode of an RCA 925 photo- f‘g]

lode. The output of the laser consisted of pulses of 20 nano-

acond half width and a peak power of 2-3 megawatts. The light

i
L Mmg’

rom the Q-switched ruby laser was partially focused in the ‘WMWf
o e

ample by a 10 cm focal length lens. The diameter of the beam m@j
il

1cident on the sample was about 1 mm. A corning glass filter wwﬂ%

-60 was used to prevent short wavelength light from the laser
mmp from reaching the sample. The samples used were rectangular
leces of soda glass, fused quartz and quartz crystal, with
1ickness 0.15 cm to 0.20 cm. The spacing between the elec-
odes was 0.7 cm. To make electrical contacts to the glass

16 samples were cleaned with hydrofluoric acid and gold wire
rads were stuck to the sides with the aid of high purity

}dium. Silver was then evaporated on the sides to give a

1iform field across the sample as shown in the figure 5.4.

tteries were used to apply the d.c. voltage across the sample.
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o0 eliminate conduction along the surface of the samples, a
rounded electrode surrounding the area of irradiation was
vaporated onto the surface. The applied field inside the

ample will in principle be altered by the presence of this

ajard ring as well as the fraction of the charges reaching the
lectrodes. In arriving at our final resuits we can neglect

ne presence of the guard ring for the following two reasons:

1) the detailed geometry of the sample decreased the influence
f the guard ring inside the sample; (2) we obtain identical
2sults when using samples without guard rings. In other words
lard rings merely provide assurance that the surface effects are
>t important. Polarization effects due to the migration of the
obile Na+ were neglected(3q) since all experiments were done

1 times short compared with the time needed to produce such

dlarizations. Our experiments are performed at room temperature

1d in light. Any electrons trapped as color centers will be

lm@fhmr SR

. N . . . Ha

Leached 1n the time interval of 3-5 minutes between successive 7%
[T

wser shots.

For studies of the intensity dependence of the effects,
>rning glass filters were used as attenuators in the laser
:am. While studying the intensity dependence of the photo-
mductivity induced by the laser it was noticed that the
ynductivity gave rise to a signal many orders of magnitude higher
1an usual 1if the intensity was high enough to cause mechanical
unage. This provided an easy criterion to assure that the
vser power was always kept below the level at which the dielectric

~eakdown effects such as sparking etc. occurred.



(perimental Results

Figure 5.5 shows a typical signal obtained. The upper
‘ace shows the voltage across RL resultirng from the photo-
irrent. The collected charge Qc is obtain=d from the area under
1e lower curve. The 1life time of the charge carriers T is

wund from the shape of the lower curve. Knowing QC and .

ie number of electrons n, generated by the laser pulse can be

@
tained. In figure 5.5, the sample is a quartz crystal, the

.ser power is 2.9 MW corresponding to an incident flux on the

mple of 1.28 x 1O27 photon cm“.2 —5—13 and the total charge

1lected QC is 6.38 x 10—13 Coulomb or 4 x 1O7 electrons. A .
ot of the total charge collected Q. (Coulombs) against the ,“{;
icident photon flux S (photons // cmgs) is given in figure 5.6, 5
r the case: of soda glass, fused quartz and quartz crystal. wmwwy
¥
e straight lines are obtained by a least squares fit of the -
ta. This gives a relation Q « s™ and the slopes of the lines Wm@x

s
: o
ve the values for m, which are il e

glass fused quartz guartz x-tal

m= 3.4 0.8 3.8 £ 0.4 3.6 £ 0.6

e shape of the current pulse was the same in all three cases.
e time delay between the peak of the laser pulse and the peak
the photocurrent is dependent on the time constant of the
paratus Ta'
To obtain an expression for the photocurrent I(t), we

nsider a sample with a distance / between the electrodes and
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luminated at the center. The illumination produces Ny

sctrons in a time of 20 ns. Let y be the mobility of these

ectrons and T their lifetime in the conduction band. We

sume that the recombination process is linear and can be

aracterized by a single lifetime. This is Justified in

aw of the very large concentration of recombination centers

ch as metallic iong, oxygen vacancies, etc. Under the effect

an applied electric field E, these electrons drift towards

e anode. They will &also diffuse. We now derive an expression

r the current density using phenomenological parameters:
Consider the one dimensional motion of electrons. The U ansee

rrent density taking into account drift and diffusion of IR

rriers 1is

4¢) = eD%ﬂQ + epEmt) (1)
X

ere D is the diffusion coefficient, y is the mobility of

w7

ectrons, n(t) the number of electrons at time t after the

lse, E the effective field and e the electronic charge.
E =E,+E (2)
re EO is the applied fielad El is the field due to the electrons

- 08,  _ 4re
v € (3)

ere ¢ 1s the dielectric constant. From the continuity

uation
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oF - % Yol ()

ere T, is the lifetime of the electrons. Substituting for
in (&)
om = -2 +1>977’ + HEOT 4 pumdE (5)
ot T, ?x? 2% X
r convenience we assume a Gaussilan distribution in x for
e electrons. The half width of the Gaussian 1is assumed to
1/4 times the focal diameter of the beam because of the
ur photon nature of electron generation

. 2
e = e (- )

ere o is the half width. Then from (6)

N —_ X M (7)

o
2t T

..&.E__%C -,L,LD’?’LﬁE?’L (8)
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e relative magnitude of the various terms in the square brackets

(3

_8
H4ITNE = X 10 Canl.
© —4
7 =Ld = 0.0250m | % = 6.25x10 om?,
BT = 1.7 X107 em
eE - |
M = 10 7 om® Mol Sec .
-5
let %= 10 eom, then
N = -n _,L.w/,wF[i"?xfo (2 2510 = 15x15 )
’06 T,& il

-1 5)(10 + 3% 10 8]

glecting the last term in the square brackets and integrating

) we get

_t RT (25 _ 1 Y=
. = 'ﬂ/ QX{D[ ‘f‘p’Ef{.é_E_ (—5_74, --“0—"__‘2 FZ}.—J (9)
bstituting for n in (l)

— % MRT 2
((4) — WE,e. € A 11— e .U_ZJX

Qxf‘[/'bét(_' —"‘2) —0-:'2__, '
_%
—pEn,ee % (1 2.5 %10 JL+ t{ &7 x
e _ ,sz
;4‘ 0‘2 }J
= pEmpe. €% [1+t§g.ex»o‘ "1.5xi8)=15x15" 7]
= MEN,E. é't/r’b [4- 2x/0‘3ﬁj
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n

W t can have a maximum value of 1O~rr which is ~ 107" sec, so

e current density to this approximation becomes

—

j¢) = pEeny,. e %

(11)
— MEe nt)
1is is the required :expression for the current density. The
arge collected by the electrodes will be e if an electron
‘avels right across the sample,(35) but if the electron travels

distance x only, the charge measursed will be %%. The distance

avelled in unit time is x = pE. Thus the charge delivered to

e electrodes in unit time is o
ME i AP
I¢t) = noei_[) e o
— T e 7t (12) e
= o .

e measuring circuit and its equivalent circuit are shown in !

MW‘-W\‘N “\:w
gure 5.7. Here CS is the sample capacitance, R(t) is its | .

“‘f i il
sistance, R; 1s the load resistance and C is the distributed

pacity. Current flowing through RL produces the signal voltage.
e time dependence of this voltage will be the time dependence

" I(t), (given by (12)) modified by the response of the R.C

L
rcult. If the impedance of the (RLC) part is very small as

mpared with that of the sample, the magnitude of the current
11 be controlled by the sample impedance. The circuit 5.7(a)
duces to an equivalent circuit shown in figure 5.7(b). This
.ves the voltage drop across RL

2% -ty
Ut ) = KEME 7, Ty 179 2
£ C ('C/: Z&) (@ © )

(13)
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ere T, = RLC, the time constant of the apparatus. The total

arge collected will be

-7
1 HENE Tt -% 29
TV(W“ 7 RCGT) f( Yoe )b

&, = %é 7, . e

My = _@,c AL (14)
e METY
» obtain Tr from the shape of the signal we consider
-t/ /e
¢ ¥ o
vet) e '™ — e o
V(max) _TnT _ IntT sy

o -1 — e -1

ere

T = By

e value of 1 is found by the best £it to the experimental

rve. Since we know the value of - Ty is found to be of the

a?
‘der of 10'55. The values of T do not differ much in the
iree cases investigated. From the position of the maximum of
t) on the trace the estimate of T, can be Justified. If

< 0.1 Ta the maximum would occur essentially with a time
lay of = 0.2 Ty For Ty =2 0.9 T the maximum would not be
en on the time scale used on the photographs. Since the
Ximum does in fact occur with excellent reproducibility

‘tween these extremes we obtain the above mentioned value

' Tp from a best fit of our data. For comparison of the
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szlative magnitude of the effect in various materials, we calculate

ne proportionality constant a in the relation n. = aSm for an

6]
26

ncident photon flux of 6.3 x 10 photons/(cm2 - sec) and assum-

18 m = 4 for all the cases we find:

Q
fi

(l 20 + ~ O ;_95 P ~
. 0.03) x 10 Fused quartz

li

(1.69 1 0.01) x 10790 Giass (15)

(1.08 + 0.05) x 1079 Quartz crystai

iscussion

To interpret the results it is appropriate to refer to
1r understanding of the structure of silicate glasses (Appendix
). In the nonirradiated state quartz crystal, fused quartz

1d glass do not absorb in the visible region. The absorption

>ectra shows a hump around 23504 is fused quartz and a fundamental

>sorption around 18004 and below in fused quartz and quartz

rystal. Kats and Stevels(33) also found such a hump in soda
lass. In the case of glass absorption starts at 31004 - 26004
>pending upon the composition (figure 5.8). The absorption

g 2300& results from the transition of an electron from a non-
ridging oxygen to the conduction band and the fundamental
>sorption at 1800& in fused quartz and quartz crystal results

1 the liberation of an electron from the bridging oxygens(SS).
r quartz crystal with a more perfect lattice than fused quartz

e absorption at 2300& is hidden under the tail of the fundamental
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sorption, indicating that the number of nonbridging oxygehs

. crystals 1s down by approximately an order of magnitude. The
nbridging oxygens in soda glass will emit an electron under
citation by electromagnetic radiation, i.e. an electron is

berated by the reaction

| |
O O
l' - f‘ . l +
- 0 — S'o —O0ONe =0 —O0—8i—0 4+ No, + e (16)
|
O O

I | BT B

PR
oty

ter the electron has been ejected then Na+ becomes mobile o
d the d-c¢ conductivity will be increased and the more
ergetic electrons may be observed as photoelectric emission

om glass. Because the ionization energy of Sodium atoms is

1l ev and thus near the energy of photons A = 2300&, Rohatgi(l3) w

tributed this photoelectric emission to the ionization of
13

dium atoms, assuming the presence of 10 sodium atoms per

.2 in a lOA thick surface layer of glass. However, the

dium in glass 1s, in fact, present as a charge compensating
n., It is clearly shown by the x-ray diffraction experiments
at the bonding between the oxygen ions and sodium ions is
ghly ionic. These sodium ions could not be ionized again by
e ultraviolet 1light used in these experiments. The increase

. d-c conductivity observed by Rohatgi must be a result of the

iission of electrons from nonbridging oxygen ions, whereafter
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e sodium ions, no longer required as charge compensators
rcome mobile.

The relative magnitude of photoconductivity induced by
le laser beam also suggest that the electron is not liberated
r the ionization of sodium in glass. We observed a yield from
ised quartz (< 1% Na or other alkaline metals) almost an order
' magnitude higher than that from soda glass (13% Na). The
eld in quartz crystal was smaller than that in either glass
» fused quartz. This is not surprising in view of the scarcity
* nonbridging oxygens in a more perfect lattice as evidenced
r the absence of the absorption peak around 23004. We interpret
16 observed photoconductivity under laser excitation as multi-
1oton excitation of an electron into the conduction band. The
.ngle photon energies needed to induce such a transition from
1e nonbridging oxygens is 5.36 ev and from bridging oxygens
86 ev. The number of ruby photons of energy 1.78 ev needed
> induce these transitions will be four. Thus in both cases
1e electron excitation probability should be proportional to

That in fact a smaller figure is observed experimentally
wn easily be understood, considering the width of the absorption
szaks. There can be no doubt that there exists a considerable
umber of oxygens located in surroundings such that the energy
v liberation of an electron is reduced to below 5.34 ev, in
1ich case three ruby photons will be sufficient to produce

10toconductivity, since the tail of the absorption in quartz
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tends well below 5.34 ev. In glass there is a very strong
sorption below 5.34 ev, but the effect observed is smaller

an that in fused quartz and still shows the same power

pendence on the intensity of the incident 1light. This is

cause the strong absorption in glasses at longer wavelengths
due to the variable valency metallic ions (such as Fe++)

. our samples which also gives a greenish tinge to the glass.

1ls is not a contradiction of our mechanism if one interprets

e strong absorption below 5.34 ev in glass as arising essentially

om excited states of the impurities present, which do not

ntribute to the photoconductivity by eilther single or multi-

gy
ok

oton processes. Rohatgi(l3) did not observe photoconductivity
. this region of the spectrum in glasses.  ﬁiﬂ
To obtain an estimate for the cross section ¢ for a multi-

oton absorption process liberating an electron from the oxygen

let N be equal to the density of the ionizable atoms (Bridging o

non bridging oxygens) which is - 1022/cm3. V is the focal

lume. Then the number of electrons n generated by the photon

ux of S photons/cm2 sec in the time At is

m
NVS AT (28)

g-(S) =

e values obtained for o in the three samples, with a photon

26 3

ux of 6.3 x 10~ photons/cm” are
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Glass Fused Quartz Quartz Crystal
- s) -
3 x 10 3Ocm2 10 ‘9cm2 10 3Ocm2

1 fact we expect o to be roughly the same for these cases and

1e number of nonbridging oxygens to be the variable quantity.

altiphoton ionization

From general considerations, the behaviour of an atom in
strong radiation field, whose energy of interaction with the
tomic electrons approaches the energy of interaction of
lectrons with nucleus, will differ qualitatively from the usual oy
shaviour predicted by the perturbation theory of quantum ‘wa
ransitions. For these field intensities the condition for
asonance transitions derived in the first approximation of

arturbation theory is violated. In this case, from the point

f view of perturbation theory, many-photon processes become e

ominant and take place with a probability comparable to that

f single photon processes at ordinary light levels. If the
nteraction time of the atom with the radiation field is sufficiently
ong, then the most probable process is the ilonization of the

tom and not its excitation to a bound electronbstate, even

aough the quantum of the field #w is many times smaller than

ne ionization potential. An example of such a process 1is the

lch studied ionization of the hydrogen atoms in a constant

lectric field.(36) The potential energy of the electron in

ne external field when added to its potential energy within



- 58 -

1e atom, has an effect suzh that the region of possible

>tion for the electron (whose total ersrgy E is negative)
1cludes, besides the region inside the atom, the region of
arge distances from the nucleus in the direction of the anode.
1ese two regionsare separated by a potential barrier, whose
idth diminishes as the field increases. Quantum mechanically
>eaking, there is a finite probability that a particle will
:netrate the potential barrier, i.e. the electron will emerge
om the region within the atom and this is simply the ioniza-

ion of the atom.

innelling Theory

Keldysh(37) considered this tunnelling of the electrons
1 the field of a strong electromagnetic wave. He calculated
1e transition probability from the ground state to the

mtinuous spectrum viz:

N I > oE
Ve = L T3 ,dtwth(F+e_|:Smwt)
0 = Jdmr et Vo g

B ek & 2
i (| 1, (& S fir 7

lere
s v
hA = a =0 3
\/O(F):fe PR oL e s (21)
,;;TFOJEO
. e e —£/a°
3 the matrix element between the initial ground statel e

APTOEZ
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id the final state t - -]
I 2+ F Gnat)de

@(é)f) — eﬁ’/f &[(P_,LEFSmwf)/& of( +a) Sma }

1le main difference between this procedure and the usual
rrturbation theory is the fact that here we calculate the
‘obablility of transition not to & stationary final state but
> a state ¥(r,t) that already takes account of the acceleration
' free electrons in the electric field.

Solving this in the limit (tunnelling frequency is much

1aller than laser frequency)

Y(= w«/;”;lo) > 4

: get the probability of ionization by the absorption of

rveral photons:

_.Aw( ) exf{2< +1) o)

> - a2 (E L

-z ( *2%51 x(gmwzl‘ ™ (22)
 $[2¢Er1>-25 )2 ]

- 2
rere Iy = Iy(1 + ———§~—) (I, being the ionization potential)

-electronic charge, m gts mass, w the ruby laser frequency

id F is the effective field in the pulse. A 1is a constant of

ie order of unity and the angular brackets means that the quantity
1closed is approximated to the nearest integer. The function

'z) is Dawson's probability integral defined as

A

" by

ol
CE g
o b

. by
g g




ing equation (22) we can estimate the cross section for
I

1ltiphoton ionization taking a value of 4 for ¢ 7% + 1).
le quantit
q y 8 g2
e
2m w? I,
N be written as
2 -24
a2Te
10

mcwzl 1.1
lere S 1is the photon flux. For an incident photon flux of

3 x 1026 photons/cm2 sec. we get for the ionization probability
_ 6

;= 1.5 x 10~ sec. or the cross section for ionization per

it incident flux we get
-33
a = é\/_o = 2.4 X 10 & '

mparing this with the experimental value of equation (19)
: see that this theoretical value is three orders of magnitude

0o small to account for our observations.

rturbation theory

Now we calculate the cross section for multiphoton absorption
ing higher order perturbation theory. Following Gold and
:bblLL using a semiclassical formulation for the interaction

tween an atom and a radiation field of frequency w and retain-

g only the lowest order nonvanishing E . & term, the transition

RN

Earal
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iplitude af(N) to a final state f from initial state g is given

1 the Nth - order perturbation theory by

(N) -N oy — N} -
a, ] ﬁ [L(&)&} I )t] 1 - I-H
¢ w, — Nw %pZmN-z %m{% I'MN-'>

(¢

"y [Hr - ) Y- —— - xi'"\a IHy [ (mydHalg )
w”"N-S‘ - (N-)w] [w'"ﬂ - 2w [‘%,g — ]

:re the various m, run over all the possible intermediate states

a

the atom whose energies with respect to the ground state are

. H_ i i b
Umig 1 1s given by R Z w
- =€ N = = ‘
HI ~ wmce A° < € P

lere ﬁ is the wave vector of the radiation, ¢ the unit polariza-

on vector and 5 the electronic momentum operator. Since the

yectral structure of bridging and nonbridging oxygens is not

own, we do not assume the presence of any near resonances;
vther we assume that the intermediate state energies hwm.g

\y be replaced by some appropriate average #Q independen%

> the state. With this approximation all the lower sums can be
11led out of the summation sign and the N summations can be
>llapsed down to one by using the closure properties of the
itermediate states. The final state is approximated by a

.ane wave of wave fector K. Following Gold and Bebb;l4 the

ytal cross section for the Nth order ionization becomes
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—

+4 N
v_ gl -9 My S
27 (2N +/) w2 /fz (£ —Hw) [

re Iy is the classical electron radius, hwo the ionization

ytential and S the photon flux in photons cm'2 sec-l. The

vtrix element | M |2 between the ground state and the final

3

.ane wave state is approximated by 64ma- where a is the atomic

14

tdius™ 3  has everywhere been set equal to for the atom

%
icause the exact excited states of the nonbridging oxygens are
)t known and the approximation made will appear reasonable for

! order of magnitude estimate. Using this formula, the "

leoretical value for the cross section is « ﬁ

T = 2.5x16°° m?
! view of the approximations made, the agreement between b
iperiment and theory appears to be as good as could reasonably

» expected, and we conclude that the photoconductivity we

yserved is in fact due to multiphotonabsorption process

tther than a high-field tunnelling mechanism.

It is important to note here that the photoconductivity
1served 1s a bulk phenomenon and does not arise from a few
irface layers only. If the latter were the case, all of the
.ectron generation would have to take place with in about
Ok of the surface. Even with this gemerous assumption that
le surface effects dominate over such a large thickness, it
.11 require a multiphoton ionization cross section which is
6

)7 times larger than predicted by the theory, and can not be

:counted for by any presently imaginable process.



CHAPTER VI

PLASMA FORMATION AND ENERGY ABSORPTION

All materials conduct electricity to a greater or lesser
extent and all suffer some form of breakdown in sufficiently
strong electric fields. The types of breakdown which solid
Clelectirice undergo can loosely be classified as intrinsic, thermal
or avalanche breakdown.

The intrinsic breakdown occurs at low temperatures. The
magnitude of the breakdown field strength is constant over a
wide range of experimental circumstances such as the size and e
shape of the sample, or the material and configuration of the -

electrodes. This type of breakdown is called intrinsic, since ‘f?'

it 1s regarded as being characteristic of the dielectric only

at some given temperature. Since the breakdown field strength
1s not a function of the voltage waveform from d.c. to single

impulses with microsecond rise times, it is inferred that the

breakdown occurs in a time of the order of a microsecond or
less. Intrinsic breakdown is observed in many dielectrics e.g.
alkali halides, glass, mica and most polymers.

The experimental concept of thermal breakdown depends on
the period of application of the applied voltage and there are
two extreme cases: The first case is that in which the applied
field is increased very slowly. Its chief characteristics are:

It occurs at high temperatures. The breakdown field
strength depends on the size and shape of the sample, the geometry

and thermal properties of the electrodes and the ambient medium.



- 64 -

The time required for breakdown is at least a millisecond and in
most cases very much longer.

The other limiting case of thermal breakdown occurs when
the field is applied rapidly. It is usually termed Impulse
thermali breakdown and its distinguishing features are:

It occurs at nhigh temperatures, Breakdown field strength
does not depend greatiy on the size and shape of the sample,
out varies with the time of appliication of the fieldybeing
larger for an appiled voltage pulse of short duration.

There 1is another approach toc the problem of breakdown
in which it is treated 1n the same manner as an electrical
discharge in a gas. In its simplest form the theory of avalanche
oreakdown considers the conditions in which a single electron,

or a few electrons, cause an avalanche of electrons of

c
%
s

sufficient size to destroy the insulating properties of the
Y & S

llelectric. 1If, at a given applied field, a single electron

can succeed in producing another conduction electron by collisional

ionization and these two produce two more etc., an awvalanche

of 2i electrons will be produced in 1 generations. If the
critical size for such an avalanche can be estimated, then a
tnowledge of the mean free path for collisional ionization would
give the interelectrode distance required in order that such

an avalanche may build up. This electronic instability must
rave thermal consequences, so neither intrinsic nor impulse
thermal theory alone can completely explain the breakdown whose

first step 1is the development of an electronic instability.
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In the case of dielectric breakdown under high intensity
laser radiation, where the high frequency voltage pulse is
applied for a short interval of time (lO_8 sec.), the complete
process cannot be explained by the avalanche theory alone. The
breakdown can be explained if the electronic instability is
fully developed (i.e. there should be at least 10% of the atoms
ionized) in a time much less than the pulse duration, the free
electrons absorb sufficient energy from the remainder of the pulse
and transfer it to the lattice to cause thermal breakdown.

At low intensities of the laser radiation it is shown in

Chapter V that the free electrons may be produced by multiphoton

ionization of the bridging as well as nonbridging oxXxygens in
soda glass, fused quartz and quartz crystal. The number of free “ﬁf

electrons liberated by the multiphoton ionization at the break-

down intensities (5 x 107 W/cmg) will be 2 x 107 electrons/cm3,

or during the first quarter of the pulse duration there will be

16 3

~5 x 10 electrons/cm” present in the focal volume. Thus at

breakdown intensities there must be some multiplication of
these electrons leading to a fully developed electronic instability

el electrons/cm3) in less than 10™° sec.

(101 - 10
Multiplication is also observed in the case of D. C.

breakdown. Haworth and Bozorth(38}\studied the D.C. prebreakdown

phenomena in glass and observed a noisy prebreakdown current

which grew so rapddly in magnitude that as the field was increased

the breakdown current usually appeared as a discontinuity on

this rising prebreakdown current.



This theory requires:

(1) Fields must be high enough that a single electron can pick
up sufficient energy to cause collisional ionization.

(2) At breakdown fields of such short duration (2 x 10_8 sec),
the electron density must reach a critical value to give

rise to an efiective absorption coefficient of at least

fed

5C cm .
In the next section we discuss the mechanisms by which the
free electrons carn abscorb energy from the high frequency laser

radiation.

CLASSICAL MICRCOWAVE THEORY OF BREAKDOWN

Minck and Rado! applied the classical microwave approach
to the breazkdown in gases under high intensity laser radiation.

At laser intensities for which the photon density per mode is
)]
40}

—~

large, 1t is valiad to use the concept of an electric field.

The energy transferred from the field to the electron can be

derived by considering the motion of an electron accelerated by
a harmonic field Eo cos wt and elastically scattered at frequency

V.- The time average energy transfer per electron per second

is
, 2 p2Z .
&E/\"i = ue_.._.;E;.ELMC (l)
dt 2w {w>+Y2)

where e 1g the electronic charge, m the mass of the electron w

the laser angular frequency and Ve the collisional frequency.
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Relating EO2 to the intensity of the radiation field I by

2
I = E, ¢
o = = (2)
we get
QL!! — 87T€2.I)@
dt 2m e (w?+%2) (3)

As well as gaining energy from the electric field, the electron

communicates a fraction %% of 1its energy to an atom of mass M

at each collision. The the rate at which the electron gains

QT )

energy is given by

dw

a2

dat

H

2y o
C W(/C (a) 2 + })62) M "

One usually assumes that Ve is the frequency of elastic col-
lisions, but strictly speaking the collision is not elastic since e
there 1s an exchange of energy with the radiation field. We
will use an effective value of vé, which can be calculated from
a consideration of the d.c. breakdown phenomenon in glasses as
follows:
We calculate the value of Vé, most appropriate to our
problem from the experimental data on dielectric breakdown in
glasses under voltage pulses of microsecond duration in which
all the features can be explained by an avalanche theory of

breakdown. In the single electron avalanche theory an electron
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must pick up sufficient energy during a time 1(= f?) from the
Ve

applied electric field to cause an ionizing collision at the
end of the mean free life time ¢. The rate at which the electron
picks up energy from the applied electric field 1is given by
, 2

dw _  e“TE 5)

A ™
where E is the applied electric field. At the breakdown values
of the applied field EH’ the increase in the electron energy
AW during a time 1 should be somewhat higher than the ilonization
energy to cause a collisional ionization of the oxygens 1in glass: ﬁjw

‘ \ 2 5 2
EW(=Wo) = 22 T E, 6)

The breakdown will occur when the average electron is able to

pick up energies of the order of W from the electric field

in the time between two collisions. Seitz(ql) pointed out

that the experimentally observed value of the breakdown field

EB is determined not by the average behaviour of the electrons

but by the fluctuations from this average. He calculated the
effect of fluctuations, in which those electrons making no, or
at the most a very small number of collisions form the important
fraction which determines the breakdown. In these conditions

the breakdown field E, will at least be lowered to a value 0.2 EH,

B

where EH is determined by assuming that the average behaviour

of electrons is important. Even further lowering of the break-
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down fileld will occur if the intermediate cases are involved.

Thus the value EB = 0,2 EH

to the Importance of fluctuations. Typical values of the

may be viewed as giving a lower limit

breakdown field EB for soda glass under pulses of micro-

(42). Rudenko and Tsvetkov(AS)

second duration are 11.5 MV/cm
investigated the strength of dielectrics subject to nanosecond
voltage pulses. The value of the breakdown field was found to
vary slowly as the pulse duration was increased from 10 ns to

1l u sec. For pulses shorter than 10 ns, the value of the break-

down field increases sharply with the decreasing pulse duration.

In view of these findings we take a value of EB equal to twice

the value obtained by Vermeer for a pulse duration of 10 n sec. gj'

Thus using E, = 23 MV/cm, and E. = 115 MV/cm and taking WO = Tev

B H
we get from equation (6) the value 1 = 7.75 X 10_16 sec. In

appendix III we calculate the value of ¢ for different models

of non-polar and polar dielectrics by considering the scattering

of electrons by lattice vibrations. All those models are for

idealized situations. 1In the case of glass where the scattering
is enhanced on account of the impurities we should expect a

much smaller value of . The above calculated value of

r(= 7.75 x 10716

sec) thus seems reasonable.

Using this value of 1, the electrons will pick up only

1

1.6 x 1Ol ev/sec., even at the breakdown laser intensity of

5 X 109 watts/cm?. As a result of collisions with the atoms it

11

will also lose energy at the rate ~10 ev/sec. when its

energy 1s near the ionization energy. Thus we see that the
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electrons will lose energy at a significant rate and the avalanche
will not be able to build up rapidly and this mechanism has to

be ruled out.

ABSORPTION BY INVERSE BREMSTRAHLUNG

In the classical approach we calculated that an electron
energy would change by the order of 1O_LL ev during each cycle,
whereas the energy of a ruby laser photon is 1.78 ev., While at
microwave frequencies, uging this approach, the electron energy

change during each cycle of the applied field is of the order

of the microwave photon energy. Hence any theory of breakdown
at optical frequencies must be based on quantum mechanics as
the classical theory is not applicable when the energy of each
gquantum is greater than the classical energy change. Here we
consider a small number of electrons in the focal region of the

laser beam produced by the multiphoton ionization. Each of these

electrons gains energy from the radiation field by the inverse
process of bremstrahlung, in which an electron can acquire

the energy of a photon provided it is in the field of an atom or
an ion, so that momentum may be conserved. This process is
responsible for the absorption of photons by free electrons in
the presence of atomic hydrogen in the photosphere of the

(1)

sun In this way the electron energy builds up in a series
of discrete steps. After accumulating an energy sufficient for
ionization the electron ionizes the atom producing another

free electron which begins the same process.
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Cascade ionization of a gas at the focus of a laser beam

is the subject of theoretical papers by Ya. B. Zeldovich and

(46) (47)

Raizer(45); Wright(lT), Ryutov
(48)

, Askarayan and Rubinovich
Phelps Browne(49) and Young and Hercher(5o). According

to the general notions developed there the process proceeds as
follows:

In the regions with large local fields, multiphoton ioniza-
tion causes the first priming electrons to appear at the beginning
of the laser pulse. These free electrons absorb light quanta by
inverse bremstranlung with the atoms or ions and ionize further

collisonally. The energy of the electron in the random acts of

interactions, changes alternately in one direction than in
~another so that the energy variation has in the main the character ‘Qﬁ
of a one dimensional diffusion along energy axis. The larger -
the quantum flux the faster this process. After accumulating an ”“Mw
energy somewhat higher than the ionization potential the electron -

ionizes the atom with a high probability. As a result of this

process one electron gives rise to two electrons with lower
energy which begin the entire cycle anew., Quantum mechanical
calculations of inverse bremstrahlung absorption rates as free-
free transitions in hydrogen and noble gases are surveyed by
Johnston(l5). A satisfactory treatment of free-free absorption
in the field of ions other than hydrogen would require extensive
numerical treatments using for example Hartree-Fock ionic states
perturbed by the continuum of electronic states. As yet no

such detailed treatments even for ions in gases (N2, O2 etc) are
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available. In view of the lack of understanding about the status
and the nature of electronic states and of ions 1in glasses we

use the phenomenological approach of Wright(l7) to obtain the
free-free absorption rates in terms of the electron-atom collision

cross section,.

3

If there are N atoms/cm”, S photons/cm2 sec each of energy

3

hw and n electrons/cm” at time r, then the time for an electron
travelling at a speed v cm/sec between successive scattering

2
events by an atom is of order lg;, where g(cm ) is the electron

atom collision crossection. The probability of a photon

crossing the area ¢ during this time 1is, T g

e

S awa] (7) 5
V G

Since each electron 1s scattered Ngy times per second, the

rate of absorption of energy by each electron is

aw NST 2 fw

dt
~ NShw qﬁa (®)

o

I\

where ¢a(E g5/2) is the free-free absorption cross section per
atom. Here we are only considering the absorption of photons
when electrons are scattered in the field of the atoms.

There is another important mechanism for the acceleration
of electrons, namely that of inverse bremstrahlung absorption
in the field of the ions. A convenient though rough measure

of the relative importance of ions in the free-free transitions
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(16)

is provided by the work of Firsov and Chibisov . The ratio
of the two cross sections is given by
‘3
..CP..‘;. - _“_2.,‘?,”)(..12 (9)
4 eto [4138]
where ¢i is the frese-free absorption cross section per electron

per ion, ¢ is the elastic scattering cross section in units of
10'16 cmg, 8 is the electron temperature in ev and hv is the
photon energy. Using a value cf 8§ egual to the average electron

energy i.e. 8 = 2 ev., we get from (9)

i 1O

H

(10)

The rate of absorption of energy by each electron in the field

of ions will be

[/

d, i‘ff’i — N; Shw (;5

5 (11)
= NShw x 10072

where Ni is the density of i1ons. Because of the low density
of ions, this process will not be important in the initial
stages of the development of breakdown.

While electrons are gaining energy by the inverse brem-
strahlung mechanism, they are also losing energy by elastic
collisions with the lattice. The average rate of loss of energy
to the lattice from each electron is given by

M — = Nveo- ;Z.Z& —V\—/_’
it M (12)

P
by

A
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where W 1s the average electron energy which is equal to half
of the ionization energy. From (8) and (12) we can calculate
the value of the photon flux at which the average rate of gain
of energy is balanced by the average rate of loss. Equating

(8) and (12) we get

— -3,
o aw ., ( a-)

” 13)
27 2 (

— .94 % )O /;"r'w{zmj/é‘m See.

Thus we see that for a phnoton flux of 1.24 x lOar photons

per sec cnf (or 4 x 108 W/cmé) the average electron will not

gain enough energy from the radiation field to cause collisional

ionization and thus the threshold intensity for the dielectric

breakdown will have toc be higher than this value.

THE BFFECT OF INITIATING ELECTRONS AND ELECTRON MULTIPLICATION

To study the effect of primary electrons on the breakdown
threshold and to investigate the threshold for electron multi-
plication we performed the following experiments.
Photoconductivity in soda glass was observed by Rohatgi(l3)
under Iirradiation by light of wavelength 2537h. We used a high
pressure mercury arc lamp to produce the initiating free electrons.
Photoconductivity response in our examples at different collecting
voltages is shown in figure 6.1. From the steady state value of
the photocurrent and using the value of electron mobility

obtained by Rohatgl, we estimated that 2 x lO12 free electrons/em3

—
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are produced at this excitation intensity used. If there is
some multiplication of electrons due to the free-free absorption
in the field of the atoms, than at low intensities, where the
ion density is low, these primary electrons produced by the
ultraviolet light should absorb energy and give rise to a
multiplicative process. To check this we monitored the photo-
conductivity signal with the ultraviolet light on and also with
the ultraviolet light off. The experimental arrangement 1is
shown in figure 5.2. Ultraviolet light from a 200 W mercury
lamp is focuse d on the front face of the sample using quartz
optics. The size of the uv focal spot was 300 times the size of
the laser focal spot. The number of electrons generated by the
laser pulse is estimated 1in the same fashion as discussed in 5{
chapter 5. The photoconductivity pulse shape was the same in -
both cases. The number of electrons generated in the soda glass

as a function of the incident laser intensity 1s shown in

figure 6.3, for the cases when the uv light is on and when it is
off. From the graph we note that up to the incident flux

27 photons

densities of 5 x 10 there is no multiplication

. cm_sec. oo o .
occuring. Between 5 to 6 x 10 photons/cm® sec. we notice

2 sharp increase in the photoconductivity signal. It is of
interest to note that no visible damage to the glass sample

was observed at these 1Intensities. While at intensities higher
than this the photoconductivity signal is many orders of magnitude

larger and mechanical damage is also obgserved.

The overlap between the points obtained when the ultraviolet
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light is on and when it is off should be noted. We did not

observe any increased electron generation by the laser pulse

3

when lO12 electrons/cm” are present, At the intensitlies where

14

some multiplication is observed, there will be about 10

3

electrons/cm” produced by multiphoton ionization, so the role of

lO12 electrons/cm3 produced bty the ultraviolet light is masked.
To verify that this is in fact the case we checked the effect
of uv light on the threshold intensity for breakdown in soda
glass. The threshold intensity with the uv light on was found

to be (2-5) x 107 watts/cm” and with no uv light it was

(3-5.5) x 107 watts/cm?. The large scatter in this data is

attributed to thermal and elastic inhomogeneities in the material. A;‘W
For laser induced breakdown in gases Young and Hercher(BO)
did not see any difference in the breakdown threshold in hellum

or argon with an external source of ionization.

ABSCORPTION OF RADIATION IN THE FOCAL VOLUME

We have seen that the net rate of gain of energy by an

electron by free-free absorption in the field of an atom 1s

AW o NSTTE hw(f— v
dt (4 $r3/2ﬁwM') ()

Since ¢ 1s a function of energy it is not possible to integrate
this equation analytically. At the breakdown photon densities
(2VWm/So3/2th) is appreciably less than unity and we replace

this quantity by the appropriate mean value. Integrating (14)
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one finds the time td to attain the excitation potential energy

WO from some low value of energy is

t = Wo |

NST e hw (1 — Ve ) (15)
ST Y2 huM
here § = 4 10718 o dwo
where ¢ = 4.3 X ci ant e = I, At incident photon flux

28

densities of 1.24 x 10 photons/cm?sec., td will be equal to

3 x lO“12 sec. and in a time less than a nanosecond the focal
region will be ccmpletely ionized. Now if ¢a is the absorption
cross section for free-free absorption in the system (electron +
atom) and ¢, is that for the system (electron + positive ion),

then the linear absorption coefficient for the glass in the focal

volume is
£ = Ne(’\/cé’/"‘f\/c@). (16)

where N, Ni and Ne are the density of atoms, ions and electrons
respectively. It was shown earlier ¢i = 10 ¢a and since in
less than a nanosecond most of the atoms are ionized, the

effective absorption coefficient becomes

£ = NeNe (17)

Substituting the values of Ne = Ni = 10", and ¢; = 105 we

et
) f = /06 c,mf"l,
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So we see that at flux densities above the threshold for break-
down there will be very strong absorption., This strong
absorption has been noticed by many wecrkers in this field(T’lg)
and shows itself as a complete absorption cf the laser pulse.
A trace of the incident and transzitted pulse shape.ls shown in
figure 2.1. Thig attenuation of the incident pulse is partly
due to the strong scattering by the free eiectrons. Dupont, et
al.(l9) observed that atout 3% of the incident radiation was
scattered in thes forward direction in the case of laser induced
internal damage in bcerosilicate glass., Young, et al.(él)
found similar results in the case of laser induced breakdown in
alr, No such attenuation or scattering of the pulse 1is observed
at intensities below the threshold for breakdown.

The phenomenon under consideration is unique in that the
rate of heating is so rapid that diffusion or recombinations
do not have time to occur. The electron loss due to diffusion
drift from the beam focussing volume will decrease the electron
density at a rate §§3 where ™ is the averags time an electron
stays in a vglume of radius r. This time is apprcximately equal
to 1 = r?ixgl) where 7t 1s the electron scattering time. For

16

the electrons of interest v == 108 cm/sec., T = T.75 x 10~ sec,
and ¥ = 10~3 ¢m one obtains Tp = b x 1070 sec., Thus even during
the full duration of the laser pulse (10-8 sec. ) most of the
electrons will stay in the focal region. The mean free 1life

time of these electrons is lO"5 sec., thus recombination will

not affect the electron density either.
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Thus it is shown that for photon densities less than 2 x lO27
photons/cm? sec., @6xlO8W/cm2) there will not be any multiplication
or strong absorption of the laser radiation in the focal volume.

While for photon densities of the order of 1.2 X 1028 photons/

cmesec, (5X109W/cm2) the electronic instability will be fully
developed within the first few nanoseconds and strong absorption
will occur. The experimentally observed value of the breakdown
threshold is (3-5) x 107 W/cmeo It should be noted that a

8

breakdown threshoid of less than 6 x 1C w/cm2 has never been
reported in the literature. In the case of fused quartz and
quartz crystal, the breakdown threshold 1s found to be higher
than glass. This increase in the breakdown threshold can be
explained by considering the effect of the electron scattering
cross-section on the threshold intensities. It was established
in Chapter V that electrons are liberated in glass, fused quartz
and quartz crystal by the four photon ionization. These primary
electrons are then accelerated by the inverse bremstrahlung
absorption mechanism and breakdown threshold is determined by the
average rate of loss of energy. From equation (13) we see that
the breakdown threshold 1s proportional to 0—3/2. The value of

c most appropriate to our problem was obtained from the consider-

ations of the D.C. breakdown experiments. Using equation (6)

in (13) we get —
P o0 EB /2

Adumage

where P is the threshold power density for damage and
damage

(18)

E, is the experimentally observed value of the d.c. breakdown

“
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field. Values of the intrinsic breakdown field in glass, fused
quartz and quartz crystal at room temperature are 9.2 MV, TMV
and 5MV per cm. respectively., Thus from this data we would
expect the damage threshold in fused quartz and quartz crystal
to be higher by factors of 1.5 and 2.5 respectively which is in
fair agreement with the experimentally observed values of
Ritus and Manenkov(26).

Thus we see that multiphoton ionization is capable of
providing initiating electrons. These primary electrons pick

up energy from the radiation field of the laser pulse by the

inverse bremstrahlung process and multiply. The breakdown

threshold is determined by the rate of absorption of energy by
the above mentioned mechanism and the rate of loss of energy e
due to elastic collisions with lattice. At intensities above :‘W
the threshold the rate of gain of energy will exceed the rate e

of loss of energy by at least a factor of ten and electrons i
R
G

will rapidly gain energies higher than the ilonization potential, T8
leading to fully developed instability in few nanosecond.
At these electron densities the laser beam 1is strongly
absorbed in the focal volume. The diffusion and recombinations
are found to be very slow and do not affect the electron multi-

plication process. Due to the multiphoton ionization, the

effect of an external source of ionization is masked.




CHAPTER VII

FURTHER WORK, DISCUSSION AND CONCLUSIONS

During this investigation of the Jamzgs mechanism in
silicate glasses many interesting observaticns were made. Some
of these lead to a whole complex cof new guestions as to the
details of the electron recombinations, the effect of the
primary electrons on the optical prcperties of glass and on
the cascade development, etc. Thus a few suggestions for

further work may be appropriate here.

(1) Enhancement of Photoconductivity

il ot

Earlier in Chaptzar V it was described how photoconductivity

1

can be induced in silicats glasses by high intensity radiation .
from a ruby laser. The photoconductivity signal was found

to vary roughly as the fourth power of the laser intensity. o

At intensities below the threshold for breakdown, there were
no physical or structural changes caused as was evidenced by W
the reproducibility of the photoconductivity signhals taken at e
intervals of 3 to 5 minuteg and in rocom iight. When the

ruby laser operated with a passive chemical Q-switch was

pumped sufficiently high abové the threshold, a double laser

pulse was obtained with a time separation of 1.5-3x 10_4
seconds. The second pulse was usually of higher intensity
than the first. Using the experimental arrangement shown 1in
Figure 5.1, the photoconductivity induced by such double
pulses was studied. On account of the intensity dependence

of the photoconductivity signal, the second pulse always
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Fig. 7.1

Upper trace laser pulses 504 sec/div., .005V/div.
Lower trace .05V/div., 0.1 m sec/div. -
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Fig. 7.3 Upper trace 100 ns/div., 5 mV/div.

Lower trace 0.1 m sec/div., .05 V/div.,
amplification 20.

Delay between pulse 25 ns
R - Reflected pulse, T - Transmitted pulse
(T+R) Reflected and Transmitted.
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yielded a higher signal than the first. The excess number of
electrons generated by the second pulse could not be accounted
for wholly on the basis of this intensity dependence. Figure
(.1 shows the effect of a double pulse on the photoconductivity
signal. The upper trace is the laser output. The laser was
pumped above the threshold to give two pulses 3 x lO—4 sec.
apart.. Each pulse has a peak power of 2.7 MW and a duration

of 40 n sec. The lower trace is the photoconductilvity signal,
the first sharp rise was the result of the first laser pulse

and the second sharp rise resulted from the laser pulse

arriving 3 x lO_4 sec. later. The shape of the photoconduc- s

tivity signal 1s the same 1in both cases. Even though the

peak power 1in both pulses 1s equal, the second laser pulse ‘ﬁ
produced almost twice as many electrons as the first one.
There was no dependence of the excess number of electrons e
generated on the time delay between the pulses in the range it
from 5 x lO_5 to b x lO_4 sec. However, when a single pulse Eﬁ
was split into two parts by a beam splitter and brought to

the sample after a delay of about 24 n sec. had been intro-

duced between the parts by the arrangement shown in Figure

7.2, no enhancement of photoconductivity was observed.

Figure 7.3 shows three photoconductivity signals obtained

by a reflected laser pulse, a transmitted laser pulse and

the third one by combining the two. It was also noticed that

in the presence of light from a mercury arc lamp the enhance-

ment otherwlise observed in a second pulse will disappear.
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These results can be understood qualitatively by consider-
ing the recombination mechanism of the electrons. Free
electrons created in glass by ultra-violet light or X-rays or
by the multiphoton ionization are trapped by impurities and
give rise to color bands. These color bands can be bleached
by shining light in the visible region of the spectrum onto
the glass. 1In the single pulse photoconductivity experiments,
color bands were bleached by room light at room temperature in
times of the order of 3 to 5 minutes. 1In the double pulse
experiments where the second pulse comes within less than a
milisecond of the first one, not only are electrons removed
from the bridging and nonbridging oxygens but also from the
color-centers (and with greater efficiency on account of the
reduced energy requirement) thus liberating the additional
number of electrons observed. If the second pulse arrives
within a few nanoseconds of the first pulse, electron free
life time being 10'5 sec. there will be as yet no significant
number of electrons trapped by the impurities, and
consequently there is no enhancement. The presence of light
from a mercury arc lamp bleaches these color bands immediately
thus eliminating the contribution from impurities under these
circumstances at any time. It is important to note that with
the laser intensities used in these observations no multiplica-
tion of electrons was observed.

A similar observation was made in fused quartz.

For the complete understanding of the recombination
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mechanism of the electrons generated in glasses and the
possibility of some short lived microstructural changes
induced by the subthreshold laser pulses, more work should be

done along the following lines:

(1) Enhancement of the photoconductivity signal should be
studied at different temperatures and for the complete range

n

of time delays from 10 ns to 10 = sec.

(2) An electron microscope should be used to study the
possibility of microstructural changes induced by the laser

pulse below the threshold for macroscopic damage.

(ii1) Induced Change in Refractive Index

To estimate the contribution of free electrons generated
by the multiphoton lonization in a glass to its refractive
index we tried the following experiment.

When a light beam strikes the boundary from the side of
an optically dense medium, the transmitted light is a function
of the angle of incidence. Near the critical angle of
incidence the transmitted intensity is a strong function of
the refractive index. This fact was exploited to measure
the small induced change in the refractive index of glass at high
intensities. Using a He-Ne gas laser as a source for the
reference beam we observed a decrease in the transmitted
intensity when a 3.6 MW, 40 n sec. ruby laser pulse was

focused on the same spot where the reference beam emerged
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from the glass sample filled with a liquid of matching index

of refraction. This decrease in the reference beam intensity
was not coincident with the laser pulse and after about 100 n
sec. 1t returned back to normal level. ©No mechanical damage
was observed at the surface. This decrease in the reference
beam's transmitted intensity when translated into the
corresponding change in the angle of refraction yielded a value

for %E = 4 x 10-4 where n_ is the ordinary refractive index.

This gs a rather large change 1in refractive index. At the
intensity of the ruby laser pulse used, the contribution from
electrostrictive effects will be ~ lO_7 and from the free 4
electrons generated by multiphoton ionization will be 10_8.
If the glass sample was heated up and the change was due to
temperature rise, we will expect the transmitted signal to
stay at the decreased level for a much longer time, because of
the low thermal conductivity of glass. The large change in

%ﬂ deduced above only on the basis of the effects in glass may

hgwever be due to the changes occuring in the liquid used
inside the sample. This line of investigation was not pursued
any further since the main interest in this work was the
damage mechanism. However to study the change in refractive
index with this method, we propose that solid prism should be
used. Monitoring the change in refractive index by the above

mentioned technique one can study the induced polarization at

different wavelengths which is given by
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2

Pw) = A" (Ew) Ew

where Ew is the incident laser electric field and xNL

1
nonlinear susceptivility of the media and Ew is the electric

i1s the

field of reference l1ight beam. The study of the induced
polarization should help in determining the contribution from

the free electrons generated by multiphoton lonization.

(1ii) Estimation of Surface Energy of Glass

Surface energy of a so0lid or a liguid phase of a substance
is defined as the amount of work done to increase its surface
by one square centimeter. In principle, any experiment which
changes the surface area of the material can be used to derive
its surface energy if the amount of energy spent for this
change in surface area can be measured. We estimated the sur-
face energy of soda glass using a ruby laser pulse of intensity
above the threshold for breakdown to create new surface in the
bulk material. The amount of incident energy absorbed to
cause fracture can be estimated from the known attenuation of
the incident laser pulse. Since the thermal stresses set up
within the material develop very fast we assume that the losses
due to plastic flow are negligible. Comparison of the spectrum
of the radiated energy with a black body leads to an estimate

of the temperatures reached in the focal volume. Knowing this
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temperature, the radiation and conduction losses can be
estimated. Thus one can compare the energy absorbed with
the energy used in creating new surfaces within the material

: X + B
absorbad radiatad conducted

o
il
=

+'YA

where y is the surface energy and A is the amount of surface
area created. Using this approach we obtained a wvalue of

5 ; 2 3 2 ~ % Y,
y = 107 ergs/cm~ for soda giass. Tihis agrees well withi the

values obtained by crushing techniques.

(iv) Effect of Primary Flectrons on the Breakdown Threshold

It was shown in Chapter VI that the diffusion and re-
combinations do not affect the development of the electron
cascade, only the loss of energy by elastic collisiorns controls
the electron doubling process and hence the threshold for
breskdown:. We suggest the use of certain crystals where
thie electron-atom collision cross section is relatively small
but the ionization potential is low enough to generate sufficient
riumber of electrons by multiphoton iornization to give rise to
an effective absorption exceeding that required from thermo-
elastic considerations. Thus the breakdown threshold in such
a case will not be determined by the electron doubling process
but by the multiphoton ionization. Some of the semiconductor

crystals may qualify for this such as CdS or ZnTe, maybe used.




(v) Conclusions

From the discussions of the preceding chapters one can
arrive at the following summary of definite and tentative
conclusions:

(1) Dielectric breakdown and mechanical damage is caused in
transparent materials at laser intensities of 5 x 109 - lOll
watts/cm2 due to the failure of material to withstand the
thermal stresseg set up by the nonlinear absorption of the
laser radiation. An effective absorption of 50 cm_l must

occur in the focal volume to generate thermal stresses of
destructive magnitude. The residual linear absorption of

the material, direct light pressure of radiation or electro-
strictive pressure or the stimulated Brillouin scattering of
the laser radiation cannot account for the effective absorption

or the stresses regquired to cause mechanical damage and hence

are ruled out as possible mechanisms.

(2) It is established that even at laser intensities below
the threshold for damage photoconductivity is induced in
silicate glasses. The number of free electrons generated are
accounted for by the multiphoton ionization of bridging and
nonbridging oxygens in the silicon oxygen network. The mean
free 1life time of these electrons is 1072 sec. At laser
intensities above the threshold for breakdown, these electrons
absorb energy by an inverse bremstrahlung process. The

cross section for the inverse bremstrahlung absorption in the

field of ions is ten times more than in the field of the atoms.
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Since the density of ions is small in the initial stages of

the build up, electrons are mainly accelerated by inverse
bremstrahlung absorption in the field of the atoms only. The
rate at which the electron density builds up is governed by

the rate of loss of energy to the lattice via elastic collisions,
recombination and diffusion being negliigibie. At the intensities
where the rate of gain of energy exceeds the rate of loss of
energy by an average electron, the multiplication of electrons
takes place at z rapid rate, and within few nanoseconds, the
focal volume is completely ionized. After this stage the free
electrons absorb the incident radiation strongly and inverse
bremstrahlung absorption in the field of ions leads to
absorption coefficients of the order lO+6 cm‘l. “The absorbed
energy is used in heating up of the lattice, and this sudden
heating gives rise to thermal stresses far exceeding the

strength of the glass involved. The variation in the threshold

intensity for breakdown in different glasses is due to the

variation in electron-atom collision cross section.

(3) Free electrons produced in the glasses are trapped by
the impurities and if a second laser pulse comes within lO—b
to 5 x 10—4 sec. of the first pulse, it ionizes not only the

bridging and nonbridging oxygens but also impurity atoms thus

leading to an enhancement of the photoconductivity signal.

(4) A direct method for the estimation of surface energy
of glasses and other transparent materials is given and the

. [=N
surface energy of glass 1s found to be 10~° ergs/cm2



APPENDIX T

STRUCTURE OF GLASS

The glassy state is a particular case of the amorphous
state of matter, attained under certain conditions in the transi-
tion from the liquid to the sclid state. The number of glass
forming systems and the variety of possible structures are
tremendous, especilally if we adopt the definition that any solid
substance which has a structure without long range order is a
glass. It is more usual tc impose the aaditicnal restriction that
the solid should be obtainable by quenching a certain amount
of melt; if no crystallinity could be detected by optical
inspection or by X-ray diffraction, the sample would by definition
be a glass. We will restrict our considerations only to silicate
glasses such as fused quartz and alkali silicate glasses.

Glass appears to have many of the features of a normal solid,
such as strength, hardness, etc., but closer examination shows
that contrary to crystalline solids it has an extended melting
range and X-ray analysis indicates a molecular structure akin
to that of a liquid at low temperature. Zachariasen(5l) proposed
that the atomic or molecular arrangement in the glass like state
1s an extended network which lacks symmetry and periodicity.

He laid down a number of simple rules relating the way, the oxygen
anlions and cations must link together to form an oxide to exist

in the glassy state. Briefly, the glass forming cations

(e.g. B3+, Siu+, P5+) are surrounded by polyhedra of oxygen

lons in the form of triangles or tetrahedra. The oxygen ions
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are of two kinds viz bridging oxygen ions (wnich link two
polyhedra) and nonbridging oxygen ions, each ¢f which belongs

to only one polyhedron. Such a system will produce a polymer
like structure with long chains crosslinked at intervals. In
such a structure there are regions of unbalanced negative charge
where the oxygen icns are rontridging. Cations of low positive

charge and large size (e.g. Na',

KT, ca™, Mg*t) may exist in
holes between the oxygen where they coupensate the excess negative
charge of the nonbridging oxygen ions. Oxides forming the basis
of a glass are known as network formers and those which are
soluble in the retwork are termed as network modifiers. Some
oxides cannot be easily clasgsified in this way and are termed
intermediates. Sun : advanced a thecry that glasses are only
formed from those oxides in which the bond strength between the
oxygen and the cation reaches a certain minimum value. Oxides
with lower bond strength may act as netwcrk modifiers or
intermediates and not as network formers. The tond strength

(M = 0) of all glass formers is greater than 80 Kcal. per
Avogadro bond, that of intermediates (60 - 80) Kcal and of
modifiers less than €0 Kcal per Avogadro bond. This transition
is continuous and the classification is scmewhat arbitrary.

The glassy state is attained under certain conditions in
the transition from the liquid to solid phase. Together with
enforced undercooling of a substance in the liquid state below
the melting point, glass formation is favored by high viscosity
(53)

which according to Tammann hinders the crystallization process
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which necessitate the total regrouping of the particles. This
high viscosity is physically determined by the long relaxation
times of the atomic processes in the corresponding liquid systems.
In the processes taking place in condensed systems it 1s necessary
to take into acccunt the fcrce constants characterizing the
rigidity of the bonds between atoms and ions. In substances of
ionic structure, there is appreciable diffusion of ions in the
crystal and the expansion coefficients are high. These processes
require low activation energies. Activation energies are lowered
owing to the overlapping of the long range electrostatic coulomb
fields created by the combination of ions in a condensed system.
It follows that in glasses reduced fluidity and relatively low
expanslion coefficlents are attributable to the predominance of
short range localized covalent bonds between the atoms. This
prevents transitions of the structural elements in the melt into
the state of complete readiness for crystallization thus favoring
the formation of glass.

X-ray diffraction experiments also tell us about the nature

(54)

In the case of pure fused

Iy

of the chemical binding forces
silica (S10,), 1t is incorrect to talk of Si" and 0°” ions

since X-ray diffraction experiments show that the nuclei of
oxygens are surrounded by a lower electron density than that
would correspond to the gquantum state 02_. The electron density
around the silicen 1s higher than that would correspond to si4+.
This deviation from the ideal ionic structure has been attributed

to partial covalency meaning that the quantum state is somewhere
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Fig. I.1 Schematic two-dimensional representation of
(a) Quartz crystal (b) Fused quartz
(c) Soda glass
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between ions and neutral atoms. The anomalously small distance
(1.6OA) between Si - O atoms 1s the result of the shortening
of the 1ilonic bond by partial covalency.

The structure of silicate glasses 1s determined by the
presence of Si-o0-31 bonds. Uni and bivalent cations form purely
ionic bonds and tend to be surrounded by coordination
polyhedra of single bonded oxygen ions. Thus 1in the case of
typical sodium silicate glass, the silicon atoms are surrounded
by oxygen tetrahedra. Some of the oxygens are nonbridging. The
sodium ions are held in the various holes 1n the Si-0 network
and are surrounded on the average by six oxygen atoms. A two
dimensional structure of the soda glass and fused quartz 1s shown
in figure I.1. Increasing the alkali metal component in glasses
has a marked effect on the network stiffness and hence the
mechanical properties. Because of their tendency to be surrounded
by nonbridging oxygens, increase of alkall content will increase

the number of nonbridging oxygens.

Electrical Properties:

Pure silica is one of the best electrical insulators with

18 ohm'l em T and

a volume electrical conductivity as low as 10~
it is very likely that even this low conductance is not intrinsic
but is a result of unavoidable contaminations. This high
insulating power of pure silica is the result of two factors.

All binding forces are strong and the glass contalns no major

concentration of singly charged ions. In complex glasses such
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as sodium silicate glass the conductivity is primarily the

result of Na‘t migration. Sodium ions are the most mobile
components of glass where as 02_ ions with which they are
associated in Si - O random network are not mobile at normal
temperatures. Thus if electrical conduction by alkali ions occurs
it will gradually cease as the alkall ions migrate in the glass
and a negative space charge grows at the anode while a Na©

space charge grows at the cathode. The electrical conductivity
of glass increases as the temperature 1s raised because of the
greater ease with which the ions can move when thermal agitation

has weakened the forces binding them to the silica network.

Transparency oif Glass:

The electrical nature of glass which lacks electronic
conductivity on:account of the tight binding of the electrons
in the structure, 1is responsible for the lack of interaction with
an electromagnetic wave in the visible region of the spectrum.
Perfect crystals of an ionic (NaCl) or covalent nature with
strongly bound electrons are transparent. On the other hand
crystals which have metallic bonding are opaque due to the
presence of free electrons. Elements such as copper, cobalt,
chromium, iron, nickel, manganese, etc. produce deeply colored
glasses. Such colored glasses also possess some transparency.
The exact reason for the appearance of colors 1s connected with

the valency and valence change, polarization effects and
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chemical as well as electrical nature of these compounds. Thus
the blue color of iron glasses containing both divalent and
trivalent ions 1s the result of an electronic transition

involving two ions of the same element but different valency.



APPENDIX IT

NOTE ON THE STRENGTH OF GLASS

At ordinary temperatures glass can respond to mechanical
forces in different ways described as its elasticity, delayed
elasticity and fracture. Elasticity involves reversible changes
of some interatomic distances: Particles return to their
original positions as soon as the applied stress is released.

At low temperatures (< 400° C) glasses obey Hooke's law.

Most glasses alsc show the phenomenon of internal friction
or delayed elasticity: Response o the applied stresses is not
instantaneous, time is reguired for csome atoms to reach new
equilibrium positions when stress is applied as well as when it
is released. This phenomenon arises when the new equilibrium
positions are separated from the original ones by energy barriers
of the order of kT.

Fracture differs from elasticity inasmuch as it 1is an
irreversible process. It 1s the most important property of glass
from engineering as well as our point of view, In glasses the
amount of permanent deformation preceding fracture 1s negligible
and it is termed "brittle" fracture. Fracture is linked to a
number of mechanical properties, such as elasticity, surface
structure, and structural inhomogeneities.

The elastic behaviour of a homogenous glass can be fully
described by two independent moduli. The most commonly used
elastic moduli are:

K = Modulus of compressibility or bulk modulus
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G - Modulus of rigidity or shear mcdulus

E = Young's modulus related to the elongation of a glass
under uniaxial tension.

u = Poisson's ratio = ratio of lateral (contraction) to
longitudnal strain (elongaticn) under uniaxial tensile
stress.

From the view point of lattice dynamics X and G are the most
fundamental moduli. For glass u has a characteristic value,
which 1in turn causes other moduli to show a characteristic
relationghip:

wo= 0.25

G~ 0.4 E

K® 0,067 E

Elastic moduli of some of glasseg, measured by Kee(55) are given

below.
-6 . . 6
Type a(l0 ~ cm/cmF) E(Psi x 1C7) u Thermal Shock
Resistence °F
Soda Lime 5.1 10.48 0.20 117
Borosilicate 3.4 10,04 ¢.21 288
Aluminosilicate 2.7 12. L6 G.25 243
Fused Silica 0.31 10.48 0.15 2250

A simple way of calculating the expscted breaking stresses

56)

of a perfect solid is due to Orewan( It is only a crude
estimate but has the advantage of being applicable to all
sollds whatever the detailed nature of the interatomic forces.

If we attempt to pull a perfect solid apart at absolute zero the
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restraining forces between two adjacent atomic planes must vary

with distance as shown in Figure II.1.

g

Fig. (II.I)

At equilibrium separation of the atomic planes a s the force

is zero. It must rise to a maximum and then fall to zero. The
exact form of the curve depends upon the nature of the inter-
atomic forces. The area under the curve must represent the
work of fracture. The work of fracture cannot be less than the
surface energy of two new surfaces created when the solid
breaks. A simple form to assume for variation of restraining

force with distance is to write the stress g as
o = C S I (o duo) (1)

when (x - a ) is very small

AT CTMGe eIl (x-0,)= E (2)
Y o &
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where E is the Young's modulus of the solid

4 (: — -EL_ éL
f 2 ] — Tr- a/o (3)
We do not know the value of 'a’

which is a measure of
the "range of interatomic forces",

Tc evaluate 'a' following
Orewan(56) we set the arcsa under the curve equal to the surface

energy of the twc new surfaces creatsd
G+
a- 5{‘2 = EZA{ (4)
Qo

where v is the surface energy.

o = I¥

C (5)
The theoretical breaking stress Opax is given by the maximum
value of ¢ in equation (1)

GVW “—-‘-C

Qo (6)
_ &Y
N

'a' will be approximately equal to &> this glves a rough

estimate of E, from equation (5)

CLO - TTZY

ottt

E
= 0%,

For silica glass y s 560 ergs/cm? and a_ = .5 A =5x 1079 cm.
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E = 'g"j( e dymutfom2 = 10° bel

which is the right order of magnitude of the measured value.
Using the experimental valus of E & 7 x 1011 dynes/cm2 we can
estimate the maximum stress

- E
Cr;wang - '$F

~ 2x10 dyyme/ on &

- 3)‘40 PQL
This value for Iz x is very high. All commercially available
glasses have a strength of only 25 x 103 psi. Even carefully
prepared samples where special pains are taken to draw rods
without making material contact with the surface, show a maximum
tensile strength of only 4 x lO5 psi. Griffith proposed that
one can account for this notoriously low strength of glass by
assuming the presence of submicroscopic crack like flaws as a
normal characteristic of the glass. Because of the stress
concentrating effect of these microcracks, the overall strength
of the material 1s decreased. Removal of these cracks by etching
or careful production of the material does increase its strength.
In addition to these surface flaws Smekal assumed that the bulk
of the glass also develops an extensive system of cracks with
dimensions of the order of 10"6 cm, He describes this system
of fissures or highly stressed regions within the glass as

"natural inhomogenety of the glass'. These flaws determine

the stress distribution within the sample and also affect the



- 108 -

propagation of a crack, its forking and the brittleness of
glass. Important experimental evidence for the presence of
these voids comes from the observation of an increase in the E
moduli with increasing temperature 1in glasses(ES). From this
observation one may conclude that in glasses the number of
bonds per unit cross sectilon increases with heating.

In view of the aperiodicity and the heterogenelity of glasses,
isolated measurements have little meaning. In spite of all the
precautions taken to provide uniform test pieces the strength
values scatter widely. This feature makes experimentation very
difficult.

Kee(55) made a careful measursment of the mechanical
properties of some glasses. Using this data on the mechanical
properties one can calculate the susceptibility to thermally
caused stresses. These stresses are of two types: steady-state
stresses caused by temperature gradients within the glass part
and transient stress caused by sudden heating or cooling. The
magnitude of stresses resuiting from thermal gradients depends on
the restraints imposed on the sample part by the external
mounting or by other portions of the glass part. When the glass

part 1s completely constrained, the cooler side will be in tension

and the maximum stress can be calculated with the formula:

od B AT
2(1=P)

where AT is the difference in temperature, o linear expansion

07max —

coefficient, u - the Poisson's ratio and E 1s the Young's
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modulus. Thermal shock from sudden ccoling will cause more failure
than from sudden heating, because cocling induces tensile stresses.
These stresses increase proportionally with the expansion coef-
ficient of the glass and 1n a direct but complex way with the
thickness, (55) asured the thermal shock resistance for

BSC glass to be 240° F. Using his data we can calculate ¢

01

max?’

which isg:

— 5900 bSU
Umax = 5800 p

Thus the maximum thermally caus=sd tensile stress that glass can

withstand in cocling is 5800 psi. Tensile and compressive

3

strengths of various glasses are listed in the International
critical tables. Compreszsive strengths are higher by a factor

of 10 to 1% than the tensile strength., In th:s laser I1nduced
mechanical danmsge, 1its the sudden heating which sets up

compressive radial thermal stresses and osciliatory Hoop stresses
which are both tensile and compressive. Trus the mechanical damage
in this case 1s caused by the hoop stresses as scon as their

tensile value exceeds the strength of the glass.



APPENDIX IIT

EVALUATION OF THE SCATTERING CROSS SECTION

In all theories of breakdown the electron lattice scatter-
ing cross section plays an important role. Various mathematical

techniques have been empioyed in the treatment of the electron-

. . s (41,57,60) o o . .
lattice interaction. ? The sources of interaction energy

/ wno distinguisn

7/
H

have been discussed by Frohoich and Seitz)

oy}

three possible contributions to it for the case in which the
electron has insufficient erergy to cause ionization from

the valence band.

(1) Interaction with a dipolar field arising from the lattice
vibrations of an ionic crystal considered as a lattice of
point charges. Thus a longitudinal mode of vibration of
such a lattice is a iongitudinal wave of electric polariza-

tion.

(11) Interaction with a dipolar field which arises from the
distortion of the electron shells associated with the
vibration of the lattice proper. This interaction is
closely related to (i).

(iil) Interaction with =z short range non-dipolar component of
the field arising from the distortion of the electron
shells.

In polar crystals all the three interactions occur, while

in non polar crystals there are no dipolar field contributions.



- 111 -

Various models of crystals account differently for these three

contributions. In the case of polar crystals, if the lattice

is treated as & sat of polint charges each having the ionic

charge and massyonly the interaction contribution (1) is
considered and the distortion of fthe electron shells is

S
[
oa
l_i
o
@]
d
D
Q.
b
54
i_l
ef
e}

cint charge approximation is good only when

(.r §

the most important preocesses considzsred invelve short range

polarization wavas of the l:

©

ttice. Another model of polar
crystals considers thie vibrations to te those of a continuum
of known high ard Low fregquency disliectric constant and
lattice vibration fregquencies. In this way interactions (ii)
and (1ii) are taken intoc account in a marner wnich leads to a
good approximation when the most important processes involves
polarization waves of long wavelengtl:.

The general results obtainable from the appliication of
perturbation thsory ars summarized below: Consider a single
electron interacting with a dielectric medium which 1s
represented by a set of harmonic oscillators whose angular
frequency & 1is & function of their wave number w. The hamilton-
ian may be written as

H = H (1)

+ H

. . +
electronic lattice

Hinteraction
If one confines attention to transitions in which only one
guartum of lattice vibrational energy is absorbed or emitted

the trangsition probability can be written as
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R o= MIT 8() @)

%

where w is the wave vector of the lattice oscillator involved
in the transiticr, M is the matrix element of Hint between the

initial and final states and

? Zo E_ ¢ T F; mi“ ‘/Aﬁf{ ~ YU ind \ﬁ/w
S - & ~p NUTW wiJh (3)

rere k is the electron wave vector, o the iattice quantum and
n. the average number of lattice quanta of wave vector w. The
primed and the unprimed quantities refer to the initial and

final states respectively. Conservation of energy is ensured
by the §-function. The square of the matrix element is given

by
Yo

9]
i <~ o \ . ;
for the cases in which wave number is conserved

k + w=k' (absorption)

(5)

k = k' + w (emission)

The function of G(w) depends on the interaction potential bet-

weeri the electron and the lattice vibrations. The interaction
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constant G(w) has been calculated for two special models of

polar crystals. In the continuum model the crystal is represented
by a continucus dielectric medium of volume V with low and high
frequency dielectric constants €6 and € and having a single
angular frequency w, which is independent of the wave number

w for longitudinal polarization waves. Then G(w) as calculated

by Frohlich, Pelzer and Zienan(58) is given by

2
Gl = S (- @) @

This method of calculation should give satisfactory results for
the iong polarization waves (i.e. w << a, where a is the lattice
constant).

In the point-charge model the lattice is represented by
a discrete set of point charges alternately +e and -e with

ionic masses M+ and M_. Frohlich(59) shows that

2 4 1%
Gw) =
&3 W?.\/Mw

+ =)t mis

=l

_where M is the reduced mass given by M = ( %
form of interaction should be satisfactory ;or w_~ a. 'The
relations 6 and 7 have the same functional dependence on w
but due to the point charge model G(w) is about 3 times

larger in (6) as compared with (7).
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If the energy change per inelastic collision is much
smaller than the electron energy we can define a relaxation
time ¢(E, TO) for a conduction electron subject to collisions
with the lattice by

bx _— “~<f9kx
wET) \?f”)caééuwn 8

7y v
= -3 [a !;( (W) R? ~+—A}2i (w) 1?5]

. s . ; a,e .
where x refers to some specified direction and Akx’ i1s the
mean change 1in kX in one collision with oscillator w. In all

cases the superscripts a and e refer to absorption and emission

a /
(w) = w cos{k,w) cos ¢ as shown from

respectively. Now Ak-?
pectively ow Ak e,a

Figure III.1. Using the conservation of energy we get
5’ W

e R

v
>

Fig. III.1

e,

ARy W) — WZ L mw

—E;‘U — T 2R T ORE? )

Using (2), (4) and (9) in (8) and reducing the sum to an

integral
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1 _ m 3 2m &)

+fW3G_(w)i - %%%f T dW] .

where the integration in each case is over the appropriate region
of lattice wavenuxbers. A further simplification is possible
for the case of nhigh energy electrons. In this case the

phonons which lead to large angle scattering will be those of

large wavenumbers. In this case w ~-§ and

Using (7) and (11) in (1i0) we obtain

\ — ™ et+
T(E,T) 212 >Mw k> .

rw (1+ 2M)dw . (12)

The lower 1limit on w can be put equal to zero since the low
wavenumbers do not appreciably contribute and the upper limit

can be determined from the Debye condition

W, = (67T2N )’/3
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where N is the number of unit cells per unit volume. For

alkali halides N =~—£§ where a 1s the nearest neighbour
2a
distance, so that
9
SNC [ RN 1 &
We = (=% ] = L (13)
a3 v}

Such a large value of v, can only te usad as the upper limit

of integration provided that the electron interacting with

the phonon has sufficient energy to satisfy the requirement
o

of conservation of mcmentum. This means that k >'ﬁ? or in

d

terms of energies E > E_ where
|

i L2 2 2
E - ~£E“:EE, kel R (14)
0 2. z9 MmO (

which 1is an energy of several electron volts. For E » Eo the

integration in (11) then gives

e
- - == ~ Vo 5  %& -+ ’EHQ (15
TET) 42 m2Ma w E% okt — 1 f

If E < EO then the upper limit in the integral is Jjust 2k
and

1 — Wﬂ?§’ EZQ i.‘F 2
TET) W2 wM2wERl Ty
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For the case of E <« Eo, that is for low energy electrons it
is more appropriate to use the expression (6) for G(w). The
upper limit will still be 2k. Calculation of T(E,To) for

this case gives

T(ET

Non Polar Crystals:

The treatment of the electron-lattice interaction 1s based on
the work of Seitz(ul) in which the interaction energy is
introduced in the same way as in the conduction theory of
metals using the deformable atom hypothesis. Considering the
scattering of the electron to be the result of interaction

with accoustical lattice modes only, adopting a linear relation

between frequency and wavenumber

where s is the velocity of sound, and using perturbation theory
in a way similar to the case of polar crystals yields for the

transition probability

Y = 4T CCw k (A7) 5 ()

" g = el mw se)
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where C is the interaction constant (of order of 1 eV for
many non polar crystals, M is the atomic mass and N the number
of atoms per unit volume and g is given by (3). For the low
energy electrons (of energy of order of several kOTO) the
conservation of wavenumber wilil then permit interaction only

with modes of low wave numper. For such modes

Sete (20)
WS

Calculations similar to the previous cases show that the
average relaxation time for an electron of energy E is given

by
3
O 4B CRT m”
&) g gt et mN

L
E? o1

It should be noted that the use of perturbation theory is well
justified for the case of slow electrons in non polar crystals
but the value of the interaction constant is unknown.

Values of ¢ for three different electron energies are

summarized in the table below
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r in units of 1071 sec
Electron energy
MODETL

1 eV 2 eV 3 eV
Polar Crystals 2.81 4,14 L.74
(High energy approximation)
Polar Crystals 19.4 27 .4 33.5
(Low energy approximation)
Continuum Model 24.9 36.0 43,1
Phonon wave vector << a-

-(lattice spacing)
Non Polar crystals 2.3 1.63 1.56
Interaction constant
C = 100 eV
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