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13 ABSTRACT 1
Processes that can produce optical damage in transparent insulators are studied
in the present work., A gencral discussion is given of laser induced damage which
distinguishes between breakdown from intrinsic processes and damage from absorbing
contaminants called inclusions. In order to rneasure properties of intrinsic breakdown
it is nec:ssary to either avoid inclusion damage completely or to distinguish its
presence when it occurs. New and previously published techniques for identifying
damage from inclusions are discussed and applied, Because self-focusing can
develop and confuse bulk darnage measurements, a detailed sumimary of self-focusing
theory is given which establishes the conditions for minimizing beam distortion from
self-focusing effects. A series of controlled experiments are then described which
represent the first unambiguous measurements of an intrinsic damage mechanism at
near-infrared and visible frequencies. The intrinsic damage process in the alkali
halides at 1,06 pm is 1dentified as an electron avalanche that is virtually in-
distinguishable from dc dielectric breakdown. Measurernents are discussed which
probe the frequency and time dependence of avalanche breakdown and from which
details of the avalanche mechanism can be inferred. The effect of crystal disorder on
damage ficlds is also considered, A statistical character is observed in the intrinsic
breaxdown process and compared to previously published results of surface damage.
A study of the relationship between surface and bulk damage is shown to confirm a
model by Bloembergen of field enhancement at structural defects. Finally, a summary
of avalanche breakdown theories is presented, and the implications of the experimental
data for avalanche theory cre discussed.

DD IFNOQ‘\:A(.11 473 (FAGE " ¢ Unclassified

!
S/N DIG!-857-5811 [ - St

A-J140n

a
=
3
E
E
=
=
E
2
E
E

L b

3
E
3
!

.



Unclassified

Security Classification

KEY WOHNOS LiNk A LINK B Link €
- ROLE wT ROLE T HOLE wT
Lasers
Nonlinear Optics
Optical Damage
Dielectric Breakdown
FORM K
DD "XM.1473 mack ‘o Unclassified
B LS / -l Security Classification

At aT




LASER INDUCED DAMAGE IN SOLIDS
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ABSTRACT

Sl VR

3 Processes that can produce optical damage in transparent insulators

are studied in the present work, A general discussion is given of laser

induced damage vwhich distinguishes between breakdown from intrinsic
processes and damage from absorbing contaminants called inclusions. In

order to measure properties of intrinsic breakdown, it is necessary to

either avoid inclusion damage completely or to distinguish its presence

4

when it occurs. New and previously published techniques for identifying

damage from inclusions are discussed and applicd. Because self-focusing

can develop and confuse bulk damage measurements, a detailed summary ;

mey

of self-focusing theory is given which establishes the conditions for

e

minimizing beam distortion from seli-focusing effects. A series of

controlled experiments are then described which rcpresent the first

unambigucus wcasnremenis of an intsivsic daimagce mechanism at near-
infrared and visible frequencies. The intrinsic damage process in the

alkali halides at 1,06 um is identified as an clectron avalanche that is

virtually indistinguishable from dc dielectric breakdown. Measurements

are discussed which probe the frequency and time dependence of avalanche

.
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breakdown and from which details of the avalanche mechanism can be
inferred. The effect of crystal disorder on damage fields is also
considered. A statistical character is observed in the intrinsic break-
down process and compared to previously published results of surface
damage, A study of the relationship between surface and bulk damage

is shown to confirm a model by Bloembergen of field enhancement at
structural defects. Finally, a summary of avalanche breakdown theories
is presented, and the implications of the experimental data for avalanche

theory are discussed,
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INTRODUCTION

A. The Problem and Its History

Intense laser ilcht is known to damage initially trans-
parent solids. Such damage may be a cumulative material
deterioratton1 or it may appear as a suddén catastrophic
material failure accompanied by a spark and permanent material
damage.2 This second type of optical damage, which is the
subject of the present work, represents a serious limitation
on the design and operation of high-power lasers., In addition,
damage to laser compbonents such as windows, rods, and Pockels
cells requires replacement and realignment which can be both
exvensive and time-consumineg.

A plethora of published experiments and theories have
appeared since 1964 with the aim of elucidating the mechanisms
of optical damage and determininz damage fields for initially
transparent solids.'3 The early experimental work in the area
was confused by a number of problems: uncertainties in the
laser mode structure,u the presence of small absorbing
particles.5 gself-focusing in the bulk.6 and, perhaps most
important, the lack of a thenretical framework for designing
and interpreting damage studies.

Despite these problems a number of useful conclusions

were reached concernine optical damage. First, it was found

that the most frequent cause of laser-induced damage was

extrinsic, a dirt effect caused by the heating of small
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absorbine inclusions with diameters between about 0.01 um and

1 um., Second, confirming the expectations of a number of
scientists,7 it was found that in damase experiments the
collapse of higzh-power laser beams from the well-known self-
focusine nonlinearity8 was increasing the light intensities
inside solids to values in excess of the incident intensities.9
Damage developed after this intensification so that apparent
damage thresholds in the bulk of materials were actually
threshoclds for catastrophic self-focusing. Because techniques
had not yet been developed for avoidineg inclusion damace and
catastroohic self-focusing, experimental measurements orior to
1971 gave virtually no information on the nature of intrinsic
damage processes., The seemingly unavoidable self-focusing
nrohlem compelled many damase experimentersg to focus their
attention and thelr laser beams on the surfaces of transparent
solids where self-focusineg could not develop.io Adork commenced

on thin film damaeel1

where numerous materials problems added
new complexities.

In 1971 two imvortant exverimental studies of intrinsic
optical damage were reported. The first, by Bass and Barrett.12
observed statistics at 1.06 um and, in a later work, at
0.549 um17 in the optical strengths of surfaces for several
materials. These statistics zould not be explained by laser
fluctuations, but they were explained bv a simple model for
electron avalanche breakdown.

The second set of measurements, performed by Yablonovitch

14

at Harvard, was the first unambizuous study of optical




intrinsic bulk damace. Yablonovitch measured the damage

proverties of ten alkali halides at 10.6 pum and found that the
damazing vrocess avveared to be identical to dc dielectric
breakdown., Self-focusing was avoided by making use of an
observation already oresent in the literature,6 namely that
catastroohic self-focusing cannot occur below a material-
dependent critical power. By confining the laser input powers
to values which were orders of magnitude less than the critical
vower for self-focusing while strongly focusing the laser beam
with external optics, Yablonovitch was able to achleve the high
intensitles necessary to damage his crystals without the con-
fusinz presence of self-focusing. In designing his experiment,
he was alded by the fact that the self-focusing threshold
increasas with wavelength as AZ and that typical Gaussian beam
diameters for the CO, laser are about an order of magnitude
larger than the Gaussian beam diameters for YAG:Nd and ruby
lasers., Inclusion damage was distinmuished from intrinsic
breakdown by examination of the damage morphology.

The year following this work, Bloembergen completed a
gimple but intriguine model15 which predicted that the apparent
optical strength of surfaces would normally be less than the
optical strength of the bulk. He recognized that the di-
electric discontinuity occurrineg at structural defects can
enhance the electric field over its average value., Such
defects are likely to be created at surfaces by abrasiQe

6

polishing.1 Crisp, et al., had shown earlierl” that surface

field enhancement, in this case from Fresnel reflection, could




TR T IR S T

eda

explain the paradoxical difference between the damage resis-
tance of exit and entrance surfaces on the same sample.

A number of important experimental questions remained:
While the process for intrinsic damage at 10,6 ym is apparently
the same as at dc¢, namely avalanche ionization, what intrinsic
damage process is operative in the near infrared and visible?
What are the thresholds for this intrinsic process in various
materials? Are, in fact, the thresholds well-defined? What
are the frequency and time dependences tn the intrinsic process?
Is the damage resistance of a single crystal any different from
that of a pclycrystal or an amorphous form of the same material?
Is Rloembergen's model correct, or does surface absorption
play a role in surface damage? 1In short, when damaging con-
taminants are eliminated, what magnitudes of optical fields

can initially transparent solids withstand?

8, Oreanization

The present work addresses itself to these questions.
Chapts. 1-3 contain a general description of the optical
damage process, a detailed study of self-focusing, and
descriptions of the experimental arrangements and techniques.
The remaining chapters summarize the experimental results and
theory relevant to optical electron avalanche breakdown.

In Chapt. 1, the results of a simplified model of in-
clusion damage are discussed. Of particular importance is a

discussion of the pulse-width dependence to inclusion damage.
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It is shown that although the intensity threshold for inclusion
damage will always increase with decreasing laser pulse width,
the magnitude of this increase depends on the inclusion size,
The qualitative frequency dependences of the two important
intrinsic damage processes, electron avalanche breakdown and
multivhoton ionization, are also described in Chapt. 1. Al-
thoueh multivhoton ionization has not been observed in the
vregent work, a brief discussion of the multiphoton process

is ziven.

Self-focusing is described in Chapt. 2 within the context
cf the paraxial ray approximation. In addition to clarifying
the conditions under which catastrophic self-focusineg can be
avoided, the discussion also includes a novel technique for
measuring self-focusing parameters using intrinsic optical
damage.

Chapt. 3 summarizes the exverimental arrangements for the
meagurements of intrinsic optical damage. A new technique for
longitudinal mode selection of Q-switched lasers is described,
and the various measurements characterizineg the two types of
lasers used in the present work are reported. A summary is
given of new and vpreviously published techniques for avoiding
and identifying inclusion damarge.

A series of controlled experiments on intrinsic optical
damage at 1.06 um and 0.69 um are deseribed in Chapts. L-7.
The first experiment, conducted at 1.06 um with a Q-switched
laser, extends Yablonovitch's infrared measurements on the

alkali halides to shorter wavelengths. 1t is found, contrary
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to published predictions, that electron avalanche breakdown
at 3 x 101& herz is virtually indistinguishable from dc break-
down and intrinsic laser breakdown at 10.6 um. This observatiin
has important implicaticns relatineg to the electron-phonon
interaction in high flelds. A serties cf time related obser-
vations give additional evidence that an electron avalanche
{s responsible for intrinsic damage.

Damace measurements at visible frequency (0.59 um) are
described in Chapt. 5 where evidence of frequency dispersion
in the threshold fields for avalanche breakdown is presented,
The devendence of the damage field on laser pulse duration,
which gives information on the temporal development of the
electron avalanche, has been studied in NaCl at 1.06 um using
a mode-locked laser. It was found that the rms optizal damage
field increased hy almost an order of magnitude to over 107
volts/cem as the laser pulse width was decreased from 10 ns to
15 ps. The laser data is used to calculate a field-dependent
fonization rate that is found to agree at least qualitatively
with estimates of the dc ionlzation rate as determined by
Yablonovitch and Bloembergen.18 Chapt. 5 concludes with an
experiment and discussion of the eftects of crystal disorder
on the damaece fleld.

Laser damage statistics is the subject of Chapt. 6. It
is found that the bulk damage process in a number of materials,
including NaF, has a statistical character., Measurements of
the distribution of avalanche starting times is compared to

the experiments of Bass and Barrett12

on surface damage and
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found to be consistent with those experiments, A direct
comparison between surfuce and bulk damage on the same sample
of fused quartz shows virtually identical statistics. A few
speculative ldeas are presented concerning the source of the
statistics,

Chapt. ? summarizes a short experiment which confirms
Bloembergen's model of surface field enhancement.15 Three
surface finishing techniques are evaluated in terms of their
ability to produce damarce resistant surfaces.

Chapt. 8 summarizes the uncertain state of avalanche
breakdown theory. The implications of our experimental results
for avalanche theory are discussed. Some suggestions for

future work in ootical damage are made in Chapt. 9,

J
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CHAPTER 1

LASER INDUCED DAMAGE IN SOLIDS

A, Generalized Damage Process

e

Optical damage in solids occurs when an intense laser beam causes
an irreversible alteration of the medium. This alteration can be a

thermally-induced fracture without a phase change, or more commonly, it

is a phase chang. which may or may not be accompanied by thermally
induced fractures,

The damage process can be conceptually divided into two steps. In
the first step heat is deposited by some absorption process which may be
extrinsic in origin or which may be a property of the pare crystal, In the
second step, this heat deposition leads to a temperatuce elevation and a
material irreversibility, Damage is normally only ditected by the material
irreversibility so that the observer is always a step removed from the
physics of the heat deposition. A completec description of optical damage,
therefore, must in principle include more than an analysis of how the
material gains energy. [t must also include a modeling of the thermal
problem of how that heat produced a material irreversibility, Conditions
under which this second step can be ignored in analyzing darnage are
discussed below,

In order to establish approximate minimum requirements for the
heat deposition process, the details of the second step are replaced with an
explicit model, It is assumed that heat is deposited adiabatically and that
damage occurs when the solid is melted. The amount of heat necessary to
incude damage can then be approxdmated in a simple manner,

According to the law of Dulong and Pettit, the specific

preceding page plank
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heat of a so0lid at room temperature is of the order of

1 joule/cm3~°K. In order to raise the temperature of a
typical transparent insulator to i{ts melting point of about
1000° K, about 107 Joules/cm3 must therefore be supplied.
Melting of the lattice is equivalent, typically, to heating
by another 1000° X so that a phase change in an insulator
requires on the order of 107 to 10" joules/emd, If this heat
deposition is accomplished by the absorption of 1 um light,

3 in order

approximately 1022 photons must be absorbed per cm
for damage to be produced,

This energy density requirement can also be expressed in
terms of an absorption coefficient if uniform bulk absorption
is asgumed. Because the laser intensity varies with propaga-
tion distance z as I exp (-az), it is easy to show that for
a typlical damage intensity of 1010 watts/cm2 (see Chapt, U)
and for a laser pulse width of 10 ns, damage can occur only
when a =10 cm’l. Such a large absorption, if present for
weak light signals, makes the solid opaque.

On the basis of this simple calculation, we can reach a
useful conclusion concerning the relationship of absorption
by atomic impurities to optical damage. The number uof im-
purity states in a high-purity insulator is normally less than
1017 /em3, 1f each impurity absorbs one photon, the amount
of energy per unit volume removed from the laser beam is less
than 0.01% of the energy density necessary for damage, If

absorption is occurring because of impurity excitation into

a bound state, therefore, each impurity must be excited and

P T

=

ot
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must subsequently relax nonradiatively a total of at least
10° times during the transit of the laser pulse if damage is
to occur. Although systems can perhaps be found where this
requirement can be met, it seems safe to conclude that im-
purity excitation into a bound state cannot normally prouuce
optical damage in initially transparent solids.

As an application of this observation, consider ihe rare
earth dysprosium in the crystalline host yttrium aluminum
garnet (YAG). Dysprosium is known to strongly absorb 1.06 um
radiaticn through an electronic excitation into a bound state
having a lifetime longer than 1 ns.19 An interesting experi-
ment might appear to be a measurement of the damage threshold
of YAG at 1.06 um as a functlon of dysprosium concentration,
On the basis of the present discussion, however, we can predict
that the dysprosium concentration will have very little
effect on the breakdown strength of YAG. Under the intensge
irradiation necessary for damage, the dysprosium absorption
will simply bleach.

An absorption process must be found which can produce an

a = 10 em™1

with reasonable electron densities. Joule
heating of quasi-free electrons is such a process, Relaxation-
time modele of the electron-phonon interaction predict that

the rate of energy deposition per unit volume is given by

5 ° Nep E2/(1+ we?) (1-1)

where N is the ccnduction-band rorulation density, e is the

MwmmummmmmMaa‘u‘m\m
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electronlec charege, ¢ is the electron mobility in the presence

of a field © with frequency w, and r is the elcctron-phonon

collision time. Letting m2r2 << 1 and inserting the mobility

7

2
Z
5

Tl

g

2
value for NaCl (10 em“/volt-sec) and damage field value

(106 volts/cm), we find that a 10 ne (nanosecond) laser opulse
can deposit a damaging amount of heat when N 2 1017 /cm3.
The excitation of tnis density of electrons will involve a

neglicible loss of energy to the laser beam,

i v g %"MU "H skl

Let us apply this description to intrinsic damare vro-
cesses, Intrinsic breakdown in transparent solids can bve
caused in principle by one of two processes, elther electron
avalanche ionization or multiphoton absorption.ZD The funda-
mental difference between these brocesses is rot in the manrer
in which heat is deposited. In both processes enereyv is
transferred to the electron vopulation throuzh joule heating
of conduction-band electrons, and the lattice is heated
through the mechanism of electron-phonon collisions. Tha

processes are fundamentally different only in the manner in

which they produce a hieh density of conduction band electrons.
Tlectrcen avalanche dbreakdown is a chain reaction ¢eneration

of quasi-free electrons through impact ionization of hot
electrong into the conduction band. Multiphoton ionizatior,

on the other hand, is the direct excitation of electrons

across the band-gap because of the simultaneous abscruticr

i gt oy S 2 A st bl

of more than one photon. It ls the limitineg cane of fregque-ico-
dependent tunneline.

Having considered some general aspects of heat depositic:,
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we now return to a discussion of the serond stage of optical %
“damage that establishes the link between absorption and _"“*§
actual material damarge. j?
As the conduction-band population of the lattice or of iég

an absorbing inclusion is being heated by joule heatine, é%

energy is verv rapidly transferred to the lattice. The re-
sulting local temperature rise induces heat flow whicl is
described by the geometry-devendent thermal diffusion equation.
When the heated region is very small, thermal diffusion

effects can be extremely important in describing the tempera-
ture rise bvecause the thermal diffusion time scales with

radius R of the heated region as 1/92. Thermal loss in

principle raises the damage threshold an: alters the depen-

el ettt s o i

dence of damace fields on laser npulse width.

The thermal asvects of intrinsic damage are difficult

to consider because R becomes a complicated function nf time

:i.‘mm“ ‘n'“‘ ‘H'”:

for intrinsic orocesses., For a highlv nenlinear intrinsic
process such as avalanche breakdown, however, the thermal
aspects of damace need not be calculated because they have
little or no measurable effect on damace threshold. If the

focusing condition 1{in laser damaee) or electiode desien (in

dc damace) of one experiment make breakdown less likely vy
alterinz the processes leadinz to material damage thereby

requiring a higher rate of energy deposition, this higher rate

can be achieved by an immeasurably small change in the elec-

tric field strength. The damacse fields for avalanche break-

dowr, therefore, will devpend only on the parameters which

bt bt it s L
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; describe the time evolution of the conduction-band population
"N(t) (and therefore the heat devosition) and will have no
measureable connection with the geometry of the field con-
figuration or the morphology of the damage.

Inclusion damage, on the other hand, is not highly non-
linear so that the detajls of the thermal process can be
extremely important in determining the dependence of damage
thresholds on laser pulse width. This dependence will be
discussed in some detail in the next section.

Two- and three-photon ionization is another possible
source of intrinsic damaee. It is expected that the sensi-

% tivity of the damage threshold to laser pulse width will be
l intermediate between that of avalanche breakdown and inclusion
damage. A precise calculation of thermal effects is difficult
because th: size of the heated region is time dependent unless
the multiphoton ionization is occurring in a uniform manner

ingide a micrcsccoic inclusion., 8118321 has presented the

rasults of a calculation for the pulse-width dependence of

:
3
3,

Nthoorder multiohoton breakdown which ignores these thermal
effects, His results follow from Eq. (1-1) with a simple
modeling of N(t) and should be regarded as approximate.

In summary, then, laser damace most likely occurs from
the joule heatine of conduction band electrons in a dbulk
30lid or in an absorbing inclusion. This absorption produces
a temperature rise and eventually a material irreversibility
that actually defines the onset of damage. A proper des-

cription of the damage process, especially of its pulse-width
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dependence, must in principle include a discussion of the

menner in which the heat deposition produces the material

irreversibility.

B. Inclusion Damage

Cptical damagce can be caused by absorbing microscopic

contaminants called inclusions if the temperature of an in-

MIMWWMMMWMWMMM‘ i I il il }‘

clusion can be elevated sufficiently to induce a material

irreversibility before an intrinsic damage mechanism develops.

As already noted, inclusion damage is geometry dependent be-~
cause the total process is sensitive to the manner in which
the heat deposition produces a temverature rise. We will
eventually use a simplified model to study this damage process

and to determine, in particular, its pulse-width dependence.

T

b i bt

The temperature rise experienced by metallic spherical
inclusions under Q-~switched irradiation has been treated in

detail vy Hopper and Uhlman.5 Damage was assumed to occur

when a fracturing stress was thermally induced. Although this
type of material irreversibility is not physically equivzlent

to a phase change, the energy deposition requiremenrts are

volume ratio of spherical inclusions varies as 1/R, the tem-
perature rise induced by a fixed laser pulse incident onto an
opaque inclusion will initially increase as the size of the

particles is decreased. Por very small particles, however,

R L R

heat will bvegin to diffuse away from the inclusion during

E
i
=2

:
about the same., It was found that since the surface-to- ' 4§
3
3
4
3§
g
=
1
the transit of the laser pulse. Since the thermal diffusion 3
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time is of the order of D/Rz. where D is the thermal dif-

fusivity of the host (assumed tu be much greater than the
thermal diffusivity of the inclusion), the temperature rise
as a function of R will be peaked when D/R2 is on the order

of the laser pulse width t This behavior is illustrated in

p*
Flg. 1a where it is seen that inclusions having diameters

< 0.1 pm will probably not induce damage when irradiated by

a Q-switched laser pulse having an energy density of 20 joules/
cm? and a pulse duration of 30 ns.

For long pulses and fixed inclusion size the damage
threshold should be dependent on the laser intensity or,
equivalently, since the focusing conditions are fixed, on the
laser power. When t . is less than the thermal difruzion time,

the threshold for damage will depend on the laser pulse energy

-1
p

predictions, which are also valid for semiconducting inclusions,

80 that the damage power will vary as t . These simple
explain the experimental data of Danileiko et al.lo (see

Fig. 1b) who irradiated the surfaces of sapphire samples with
lager pulses of varyinz time duration.

We now consider a simplified model of inclusion damage
that displays the qualitative features of Hopper and Uhlman's
more accurate calculation for metzllic inclusions. This
model will be used to treat semiconducting inclusions and to
account in an approximate manner for the finite wavelength of
the incident laser light. Spherical inclusions are considered
with the thermal diffusivity of the inclusions assumed to be

much larger than that of the host. Damage is assumed to




(0Lél

‘uewr[yn pue raddorr) -asind 1ase[ su-Qg ..NEu
/2inof oz & 03 3oalqus pue [=2°8/,Wd c 01 X ¢
AjIATSNIJIp [PWISU] BUulAERY uwwg* sserd e ur

goroppaed wmunerd jo aanjeradwa)l paje[noje) (e
4%
.
4.
(¥)
4H©
1
7 -
©
1o
)
(o]
{ et ——
" o — o
(Mo ,O1) UNLYHIJWIL

PARTICLE RADIUS ( microns)

“(0L6T ‘T 32 o{Ia[TUeq)

*axmyddes

utr adewep 9deJINS I0] UOIIRIND

4+'o

—

RJ
l'4

(q)

5

0
PULSE WIDTH (seconds)

|'6

L

1007

$
O - o

]'7

(siiun 3AD|3)) YIMOJ

ADVAVA NOISQATONI 1 21n3rg

asnd zasel ayj uo zemod proysaiyl
ayj jo e@ouspuadap (ejuswriadxy (q




-18-

occur when the temperature of the surrounding host material
“ reaches a critical value AT,, If the material damage is a
phase change, then this critical temperature rise will be
given by the difference between room temperature and the
melting point with an approoriate addition to account for
the heat of fusion.

In the absence of thermal dissipation, the temperature
gain AT of a metallic inclusion with radius R subject to a

square laser pulse of intensity I is eiven by

3e
S AT = larea)l . "™\ It
v ‘\ Wolume) t = T M Rx (1-2)

where C,, is the specific heat, €\ is the spectral emissivity,
and M is a correction factor to account for the effects of the
finite wavelength of the lrradiating light on the absorption

cross-section. For metallic particles, M is approximately

given by31' 21

1 when R 22\/20
M = (1-3)

20R/\ when R <1 /20
Exact calculations of M are very difficult, especially for
absorbing semiconductors, and only a few special cases have
been considered in detail. We will use the simplified form
of Eq. (1-3) to describe the diffraction effects for both
semiconducting and metallic inclusions.

After the laser pulse has passed, the inclusion will

cool and AT will decay approximately as

g y
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2
. -Dt/R
AT = aT, e / (1-4)

where D i8 the thermal diffusivity of the host. Eqs. (1-2)
and (1-4) together imply that the time~dependent temperature
rise of a metallic inclusion during the transit of a square

laser pulse is

2
plm) 3% IRM , _ -Dt/R
A i, D

) (1-5)

The Aamage intensity Iy is defined as the intensity of a
laser pulse of duration tp which induces a critical tempera-~

ture rise AT,. From Eq. (1-5), we find

(m) 4CVDATC 1 ' 1
1 R (1-6)

= 2
- (- /
3€‘\ M 1 - exp{ Dtp, R)

If the inclusions are made of a contaminated semicon-
ductor, they can still absorb large amounts of light energy
and cause optical damage. Residual inclusir~s in high puriuy
cptical crystals are normally less than a micrc in diameter
so0 that the absorption depth for a semiconducting inclusion
will normally be greater than the particle diameter, PFor such
inclusions ¢, in Eq. (1-2) is replaced by a term proportional
to aR where a i8 the frequency-dependent absorption constant.
The temperature rise and damage intensity then become

2
eJX/R]

2T e 1IR®M (1 - (1-7)

Z: %
=

E |
=
%
3
E
3
=

|
|
i

ot ol ot Ut e il o Sttt Sl A

|
he. . .




-20-
and

(s) ATc 1

MR® |1 - exp (x-Dtp/Rz)

(1-8)

Eq. (1-5) has the same qualit cive form as the more

accurate gsolution for metallic inclusions5

as displayed in
Fig. 1a. An optimum radius R exists for metallic particles
in the sense that any other value of R will require a higher
light intensity in order to produce the same temperature riue

AT. Rm can ba shown to be

- 1/2

whan M = 1 for the simple model we have considered. Heating
of semiconductine inclusions produces a different behavior as
seen by Eq. (1~7). When aR << 1 ags we have assumed, the
temperature rise t&T(S)
radius so that an ootimum radius for semiconducting inclusions
does not exist.

Eqs. (1-6) and (1-8) have the same limitine behavior as
the experimental data of Danileikn et al. 2s summarized in

Fig. 1b. When DtD/R2 << 1, the damare threshold is defined

by the energy in the pulse reaching a critical value., I. e.,

R/M;  metallic inclusions
latp ™ (1-10)
1/M; semiconducting inclusions.

Fcr loneg pulse durations (or small particles) such that

Dtp/R2 >> 1, the damage threshold is indenenu>nt of the laser

increases monotonically with increasing

L
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oulse duration, In particular,

1/MR;, metallic inclusions
Ig= 2 (1-11)
1/MR®, gemiconductineg inciusions.

the laser input power is proportional to the laser
intenjity, the pulse-width dependence to the damage power
displayyed in Fig. 1b is to be expected if damage is occurring
from ablorbineg inclusions which all have the same radius R,

In Wn actual damage experiment inclusions present in the
focal vol\yime may be different sizes so that the experimental
results of\Nanileiko et al. reovresent a special case. Let us
consider thye more zeneral problem: An experiment is per-
formed in which the threshold for damage is determined in a
gingle sample, for two -“ifferent pulse durations. Using
methods to be\giscussed in Chapt. 3, optical damage is shown
to result from \nclusion absorption. How does the damage
intensity compa for the two pulse durations? It is assumed
either that large\ focal volumes are irradiated so that each
focal volume is effectively the same or that a large number
of sites are probe&,and meaningful averages obtained.

The solution to this problem depends on the average dis-
tribution ¢f inclusion sizes in the focal volume., We will
study a few special cases,

Congider first a solid in which the probability of
finding a metallic inclusion with R > A/20 = 0.05 um is unity
for all R. If D = 3 x 10-2 cmz/sec (appropriate for NaCl),

then an optimum radius R, can be found from Eq. (1-9)

P ey e
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whenever tp 21 ns. By inserting Eq. (1-9) into (1-6), we
can show that for such pulse durations the damage intensity
I4 will scale with laser pulse duration as

-1/2
Iq np) (1-12)

Eqe. (1-12) predicts a behavior which is different from either
Eq. (1-10) or (1-11).

When semiconduceting inclusions are present in the focal
volume with the same distribution of particle sizes and the
same pulse-width ranee assumed for Eq. (1-12), the damage

1 as in Eq. (1-10). This

intensity is proportional to tD'
result assumes that DtD/R2 << 1, a condition that is wvalid
when the largest particle radius present is 1 um and tp<<
330 ns. The reason that the pulse-width dependence is
different for the two types of lnclusions is that the damage
intensity has a minimum as a function of R only for metallic
inclusions. When semiconducting inclusions are present, the
damage intensity will decrease with increasing R until
aR -~ 1.

Consider now an experiment similar to that of Sect. C
in Chapt. 5 in which damagze is induced with laser pulses
having durations of 15 ns and 15 ps (picoseconds). We wish
to determine how the thresholds for inclusion damage compare
for the two pulse durations. Assume first that all inclusion

sizes with R < 1 um are present., Accordineg to Eq. (1-8) the

damage intensity for semiconducting particles will increase

by a faetor of 107 as the pulse width is decreased from 15 ns
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to 15 pa. The situation is somewhat more complicated when
metallic inclusions are present, If M = 1, an optimum radius
Rp can be found as before and the relative damage flelds
calculated from Eqs. (1-6) and (1-9). When tp < 1 ns, however,
Eqs (1-9) no longer applies. For such short pulse durations,
diffraction effects as summarized by the parameter M in Eq.
(1-3) introduce an additional factor of R in the expression

)
for the damage field Id(m’

+ With this change, Id(m) has the
same radius dependence as the damage field for large semi-
conducting particles, The inclusion size which is most
potentially damaging when t, £ 1 ns, therefore, is R = A/20,
Using this fact, the damage field is found from Eqs. (1-6)

and (1-9) to increase by a factor of about 150 when the laser
pulse duration is decreased from 15 ns to 15 ps. This increase
is almost an order of magnitude less than the corresponding
increase for semiconducting inclusions.

When only particles with fixed radius are found in the
focal diameter, the damage intensity for both types of in-
clusions scales with pulse duration as

Idi%) ] 1 - exp(-Dtl/Rz)

- . (1-13)
Iyt 1 - exp(-th/R )

If we let t, = 15 ns and t, = 15 ps, the calculated ratio of
damage intensities for particles with R = 1 um is 103. ana

for particles with R = 0,01 ym, the ratio is 2.8,

It is thus seen that the change in damage intensity with

decreasing pulse duration depends strongly on the distribution
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of particle sizes in the focal volume. Under certain con-
ditions, damage from semiconducting inclusions can have a
different apparent pulse-width dependence than damage from
metallic inclusions.

Particles as small as 0.01 um may not cause optical
damage in an actual experiment with Q-switched laser pulses,
because the damage intensity, especlially for semiconducting
inclusions, may exceed the intrinsic breakdown strength of

the host.1S The intrinsic breakdown field increases for

subnanosecond laser pulses, however, as shown in Sect. C of
Chapts Y. As the laser pulse width is decreased from about
10 ns to 15 ps, the intrinsic damage intensity increases vy
a factor of about 35 in NaCl, and it may be possible to
observe inclusion damage from small particles with a 15 ps

mode-locked laser pulse when damage produced in the same i

sample by a Q-switched laser is observed to proceed by an

intrinsic mechanism. Bliss and Milam.11 in fact, have ob-

tained evidence for this presumably rare situation in their
studies of ovtical damage to thin film optiecs, and we have =
found during the subnanosecond damage study of Chapt. 5 that
inclusion damage can occur more frequently compared to in- ﬁ;
trinsic damage when 15 vs light pulses are used to induce
damage than when 5 ns light pulses are used. This situation E
is unusual, however. It is normally found that inclusion -3
damage can be avoided by shortening the laser pulse duration,

The model of inclusion damage that we have applied in 2

this section is phenomenological and should be considered




-25.

to be a qualitative description. It was presented largely
to demonstrate the manner in which the second step of the
damage process--the step that describes the sample's tempera-
ture elevation--affects the pulse-width dependence of inclusion
damage. This dependence, which for spherical inclusions can
be translated into an inclusion-size dependent damage inten-~
sity, can be treated accurately by using a thermal diffusion
equation. Any prediction of the pulse-width dependence must
include an assumption about the distribution of inclusion
sizes,

The frequency dependence to inclusion avsorption, which
is determined by the detalls of the heat deposition (step 1),
has been lgnored to this point in the discussion., This de=-
pendence occurs because the absorption cross-section changes
with frequency due to the frequency dependences of ioule
heating, impurity ionization, band-to-band absorption, optical
scattering, etc. Even without attempting to aquantify this
frequency dependence, it is clear that normally inclusions
will become more absorbing with increasineg laser frequency
in the visible and UV. This simple observation sugzests that
inclusion damage may become more of a practical problem as

high-power lasers with shorter wavelenzths become available.

C, Intrinsic Damage Processes

Avalanche breakdown and multiphoton ionization were
introduced in Sect. A, 1In this section we will briefly re-

consider these intrinsic breakdown mechanisms from the




-26-

viewpoint of thelr gqualitative frequency dependences. This
discussion will be extended somewhat in Chapt. 5 for avalarche
breakdown. The laser pulse-width dependence of avalanche
breakdown will also be conslidered in Chapt. 5.

Crosc-sections for multiphoton ionization have been

22 1t is found that s

calculated from perturbation theory.
the laser frequency increases, the crosgs-section for the
ionization of valence-band electrons will increase in a com-
plicated fashion. Successively iower-order multiphoton
processes become vossible as the frequency is raised until
single-photon absorption or direct band-to-band excitatinn
becomes possible., At low frequencles, where only high-craar
multiphoton processes can occur, the excltatlion procass
changes in a continuous manner into Zener tunneling as <hows.

by Keldysh.20

It is expected, then, that multiphoton ansoprw
tion will have the behavior shown schematically in Fis, 2,

Quantitative calculations of multiphoton damare i1 ien-
sities cannot be accurately obtained from perturbaticn the-::iy.
Not only do the varioug matrix elements become large ir

6 volts/cm, but the electrz=tc

typical damage fields of 10
levels within a so0lid become distorted, When bcocund siates
are involved in the ionization process, say from impuriti«=

the distortior. is particularly serious. This distor:ien

develops because the state is life-time broadened aue 1o o
large probability of transitions into the conduction ta-=: -
intc other state323 and because the Stark interaction wiwz,

atates and thereby increases the enerey uncertaintvy,

AR TR,
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Electron avalanche ionization involves an energy ex-
""" Ehange between the electric field and the electrons described e ey
qualitatively by the joule heating formula of Eq. (1-1). 1In

the absence of losses from electron diffusion and trapping,

LJJ I,rm‘; 1

joule heating completely describes the energy input into the

bl

conduction band population. Eg. (1-1) shows that this energy
‘Input scales with frequency as EZ/(1+u?r2), and because the i
details of the energy input should determine tﬁe electfoﬁ -
distrivution function and hence N(t), the threshold for damage -
will scale in the same manner. More sophisticated calculations :
of b1~eakdowr~12LL include an energy dependence in the collision :
time r and average Eq. (1-1) over the high-field electron
distribution.

It is shown in Chavts. 4 and 5 that avalanche breakdown =
t in the alkali halides appears to have an effective collision
time on the order of 10_16 sec. w?r? will be much less than
1, therefore, until frequencies near the visible spectrum.

When the laser frequency becomes comparable to the collision

i : frequency, the damage field should begin to increase as shown :
E % schematically in Fig. 2. z
F | On the basis of this qualitative discussion, we can pre- :
F dict the relative importance c¢f the two intrinsic damage
i mechanisms as a function of laser frequency. While it will be

shown in Chapts. 4 and 5 that avalanche breakdown is the most

likely cause of optical damage in transparent insulators near

1 um, breakdown from multivhoton ionization will become in-

creasingly more important at high frequencies and should
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___eventually dominate avalanche breakdown as the frequency is
raised. Pig., 2 summarizes the relative importance of these
two processes as a function of laser wavelenath. Unambiguous

~ experimental confirmation has not yet been made of the com-

=

petition of avalanche breakdown and multiphoton icnization so
that future damage studies in the visible and UV are highly

" desireable.
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CHAPTER 2

SELF-FOCUSING AND ITS RELATIONSHIP
TO OPTICAL DAMAGE

- A, Introduction

A laser beam propagating in a transparent medium induces an
increase in the index of refraction by an amount proportional to the laser
intensity, 6.7 At powers in excess of a critical power, this nonlinearity
causes the intensity distribution to become unstable and a catastropic
beam collapse occurs in a finite distance z;. In solids the nonlinearity
normally results from electrostriction or from a nonlinear electronic
poiarizability,

A physical description of this process is summarized in Fig. 3

where the propagation of a high-power laser beam having a Gaussian

intensity distribution is followed. Diffraction effects are ignored. Along
the beam axis the light intensity is highest so that the index of refraction
is greater on axis than it is in the wings., Because the propagation
velocity is given by <¢/n, where n is the total index of refraction in-
cluding the nonlinear term (see Fig. 3), light in the wings of the beam will

move faster than light along the axis, thereby causing initially plane phase

! fronts to become concave and the beam to focus. Beam collapse continues

¢ . . o . e . 18,25
until some nonlinear process limits the intensification, 8.2

The manner
in which diffraction ef{fects modify this description will be discussed in
detail below,

Self - focusing is important to studies of optical damage,

hecause unless great care is taken in the design of damage

experiments, catastrophic self - focusing will occur and cause
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the input laser heam to intensify.g The high intensity that

results from self-focusine will then induce damage, but this

high intensity may have no known relationship to the incident
intensitv. When catastrovhic self-focusineg is present, there-
fore, apvarent damage thresholds will actually be thresholds
for catastrophic self-focusineg.

In this chapter the effects of the self-focusing non-
linearity on the propagation of hieh power laser beams will be
discussed within the framework of a paraxial ray approximation.
This discussion provides the theoretical basis for the desien
of the bulk damage measurements, Some important results of
this discussion are:

1. The tendency of iight to diffract and the tendency to
self-focus act in ovvosite directions in the sense that
diffraction effects try to bend lieght rays away from the
axis of vroparcation and cause initizally plane phase fronts
to become convex whlle self-focusing effects try to bend
light rays towards the axis and cause initially plane
phase fronts to become concave,

2, The relative balance between self-focusing and diffraction
does not change as the beam propagates throush the non-
linear medium. As a result, if diffraction dominates at
the entrance plane, it will dominate everywhere.

3. There exists a critical power P, such that when the laser

input power P is equal to Po,s» the focusing effects from the

nonlinear index approximately balance diffraction effects

over the entire laser beam and an initially colummated

. -
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laser beam vropagates with essentially no change in size.
When P > P., the laser beam will collapse after propagating
some finite distance inside the nonlinear medium. When
P < P,, catastrophic self-focusing is absent but beam
Aistortion from the index nonlinearity is still present.

4, A second power, P.,, is more useful in describing this
beam distortion than is P,. P, is defined as that value
of input power for which diffraction and self-focusing
effects balance on axis., For Gaussian beams its value
{s 0.273 P,.26

5., Transient effects make self-focusing more difficult.

6., When a laser beam with P < P, is focused inside a non-
linear medium, the focal diameter will be smaller than
its diffraction 1limit even thougsh catastrophic self-
focusing is absent. Because the change in beam diameter
can be calculated to hieh precision from the paraxial ray
approximation when the index nonlinearity is in its steady
state, self-focusine parameters can be calculated as

demonstrated in Sect. F.

B. General Formalism for a Steady-State Nonlinearity

The effect of the nonlinear index of refraction on *he
propvagation of light beams can in principle be determined
exactlv from Maxwell's equations. In practice, however, an
analytical solution is imoossible unless a number of simplifying

agsumptions are made. One such set of assumptions leads to a




S LR g 8

ey

A O e«
oy A P g e

AR, = 1 g

-35.

paraxial ray approximation that describes the qualitative

" behavior of self-focusing at all power levels and, in addition,

results in a good quantitative fit to numerical calculations
at low laser powers where catastroohic self-focusing is absent.
Since we are primarily concerned with such low powers, we will
use the paraxial ray approximation to describe self-focusing.

A paraxial ray equation for a nonlinear medium was first

28 29

derived by Talanov and was used in detail by Wang ~ and

30 to describe catastrophic self-focusing.

7

Wagner et al.
Zverev and Pashkov’ applied this formalism to a focused, low-
power laser beam. The apvlicability of the paraxial ray
formalism is restricted to laser beams which have ray slopes
much less than one and which have diameters 2a much lareer
than a wavelength--conditions fulfilled in our damage experi-
ments. |

In order to describe the effects of the self-focusing
nonlinearity on lieght vropagation, we begin with Maxwell's
equations. Wang29 has shown that when the electric fleld
vector E(r) is written as A(r) exp i { k¢(r) - wt], where
k

o
Maxwell's equations reduce to the simplified form

2

) 2 2 - -
[(nOTnZA /2)" - (grad (b)z]A + A =0

._];-v
kZ

O
Terms of order (n2 A2)2 have been ienored. When the scalar

product of this equation is taken with A, a term containing

the factor l/kou dropped, and a cross term with n, A2

neglected, this result leads directly to an effective eikonal

27

= w/c and the index of refraction is written as n, + np A2/2.
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equation

n2 1 2
1 - lerad ¢)” = o (2-1)

where

1
2k§n A (2-2)

In the limits of zero nonlinearity and infinitesimal wave-
length, ny = n, and Eq. (2-1) is just the basic equation of
geometrical optics. Results derived from the usual eikonal
equation can be used for the nonlinear problem if the index of
refraction is replaced by Eq. (2-2)., In particular, it can be

71

shown’® that the curvature dz;/dp2 for a pencil of rays with

vosition vector ¥ and with p the coordinate along the ray path

is given by
a3 1 dn, dr
—3 = — |sgrad n-—-— - .
do n, dp dp (2-3)

Eq. (2-3) can be simplified by avplyineg several avproximations.
We restrict the treatment to cylindrically symmetric beams and
assume that the maximum ray slope is small compared to unity.
(In our experiments the maximum slope inside the sample and
before the focus is less than 0.05.) Both the second term on
the right in Eq. (2-3) and the loneitudinal component of the
Laplacian in Eq. (2-2) are necligible. The curvature is now

expressed in a form first derived by ’I‘alanov.28

2+ P
d—; ~ 4 ; . —— grad n ) (2-4)
dp dz n 4 1
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This result is important to the study of self-focusing
effects because the sien of d2F/dz2 indicates whether or not
the beam is converegineg and its magnitude is a quantitative
measure of that convergence or divergence. A positive
curvature results in an increase in the slope of the ray path
with resvect to the propagation direction and thus revresents
a divergzence from the axis., Diffraction alone will produce a
| positive curvature in an isotropic medium. A negative
curvature, on the other hand, will cause convergence of the
beam towards the axis and indicates the dominance of the self-
focusine nonlinearity.

Eq. (2-4) can be written in a useful form by using a

26

"constant shape approximation"”™~ which we now describe. Az(r.z)
ig provortional to the light intensity, and where the beam
propacates with 1little or no change in shape, the intensity at
r and z is equal to a function that describes the team shape
divided by the beam area naz(z). The shape function also
depends on r and z, but in a very simple manner. We denote it
by pe This function may be Gaussian, for example, with

p = exp (-2r2/a2). If only the beam radius changes with gz

and the beam shape does not chanege, then p is actualiy a
funetion of a reduced radial coordinate and is indepandent

of beam size. In particular, we can define the reduced co-

ordinate x as x = r/a(z) and write Az(r.z) in the simplified

form

2
A%(r,z) = p(xphwaz(z) . (2-5)
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The aporoxiration of Eq. (2-5) is normally used ir numerical
‘calculations., Along with Eq. (2-4) it provides the bvasic
relationship needed to calculate the critical power, the self-
focusing length, and the quantitative influence of the index
nonlinearity when diffraction dominates.

By expanding V%_ in cylindrical coordinates r and z it is
easlly seen that Vi A/A is also provortional to a’. We can

then write Eq. (2-2) as

1
n = n_ + f(x)

Lo 22, (2-6)
where f(x) is the sum of contributions from both diffraction
and the index nonlinearity. Grad, is Jjust a.(z)"1 Jd/dx , and
n, in the denominator of Eq. (2-4) can be replaced by ng.

Eq. (2-4%) thus gives us the basic equation for light provaga-

tion within the paraxial ray approximation, namely

2
d“yr 1 1 d
—_— = — — |fix)] . 2a
4n2 “ as(z) ix (2-7)

The importance of neglected terms has been shown to be
negligible29 except near a catastrophic self-focus or under
experimental condition where extreme external focusing 1is used.
We thus have our first important conclusion about selfa-
focusine: the derivative of f(x), which contains no dependence
on 2z, determinea the relative importance of diffraction and
self-focusinz. Once this relative importance is determined

for one value of 2, such as z = 0 at the entrance plane, it
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is determined for all z. The critical power P, is in principle
calculated from the requirement that the derivative f(x)

vanish for all x, leadinz to a detailed balance of self-
focusing and diffraction. Since f(x) contains no dependence

on beam diameter, the critical power will not be dependent on

beam diameter for a steady-state nonlinearity.

Ce Effects of Nonlinearity on Focused, low-Power Laser Beams

The index nonlinearity leads to intensity distortions even
below the critical power for catastrophic self-focusing. Usineg
Eq. (2-7), quantitative corrections from the nonlinearity can
be derived.

The coordinate r can be replaced by x a(z) on the left
side of Eq. (2-7) to obtair a differential equation for the

beam radius a(z), namely

2
d a 1 1 d
- —— — f(x)
dz.2 a3(z) n_x dx (2-8)

30

Wagner et al.’  have evaluated Eq. (2-8) for a Gaussian beam

near X = O, They obtain, to first order,

2
d a 2.2 )

- [1/k“a“(z)j (1 - B/P_)
i ' or (2-9)

where P is the total power in the beam, k = 2n/), and Pop is
given by

p - cXA (2-10)

kS
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When Eq. (2-9) is multiplied by z(da/dz), it can be integrated
subject to the boundary cénditioné that (da/dz), o ¢ = ﬁo

and a(0) = R,s When the laser beam is focused sufficiently
far inside the material, ﬁo is the tangent of the far-field
diffraction angle whose exact value will be given later. We

find

d_a)Z - -P/P_)) 22 4 1-P/P )
dz ) ; * o 2 2 (2-11)
k a (z) k Ro

The minimum beam radius a; (i.e., the radius of the focal
point) is found by settineg da/dz = 0 and solving the resulting
equation for aj;. This vrocedure gives the focal radius a, as
a function of input power and self-focusing parameters. That

is,

i 1/2,,2,:2 2.2,,=1/2
a, - (1-p/pcr) (k7[R + (l-P/Pcr)/k Ro]]

(2-12)
For the power rance of interest 4o our damage exveriments

(P < Pgy), Eqe (2-12) can be consideradbly simplified because,
as we now demonstrate, the power dependent term in the brackets

can be negclected, We want to show that

P/P
. ?
R(Z) + 1/kZR;>> > Czr X
k™ R/ (2-13)

To simplify the demonstration that this equality is vaiid,
the positive term l/k2 Roz on the left of Eq. (2-13) is iznored
and p/Pcr’ which is less than unity ir the region of interest,

1s replaced by 1. Zq. (2-13) thus reduces to

. 4 s i

=
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IR,| >>1/kR, . (11t

The rate of change of the Gaussian heam radius nt tha entrance

plane is given by

=6, for small anagles (weal *ocuswing)

> a4 for large angles (sirana foeuaingd.

Assumine the worse and letting léo‘ = @, where

for a Gaussian beam, we find that the inequality o7 &:, {:.t%}
becomes

(Z/n)(X/ZaQ)>:>x/2n R

or

Since in our experiments the diffraction-1lim’ted Zaursian
beam radius a, is at least an order of magnitude smailer tren
the incident Gaussian radius Ry, this i{nequaitty {& wauily

gsatisfied.

DL <o LR

Because we can neglect the power depencent term in the

bracket of %q. (2-12), that equation takes “he nim:iie form

~ 1/2 ST
al = (I-P/Pcr) a . A e ],,l

o]
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Eq. (2-15) summarizes the behavior of a laser beam with
P < 7, that is focused into a nonlinear medium. The radius
~of the focus is reduced bvelow its diffraction limit a,  bvecause
"of the self-focusine nonlinearity. This behavior is illus-
trated in Fig., 4, As the laser power P approaches Pops the
focal radius decreases until it becomes so small that the
apnroximations used to derive Eq. (2-1%) are no longer valid.
Eq. (2-1%) appears to be a useful aporoximation for
P £0.9 Pypre In any nonlinear medium, therefore, the laser
intensiiy on-axis is increased above its diffraction limit
by the factor (al/’ao)2 where a,, the diffraction-limited focal
radius, is the same for light focused in air or in a solid.
P., can be shown to be the laser input power for which
diffraction and self-focusing effects balance at the center of
a Gaussian lieht beam., For input powers ecreater than Por
but less than the critical opower P,, diffraction dominates
everywhere except near the beam axis. Numerical calculation327
show that a collimated beam will initially intensify at such
vowers until the diffraction of the winas forces the on-axis
intensitv to drop. P.. differs from P, because the latter is
a quantity averaged over the entire beam while P.. is deter-
mined by the hehavior near the center. In fact, P, is not a
precisely defirned gquantity because it is not possible to

exactly balance diffraction and self-focusineg over the entire

beam cross-secticr., At an input nower of Pc- therefore, a

!

orovagating heam will not change its size measurably and so

not experience a catastrovhic self-focus, hut its intensity
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Fig. 4. THE EFFECT OF THE INDEX NONLINEARITY ON THE
- MINIMUM DIAMETER OF A FOCUSED LASER BEAM |
: WHEN P<P : :
cr g
PBN-72-1287
Light ray paths with n2=0 _ o .
P m——— Light ray paths with ny #0 '
) <
and Plnput pCl’ T
| _
3 , . d
: Direction of . 1
light propagation

B S e e e

The tendency to self-focus acis in opposition to diffraction. Whereas diffraction
produces a positive ray curvature, self-focusing produces a negative ray curvature,
i The focal diameter d= 2a inside 2 nonlinear medium (n;=0) will be effectively

- reduced, therefore, from 4 --its value with n=0--to d;, and the on-axis light
intensity at the focus will be correspondingly increased, As shown by Wagner et al,
(see Ref. 30), the presence of the index nonlinearity also causes the point of
minimum beam radius to be displaced to the right toward the geometrical focus.
This latter observation is nct important tc the discussion in the text.
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distribvution will te distorted. P, has the same functional
form as P, and differs by just a numerical factor as Por =

0.273 P, for Gaussian beams.26

D. Transient Effects

The above analysis is correct only in the steady state.
In solids the dominant nonlinearity is normally electro-
striction.6 and if the orocess is transient, it is no longer
true that the relative balance between diffraction and selif-

focusine is independent of vropasation distance and that the

critical powers are independent of beam diameter. The changes

occur because electrostriction becomes non-local in bvoth a

I 4, i\ mw

temporal and a spatial sense. Although a susceptibility
aporoach such as used here is no longer strictly correct, it
is nonetheless useful for establishine functional dependences

for self-focusing parameters and approximate quantitative

values,
32

i Bl il

Two results from a transient analysis are important.

b A

The first is that transient effects decrease the effective

nonlinear index ny and thus make self-focusing more difficult.

The second imrortant result involves the dependence of the

sty 1 S e

critical power on laser pulse width and on beam diameter. In

the steadv state, the nonlinear index n, is ziven by6

Wb il Bkt Lt e

dn,2 :

o(p 50) .

n, =
“ 4 p v §
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where ng is the index of refraction in the absence of the

nonlinearity, p is the material density, and v is the acousti-

cal sound velocity. The quantity (p dny/dp) for cubic
materials such as the alkali-halides may be found approxi-
mately by differentiatineg the Clausius-Mosotti equation.33
The remaining constants are tabulated in handbooks.
When the laser pulse width tp is shorter than the
electrostrictive response time tp = a/v, n, is decreased in

value, thereby increasing the critical power. For a triargular

pulse, Kerr32 has shown that

. = a ve
(nZ}transmnt (nZ)steady-state [1 ‘WD(?)] (2-15)

where D(%g) is Dawson's intearal with

£
D) - exp(-§) J exp r‘,z dn
0
<
When t, < tp/2,
~ K v2t2
) transient ~ (n2)steady-state __22.
a

This result is valid for more general and realistic pulse-
shapes with the numerical constant k being of order unity and
having a value devendent on the precise time-structure of the
pulse., When this result is inserted into Eq. (2-10), the
critical power becomes

s AP - = (2-17)
< 1/2 c’'steady-state VZ 2

o o b 2, A e bl

T
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For short laser vulses, therefore, when the process {s
rather than a critical vower, and fairly small chanees in
pulse-width will have a significant effect on the critical

power.

E. Avpplications of Self-Focusineg Theory to Optical Damage

When catastrovhic self-focusing occurs in solids, the
results are dramatic--an extended svark and local disruption
of the crystal, Because such optical damage avrarently
always accompanies catastrophic self-focusing in crystals, it
has become customary in the damage literature to associate

34 Results of

damace with total collavse of the laser beam.
the oreceding sections show, however, that it is possible to
induce optical damage without measurable beam distortion from
gself-focusing. This is possible because catastrophic self-
focusine and beam distortion depend on the laser incident
vower whereas intrinsic optical damage devends on intensity
for a fixed laser pulse width,

These observations form the basis for the desien of our

optical damage experiments. A lager bearm with input power

much less than P.,. is focused tiechtly with external optics in

order to achieve the high intensities necessary to induce

intrinsic damage. Great care is taken to avoid measurable

aberrations in the focusing optics.

In order to avply this technique, estimates of P., are

required. The nonlinear index from electrostriction can be
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calculated in the manner discussed in the previous section,

and the electronic self-focusing parameters can be calculated

s

from the third-order electronic susceptibility.35 In parti-

cular,

vy b,

it

(2-18)

where X(3)' is the real part of the electronic nonlinear

[

susceptibility x§%}1. x(3). can be obtained from measurements
of third-harmonic generation.36 Typically, P, from steady-
state electrostriction at 1.06 um is on the order of 1 M¥
(106 watts) while the electronic critical vower is about an
order of magnitude lareer. Recause of transient effects,
electrostriction will weaken as the laser pulse width is low-
ered below about 5 ns for a 50 um beam diameter and will
generally be unimportant for subnanosecond laser pulses.

Experimental checks are necessary to confirm the absence
of sienificant beam distortion. Previous experimenters had
connected the damage morvhology with self-focusing.g' 37 but
morohology 18 not a reliable indicator of the presence of self-
focusing. Intrinsic damage in the absence of self-focusing
effects can have a morphology similar to that seen with
optical damage vreceded by catastrophic self-focusine, (See
Chapt. 7.)

The simple test used in the opresent work to confirm the
absence of self-focusing consists of measuring the damage

field with lenses having different focal lengths. If the input

power required to induce damage scales with the square of the
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focal leneth, as expected for an intensity dependent process
such as intrinsic breakdown, then catastrophlc self—fucusing
from a steady-state nonlinearity 1s absent. In addition,
usineg Eq. (2-15) we can show that significant beam distortion
is also absent.,

If, on the other hand, the laser vulse width is less than
the electrostrictive response time (a/v), Eqs. (2-15) and

(2-17) predict just the results obtained. It may be desired

to demonstrate the absence of transient electrostrictive gelf-
focusing by changing the laser pulse width and comparing the
input damage powers with those expected from Eq. (2-17),
Because intrinsic breakdown is weakly pulse-width dependent

as shown in Chapt. 5, care must be used in intervreting

regults,

F. The Measurement of Self-Focusing Parameters Using Intrinsic

§
1
3
3
f=-
b
3
%
E

Optical Damage 3

Experimental values of ny for various materials have been

determined from measurements of induced birefringence.38

39

by

studies of the movement9 or positions of optical damagn

tracks in crystals, or by observine the changes in the intensity

g Deitlgr e it

Alstribution of the transmitted laser beam as the input power

is 1ncreased.uo

A new technique for measurine self-focusing parameters

wag developed from the results of Sects. B-D. It consists of

determinineg the powers necessary to induce intrinsic bulk
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damage as lenses with different focal lenegths are used to

focus the radiation and then comparing these results to pre-

- dictions based on Eq. (2-12). Hiegh input powers are not

needed so that relatively small, stable lasers can be used.
This technique is descrived in detail below, and as an {llus-
tration of its application, the self-focusing parameters for
sapphire are determined. Some experimental results and ideas
developed in later chapters will be briefly introduced.

Fig. 4 illustrates gchematically the effect of the index
nonlinearity on a TEM;, laser beam when P < P, < Po. As
shown by Eq. (2-15), the focused beam radius is decreased from
its diffraction limit of a, to a smaller value, aq, becavse of
the nonlinear index. As a result, the on-axigs intensity is
increased by the factor (ao/al)z. If I, is the intensity
wnen ny = 0, then from Eq. (2-15) we find that the intensity

I4 in the vresence of the nonlinear index is given by

Iy = 1,/ -P/P_) (2-19)

where P is the input power of the laser beam and Pcr in esu
units is given by Eq. (2-10). As the input power is increased
to a value within a few percent of P.r+ corrections to Eq.
(2-19) due to diffraction of the wings of the laser beam may

become important26

and numerical calculations may be required

to accurately establish the relationship between I and I,.
Although we have considered only Gaussian beams, Eq. (2-19)

is valid for any smoothly varying intensity distribution which

has its most intense region along the axis and which is
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quadratic in r near the axis. The precise value of P,

~‘however, depends on the coefficient of the quadratic term. 1%t

was shown in Sect. C that corrections to Eq. (2-19) are unim-
portant when P < P.. and the beam is fucused sufficiently to
induce intrinsic damage.

The steady-state analysis summarized by Eq. (2-19) is
appropriate for tightly focused laser beams, because the
electronic contribution to n; is in its steady state for all

attainable laser pulses38

and electrostriction is in its
steady state whenever the laser pulse width tp is greater than
a response time'ﬁ given by the ratio of the radius of the
focused laser beam and the radial compression wave velocity
v.6 (In sapphire, where v = 1.1 X 106 cm/sec for lieht pro-
pagation along the crystalline c axis, tpﬂRa 1 when ty =

10"8

sec and the focused beam diameter is 220 um.) If electro-
striction is sliehtly transient, Eq. (2-iy) may 3till be used
with P.. corrected in the manner discussed in Sect., D.

Having thus determined the intensification produced bhy
the index nonlinearity, we look for a process which is sansitive
to a constant value of on-axis laser intensity. The powers
necessary to reach this intensity will be recorded as lenses
with different focal leneths are used. The basic requirements
for this orocess are, first, that it be easily observable with
a reasonably well-defined intensity threshold and, second,
that its threshold can be reached with strone external focusine
when T 3s constrained to values less than Pgpr. Intrinsic opti-

cal damarce from avalanche breakdown will be shown in later
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! Breakdown leads to a

chapters to meet these requirements.
spark and local meltinz of the material and is therefore
easily observed.

Poy is determined from measurements of the damaze power P
made with various lenses having different focal lensths. BRe-
cause P must be less than P,,, short focal lengths are required.
Complications °“rom aberrations in the focusing opticz and in-
accuracies in determining the input powers can be greatly
reduced by the use of a reference crystal such as NaCl that can
be damaged over a larege range of inout powers before self-
focusine becomes important. (See Chapts. 4 and 5.) Acvroroxi-
mate values of P,., which are useful for the initial selection
of focusing ontics, can bhe calculated as discussed in the
previous section.

The focal lengths of the various lenses can be related to
the focal svot size in air a,. (The focal radius in air anc
the focal radius in the crystal are, neglectine aberrations
and self-focusing, identical.) A measurement is thus made of
the incident power necessary to induce damage as a function of
the focal radius in air a,. In Eq. (2-19), I, is replaced by

kP/ao2 where k is a constant that devends on the index of

refraction n, and the intensity distribution of the laser

H

pulse, If I(r) = I, exp (-2r2/302). k has a value of (2/n) ng,

o
Eq. (2-19) then becomes

p

a cr

Zn

1 n) 1, 1

P 1 2 ) (2-20)
™ta o

b
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The damase intensity I4 does not depend on a, for avalanche

breakdown., A plot of 1/P as a function of l/ao2 vields a

straight line with 1/P,,. as the intercept and 2/7 I, as the
slove.

Two precautions should be taken when using this measure-
ment technique, The first is to avoid damage from absorbing
inclusions, and the second is to account for any dependence
of avalanche breakdown on the laser pulse width. Methods for
distinguishing between inclusion and intrinsic damage are
discussed in detail in Chapt. 3. Inclusion damage can often
be completely avoided, because the use of strons exXxternal
focusing which is needed for the vresent technique results in
the sampling of volumes that are so small that damagine in-
clusions are normally avoided. The laser pulse width dependence
to the damage field will be shown in Chapt. 4 to be small for
Q-switched laser pulses. Measurements cnnducted with mode-
locked lasers, however, cannot be directly compared to those
made with Q-switched lasers,

As an illustration of the use of this technique, we con-
sider data accumulated in two different experiments on optical
damage in sapphire. In the first experiment3u a Q-switched
TEMpo ruby laser was used by Giuliano et al. to damasze sapphire
with three different lenses. In the second, reported in
Chaot. 7, a measurement was made with two different lenses and

a Q-switched TEMgg YAGiNd laser. The pulse widths were 20 ns

L2

and 5 ns, respectively. Table T summarizes the relevant

results of these studies,

i ol e - A o oAb L it it il
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TABLE I

Damage Power in Sapphire

for Different Beam Sizes

Wavelength ao(ym)'
0.6943 um 20
(ref., 734) 53
140
1.064 um 9.0
(Chaovt, 4) b1

*The beam radius is defined to be the 1/e% radius for the
intensity. 1In both exveriments Gaussian laser beams

used.

3

0.51 %
O.?LL %
1.23 £

+ .02

.04
07
.10
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In order to compare the data, the wavelength dependence
of Pop must be considered. 1t can be seen from Eqs. (2-10) SRS
and (2-20) that the data can be plotted together if the
coordinate axes for the YAC data are proverly scaled relative
to those for rubv. In the plot of 1/P versus 1/':ao2 in Fig. 5,
the axes are scaled by LA, (YAG)/ Ao (ruby)]2 = 2.35. The
intercept on the vertical ruby axis is P,,. at 0,6943 um, and
the slope measured relative to either pair of axes, is
(2/714) ng.

Pop is fourd to be 0.83 x 106

watts at ruby wavelength,
Py = 3.0 x 106 watts, n, = 0.56 x 10-13 esu, and Iq is

1.1 x 1011 watts/em®. The value for P, lies within the

r
range of values reported in Ref. 9, and I4 arrees with the

results of Chapt. 7,

The plot i» Fig. 5 curves downward when 1/w2 < 0,02 x
10-2 (um)’z because the electrostrictive contribution to the
critical power is becoming transient. Even though Eq. (2-20)
is not valid for transient effects, we can modify it tc
approximate slightly transient behavior by using Eq. (2-16).
If it is assumed that the electrostrictive nonlinearity is

much larger than the electronic effect, a damage power of about

1.1 x 106 watts is predicted for w = 140 um. Alternately,

if the electronic and electrostrictive contributions are
equal, the damase power is estimated to be 1.0 x 106 watts,
Both values compare favorably to the measured value of

1.2 x 108 watts in Table I.

9

Giuliano and Marburger’ have inferred a range of values




Fig. 5.
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A plot of 1/P as a function of l/w2 produces a straight line according to Eq. (2-20).
In this figure we have used w to denote the Gaussian beam radius a,.
w(l/w® 50,02 x 10" “pum)2), departures from a linear relationship are expected because
This is experimentally observed as seen in the
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electrostriction hecomes trz.asient,
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for the nonlinear incex in sapphire of 0.31 to 9.5 x 10"13 esu.
It is clear from the more recent measurements of Ref, 34,
Xhowever, fhat np cannot be as large as 9.57x 10'13 esu.
Giuliaro and Marburger's analysis was based on the central
assumption that there exists a one-to-one correspondence be-
tween a damage spark and a moving self-focus where the latter
develops from catastrophic self-focusing. While this is almost
certainly true at high input powers, the present analysis and

the experiments in later chapters show that a spark and optical

damage can occur at low powers where a moving self-focus is
absent. It is very likely that . heir plot of p? versus 1/zy,
where z¢ is the self-focusing di- -ce, deviates from a linear
relationshio at lo# powers becau.r damage is occurring without
catastrophic self-focusine in this region and not bhecause of
transient effects as they susgest. Only data obtained with
large values of P, therefore, can be used within the framework
of their analysis to predict n;. The lower value of their
range of values for n, (0.31 x 10713 esu) is probably the most
meanineful, 1t is somewhat smaller than the presgsent estimate
of n;, because under their focusing conditions, the electro-
strictive contribution to the nonlinearity may have been
transient and therefore smalier than under steady-state
conditions., It thus appears that the present measurement of
self-focusing parameters in sapphire is consistent with the
results of Giuliano and Marburger.

The electronic contribution to np can be determined by

the preser: technique if conditions of messurement are chosen

|
T ‘um}:‘\ [
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such that ty/rp <<1. Because of the requirement that the
input power be less than P.., tp/ty <<1 cannot be achieved by

increasineg t through the use of weakly focusing external

-
optics. This extreme transient 1limit can be achieved, however,
by using single, mode-locked laser pulses with time durations
of the order of 10 ps. Such pulses must be temporslly smooth
and hence transform-limited so that a YAGiNd system is a
natural choice for the laser,

In summary, the analysis of Sect, C leads to a useful
technique for measurineg self-focusineg parameters. The ideas
which we have developed here not only provide the basis for
this technique, but they also help clarify the relationship

between self-focusing and optical damaege, a relationship

which has often been confused in the literature.

o L




CHAPTER 3

: THE LASER SOURCES AND EXPERIMENTAL
B P N S - -TECHNIQUES

A, Introduction

In this chapter we will describe the equipment and procedures used
in the damag :xperiments in Chaps., 4-7. Sect. B describes the two
Q-switched laser systems, developed by D, Bua and M, Bass of Raytheon
Corp., which were used for the nanosecond-pulse studies of damage.
Measurements made by the author to characterize these systems will be
presented along with an alignment technique that is useful for longitudinal
mode sclection. The experimental procedures used in the damage
studies will also be summarvized in this section, In Sect., € a mode-locked
laser developed by J. P. Leteilier and J. McMahon of Naval Research
Laboratories will be described and mcasurements to characterize its

performance summarized.

In the studies of avalanche breakdown, inclusion damage was
treated as an experimental problem to be avoided. For this reason
techniques for identifying inclusion damage will be considered in this
chapter in Sect. DD, Without these techniques, several of our damage
experiments could not have been completed., The convincing identifica-

tion of intrinsic processes, in fact, requires that cither inclusion

E ' damage be known to be absent or that inclusion damage be distinguishable

from intrinsic damage at each damage site,

: B. The Q-Switched Lasers and Beam-Handling Optics

¥

i Fig. ¢ shows schematically {(he principal features of the

’ {l-switched laser sources. These systems were pulse pumped and
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electrr-optically Q-switched, Some important properties of
these devices are summarized in Table Ii.

In order to make meaningful measurements of absolute
damage fields, it was essential to restrict the laser trans-
verse structure to a single radial mode. This was accomplished
by inserting small circular apertures into the plane-mirror
laser cavities. It is well known that diffraction losses are
large for a plane mirror cavity so that the use of a circular
aperture, which reduces the cavity Fresnel number, can be
effective in preventing oscillation in all but the lowest order
(TEMgo) mode.*? In a confocal cavity, on the other hand,
diffraction losses will be relatively unimportant compared to
mirror and scattering losses, and an aperture of reasonable
size cannot normally produce TEMgg output.

Two techniques were used to verify TEMgg operation. In
the first, a 1-mil pinhole was moved across the YAGsNd beam
in 1-mil translation steos and the intensities of successive
shots recorded. Fig. 7?7 summarizes the result of one measure-
ment., FEach data point is a visual average of about 5 laser
shots. The small dip visible near the center of Fig. 7a
could not be reproduced and therefore indicates the experimental
errors in the meésurement. By plotting the logarithm _f the
lagser intensity as a function of the radisl distance squared,
it was found that the output of the beam had a Gaussian profile

of the form T, exp (-2r2/b2) where ¢ is measured from Fig. 7b

to be about 0.49 mm.

Because the ruby laser was fired less frequently than the

=
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TABLE | |

LASER PARAMETERS

Wavelength

Energy TEMyy Mode
Beam Diameter at Output
Mirror

TEM(yy Mode
Polarization
Pulse Repetition Rate

Pulse Duration in TEMOO Mode

Pulse to Pulse Energy
Reproducibility

Nd:YAG
1. 06um

1.5 mj

0.8 mm

Linear
1 pps
4.7 nsec (FWHP)

+ 1%

Ruby
0.6%4um

2.0 mj

0.7 mm

Linear
1 pulse/5S sec
14 nsec (FWHP)

+ 10%
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YAG and was generally less stable, a second technique for

-3
< |
3
2
=3
3
2
3
=
2
3
E

‘measuring the transverse mode structure was used with the ruby ”?%
system, A lensleus camera was placed in front of the ruby ;%
=

laser with a coated glass plate positioned just before a

photographic transparency. The plate was coated in such a

mnm INHu.FﬂFhmmwﬂhm;

manner that the red ruby light was partially reflected at each

surface and the light transmitted to the undeveloped trans-

b e Lo bbb

parency consisted of descrete images each attenuated by a
factor of 2 from the image above it. Fig. 8 shows the inten-

sity distribution of a single ruby pulse obtained in this

sl

manner. It is Seen that the intensity distribution of the

ruby laser more nearly resembled the far-field pattern of a
plane wave than a Gaussian. By imaging the focal plane of

the lens used in the damage studies, it was possible to

e bt s b b L B i st

directly measure the intensity distribution of the laser beam

when it was tightly focused. This technique was not used with

the YAG laser because of the difficulties involved in obtaining
and preparing photoegraphic emulsions sensitive to 1.06 um
radiation.

Measurements of the transverse distribution summarized in
Figs. 7 and 8 inteerate the transverse intensity distribution
over the full time duration of the laser pulse. Depleticon
effects in the rod, however, can cause this distribution to
change with time.uu To verify that such an effect was not
occurring on-axis where the laser intensity was gereatest and

damage was known to commence, the center of tiie beam was

samrled with a 25-micren pinhole and found to have the same

et el st .

T e
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time structure as the entire beam,

The lasing band-width of the lasers was restricted to at : -
most a few adjacent longitudinal modes by using a particularly
simple technique that does not require any special optical :
cavity componants such as an output resonapt reflector. The |
technique consists of aligning the front surface of a plane-
cut laser rod parallel to the 100 percent reflecting mirror.
Fig. 9 indicates the resulting intracavity resonator Mi-A,
The anti-reflection coating on each end of the laser rod has
a residual reflectivity of abbut 0.25 percent and so the
passive f'inesse of resonator M;-A is very low. When lasing
occurs, however, M;-A contains a medium with gain and its
effective finesse ecan be very high. In our ruby laser with a
10 em rod, for example, the combination of a 0.25 percent
reflection surface, A, a laser gain coefficient of = 0.25 cm'l.
and the 99.9 percent cavity reflector, M,, results in a steady-
state reflectivity finesse of about 6. All other intracavity
elements are placed between surfaces A and My to minimize
reflection and scatterine losses in the subcavity M{-A,

In fizures 10 and 11 the effects of rod alignment on the
temporal outputs of the Nd:YAG and ruby laser are illustrated
as measured by a photodiode-oscilloscope combination having
a measured risetime of 0.5 nsec. For the ruby laser, additional
mode selection was achieved by using a single sapphire etalon
as the cutput mirror, M.

The detection of a smooth pulse by a limited bandwidth

detector ma; be the result of either single-frequency output




o il e R L e i ) M i b ) G AL L R i s i L S

-67-

JOLVNOSTIY ALIAVOVYLNI
ONILOATAS-IAOW ODONIMOHS ALIAVD YASVI V JO WVHOVIAQ DILVWIHOS 6 "31g

uc|pjo oaJiyddos

9jbuls 10 Y % 02~
J0441w jndino pO4 19SDT

°w \ a

J0401W
Y % OO0l

7Y

a-'W —

2N - —fe v-'W

$10jDUOS8)  A}IADIDIU]

bLlv-2.-N8d

U UL R L L Uil S A I!a
l




R L

B DAL i

1

-~

il &

bl

.
bl et

(a)

T

i L

{b)

Fig. 10, EFFLCT Q: ©Uly AL
Q-SWITCIE DY Ay e

(a) Rod mmisah

e 3

(b)) Four svcoeso o ~i i i ral dioned

" o e et Wt ke

v

!
§




- 09 -

(a)

(b)

{c)

Reproduced from 2 :
best available copy. % g |

Fig. 11, EFIFLECin OF i See v 0l On 05 il PULSES




-~70-

or the simultaneous oscillation of many randomly phased modes.
In order to resolve this ambigulity the lasers' output spectra
were studied with Fabhry-Perst interferometers. The lasing
bandwidth narrowed significantly as the rod was aligned to
achieve smoother pulses. Unfortunately, our interferometers
lacked sufficient finesse to resolve individual laser cavity
modzs (Av = 300 MHz). The longitudinal mode content of a
perfectly smooth laser pulse can be inferred, however, by
combining the interferometer and pulse waveform data. The
observed interferometer limited bandwidth of a smooth ruby
laser pulse was = 1.2 GH2, implying that a maximum of &
adjacent modes could have been oscillatineg. Since the photo-
diode-oscilloscope combination could detect frequencies as
high as -3 Ghz, the presence of four adjacent oscillating
modes would have been detected throusgh the observation of mode
veating as in Fig. 11b. Therefore, our smooth ruby laser
pulses, as shown in Fig. 11c, were caused by single longi-
tudinal mode lasings In support of this conclusion we note
that Giuliano gt g;.us revorted that perfectly smooth pulses
correspond to single mode oscillation while non-smooth wave-
forms were always associated with two or more ocscillating
modes. Replacing the sapphire etalon with a wedged output
mirror did not qualitatively chanege the results.

We have found that slieght misalignment of a multi-
component resonant reflector or of one which employs high

reflectivity mirrors of+en causes transverse mode distortion.

The simple technique for obtaining smooth pulses described

e
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above does not have this problem and is quite compatible with
TEMy(o mode operation.

When the product of the double-pass gain and the output
reflector is less than about 40 percent, it is no longer
vossible to operate the laser in a single longitudinal mode.
A simple modification of the present technique is to misalien
the rod and to insert a coated optical flat parallel to the
v2w ity mirrors. One surface of the flat functiosns as the rod

face M; atove, and its reflectivity can be chosen to be high

enough to give high mode discrimination while still low

{

T gt

enough so that there is no lasing from that surface. This

g Wl

i

configuration is identical in basic form to conventional

resonant reflectors except that the first surface has a low

)

eflectivity 1o minimize degradation of the transverse
structure. As in the previous techniqua, mode discrimination
is achieved by providineg a subcavity containing an active
medium,

We thus see that the Q-switched lasers used in the present
study produce TEMggo output with at most a few simultaneously

lasing ionzitudinal modes. Because these systems are well-

E
3
#
Y
3

characterized and stable, it is possible to use them to make

P

accurate determinations of damage fields,

The actual damage measurements were made by focusine the
laser beams th=ough a 14 mm focal lensth lens to approximately
2 mm inside the samples, C- e was taken to insure that
soherical aberraticnc from both the lens 2nd the plane en-

trance surface of the sample bheine tested we=e urimportant,

R e e - i
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A brief discussion of aberrations is given in the Appendix.

s

A fast photodiode was used to monitor the transmitted light,

and an energy monitor recorded the energy in each laser pulse,

The combination of one rotatable and one fixed polarizer

resulted in a variable light attenuator which was highly
sensitive, quite renroducible, and which did not affect the

laser pulse's polarization, spatial distribution, or duration.12

1f the fixed polarizer is oriented to transmit the laser
polarization and if ¢= ¢° is the angle of the rotating

polarizer which gives mavimum transmission through this

i T 1 S a7

attenvator, then the transmitted intensitv at any other angle

of rotation about the heam axis is

T gy

! I C - ) N [T T
“‘A.‘.Mﬂnmmwmﬁﬂ%ﬁm@mmum@ﬂummmw e

s = bl c0549
o

where i, is the incident light intensity and b is the fraction

[¢)

transmitted wnen 6 = O, Calibrated neutral density filters

were often used irn conjunction with the variable Glan

T T T ey

attenuator,

C. The Mode-Locked laser

vWhen a large number of randomly phased lonzitudinal

il ALl e G i

modes oscillate simultanecusly, the laser output has an

by

irremlar spiked envelone., A phase correlation con be forced

on adjiacent modes, however, and a train cof short pulses pro-

duced, The technique most often used for this phase- or mode-

TR

locking is to plzace a saturable oreganic dye solution inside

l .
the cavity.$6 Because the absorption of the dye decreases

Ty

i A oo A o, bt s
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for high intensities, the field in the cavitv is forced into
a high-intensity, short-duration wave-vacket, or equivalently,
a larege number of vhase-correlated side-bands are cenerated
which coincide with the lonegitudinal mode resonances of the
cavi ty and which together produce the desired output.

The mode~locked laser used for the subnanosecond damage
stuly of Chapt., 5§ was a YAGiNd, passively mode-locked laser
with kadak dye 9740 used as the bleachable dye. This system,
as opposed *to a glass:Nd laser, has the imvportant feature that
the individual spikes in the mode-locked train are free of
time and carrier-frequency substructure.38 It is possible,
in other words, to establish a phase correlation over the
entire lasing band-width with YAG:Nd as the a_tive medium.

In order to allow a larcge number of longitudinal modes
to reach oscillation simultaneously, the ands of the rod were
cut at Brewster anele., A circular averture restrinted the
radial Aistributicn to a TEM44 outnut, and the temoersiure
stabilized dve was carefully circr " .- -<i-oufeh a2 1 mm thiecyk
cell containine the rear 99.G% ref.” - -t [he system was
operatad at a firine rate of 1 pps with an amplitude stability
of about 207 in intensitv.

A laser-trigeered, electro-ovtic shutter, prositioned just
after the laser outout mirror, was used to select a3 single

. . Lo . . s
pulse from the mode-lonked train. " The overation of this

device is summarized in ".r, 12, Af{ter the vulse train

travels through ar inf+t -

1

11v vnhianed ¥OBT Packels crll, it i3

£

5

raflected from a fixed Alan rolarizer and focused orto the
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high-voltage electrode of a vressurized laser-trigeered spark
gap. Yhen the gas between the electrodes breaks down, a 5 KV
voltage spike is transmitted down a coaxial line to the
Pockels cell, This voltase spike has a time duration of about
7 ns which coincides with the round-trip cavity time and
therefore the temporal separation of the pulses in the train,
Durine this ? ns time interval, one pulse will enter the
Pcckels cell. Because of the high voltage applied longitu-
dinally across the KDP crvstal, the plane of polarization of
that pulse is rotated aoproximately 90° and allowed to pass
through the fflan polarizer.

¥With this desien we were able to ohtain single pulses of
aporoximately 15 ps duration for the damage studies. By
replacine the cavity output mirror with a sapphire etalon, the
lasing bandwidth was restricted, and pulses of just urnder
300 ps Auration were obtained. Two-photon absorption measure-
ments established the pulse durations.

The eneregy calibration posed a prcblem because a single
15 ps pulse caused optical btreakdown ingide a = ibkrated
ballistical thermal-pile of the type that bad teon unes to
measure the enerey of the Q-switched lasers. A Tlzavar nienic
voltaic cell was finally chosen as an eperev nol:
overatine it in an integrating mode and cal r-avire 4t with
a commercial Q-switched YAG laser, we were shle it usse=il. cn
the enerey calibration to within about 2%,

This system had been known to oberate i a TaN. . mude

with an internsity distribution hest degeriVer 5 & ez
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faussian. (The distortion of the mode probably resulted from
the optical characteristics of tha dye.) We verified that
the mode pattern had not changed by recording successive burn
patterns on a commercial blackened paper as the light attenu-
ation was varied in fixed steps.

The actual beam handling optics beyond the electro-optic
shutter were the same as with the Q-switched lasers except
that laser attenuation was accomplished by calibrated filters

alone.

D, The Distinction Between Intrinsic and Inclusion Induced

Damaze

Transparent materials often contain absorbine inclusions
which are too small to be easily detected by ovtical in-
gpection. Calculations in Chapt. 1 have shown that when tneir
diameters are greater than about 0.1 ur. such inclusions car
produce local melting of tha sulroundirne material wher ir-

radiated with T-gwi*ched laser vulses.

1
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utilizes the damage statistics described in Chapt. 6 and can

be applied to both surfice and wulk studies. Its use, however,
requires a larege nu=wher of 1°7nt probes by a highly stabilized
laser, A third =<echnicum, whkich was developed during the
present s%udy, alleowr 2m immediate determination of the

geners? source ¢ or%: i) damage at individual sites both in
the Dulk 4° Gon tne uusthae,  This technique does not require
an amolituds stanilized laser and thus simplifies the problem

of fcsvuifving irtringic surfaze and bulk damage. Finally, a
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haervations to be described below are
pertcularty usefit az i-ndicaters of inclusion damage when
SutMAmac st an Y pyloen are yeed g9nd the first and third tests
canna! bte anolied.

varlarovitant? ripss <rearved the distinctive morvholoey

normallyv procduced By intrinsic “ulk breakdown and used it to

igtinzuist bdetweern inurinsic anl ineclusion damage at 10.6 um,

L

Tris gsame %echrisgus war ugad in the hulX breakdown studies at
1.0% um ana at 0,40 o wnten ara 4asgeribed in Chapts., 4 and 5,
Te wan fount tra? wean Jetrisai - hreakdown occurs,. a narrow
melted raxiorn Heorineg 21t reometrical focus and increases

in eroes-s522310r as i1 mprows hack a very short distance to-
wirds the iarer to sive » {2ar-drep appearance, Inclusion
gamars, ov. tre cther hnv, verepeilly forms as spherical
recioens ¢3ncSomly digor  wrter aveut the focal point. For both
wechaniery Lhsvmmy ity frielaear ornersn can develop after the

L, Reag352 of these ohservations,

fmrittim acrs e gl “qpurra can bhe reliably distineuished
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in the bulk by examinine the damage morphology. Figs. 13 and
14 show examples of this morphology as seen in the damage
study described in Chapt. 4.

The second technique for determininz the absence of i
inclusion damage is based on the statistical nature of intrinsic
damage as first observed by Bass and Barrett13 and extended in
Chapt. 6. A precisely defined threshold for intrinsic damage
does not exist. As a result, intensity levels can be found 'f .
such that damaege occurs on each pulse with some finite

probability Py defined by

Dy = total number of damages . .
1 ~ Yotal number of vpulses (3-1) = -

Ry fixing the intensitv of the highly-stabilized laser source,
2z distribution function fy can be obtained which describes the
fractional number of times N puises are requlired to produce
damage, If laser fluctuations can be neglected arnd Py is the é
same for each laser voulse (p; = 0 or 1 for inclusion damage),
fiy is #iven by the probability that no damage has occurred on
the first N-1 pulses times the protability it has occurred on
the N*h, 1. e.,

_ N-1
= -p "py (3-2)

Since the only way this distribution of N values can be

obtalned is if py ls constant, the agreement between measured
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A

i
100 um Direction of

Propagation

Geometric Focal
Plane

14, INCLUSION DAMAGE IN RbCI

Darnage which we regarded as due to absorbiag inclusions consisted
of small spheres randomly distributed about the georaetric focal
plane. The photograph was taken during the experiment ot Chapt., 4.
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values of fyy and those computed by Eq. (3-2) indicates that

"material inhomogeneities were not measurably affecting the

damage data and that the laser was sufficliently stable to
observe damage statistics. An example of the use of this
technique from the measurements of Chapt. 6 is g{;en in Filg.s 15
where the measured distribution for bulk damage in fused

quartz and %q. (3-2) are seen to agree,

A third method for distinguishing between inclusions and
intrinsic damage was develoved and used in the present work.
It consists of observing the light transmitted through the
sample by using a fast photodiode-oscilloscope combination.
When damage occurs, the trangmitted laser pulse is attenuated
in a manner which is found to be characteristic of the source
of dama=e,

Pulses which are attenuated very raoidly form damage
regions in the bulk which are characteristic of the intrinsic
mechanism. In addition, for materials which are virtually
threshold-like such as those studied in the present work, the
intensity at the inctant of attenuation for such pulses varies
by no more than about 25 pvercent about some average value,

An example of this tyre of attenuated pulse-shape is egiven
in Fig. 16b,

It was found in the experiments of Chapts. 4-7, however,
that a number of damasing pulses were attenvated in a very
different manner and produced damage regions that could be
identified as resultine frem inclusion absorption. For this

class of damage events, the attenuation was not 2as rapid and
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Fig. 15. COMPARISON OF MEASURED fN WITH pl(.l-pl)N"l FOR

INTRINSIC BULK DAMAGE IN FUSED QUARTZ

BARS ARE MEASURED
DISTRIBUTION OF N VALUES
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iy s the fractional number of vimes N puiscs were required to produce
damage, and P 1s the measured damage probability cdefined by Eq. {(3-1).
A leastosqguares 1t o the mueasared distribatien gives py = O, 374 as
compared to the measuarced value of 0. 380, This data 1s taken from the
experiments of Chapter o
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as complete as with intrinsic damage nor were the transmitted

pulse shape and intensity at the first instant of attenuation

ag repeatible. Examples of this type of attenuation are given
in Figs., 16c and d.

There is, in addition, a small percentage of damage
events which could not be unambisuously identified by this
scheme or by microscopic investisation of the damage site.

In the laser damage studies data obtained from such pulses
wvere not used.

Another distinction between inclusion und intrinsic
breakdown involves the intensities of the sparks created by
damaging laser pulses., In general, intrinsic eventc produced
bright sparks while damaece from inclusions occasionally
resulted in sparks which were barely visible.

Except for extremely high laser intensities, intrinsic
breakdown occurs near the peak of the laser pulse so that the
energy which is available to take part in the damage process
1s congistently about half the total pulse energy. This was
obgserved experimentally and can be explained by theoretical
considerations of avalanche breakdown (see Chapt. 8). It is
thus to be expected that the enersy deposited in the focal
region is reasonably constant for intrinsic breakdown and that
the intensity of the sparks which apparently always accorpany
such damage is, therefore, also reasonably constant,

Pies. 16¢ and d sugeest that these same conclusions do

not hold for inclusion damaege, and, indeed, there is no reason

why they should. Damage from inclusion absorption is enersy-
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dependent for many different inclusion sizes, and actual
material damage may not develop until very late in the laser
pulse (i.e., until most of the optical energy has passed
through the sample). The focal region may thus be melted but
not heated sufficliently to produce a brisght spark. A number
of experimenters have, in fact, reported material damage
without sparks.us' 49 The areuments advanced here indicate
that some type of extrinsic absorptive mechanism such as
inclusion absorption very likely caused the damage in their
work,

Two of the techninques discussed here--examination of the
damage morvholoegy andi examination of the transmitted laser
lieht--could not be used in the subnanosecond study of in-
trinsic damaege in NaCl (Chavt. 5) because of the small
volumes of the damaged sites and the short durations of the
laser pulses, But ocecause breakdown is virtually threshold-
like in NaCl, 2 number of qualitative observations were used
to indicate the absence of inclusion damage. For the sample

:d to obtain the actual damage data, it was found that the
damace field was reascnably well-defined and did not chanee as
different reegions of the sample were probed and lenses with
different focal lencths were used to focus the radiation. Also,
only one faint spark occurred with each damaging laser pulse,
and the spark always appeared to form at the geometrical focal
plane, These observations contrasted with those obtained
under conditions where inclusion damage had been seen in

another NaCl crvstal irradiated by the same laser and in other

[
e el \M
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samples irradiated by Q-switched lasers, It was therefore
concluded that except possibiy for occasional damage sites,
inclusion damage was absent in highly pure NaCl under the
conditions of measurment described in Chapt. 5.

In summary, then, several techniques have been used to
either confirm the absence of inclusion damage cr to dis-
tinguish between inclusion and intrinsic breakdown when in-
clusion damage occurs. Intrinsic breakdown cannot be

effectively studied without such techniques.
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CHAPTER 4

INTRINSIC OPTIMAL DAMAGE IN THE ALKALI
HALIDES INDUCED BY 1.06 um RADIATION

A Introduction

Electron avalanche breakdown had been mentioned by a number oi

H]

5 . .
authors ! as 3 possible mechanism for damage. Until the work of

Yablonovitch, 14 however, no simple technique had been suggested for
identifying the occurrence of avalanche breakdown in solids. The situation
was much different in gas studies, P2 Not only had the details of dc
avalanches been better understood in gases than in colids, >3 but the ability
to vary pressurc allowed investigators of gas breakdown to convincingly
identify the development of avalanche breakdown and to ascertain the
conditions under which multiphoton ionization could develop beforc an
electron avalanche,

Yablonovitch's basic approach was to select transparent materials
that hac been well-studied for their dc¢ breakdown characteristics and
for which damage from multiphoton absorption could not occur. The
alkali halide family was a natural choice for laser breakdown studies.
Because they have large band-gaps, these compounds are transparent
from about 15 pgm to about 0.2 pm and optical damage in them {rom
multiphoton absorption 1s highly improbable until frequencies have been
reached that arc well into the visible spectrum. The alkali halides have,
in addition, been studied extensively in dc damage experiments.
Yablonovitch found that the relative root-mean-square damage fields for
ninc alkali halides at 10. 6 ym was the same as had been measured at dc.
On the basis of this experimental measurement of breakdown strength

plus the prediction that multiphoton absorption could not cause
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damace at 10,6 um, it was concluded that the intrinsic damage
process was an electroun avalanche, similar in basic character
to dc dielectric breakdown.

The discovery that the avalanche breakdown caused by a
laser pulse at 10.6 um in the alkali halides appeared to
proceed by the same mechanism and to have the same threshold
as dc electric breakdown can be explained if simple impact
fonization theories®?r 55 with electron collision times
shorter than the light period are correct. As discussed in
Chapt. 1, the electron avalanche develops because electrons
are heated by an electric field in the presence of phonon
collisions that primarily chanee the electron momentum. Al-
tering the frequency of the applied field should have little
effect on this heating until the field reverses direction in
a time comparable to the electron-phonon collision time. 1If
only the rate of conduction-band electron heating determines
the avalanche characteristies, the avalanche should therefore
appear to be in its dc 1limit as lone as w<, 1 where w is the
laser ancular frequency and r is the average electron-phonon
collision time. (This behavior is displayed by Eq. (1-1) of
Chapt. 1.) An uvper limit r max t0 the collision time in NaCl
can be estimated by usine the low-field mobility56 (10 cm2/v01t~
gec) and setting it equal to e'max/me where m, is the free-
electron mass and e is the electronic charge., We find that
Wrfmax =1 for 10 um radiation. 1In electric fields approaching
breakdown values, the average electron drift eneregy can be

shown to he comparable to the lonzitudinal optical (LO) phonon
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energy, and since the scattering is enhanced near the LO

resonance.57 r should be less than rpax. Thus Yablonovitch

was workineg at a frequency where wr was probably still a

1L bl it

small quantity compared to unity ard where simple impact

ionization theories would predict essentially de behavior.

We have extended Yabhlonovitch's work to 1.06 um by usine

a Q-switched YAGi1Nd lagser to induce damage, The intent of

il s b Il s B

this work was, first, to determine if the relative intrinsic

damage fields of the alkali halides are different at 1.06 um
than they are at 10,6 um and at dc and, second, to demonstrate
the feasibility of conducting near-IR and visible bulk optical

damare studies at low vowers without catastrophic self-

|
3
[

focusineg, It will he shown below that the relative breakdown

strengths in fact change very little at 1.06 um and that a

number of additional time-related observations support the

L

conclusion that intrinsic dbreakdown is occurring by a time-
devendent electron avalanche.

Self-focusing is votentially more of a problem at 1.06 um ;

than it is at 10.6 um, As discussed in Chapt., 2, the amount

P LTI L A

of beam distortion from the self-focusineg nonlinearity

RPN %Y

depends on P/pcr' Since it is desirable to have as little

E

AEELERIL S T N i

beam distortion as possible, P/P,. should be kept small. As

the wavelength increases, however, P.,. decreases as Az. S0
that to maintain the same value of P/Pcr' P must also scale
as Az. Because the breakdown intensity is approximately é
independent of A, the requirement that P/Pcr be hela constant

is equivalent to requiring that the area of the focal svot--
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\(/\/d)2 f2 where d¢ is the incident beam diameter and f is

the lens' focal length--~also scale as AZ. But the diameter of
a TEMgg mode depends on both wavelength and cavity design,
being on the order of 1 cm for the 10.6 um laser of Ref. 14
and 0.1 cm for our 1.06 um system. In order to maintain a
constant value of P/P,. as A is decreased, it is necessary to
focus more tightly with an external lens or to design the
cavity optics to comvensate for the dependence of 4 on wave-
length.

In the present work it was not possible to focus suf-
ficiently to maintain the same value of P/Pcr that Yablonovitch
had been able to achieve at 10.6 um. P.r changes by a factor
of 100 as A is decreased from 10.6 um to 1.06 um, and the
minimum value of f that could be used was limited by aber-
rations to about % inch as compared to f = 1 inch for the lens
that Yablonovitch had used. As a result, self-focusing was
potentially more nf a problem in our measurements, and it was
necessarv to conduct simple tests to confirm the absence of
significant self-focusing effects., The designs of these tests

were discussed in Chapt. 2, and thelr results are summarized

in the next section.

B, The Experiment

The laser sources and exverimental arrancement for the
pregsent work are summarized in Section B of Chapt. 3. 1In this
section we will summarize the actual experiment, including

both the self-focusing tests and the measured breakdown fields
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of nine alkali halides at 1.06 um and one at 0,69 um,

As discussed in detail in Chapt. 2, self-focusing effects
can lead to significant beam distortion. Because accurate
measurements of breakdown fields are desired, it is necessary
to take great care to avoid such distortion by restricting

! the laser input power. Theoretical self-focusing parameters

v sttt o it VB s LA Sl

were defined and derived in Chapt. 2 where quantitative
corrections from the index nonlinearity at powers below P, =
were discussed, Table ITI summarizes the numerical results.

The input power is the experimental power at the peak of the

bl b b i

laser pulse and is more than one order of magnitude below Pc'

"

From a purely theoretical viewpoint, therefore, catastrophic

self-focusing is impossible, and it can be shown using Egq.
(2-15) that beam distortion from the index nonlinearity intro-

duces at most a few percent correction in the measured electric

ol ol o b i

field strengths. ITf catastrophic self-focusineg does occur,
then the breakdown damace data is a measure of the critical
powers rather than the intrinsic breakdown field. The measured

threshold intensitv will then scale with the square of the

Dt e 106,

calculated focal diameter 1f the process is steady-state and

1

will devend on the pulse width if the process is transient.

(The diameter dependence in the steady~-state results from the

rTTw——— .3

existence of a constant critical power P, which does not vary

with beam Aiameter.)

Two experiments were conducted to test our belief that
seli-focusing was absent. In the firat the relative field

strength threshold for damage in NaCl was measured with three

ol i o bt L s

L
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TABLE III

Calculated Steady-State, Self-Focusing Parameters and

Experimental Values of Pulse-Widths and Peak Power

22 , E
Wavelength b tp nyx 19 Por . Pinput :
- =C
(microns) (10 9Sec) (10 ‘)sec) (mks) (103watts) (103watts) (103wattsj
10.6 5.5 200 48, 000 175, 000 120
NaCl 1.06 2.7 4.7 2.3 480 1,750 30
0.69 2.0 14 204 746 26
10.6 11.2 200 13,200 50, 000 20
Rbl
1.06 5.4 4.7 8.1 132 500 8.1
For pinp!lt < PC catastrophic self-focusing will not occur,

The 10.6 um Jdata is taken from reference 14,

See Chapt, 2 for definitions of ;

R Ny, and Pcr' T'o convert n, to esu units,

multiply by 0,91 X 109.

3
2
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different focusine lenses, corrected for spherical aberrations,
and havineg focal lengths of 1.4, 2.5 and 3.8 cm. The experi-
ment was conducted at 1,06 um. If steady-state self-focusing
were present, tlie observed damage threshold would have scaled
with the inverse of the focal lensth, It did not, and, in
fact, to within 5 percent the field streneth was independent
of focal length, This effectively eliminated the possibility
of steady-state self-focusing. Since 'tp,/tR >1 trom Table III,
self-focusing should not be transient. Eq. (2-17) however,
predicts *he results observed when transient self-focusing is
present, For this reason a measurement was made of the damage
threshold as a function of pulse duration with the beam
diameter held essentially constant.

By changire the pumpineg level for the YAG laser, we were
able to extend the pulse width by a factor of 2.3 to 10.8 nsec.
In addition, the breakdown strength at 0.69 pum was measured
with ruby laser pulses of 14-nanosecond duration and a focused
diameter 25 percent smaller than that obtained with the YAG
laser. The same 1.4 cm focal lensth lens was used in all three i
measurements, and to compute the ruby value, we assumed the
same transverse intensity variation as that present at 1.06 um.
To within 15 percent no chanee was noted in the threshold
field despite the vulse-width dependence in Eq. (2-17). The
agreement for the ruby pulses was especially reassuring, be-
cause the critical power varies with waveleneth squared. 1If

transient gelf-focusing were present, we would have seen a

change by a ractor of 18 in the measured intensity--an effect
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which would have been quite dramatic. A factor of nine
comes from the pulse-width dependence of the transient critical
power and a factor of 2 from the wavelenath dependence.

Perhaps the best experimental check for self-focusing is
the actual measurement of breakdown streneths, Self-focusing
theory appears to be totally unable to account for the experi-
mental results eiven below in which both relative and absolute
values of breakdown strengths show striking similarities to
10,6 pm values. We thus conclude that prior to the onset of
material damage, self-focusing has been effectively eliminated
as a competinag nonlinearity.

The possibility may exist that self-focusing occurs after
a sufficlent number of electrons have been generated to cause
intense local heating of the sample., We note, however, that
in our measurements any late developing nonlinearity is unim-
portant.

To measure the breakdown strengths of the alkali halides,
the laser beam was focused approximately 2 mm into each sample
and the number of laser pulses necessary to produce internal
damage at various power levels was recorded., In every case
where damage occurred, a white spark was produced, and the
damagze was later carefully inspected with a microscope. Be=-
cause ot the small volume damaged by our highly focused 1.06 um

8 cma), a large number of data

pulses (less than 2 x 107
voints (40 to 100) could be taken with each sambple.

Defining threshold as that value of incident power

necessary to produce intrinsic damage in a single shot tor
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50 percent of the positions probed, we calculated the rms,
on-axis electric field at the measured threshold in NaCl.
Corrections were made for reflections from various surfaces
and the changes in the beam diameter due to the effect of the
index nonlinearity. This was the basic calibration, and all
other values of threshold were measured relative to Eppeye
In order to avoid errors from daily power fluctuations and
possible alienment changes, a single sample of NaCl was
tested with each alkali halide. It was readily determined
that a slight misalignment of the focusing lens had no
measurable effect on the relative breakdown strengths.

Visual inspection and the breakdown statistics sugsested

that sovatial) inhomogeneities from inclusions were not a’-

: ”""‘ '
MWM.::.WMMWWMWMMMMMWMM&@MWWMWMWwmmmmummmmamzmmM

fecting the results except in the single case of RuCl (see
Sect. D of Chapt. 3)., Damaze which we regarded as intrinsic
consisted at each damage position of a sinele pointed ragion
which berzan at the zeometrical focus and extended a very

short distance back toward the laser, increasine in cross-
section to give a tear-drop appearance. A tyvical example is
indicated in Fig. 13 in Chapt. 3. In RbCl, on the other hand,
regions with low breakdown thresholds consisted typically of
one or more spherical voios randomly distributed about the
focus (Fig. 14 in Chapt. 3). A number of points, however,

did appear visually to have intrinsic damage and were con-
sistently more difficult to breakdown. The=se data points were
used for the RbCl results,

Finally, a fast photodiode detector system with a C,% nsec
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risetime monitored the transmitted light as shown in Fie. 17
and was used to confirm threshold levels in NaCl and KCl as
well as to establish the approximate time structure and
stability of the laser output.

Values for the breakdown field obtAined at 1.06 um are
summartized in Table IV and in Fig. 18 alonsg with both the
10.6 um data collected by Yablonovitchlu and a. :'pted de¢

results.su

These results are normalized to the respective
values of field necessary to damaze NaCl listed in Table V,
This allows the striking similarity in trends of breakdown
field to bhe easily observed and the vossible systematiic de-~
viations at 1.06 um to be recoenized, The quoted errors at
10.6 um are £ 10 nercent, and our random exnerimental errors
in relative fields are estimated to be no more than £ 10 per-
cent with possible errors due to microscovic strains adding
another + S percent., Two different samples of hoth NaCl and
KBRr from two different manu_...curers gave nearly ldentical
results,

The bLreakdown satrength of NaCl was also measured with a
ruby laser to confirm the absence of self-focusineg as noted
above, Table V records the average of about 50 damage
measurements. Although the laser was normally operating in a
single loneitudinal mode as indicated by Fabry-Perot and
photodiode studies, each laser shot durineg the measurement was

mcnitored with a fast photodiode and recorded.
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DC
10. 6um
1. 06um

DC
10, 6um
1. 06um

DC
10. 6um
1. 06um

o rystal was extremely hydroscopic and no final check was made with
the microscope to determine if inclusions were responsible for the
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TABLE IV

RELATIVE BREAKDOWN FIELDS - NORMALIZED TO

Nal

0, 460
0,405
(0.29)

KI
0. 380
0. 369
0.27
RbI

0. 327
0. 323
0.40

damage observed.

Enaci2 X 100 vicm

NaBr

0.553
0. 476
0.67

KBr
0. 460
0. 482
0. 38

RbBr

0. 387
0. 400
0.55

NaCl

1
1
1

KCI
0.667

0.713
0.57

RCI

0.553
0,472
0,67

NaF
1. 60

1. 64

I%

1,27
1,23
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TABLE YV

3
K

ABSOLUTE BREAKDOWN STRENGTH
OF NaCl

e 8 i

4t

¥ 6
1 \¥
E sal (de) 1.50 %10 /ecm

+

E___(10.6pm) (1.95 + 0.20) x10% V/em
rms

E__ (1.06um) (2.3 1 0.46) X 6% v/em

rm

H

0.44) x10% v/em

1+

U e VA 1o, b T, ok A, et A

I
Hult bl

E (0.69 um) (2.2
rms

U s Ll i

Ll

it Lot

*
; These values are taken from Refs. 54 and 14
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C. Discussiorn of Results

The exveriments reported here were performed under care-
fully controlled conditions usineg stable, well-characterized
lasers and optical systems for which aberrations were unim-
portant. Because we were able to probe each sample in many
different vositions, random fluctuations in breakdown strength
were averaged out, It was possible to distinguish between
inclusion and intrinsic damace by inspection of the residual
dumage sites and to correct for the effects of inclusions in
the one material for which they were important. In addition,
experimental tests showed that catastrophic self-focusing was
abgent and, consistent with theory, that the index nonlinearity
did not affect the results to within experimental error. 1t

{s therefore concluded that the results of the 1.06 and 0.69pum

L e

study as summarized in Fig. 18 and Table V represent accurate
measurements of intrinsic bulk damage.
Because the techniques of this study are virtually iden-

tical to those of reference 14, direct comparison can be made

to breakdown strengths at 10.6 um. It has already been ob-
served that the damage thresholds for the alkali-halides at
1,06 um follow a trend nearly identical to that observed with
the CO, laser and, in fact, to the dc measurements of
reference 54, It thus appears that the intrinsic process of
laser-induced damage for the alkali-halides has the same
fundamental character as both ac damage in the infrared and
dc avalanche breakdown. Moreover, the consistency of the

optical breakdown strengths at 0,69 um suggests that this
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same process may dominate up te frequencies avpproaching
b x 101“ herz.

Data from Fig, 18 and Table V have established the
relationship (Ey og)pmg is about 1.5 x E4, for ten different
compounds. The precise value of the factor 1.5 is not im-
portant since dc measurements are known to be somewhat sen-

sitive to experimental techniques.ss' 59

It is important, on
the other hand, that consistent measuring techniques have
measured roughly the same factor of 1.5 for all ten alkali
halides,

Additional support for an avalanche mechanism comes from
three experimental observations concerning the time-structure
of the laser probe pulses, The first is that increasing tne
pulse width of the YAG laser outout by a factor of 2.3 re-
sulted in a 14 percent average drop in threshold intensity
for NaCl, Averages were taken at about 20 shots at each
pulse width., This change, though small, is probably real,
because the test was made on a single sample of high-quality
NaC1l and thereby avoided a major source of experimental un-
certainties arising from material variations. The second
observation, noted at both 1.06 and 0,69 um, is that high-
frequency time-structure on the pulse has little measurable
effect on the breakdown strength. And finally, after adjusting
the vower level so that damage occurred regularly near the
top of the laser pulses, the probe intensities were increased

by a factor of about three by changine the beam attenuation,

When this was done, the intensity at which the transmitted
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1isht drooved (see Fig. 16) was higher by 25 percent or more
than 1t had been with the lower intensity pulses. This was
interpreted to mean that increasing the effective risetime of
the ovtical field raises the measured hreakdown streneth, To
understand both this set of observations and the results from
Table V, some discussion of existing electron avalanche
theories is given. This discussion will be extended in
Chapt. 8.

An electron avalanche in solids is a rapid multiplication
of conduction-band electrons in which an initially low dencity
Ny of free carriers interacts with an intense electric field
in the presence of phonons. The number of electrons increases

with time as

ot

N(t) = N _ ex
( o p{ (4-1)

a(E)cu}
The eain coefficient a(E) is a strongly-varyine function whose
value can be inferred from dc measurements of breakdown
strencth ags a function of sample thickness for extremely thin
specimens, For Eq. (4-1) to be valid the rate at which
electrons are lost by trappine and diffusion out of the foecal
volume must be small compared to the rate at which thev are
generated, For Q-switched laser pulses, the electron losses
are, in fact, neeliqible.l8
Two important conclusions develop from such an analysis.
The first is that the entire process of avalanche and damage

involves energy exchange between the field and the electrons

which, as has already been discussed, is approximately
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described by the well-known formula for ac conductivity given
by Eq. (1-1). FEq. (1-1) shows that the energy input to the
electrons scales with frequency and field as Ez/(l +w?r2y,
and because the details of energy input aetermine the electron
distribution function and hence N(t), the threshold for damage
will scale in the same manner. This justifies the use of
root-mean-square fields in Tavble V., It also indicates that
the ac breakdown strengtin will increase for frequencies near
1/r. An estimate of r for NaC12% indicates that frequency
dispersion should begin to occur somewhere near that of the
ruby laser.

The second relevant conclusion from an analysis of ava-
lanche breakdown is that if insufficient time exists for the
electron density to reach values necessary to damage, then
damage will not occur even though electron recombination
losses have been exceeded and an electron avalanche is under-
way. Damage will only be produced when the field is sub-
sequently raised above the steady-state breakdown field and
the gain coefficient a is corresvondingly increased. Such an
effect has been observed in dc experiments by varying the
thickness of thin ( < 50 pum) samples.6o' 61 In such experiments
transit effects limit the build-up time.58

The field dependence of the gain coefficient, or ioni-
zation rate, has been measured experimentally in NaCl by using
subnanosecond laser pulses. This measurement will be pre-
sented in Chapt. 5. For precent purposes we merely note that

our observations of a pulse-width dependence to breakxdown, the
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insensitivity of threshold to fast time structure, and the
increase in breakdown strength for rapidly rising pulses all

indicate that the intrinsic damage process is time-dependent

ag expected from an electron avalanche and that the process
has an effective time constant on the order of 1 ns. Such
temporal considerations may explain part of the difference in
damace field between dc¢ and laser measurements as suamarized

62 A more likely explanation for most of this E

in Table Vv,
difference involves space charges and will be discussed in
Chapt. S.
The essential detalls of the breakdown studies reported
; here are thus fully exvlained by the process of avalanche
: breakdown,

In summary, careful measurements of laser-induced bulk

damage have been made in nine alkali-halides without the

confusineg effects of self-focusinaz. Comparison of the results 5
to studies at dc and at 10.6 um indicate that the process of
ac avalanche breakdown, similar in fundamental character to

1 dc avalanche breakdown is responsible for the damage observed.

Analysis of time-related observations confirms this conclusion. -

ol
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CHAPTER 5
THE EFFECTS OF LASER FREQUENCY, PULSE DURATION

AND CRYSTAL DISORDER ON INTRINSIC OPTICAL DAMAGE FIELDS

A, Introduction

In the last chapter the intrinsic breakdown mechanism was identified
in the alkali halides for 1. 06 ym radiation, This process, an electron
avalanche, has been studied at dc for over forty years., Despite the
extensive investigation avalanche breakdown has attracted, very little
progress has been made in understanding the microscopic details of its
development. Not only is the proper modeling of tnis highly complex
process beyond the present level of solid state theory, 63 but experiments
on dc breakdown are difficult to conduct and often yield very limited
information. >8 No ¢stimates can be cbtained, for example, of effective
electron collision rates from dc experiments, and the time dependence of
the avalanche can only be studied indirectly. 18 Liaser damage techniques,
on the other hand, are comparatively simple, and the great versitility of
the laser can be exploited to probe aspects of an avalanche that are in-
accessible to dc investigators.

In this chapter we extend the damage measurements in the alkali
halides to higher frequencies and shorter pulse widths, It will be shown,
in particular, that frequency dispersion begins to develop at 0. 69 ym and
that the damage field in NaCl increases as expected with decreasing pulse
width. These two observations provide an experimental estimete of the
high-field electron-phonon collision frequency and an experimental
measure of the avalanche ionization rate. An apparent anomaly

in the frequency dispersion suggests the possibility

Preceding page blank
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that deep lying exciton levels may affect the breakdown
strenath of NaF, A comparison of the optical frequency ioni-

18 show at least

zation rate to estimates based on dc data
qualitative agreement., The results of a short experiment will :
also be described in which the effects of lattice disorder on ”

the intrinsic breakdown strengths of materials were studied.

B, Avalanche RBreakdown Induced by Ruby Laser Light

We have completed measurements of intrinsic bulk break-
down in nine single crystal alkali halides using a TEM,,,
single-longitudinal mode ruby lacer. Self-focusing was absent
in these studies, and damage from inclus’on absorption was
distinguished from intrinsic damage. It was found that at
0.69 um the relative breakdown strengths of the alkali halides E
have besun to differ from values obtained at 1.06 and 10.6 pm
and at de. The onset of this frequency dispersion in the
avalanche breakdown process enables one to estimate the high-
field electron-phonon collision frequency.

The laser system and techniques for avoiding and con-
firming the absence of self-focusing have been described in
detail in Chapts. 2 and 3. Damage from inclusions was dis-
tinguished from intrinsic damage by examining both the
morpholozy of the damage sites and the tempcoral shape of light
pulses transmitted throueh the sample. (See Sect. D of Chapt.
3.) The latter technique employed the fact that a damaging

lizht pulse is attenuated in a manner which is characteristic

of the cause of damage. Only data obtained from intrinsic




. —————

-109-

damage events were considered in the oresent work.,

To measure the breakdown strengths of the alkali halides,
we focused the laser beam inside the sample about 1,5 mm from
the front surface. The focal spot diameter was adout 15 um,
When the incident power was sufficiently high, a bright white
spark was produced and a small volume of the material
(< 10-8 cma) was melted. Because a well-defined threshold
could not be found (see Chapt., 6) we again defined the danage
field as that value of rms electric field inside the material
which was necessary in order to induce damage on a simple
pulse with a probability of 0.5« The incident power necessary
to reuch this fleld in NaF under our conditions of focusine
was 146 KXW, Por the other crystals, the input power was
between 20 KW (for NaCl) and 9.2 KW (for RbI).

A larze number of data points were taken for each sample

(40 to 100), dbut normally less than half of these damage
sites could be unambiguously identified as resulting from
intrinsic processes. The remainder were apparently caused
by the presence of absorbinsg inclusions.

A8 in Chapt. 4, the rms on-axis damage field was deter-
mined for NaCl using the measured intensity distribution at
the focus of the 14 mm focal-length lens, This measurement
was the basic calibration, and in order to avoid errors from
possible alignment chanses, damage fields for the other
materials were measured relative to Eyngpye The same sample
of NaCl was tested with each alkali halide,

Fizure 1% and Table V (Chapt. 4) summarize the results
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of this study, the 1.06 um data from Chapt. 4, and accepted

de fesults.su In Fiz. 19 the damaze fields of the various
alkali halides are nornialized to that of NaCl at the appro-
priate frequency. This makes the variation in trends between
the 1.06 um ard the 0,69 pum measurements more easily seen. The
relative breakdown strensths at 1.06 um are virtually identical
to those measured at dc. Althousgh the corresponding data at
10.6 pmlu are not displayed, they too follow the same trend.
This is not the case at 0.69 um, however, even when the 10 to
15 percent measurement errors are considered.

Table V lists the rms damage fields of NaCl for these
exper:ments. The agreement found in the four experiments is
heartenins because there are varticular difficulties in
determining the absolute damace fields in de measurements.58' 59
Root-mean-square values of the electric field strength are
given because for laser pulses of this intensity, the build-
up time of an electron avalanche to damaging levels is on the
order of 107 to 10“ cycles of the optical field. (See next
Section.) Heating of the electron population is thus
effectively averaged over many cycles.

Because the me&sured breakdown strength of NaCl was the
same within experimental error at 1.06 um and 0.69 um, the
ordinate in Fig., 19 could be changed to read in absolute field
units with virtually no change in the relative positions of
the 1.06 um and 0.69 um data points. Absolute field units
were not used, because the resultineg error bars on the altered

plot would be much larger. They would include nct only the
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the change in relative breakdown strengths observed at ruby
frequencies for most of the alkali halides. The collision
time for NaCl under this assumption is about 2 x 10’16 secC.
For NaF these calculations predict that the relative break-
down field (ENaF/ENa01 in Fig. 19) will decrease at ruby
frequencies, contrary to the change which is experimentally
observed., This disecrevancy may be the result of the inade-
quacy of the perturbation calculations or it may indicate that
the frequency dependence of the electron avalanche is not
determined by the electron-phoncn collision freouency alone.

Seit265 has sugcested that the presence of deep-lying
exciton bands may influence the dielectric strength of alkali
halide rrystals, If this is the case, then as the field
frequency w is increased, direct excitation out of these bands
becomes possible and the damage field will decrease. NaF,
which has the deepest lying bands (1.5 - 2.0 eV) of the
materials studied.56 will experience this effect at a higher
frequency than the other aikali halides. Such considerations
of the relative importance of the exciton bands may explain
the observed large increase in the relative NaF damage field
at 0.69 um.

Multiphoton abvgorption directly across the bandegap can-
not explain the changes in relative breakdown strength which
have been observed. 1In addition, theoretical calculations of
the fields at 0.69 um necessary to induce damage from multi-
photon ionization or from its low-frequency 1limit, tunnel

ionization, give damage fields which are about an order of
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masnitude larcer than those measured.le' 65

In conclusion, we have measured the intrinsic optical
breahdown fields of nine alkali halides using a ruby laser.
Althouzh the absolute and relative thresholds fields are com-
varable to the thresholds observed at 1.06 um and at dc,
differences are observed which sugegest that at v = 4,3 x 101“
sec’l, avalanche breakdown is no longer identical to dc di-
electric breakdown, Current theories of avalanche breakdown do

not avnpear to exvlain the details of this observed difference.

C. The Pulse-Width Devpendence of Optical Avalanche Breakdown

Measurements are reported here of optical damage induced
by subnanssecond laser pulses. These measurements were per-
formed by focusing mode-locked YAGiNd laser pulses having
durations of 15 and 300 picoseconds inside single crystal
NaCl. Because the experimental procedures used in the oresent
work were identical to those usaed in the studies of Chapt. &
with a Q-switched YAG:Nd laser, the subnanosecond measurements
can be directly compared to the results of those studies. It
was found that the intrinsic breakdown field increased by
almost an order of maenitude to over 10’ volts/cm as the laser
pulsewidth was decreased from 10 ns to 15 ps.66 The de-
vpendence of the damage field on laser nulse duration is used
to calculate a field-dependent ionization rate which is com-
vared to the vredictions of Yablonoviteh a.d Bloembere,en18
who estimated the ionization rate from oublished measurements

of the dc dielectric strength of NaCl for thin samples with
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varying thickness. Qualitative agreement is found.

The laser used for the present work (see Fig. 12 in
Chapt. 3) was a passively mode-locked YAG:Nd laser operating
in a TEMgyo mode at 1.06 um. Without intercavity etalons, this
oscillator produced bandwidth-limited light pulses of 15§
picosecond duration. When the cavity output mirror was re-
placed witi. a sapphire etalon, the obulsewidth was lensthened to
about 300 picoseconds. Two-photon-fluorescence measurements
failed to detect substructure with pulses of either duration.
A laser-triggered spark gap was used to select a single light
pulse which, after attenuation, was focused through a 14 mm
focal leneth lens abcut 2 mm into the sample. Care was taken
to insure that spherical aberrations from both the lens and
tlie plane enirance surface of the sample being tested were
unimoortant., An enerecy monitor recorded the enerey in each
laser pulse.

Although the intrinsic damage process in transparent
materials is an inherently statistical process12 (see Chapt. 6),
it is virtually threshold-like in NaCl. Consistent with Chapt.

%, a damaee {i¢ld can be defined as that value of root-mean-

% square electric field inside the sample which preduced damage
% on a single shot with a probability of 0.5. Damage was iden-
§ tified by the occurrence of a faint spark and was accompanied
E by a small melted region (<2 x 10°9 cm3) inside the crystal.
% At least 20 data points were taken for each pulse duration at 3
é the 0.5 probability point. é
i Beam distortion from self-focusine was avoided by :
S - S S
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confinine the laser input powers to well below the calculated
critical powers for catacstrovohic self-focusine, (See Table
VI.) To verify the absence of self-focusine, two different
lenses (focal lengths of 14 mm and 25 mm) were used to focus
the laser radiation. As expected from diffraction effects
alone, the input damage powers scaled with the square of the
focal lengths. If catastrophic self-focusine had been present
with the subnanosecond pulses, the input damage vpower would
have been independent of focal length. The absence of in-
clusion damage was confirmed in the manner discussed in Sect. D
of Chavot. 3.

Table VI summarizes the results of the present measure-
ments and those of Chant. 4, An increase in breakdown
streneth was ohserved as the duration of the laser pulse was
decreased. As the pulse duration was chaneged from 10.3 ns
to 15 ps, there was a total change by a factor of 5.8 in
damage field strengths or a factor -of 33 in damage intensity.
The exverimental points are plotted in Fieg. 20 along with the
semi-emnirical vredicted curves from Ref. 18.

The existence of a pulse-width dependence to intrinsic
damage is qualitatively exvlained by classgsical theories of

58, 67-68 These theories, which

electron avalanche ionization.
are summarized in Chavot. 8, predict that the densitv of con-

duction-band electrons, N(t), increases with time as

N(t) = N exp [Jn o (I2) clt] = MG (5-2)
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RMS OPTICAL ELECTRIC FIELD (MV/cm)
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Eq. (5-2) is valid when, as is the case with laser breakdown.18
electron diffusion and trapping can be ignored. N, is the low
density of conduction electrons before the application of the
electric field and a is the ionization rate which increases
monotonically with increasing electric field. Breakdown
occurs when the density of electrons becomes high enough to
cause a material irreversibility such as a phase change. (See
Chapt. 1.) As the time available for the avalanche to develop
to damagine proportions decreases, the rate of ionization and
hence the electric field must be increased in order to produce
damage.

It is desireable to compare the laser data to dc¢ results.,
Such a comparison ¢annot be made direciliv, becauce impulse
dc measurements with subnanosecond impulse durations have not
been made. As Yablonovitch and Bloemberzen18 have suggested,
however, dc measurements on samples with varying thickness
provide an indirect comparison because the maximum duration
of the dc avalanche is limited to the electron drift time from
cathode to anode.58 By considering limits on the electron
drift velocity, Yablonovitch and Bloembergen have calculated
a(E) for dec fields using Eq. (5-2) and previcusly published
measurements of dc damage fields in thir samples of NaC1.60' 61
Breakdown was assumed to occur when M, in Eq. (5-2) reached a
value of 108. The ionization rates for the laser data can be
found by replacing the intearal in Eq. (5-2) by a(Eppg)ty

where E o is the root-mean-gquare field on axis at the pesk

of the laser pulse and t, is the laser pulsewidth., Then




-120-

a(Erms) is given by

AE ) = T~ A M_ e 18/t (5-3)
P

This relation has been used to convert the quantity a(E) used

along the vertical axis in the fisure of Ref. 18 to our figure

which used tv'l. We have shifted the curves along the hori-

zontal axis to obtain asreement with the experimental values

for the breakdown field E. . for the lona pulses.

Tt should be noted that the damage fields for the de¢
studies of Refs. 60-61 are approximately a factor of 2.3 lower
than the corresponding values for laser-induced damage. There
are two reasong to suspect that this factor is a systematic
error in determining absolute field strenegth at dc rather than
an indication of a fundamental difference between dc and laser-
induced breakdown.69 Pirst, this factor of 2.3 is nearly the
same for all nine alkali halides studied at 10.641m1u and
1.06 um, and second, dc field values are average values given
by the veoltagze difference between anode and cathode divided
by thelr separation without regard for field inhomoegeneities
from effects such as space charges which can be important in
dc experimenis. Scme evidence in fact exists in the litera-
ture that space charge effects are influencine dc breakdown,
For example, dc impulse exveriments have been performed7O in
which the duration of the applied field was reduced to about

10 ng, a time i{nterval too short to allow the development of

ionic space chare_es.71 It was found that the damage field in

. mu\ihw
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NaCl increased from about 1 MV/cm, its steady-state value, to
just over 2 MV/cm, a value which agrees closely with the laser
measurements., The time-related considerations discussed in
this section do not explain this change. In other experiments
the start of an avalanche has been observed to vary in a
statistical manner with average lags of 1 us or more, 2 73
This effect has been interpreted as resulting from space charge
develobment.73 A complete understanding of space charge
effects, electrode effects, and other factors which can affect
dc measurements of dbreakdown has not emerged, and thus we
should regard absolute measurements of dc breakdown with some
caution, vreferring instead to compare trends in absolute

field strengths as different materials are investigated or as
parameters are varied.

In Fig. 20 the four laser measurements are plotted with
the computed curve from Ref. 18. The two branches to the
computed curve corrgspond to two limits on the high-field
electron drift velocity. Within experimental error, the laser
data overlap the upper curve of Ref, 18 which was derived on
the assumption that the mobility in the hot electron gas is
independent of Eppse Quantitative agreement should not be
emphasized, however, because the present analysis is bvased on
at least two important assumptions which may not be valid
over the range of damage fields considered. The first assump-
tion is that factors in the d¢ experiments such as space

charees and electrode effects do not change as the sample

8
=t

thickness is reduced to arproximately a micron. And the E
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second assumption is that the same intrinsic mechanism
dominates over the range of laser pulsewidths in Table VI,
Another intrinsic mechanism--multiphoton ionization7u--may
cause damage at lower fields than required for avalanche
breakdown when the laser pulsewidth is exXtremely short,
Estimates for 1.06 um radiation in NaCl indicate that when
the laser pulsewidth is less than about a picosecond, multi-
photon icnization is responsible for intrinsic damaze.18
Since the shortest pulsewidth considered in the present work
is 15 ps, the neglect of multiphoton ionization appears to be
justified, If the estimates of Yablonovitich and Bloembergen

are inaccurate, however, and damage from multiphoton ionization

is occurring, the ionization rate determined from the 15 ps

pulse is an upper bound for the actual value of a at E.p. =
12.4 MV/cm,

in summary, intrinsic laser-induced damage has been shown
to be a time-depenient process, As the laser pulsewidth was
decreased to 15 vs, the damage field in NaCl increased to
over 107 v/cem.  From the pulsewidth dependence of the optical
damage field, a field-dependent icnization rate was determined
and found tc agree at least qualitatively with experiments
using dc fields. The asgreement underscores the basic simi-
larity between intrinsic laser-induced damage at 1.06 um and

dc dielectric breakdown.

D. Effects of Disorder on the Intrinsic Damage Field

Measurements are reported here of optical bulk damage in
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three disordered systems--polycrystal KCl, a single-crystal
KBr-KCl (67%-334€) alloy, and fused quartz. In each case the
damage tield for the disordered system is compared to the
optical strength of the correspondineg crystal. These
measurements were made in order to determine i1if the opntical
breakdown field increases with severe lattice disorder as had

75, 14

been observed in dc breakdown experiments and as pre=-

dicted by simple theories of avalanche breakdown.58

The laser system and the experimental techniques used
here were identical to those of Chapt. 4 except that in-
spection of the transmitted laser light, rather than micro-
scopic insvection of the damaged crystal, was used to dis-

tinguish inclusion damace.

It was found that the damage field of the larse-grain

0, i e e bt o s S i sl B i st il

(20 pm) polycrystal was the same as that measured in the
sintle crystal and that the alloy damage field was about 20

percent larger than the damage field measured in the majority

I sl Ll

constituent, KBr. In the quartz system, on the other hand,

the disordered (amorphous) phase was noticeably stronger than

ol

the crystal, the ratio of damage intensities being 6§ + 1.

This ratio is identical to the corresponding ratio of surface

: damage fields measured by Bass and Barrett.12

i o ALl Lo

It is to be expected that the large-zgrain polyecrystal

TR

should have the same damase field as the sinele crystal. The

l

average grain diameter (20 um) and the laser focal diameter
% are comparable so that in the high intensity region near the

beam axis where breakdown is observed to initiate (see Fig., 13

el Mt sl o L AL ]
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in Chapt. 3), the sample looks like a single crystal.

By a simplified argument we can predict the approximate
crystallite size necessary to affect the breakdown strength.
Classical theories of avalanche breakdown (3ee Chapt. 8)
predict that the dynamics of electrons with energies greater
than the longitudinal optical (LO) energy determine the
characteristics of the avalanche. The LO energy in the alkali
halides corresponds to electron momenta of about 0.1 times
the recivrocal lattice vector G so that the important electrons
have k 2 0.1 G. Phonons with values of q 2 0.1 G will inter-
act most strongly with these electrons.76 Because such
lattice vibrations have wavelengths equal to 10 lattice con-

stants or less, we expect that unless crystal disorder appears

! . . i} [P . o
o e b o 2 oo et s bt b e e i i it o Lo O oL b el

wk

on the scale of about 10 lattice constants ( ~ IOOR) or less

i b

the damaze field should be unaffected by disorder.

Amorvhous systems are, of course, disordered on such a

O TSP YRy

scale. Our observation that the glass is more resistent to
damage is, therefore, consistent with the argument just pre- 4

sented. The behavior of the quartz system can te explained

in somewhat more quantitative terms by an equivalent argument,
E Referring to Eq. (1-1) on p. 1-3, it {8 seen that the rate of
- energy input into the electron population decreases with de-

creasineg electron mobility p. It is known that the mobility

of disordered systems is less than the ecrystal mobtlity76 so

s 0t il B Lk, il

that it should be more difficult to heat the electron dis-

tribution in the alass, As we have observed, then, the

R AT AT TR

damage field for glass should be higher than the crystal

H
3
k1
1
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damage field.

The breakdown field of the KBr-KCl alloy, measured
relative to the breakdown «f NaCl, was O.45 + 0.06. This
value comnares to 0.38 for pure KBr, 0.57 for pure KC1l, and
0.44 Tor the average hreakdown field Eavg weighted according
to the alloy composition: Egy, = 0.67 Eggp + 0.33 Excye It
may be fortuitous that the measured oreakdown strength of the
alloy and Eavg agree. On the other hand, the average lattice
constant of this alloy determined by X-ray diffraction scale

77 and other material parameter such as

with composition,
bandezap, dielectric constant, and reststrahlen frequency
probably scale in the same linesar manner. Since the break-

down fiel3d depends on these various material parameters,sa’ 67-683
it is reasonable that the breakdown field should also scale
with composition--provided that the crystal disorder resulting
from the mixed composition does not affect the breakdown
strength., More alloy systems must be studied before firm
conclusionss can be drawn concerning the effects of alloying

on the breakdown strength of materials.

I+ thus appears that only extreme lattice disorder such
as present in amorphous systems has a measurable effect on
intrinsic damagelfields. Future work is needed, however, to
ascertain any general correlations between lattice disorder
and breakdown fields. Such work is important not only to an
understanding of avalanche breakdswn but it is also important

frem a practical viewpoint to the design of more damage-

resistent optics.
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new experimental data {s compatible with the results of
Ref., 12, Some new areuments will be presented in Sect. C to
suoport the original coneclusion that the surface damage
statistics are intrinsic in origin, and possible scurces of

statistics within the avalanche vrocess will be discussed.

B., Exverimental Measurements of Laser Damage Statistics

Bass and Barrett12 observed that a precisely defined
threshold for laser induced surface damage does not exist in
the ten different solids which they studied. 1Irstead, there
is a range of power levels within which damage can develop on
each shot with some finite probability Py such that 0 < py < 1,
The damage probability oy at some power level was defined as
the ratio cf the total number of damage sites to the total
number of laser shots. (See Eq. (3-1).) By varying the power
level of the highly-stabilized laser source, they were able
to measure p1 as a function of the laser power. Flg. 21, which
summarizes their experimental results, shows that the data
apovears to satisfy the relationship

Py & exp(- K/E) .
(6=-1)
An analysis of the statistical distribution fN (see Eq. (3-2))
confirmed that the statistics were not resulting from either
material homogeneities fixed in position or from laser
fluctuations.

Additional evidence for i1he probabilistic nature of
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laser damage was obtained in experiments in which an image
converter streak camera was used to measure the distribution

of breakdown Startine times for surface damage to two different
materials. (The time at which a visible spark first appeared
was assumed to be the breakdown startine time.) If the break-
down process were completely described by a well-defined
threshold, then this distribution should be very narrow. The
data, however, showed broad distributions, particularly when

p < 1. In all cases the most
vrobable starting time for breakdswn occurred before the time

the apvlied field was such that p

of maximum field.

Damage statistics develop because there exists a statis-
tical time lar to the damage process as confirmed by Bass and
Barrett's streak camera measurements. When lasers are used
to induce damaege, the electric field is applied for only a
short time interval so that late-starting avalanches may not
be able to develop to damaging proportions before the laser
pulse has passed. Avalanche breakdown induced hy a continuous
laser source, on the other hand, should have a well-defined
threshold for damage instead of a statistical threshold as
indicated by Eq. (6-1).

During the Q-switched damage experiments on the alkali
halides (see Chapts. 4 and 5), evidence was recorded which
supports the statistical viewpoint. By monitorine the trans-
mitted laser 1light with a fast photodiode-oscilloscope combin-
ation (risetime = 0.5 ns), we observed that the laser light

is attenuated when damage develops. The first instant of
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measurable attenvation can occur before, at, or after the
peak of the laser pulse, so that no well-defined relationship
exists between the laser intensity and the first instant of
attenuation. Fig. 22 shows examples of such observations
made with a ruby laser beam focused to produce damage inside
NaCl. The laser pulses are fully time-resolved as verified
by Fabry-Perot studies. In Fie. 23 another ruby laser pulse
was focused into NaCl but did not cause damage whereas a
second pulse, apparently identical to the first, did induce
damace when focused into the same volune of the crystal.
Nothing was moved between the two laser shots, and the laser
was firine automatically at a repetition rate of about
1 pulse/S5 sec. A similar observation was recorded at 1,06 um
in ‘Fig. 17 of Chapt. 4 where the automatic firing rate was
just over 1 pps.

The relationship between laser light attenuation and
the size of the electron avalanche is difficult to establish,
A reasonable estimate indicates that the transmitted light is
unaffected by the avalanche until the density of conduction-
band electrons reaches a level of about 1018 cm'3. It is not
gstrictly correct, therefore, to associate the first instant
of attenuation with the breakdown or avalanche starting time.
But as noted below, there should be essentially no random
character to the time delay between the avalanche starting
time and the first instant of attenuation.55 We will assume
as a simplification that the two instants of time are identical

within exverimental error. It should be noted, incidentally,
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PBN-72-430

Damaged when the peak
laser field was reached

EDomage/EPeak =1

a)

Damaged before the peak
laser field was reached
/Epgqk =0.896

b)

EDomoge

Damaged after the peak
laser field was reached
Epamage /EPeak =0.954

c)

3 successive pulses

d) no damage
Epeqk® ! (Arbitrary units) ;
1
e
10 nsec
THE OCCURRENCE OF INTERNAL DAMAGE IN NaCl
A TEMy, mode ruby laser with total pulse energy
of 0.3 mJ was focused inside the inclusion free %
sample with a |14 mm focal length lens 1
The laser intcénsity tranc:nitted throuza the sampie is shown in these photographs, g
3
Tig. 22. THE OCCURRENGCE OF INTERNAL DAMAGE IN NaCl 3
DUE TO RUBY LASER RRADIATION g
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PBN-72-543

e B
IO nsec

Ruby laser pulses in NaCl with no self-focusing.
The first pulse caused no damage. Five seconds
later the second pulse caused damage before
peak field was reached.

Lvout 5 seconds passed between the apparently identical laser pulses., Because
nothing was moved during this time interval, the same volume of material was
irradiated by both pulses.

Fig, 23, INTRINSIC BULK DAMAGE OCCURRING IN
NaCl ON THE SECOND OF TWO RUBY
LASER FPFULSES

W
Reproduced lrom
best available copy. S
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that the time interval over which the transmission drops from
effectively unity to nearly zero may have no simple relation-
ship to the ionization rate a(E) defined in Chapt. 5. Because
the density of electrons is quite high by the time measurable
attenuation occurs, electron-electron collisions may alter the
avalanche develcpment and reflection from the plasma may be=-
come important, particularly at longer laser wavaelengths.

Encouraged by our experimental observations, we decided
to conduct a careful measurement of the statistical time lag
in a number of materials., Figs., 24-26 summarize measurements
made in fused quartz at 1.06 um, in NaF at 0.69 um, and in
sapphire at 1.06 um, As usual, self-focusing was found to be
absent under the conditions of our measurements, In each
case 30 to 50 damage events were recorded, and p, was defined
by Eq. (3-1). The position of the peak of the laser pulse
could be identified to within intervals of 0.5 ns for the
1.06 um pulses and 1.0 ns for the 0.69 um pulses. Fig. 15 of
Chapt. 3 and the techniques of Chapt. 3 (Sect. D) were used to
verify that the statistics were not occurring because of the
presence of point-to-point material inhomogeneities such as
inclusions,

The distributions of breakdown starting times for surface
and bulk damage to fused quartz are shown in Fig. 24 to be
virtually identical for the same value of Py These distri-
butions have the same characteristics as those reported dby
Bass and Barrett for entrance surface damage, The dbreakdown

can begin at any time over a relatively long interval which
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Q SWITCHED Nd YAG LASER
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The histograms represent experimental measures of g(t) as discussed in the text,

MEASURED DISTRIBUTIONS OF BULK BREAKDOWN STARTING TIMES FOR
YAG:Nd LASER 1RRADIATION

FUSED QUARTZ USING

Fig. 24.
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Q SWITCHED RUBY LASER j
5 PULSE WAVEFORM
> 3
= INSTANT OF PEAK INTENSITY
2 IS IN THIS INTERVAL 3
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Fig. 25, MEASURED DISTRIBUTION OF BULK AND SURFACE
BREAKDOWN STARTING TIMES FOR NaF USING RUBY
LASER IRRADIATION
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Q-Switched YAG:Nd Laser
Pulse Waveform

=
% 3 Instant of Peak
§F Intensity is in
= *‘3 this interval
L
[
)
Sapphire
Bulk Breakdown
_0.1¢ Py = 0.31
% o.od
©
g o0.06
o
d 0.0
m »
2 0.0
] AR ] 1
0 5 10 15

t(n sec)

Fig. 26, MEASURED DISTRIBUTION OF BULK BREAKDOWN

STARTING TIMES FOR SAPPHIRE USING YAG:Nd
LASER IRRADIATION
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includes times after the peak intensity in contrast to the
very sharply defined breakdown startine time expected for a
threshold-like process. The most probable time for damage is
{n all cases before or at the instant of maximum intensity or
optical field, and as the applied field is reduced (p1 is
lowered), the time of maximum damage probability shifts to
the peak of the pulse. (Compare Figs, 24c and d.) These
qualitative properties were shown in Ref. 12 to be explained
by the probabilistic voint of ~iew.

Quantitative comparison can be made between the present
results and the earlier atudies by using ar expression for
the distribution of breakdown starting timas g(t) which was
derived by Bass and Barrett., It was shown in Ref. 12 that
2(t) is given by the compound prcbability that breakdown occurs
at a particular instant given that it has not occurred before

that time or

t
g(t) = h(t) exp(- j h(t') dt') (6-2"

-0

where h(t) is the probability per unit time that the applied
laser field ©(t} causes breakdown. The probability P, in

Eq. (3-1) is related to g(t) by

0

Py = J gt dt (6-3)

-®

and the histograms in Figs. 24-26 are experimental measures

of g(t)., If the damage rate h(t) can be expressed quanti-

tatively, then g(t) can be computed and compared to our
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experimental data.

2q. (6-1) suggests that the damaze rate should be of
the form12

h(t) - Aoexm-K/Enn
(6-1)

Ao {s a normalization constant, and K is the experimentally
determined quantity in Bq. (6-1). E(t) is determined from
the peak laser field Eg and the electric field waveform.

If, as Bass and Barrett had assumed, a damaging avalanche
could form for all values of E(t), then Eq. (6-4) would be
an appropriate choice for h(t). It was demonstrated in
Sects, C of Chapt. 5, however, that the avalanche is time
devendent, When E(t) is less than some minimum field L
the time required for the avalanche to reach damaging pro-
portions will exceed the pulse duration and the damage rate
must vanishs In a pulsed field which reaches Emin at tmin
and falls below E , ~at thax' h(t) is therefore effectively
zero when t < tmin and t > t « Agsuming that the avalanche

max

formation time is neglizibly small (< 0.1 ns) when E(t) > Emin®

then Eq. {6-4) should be replaced by

0 ’ t < thmin

ht) = { A exp(-K/E(t)) ; t stst (6-5)

min max

0 , t> tmax

An estimate for Emin can be made from the measured form of

2(t) by setting E ;. equal to the lowest electric field value

at which breakdown has been observed to occur in a particular
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material. The times tm1 and tma can then be determined

n X

from the pulse waveform.

In order to complete the numerical comparisor.,, values
are needed for the normalization constant AO and the slope ¥,
We have found K experimentally in fused quartz by measuring
p; at three different field values. The value so ohtained--
71 x 108 v/cm--compares favorably to the earlier measurement

of 61 x 108 v/em which Bass and Barrett obtained from their

surface studies in fused quartz.

The computation of Ao is simplified by introducing the
funiction v(t), defined as he fractional number of tests
where no damage Has occurred by the time t. When the laser
pulse is passed, v(t) must equal 1 - Py the probability that
no damage was produced. In Ref., 12, v(t) was shown to be

v(t) = exp(- ft h(t') dt') . (6-6)

Bass’~ has calculated A, from Eqs. (6-5) and (6-6) and

the final conditicn on v(t) and has found that

t

max (6-7)
Ay = - (-p)/(f,  exp(-K/E(t) at . -7
min

Ao can thus be evaluated from experimental parameters. If
the damage rate assumed in Eq. (6-5) is consistant with the

experimental data, then A, should be a constant for a varti-

cular material.

Eqs. (6-3), (6-5), and (6-7) can now be used to calculate
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experimental reauvitz of Fle, 24, Using numavical technijues,
fags ctlainad the curves in Fig, 27, The data uged to com=-

pute thege curvee are suymmarized in Tahle VIY,
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Wig, 27 showg zend z2oalitadive amresment tatweer, the
model bagad gn Sdse ang Sayretdt's experimentx]l resulto as

™3

v

ntal dz2+vta irn fused

re
1

sunrartizen by Eg. (&1 amd our owr experv

g-srtz. There is, however, scme deviation beiween the two

for times after tn: ~¢ik of ihe lase: puizse, that iz, for
A

times when T(.) decreases to Emin‘ The form used for h(t)

when tmi < t < tmax assumed that the avalanche formation

n
time was negligibly small whenever the fleld was greater
than E,. As E(t) decreases, however, the formation time must
increase at an increasing rate. This means that at such
times h(t) will be decreased over the value in Eq. (6-5) at
a rate which increases as t-—-tmax. and the computed values
of g(t) will be reduced accordingly. The ~ffect of allowing
for finite formation time, then, would make the computed
curves in Fig. 27 decrease more raplidly for times past the
veak of the pulse and thereby improve the qualitative agree-
ment in that figure.

The agreement between model and experiment which has
already been acnieved is strengthened by the results in

Talle VII, There we find that both cases were computed with

nearly the same value of A . The + 20 percent experimental

error in ¥ and E, can easily account for the 10 percent
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The parameters relevant to these figures are listed in Table VII.

Fig. 27. MEASURED AND CALCULATED DISTRIBUTIONS OF BREAK-
DOWN STARTING TIMES FOR BULK DAMAGE IN FUSED
QUARTZ USING A YAG:Nd LASER
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TABLE VII

Parameters Used to Calculate g(t) in Fig. 27
Materials Studied: Fused Quartz

Experimentally

Determined Calculated
(a) tmax

pl Eo K AO S%(t)dt
min

Fig. 27a 0.380 | 7.3 x 10® V/im | 71X 108 V/m | 2599.8| 0.373

Fig. 2 | 0.032 | 5.7x 108 v/m | 71 x 108 v/m | 2776.4| 0.031

(a)

E _is the peak value of the applied optical field within the medium.
TRe electric field waveform is the square root of the waveform in
Fig. 24a.
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difference between the A 's, As¢ a further check on the con-
sistency of the model, we also computed the time integral

of g(t) since, by definition, it should equal the experi-
mentally determined value of P In Table VII we find that
this condition is also satisfied. These computations do not
involve any fitted parameters and ae such are a useful test
of the consistency of the model with the experimental data.

Finally, it should be noted that the breakdown statistics
should depend on the size of the focal volume. This con-
clusion, discusged in Ref. 13, follows from a general model
which assumes that the statistics arise because of fluctuations
in the formation of the first few hot electrons in the small
focal volume, As larger volumes are probed, the number of
votential starting electrons increases and breakdown statis-
tics should become less important, Comparable statistics
can only be obtained, therefore, from experiments in which
approximately the same volumes of material are irradiated.

In conclusion, the present work confirms the existence
of a statistical nature to the laser induced intrinsic damage
process and suppvorts the notlon that the damage mechanism
both on the surface and in the bulk is an electron avalanche

with statistical starting properties.

C. Sources of Damage Statistics

It was shown in the last gsection that the optical break-
down process has a statistical character which leads to an

experimentally measurable probability of the form of Eq. (6-1).
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Bass and Barrett explained this behavior by using a simpli-
fied model for avalanche breakdown., In their model it was
assumed that statistics for the entire process were determined
by the heating of the first electron in the avalanche. This
assumption was based on the expectation that the secondary
electrons produced by an ionizing collision have energies much
greater than the thermal energy kT and are therefore more
easily accelerated to ionizing energies than is the starting
electron. Using a classical collision model, similar in
concentual form to a dc model by Shockley,80 they were able
to derive Eq. (6-1) for a laser pulse of constant intensity.
The model of Basgss and Barrett is greatly oversimplified
in computational details because of the use of a classical
relaxation time approximation with an energy-independent
collision rate. In addition, the most pronounced damage
statistics in their study are observed with the pathological
crystal SrT103 which is known to possess large surface strains

and enormous local field effects.81

Yet the idea that the
heating of starting electrons determines the observed damage
statistics is an intriguing one, and their model is consis-
tent with experimental results. We will reconsider the matter
of starting electrons after looking for other sources of
damage statistics in addition to the dynamics of the electron
avalanche,

It was observed by tests such as those summarized in

Sects D of Chapt. 3 that the damage statistics do not result

from inclusions and fixed material inhomogeneities. A
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measurement has been made of the density of inclusions on

the surface of fused quartz to show that this conclusion is
reasonable. At our request Dr. 0., J. Guentert of Raytheon
Corp. conducted an electron microprobe survey of the surface
of a plece of conventionally polished fused quartz used in
the actual damage measurements of Ref. 12. He found that
there were no more than about 100 impurities ver cmz. The
microprobe could sense impurities with diameters > 1 um and
to a depth of § um. In the surface damage measurements of
the last section and those of Bass and Barrett, the high
intensity (1/e) region of the focused laser beam was about
10 um in diameter, and damage was observed to commence within
a few um of the surface, On the average, then, the pro-
bability of intercepting a larece inclusion was about 10'“ per
shot. If we assume that the denslty of potentially damaging
inclusions with diameters d such that 0.1 um < d <1 um is
about 100 times as great as Guentert had measured for large
inclusions, then the probability increases to 10'2. a value
which is still much less than unity. We thus see that the
experimental confirmation of the absence of inclusion damage
on the surface is consistant with the measured density of
inclusions. A similar result holds for bulk damage. It
should be noted, incidentally, that the use of small beam
diameters resultineg from tightly focusing external optiecs is

necessary in order to avoid inclusion damage. Many studies
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of optical damage have been conducted with laser beam diameters

<100 pmlo' 45, 49 and, therefore, probably reflect
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characteristics of inclusion da.iage rather than characteristics
of intrin=zic vnrocesses.
It has been sugezested that dust particles settling on
the surface could lead to surface damage statistics.e2 While
dust may affect the results of surface stulies, it is difficult
to see how statistics from the settling of dust can have the
form of Eq. (6-1). Also, statistics have now been observed
in the bulk where surface dust does not present a problem.
Another possible source of statistics is from thermally-
induced migration of absorbing impurities.83 This orocess can
lead to statistical distributions at fixed laser power oi the
form of Fig. 15 in Chapt. 3. Let us attempt to model such a
process. It might be expected that some activation energy
o exists for the migration. The driving force is a heat
pulse injected by a small residual absorption of the laser
light, If large vclumes are considered, the temverature rise
5T ~ 1 tp. such as we found for inclusions in Chapt. 1, and
{f small volumes are considered, 6T - the laser intensity I
or, equivalently, 6T -~ EZ. The probability that such a
migration will occur by laser irradiation is proportional to
a Boltzman-like factor exp (-« ,/k T). At first glance this
factor appears to be of the form of Eq. (6-1) but with closer
study we realize that the vresent exponential function depends
on E2 and not T as observed in Fig. 21 and as summarized by
Eq. (6-1). This is a general result: Physical observables

from a thermal process should be functions of E2 and not E.

The damage probability Py ‘s a function of E, however, so that
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we can .:onclude that no simple thermal vrocess is causing
the damage statistics,

There are other possible sources of damage statistics.
In dc exveriments it is very likely that damage statistics
result from space charge development which intensifies the
local f‘ield.""3 Rut space charges should not develovo in
optical fields or, for that matter, in quasi-dc fields of
nanosecond duration so that this model cannot explain our
results. A cumulative effect from the travping of electrons
in low lying states may in principle influence the experi-
mental results,55 but it was found that the damage statistics
were not a function of repetition rate as that rate was
varied from about 1 pps to 4 pps. Also, the life-time of such
trapred states is less than a second.”?

Statistices in laser-induced gas breakdown can occur
because there may be no free electrons in the irradiated

volume.au

Let us consider this mechanism as a source for
damage statistics in solids. In an insulator the density of
thermally excited conduction electrons in zero field is of

the order of 1012/cm3 or more. The high-intensity region of
the focused laser beam where bulk damage commences (see Fig. 13
in Chapt. 3) is about 1079 cm? in volume so that about 103
quasi-free electrons should exist in that volume. This

number is adequate to insure that at least one jonized electron
is present in the focal volume. Multiphoton ionization of

impurities should, in fact, increase this number. It thus

appears that an initially ionized (conduction-band) electron

s it L )l s et o A

A e, sl 11

L




o P S

bad

a0 b e

-149-

will always be present in the focal volume.

Bass and Barrett have recently made an observation which
gives further support to the conclusion that statistics are
present in the avalanche ttself.1? When LiIO5 and SrTi04
were damagei with ruby laser light, no intrinsic statistics
could be seen. This was not the case, however, with three
other materials studied at 0.69 um. The interpretation given
for the abrupt change in damage characteristics was that
another intrinsic mechanism, multiphoton absorption, was
responsible for damage in LiIO3 and SrTi03 by ruby laser lieht.
Damage from multiphoton absorption is not expected to have a
measurable statistical character because multiphoton ioni-
zation does not require a sequence of improbable events. This
is not the case with avalanche ionization, however, because
the development of the avalanche requires some electrons to
be heated to energies well in excess of the average electron
energy, (See Chapt. 8.) 1In support of their interpretation,
Bass and Barrett noted that two-phnton absorotion is vossible
in LiNb03 and SrTi0q at 0.59 um but it is not possible at
1.06 um., The other materials studied at both wavelensths have
band-gap energies in excess of 3.6 ev so that two-photon
absorption is not possible in them at either 1.06 um or
0.69 ume If this interpretation is correct, these measure-
ments represent the first experimental confirmation of the
competition between multiphoton absorption and avalanche
breakdown in solids, (See the discussion at the end of

Chapt. 1.)
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The source of the damage statistics thus appears to be
in the electron avalanche itself--throush the details of the
initial electron heating, because of the chance termination
of incipient avalanches, or vecause of fluctuations in the
ionization rate a. Yablonoviteh55 has shown that the latter
process cannot lead to measurable statistics. The second
vossibiliv  is virtually identical to the first vecause it is
unlikely that an avalanche which has produced more than a few
generations can terminate with any reasonable probability.

We are thus left with the basic hyvothesis of Bass and
Barrett, that measurable damage statistics can develop from
the first generations in the avalanche.,

Bass and Barrett have suggested a description of those
first generations. A relatively simple improvement of their
model would be to use an energy-dependent collision rate such
as discussed in Chapt. 8, Alternately, {t may be possible
to show that the statistics of the first events do not result
from the heating of the first electron to the ionization

energy I but, rather, they result from the heating of the

electron to energies just greater than the longitudinal optica)

phonon (L0) resonances at about 0,01 I, Thornber and
Feynman57 have shown that electron energy losses to the
lattice are extremely high near the LO energlies, These
resonances, therefore, represent barricrs to electron heating
and may effectively produce low-energy electron traps. Be-
cause there are vrobably only of the order of 10k qussi-free

electrons in the focal volume at the start of the laser
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pulse, there may be no electrons initially present with 3
energies past the LO resonances., Once an electron moves past :

this barrier bvecause of a sequence of favorable but improbatle

collisions with the lattice, the heating may be rapid. Pro-

el

ducts of the ionization will probably have energies which are
much greater than the LO energy so that the avalanche, once
begun, will not terminate.

We thus see that there is ample evidence that optical
avalanche breakdown has a measurable statistical character,
From a practical viewpoint, however, it is not clear that
damage statistics such as we have measured are important to

laser system design. It is the author's experience that when

inclusion damage develops, variations in optical strength are

B S S I I E B TP L SR O

normally much more prornounced than the statistics we have

observed from intrinsic damage. In fact, the observation of

ol

a reasonably well-defined damage threshold is itself an indi-

ot dith it

; cation that intrinsic damage is occurring. (See Sect. D of
Chapt. 3.) Intrinsic damage statistics have been observed
because inclusions have been largely avoided in our measure-

ments and in those of Ref, 12, stable single-mode laser sources

have been used, great care has been taken in recording damage
levels and only small focal volumes have been irradiated.85
: From a fundamental viewpoint, on the other hand, the study

of avalanche statistic3s may give us valuable irsight into the

details of the avalanche formation, insieht which could not

it Wi e e e
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be gained by observation of other damage parameters.
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CHAPTER 7
OPTICAL SURTFACE DAMAGE

A, Introduction

12,13 the laser beams

In the experiments of Bass and Barrett,
were focused to about 25 pm in diameter (l/e2 in intensity) in order to
induce damage on the surface, For such focal diameters the lager
beam was effectively collimated over a distance of about 50 pm near
the focus, 86 and yet damage was consistently observed to develop
within the firs’ 0,25 um of material. Because surface contaminants
were apparently not responsible for damage in this study (see Chapt. 6),
this surprising result indicated that the surfaces of conventionally
polished =olids have a lower intrinsic threshold than the bulk. Giuliano
observed in a later work with a weakly focuscd ruby laser beam87 that
the surface damage f(ield for sapphire was increased when the surface
was ion-beam polished, a procedure that removed most but not all of
the polishing scratches on his samples.

A quantitative relationship between surface damage fields and
those of the bulk was not established experimentally in these or in awy
other published study, because, to the author's knowledge, until
the work of Yablonovit:ch14 and the present work, no accurate measure-
ments of intrinsic optical bulk damage had every been made. Using
the bulk damage techniques of Chapts. 4-6 and the surface focusing
scheme of Ref, 12, we have completed a study of surface ciamage
at 1,06 um in which surface damage fields were measurec for a
variety of surface preparations and compared to bulk damage fields,

A simple model proposed by Bloembergen15 is found to be fully
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cavable of explaining the exverimental results.,

B. The Experiment

The laser source and experimcntal procedures for studying
{ntrinsic bulk damage were discussed in detail in Chapts. 3
and 4, A simple scheme for accurately focusing on the surfaces

of solids was develoved in Ref, 12 and applied in the present

%
%
i

work, In this scheme the focusing lens for the laser beam is

used as a microscope objective. Laser lieht enters the micro-

TRCI I

scope between the eyepiece and objective and is reflected off

a beam-splitter towards the objective lens. By inducine a

srark with laser light on the surface of a plece of steel shim
stock, 1t is wossible to accuratelvy vlace the shim stock at

the focus of the objective lens. When the separation of the
two lenses in the evepliece is adjusfed to bring the surface of
the shim stock into a sharp visible focus, a calibration is
established such that the focused object plane for the observer

who uses the total eyetiece-objective system is the same as

i b ol il s b el 1 . e il

the focal plane for the laser light which enters only the

objective lens, In this manner the senmaration of the objective

lens and the samnle was adjusted by simple visual inspection
to accurately focus the laser light on the sample surface.
For each sample studied, the surface damage field Eg was
measured, and by bringing the gsample about 1 mm closer to the
objective lens, the bulk damage field Ep was determined for
that same sample, All field measurements were made relative

10 the bulk damage field of NaCl which waz known from the
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experiment of Chapt. U4 to an accuvracy of 20%, “elative
measurements of damage Fialds were made o an sccuracy of
better than 10%, The duamasre field itsel? way cda2fined in the
usual manner ag that value nf rms elsotric flel? which vro-

duced damage half of tha timé or & stnele shot | Ly = AN

i

Table VIIT summarizes the measured ratics Fg/%z for three
materials whose surfaces have nwecr Drecare’ tv viriome means,
These data show that the clean b.t conventisnalily pnlished
surface (Fig, 28a) of a transparens rpedivum is sonerally wmorn
easily damaged than the dSulk. ©Crn ths other Rand, when care luo
taken to achieve imperfe:stion-'ree surface finishes guch us
shown in Fig, 28b, the bulk and surfece dawars rioleg are
equal.

The morohology of the residual enitrance surface damage
gives additional support for *ths nrecetins conclusions. When
a spark was observed durine liaser irradiatior, very small pit

damage37

was found on a conventionally 7inished surface, Im-
verfection-free surfaces showed myre extensive damage in-
cluding a region or c=acks suirroundin the melted irradiated
volume (Fiz. 29). Such damase extends many microns into the
material and is very similar to a cross-section of bulk damage
as recorded in Fig, 13 of Chapt. 3.

Since the focused laser light was effectively collimated
over several microne near the surface, high intensity light
extended into the bulk, and it was possible for the light to

cause internal or bulk damace. A conventionally finished

surface, however, damages more easily than the bulk. Because
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Fig. 29. RESIDUAL SURFACE DAMAGE ON ION-BEAM

POLISHED FUSED QUARTZ

Surface which were effectiveiy imperfection-free produced the form of
damage morphology pictured here. Cracks surround a small molten region
about 10 pm in diameter. Bass37 has observed a similar morphology when
damage occurs from self-focusing inside the bulk and brezks out through

the surface.
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the onset of damage i3 accompanied by a strone attenuation of E
the transmitted beam, surface damace on conventionally finished
samples is locallized on the surface. If, on the other hand, a

more highly finished surface does not damage any more easily

than the volume of the medium, it is possible for intense light
to reach the bulk. Damage can then commence anywhere within
the effective focal volume. Occasionally damage will begin
within 0.25 um of the surface and produce a2 faint pit, but
more often it will begin somewhere in the bulk several microns
from the surface. When bulk damage occurs, the molten region
grows back towards the laser and breaks out of the entrance
surface producine the morphology recorded in Fig. 2¢. These
morphological observations, which are valid only when inclusion
induced damage is absent, show that if very small pit damage
is normally vroduced, then that surface is more easily damaged
than the bulk. The observations that damage on imperfection-
free surfaces apvears to be btulk damage which erupted from
within the medium might explain Giuliano's report of more
extensive surface damaze on ion-beam polished sapphire than
on a conventionally polished sample.87
The morphology of damage on the bowl feed ("supervolished™)
surface of BSC-2 glass was generally of the small pit type
though more extensive damage was detected occasionally. The
measured ratio of bulk to surface damage fjields, 1.0 i 0.1,
implied a perfect surface, but based on the damaze morphology
we decided that the surface was, in fact, not as uniformly

imperfection-free as possible, Not long after this conclusion
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was reached, we received the electron microeraph shown in
Fig. 28c which confirmed our interpretation of the surface
quality. Faint residual scratches can still be seen in that
figure.

Bloembergen has completed a simple but intriguing model15
which predicts that the apparent optical strength of surfaces
will normally be less than the optical strength of the bulk.
He recoenized that the dielectric discontinuity occurring at
structural defects can enhance the electric field over its
average value, The followine values are predicted for the

ratios Ep/Eg:

Spherical void 3e/(2¢ + 1)
Cylindrical eroove 2¢/(€ + 1)
"Vee" groove €

where ¢ = optical frequency dielectric constant. These ex-

pressions were used to obtain the predicted ratios in Table
VIII,

! It is seen that except for sapphire the measured ratios
; for conventionally volished samples lie within the range of
values which Bloembergen predicts for spherical voids and
cylindrical esrooves. Actual defects on conventionally
polished surfaces probably have more complicated shapes than
Bloemberezen has considered. But a high density of subsurface

voids and surface pits does result from standard abrasive
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poli.sm'ume‘3 as seen in Fig. 28a, so that the reasonable
agreement between the first two predicted ratios and experi-
ment is impressive. The sapphire sample had visible scratches
that, as Bloembergen predicted, result in a largze damage
ratio. Finally, the bowl-feed and ion-beam polished samples
appear to have only zentle variations in surface topography
(Fig. 28b) which should lead to little if any measurable
field enhancement according to Bloembergen's model. Again
there is experimental aereement. It should be noted, inci-
dently, that good quality conventional polishes (Fig. 28a)
appear spatially uniform to a 20 um-diameter laser beam. In-
trinsic damege on such a surface will produce damage statis-
tics of the form of Fig. 15 in Chapt. 3.

Another vpoint of interest in Table VIII is the fact that
the first and third fused quartz samples were purchased from
the same manufacturer at the same time. These were described
as “1/20 wave interferométer flats." Ion beam polishing of
the fourth samble removed material to a depth greater than
3 times the smallest grit size used in the mechanical polishing
process, and a large increase in the surface damage field
resulted. The ion beam polisher employed Art ions at 10 kv
and incident at 60° to the surface normal to remove 1.25 um
of material,

Table IX gives the measured bulk damage fields for the
gamples in Table VIII. These values were measured relative
to the damage field for NaCl, and most of the assumed errors

in Table IX are due to the experimental uncertainty in that

=5
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TABLE 1X

_I_\_/I;zasured Bulk Damgg_e Fields at 1,06 um

Material EgMV/ cm )

Conventional #1
Fused Conventional #2
5.2+ 1.3
Quartz Bowl feed finish

Ion beam polished

6.3 + 1.6

— — —— — - —

Sapphire

pm————
== Ne—

BSC-2 Glass 4,71 1,2

(a) RMSfield values are listed
Measurements were made relative to EB in NaCl
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latter value,

In conclusion, we see that the incident laser fields for
entrance surface and bulk damage to transparent solids are the
same fo~ imperfection-free surfaces. When structural imper-
fections are present, they enhance the optical field locally
so that the surface damazes more easily than the bulk. TIm-
proved surface finish quality is recoegnized as essential to
minimizing the problem of scattering in optical systems, The
results of this work show that it is also critical in the

problem of laser induced surface damage.
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CHAPTER 8

THEORIES OF DC AND OPTICAL ELECTRIC BREAKDOWN

A, Introduction

Electric breakdown is one of the most difficult problems of modern
solid state theory. As is probably the case with most hut electron phen-
omena in solids, the process is understood only in qualitative terms,
The basis of the difficulty in modeling breakdown is the fact that the
relevant interactions cannot be treated separately. It is not strictly
correct, for example, to speak of electron excitations as being distinct
from those of the lattice. The electron-phonon interaction in NaCl, for
example, is so strong that the effective collision time appears to be

~2 X 10'16 s

ec. ({Sect. B of Chapt. 6) which implies an electron energy
uncertainty of the order of the ionization energy. In addition, distortion
from electric fields having rms values ~10° volts /cm cannot properly
be treated as a perturbation on the encrgy spectrum of the electron-
lattice system,

A number of theories have been formulated which largely ignore
these difficulties, Many such theories use a relaxation time approximation
with the electroa-phonon collision time calculated from perturbation
theory. Despite their lack of rigor, such models appear to explain many
features of the process.

In this chapter we will briefly review some of the published rnodels
of dc and optical electric breakdown and compare their predictions with
67,68

the experimental results of Chapts. 4 and 5. A recent work by Holway

will be ¢onsidevred in which the high-field eleciron distribution function is
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l66
calculated from a classical Fokker-Planck equation. Although
Holway's model greatly simplifies the optical breakdown
process, it demonstrates that electric breakdown may not be

an average electron phenomenon. The model, in addition, can
provide a useful framework for evaluating many untested

theoretical ideas concerning electric breakdown.

B. Historical Review of Breakdown Theories

The literature on breakdown distinguishes between two
general types of dielectric failure called intrinsic breakdown
and avalanche breakdown.58 In intrinsic breakdown theories,
the quasi-free electron density is seen to jump discontinuously
to damaging proportions from a low steady-state level as the
external field is raised by a small amount. Calculated
thresholds are independent of sample thickness (de¢) or duration
of the aprlied field. Avalanche theories, on the other hand,
consider a time-dependent electron multiplication whose
threshold is sensitive to the time available for the avalanche,
As the sample thickness is decreased or as the time duration
of the applied field is reduced, the electric field necessary
to induce damage will increase.

Experimental evidence suggests that the idealized intrin-
sic mechanism does not exist. Materials such as the alkall
halides and mica, which were originally believed to fail by
intrinsic breakdown, have been shown to have a time-dependent
damage field at d¢ and, as we saw in Chapt. 5, at optical

frequencies, Yet the conceptual distinction between an
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intrinsic instability and a time-dependent avalanche persists
in the recent theoretical literature, and in this section we
will group breakdown theories accordine to this distinction.

Intrinsic breakdown theories consider a balance between
electron energy fain A from the field and electron energy loss
B to the lattice. Equilibrium exists when the relationship

A-E,B) = B(B) (8-1)

8 E is

can be satisfied in a physically acceptable manner. >
the external electric field and 8 symbolizes various material
varameters that determine A and B. When the field is raised

to a critical value E,, Eq. (8-1) can no longer be satisfied

in a physically accentable manner and breakdown is assumed to
develoo. E, is identified as the breakdown field. Various
theories of intrinsic breakdown differ in two basic aspects--
the modeling of the manner in which the electron population is
coupled to the lattice (i.e., in the calculation of B) and the
explicit assumption of what constitutes a physically acceptable
condition. We will consider important examples of such
theories.

One of the most frequently referenced theories of dc
breakdown is the original model of Frbhlich.6u In this work
Fr8hlich considered ionic insulators and assumed that the
electron-lattice coupling arises entirely from the interaction
between electrons and longitudinal-optical (LO) phonons. A

perturbation calculation of the electron-phonon interaction

leads to an effective collision frequency v = 1/+ which
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decreases with increasing electron energy ¢ for ¢ greater
than the LO phonon eneram”ﬁulo. In particular, when

!e : k< G (8-2)
(¢ k> G

where kX is the free electron wave vector and G is the reciprocal
lattice wavevector. For NaCl,'ﬁ2 G/2m = 0.5 I where m is the
free electron mass and I is the ionization energy. The term

B (B) in Ea. (8-1), which describes the energy transfer to the

lattice, is proportional to v, times a factor depending
64

logarithmically on the electron energy. That is,
B x v (¢) .
v (8-3)

A(E,B) has the form of Eq. (1-1) with p= er/m. At dc (w = 0)

~

the energy £ain for each electron is

2.2
_[<E 1
A"(m)v() ' (8-4)

€

FrBhlich defined the breakdown field E, as that value of
electric field for which A And B intersect at the ionization
energy 1. Wnen E > E,, the point of intersection is at

61 < I, and when E < E,, the point of intersection is at

€5 > 1, This behavior is shown schematically in Fig. 30a.
At E = E,, electron3 with energlies greater than I gain more

energy on the average from the field than they lose to the
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THE ENERGY BALANCE IN AVERAGE-ELECTRON

BREAKDOWN THEORIES
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lattice, and electrons with ¢ < I lose more eneregy on the

e e g+ P A

average to the lattice than thevy fsain from the field.

! The basis for definine Ec in this manner, is the in-

wwwwﬂmmmw,mum;mwwmmmmwmww

tuitive notion that a steadv-state can only exist when

collisien ionization is balanced by the inverse process of

recontination. If E < E,, then a high energy electron (¢ = TI)
created by recombination will lose its enerzy to the lattice,
but if E > Ec. the high enersv electron created by recombina-
tion will continue to e#ain energy on the average from the
field until it produces another ionization. The precise
manner in which low energy electrons reach ¢ = T and cause
ionization is not specified.

Frhlich has thus considered a possible electron insta-
pility, but he did not relate this instability to the actual
dynamics of electron multiplication and eventual material

sk

damage. An earlier theory by von Hippel, which was developed

further by Callen.88

is based on the far more strinegent re-
quirement that E must be sufficiently large to move the point
of intersection of the curves for A and B to e:fﬁmID = 0,01 1.
The Frthlich model predicts breakdown fields about an order of

1 magnitude larger than experimentallv observed.

‘ Zverev et al.>” have considered the FrBhlich model in the

high frequency 1limit by setting  >>v in Eq. (1-1). This

chanees A (E,) to

e 5 e w5 s ot KA AR R 1 e e, b, o Rt i i

kv

A= 2E L@ . (8-5)
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B(B) is again given by Eq. (8-3). In the energy range of
interest, the collision frequency v‘(() is given by the second
(high momentum) form of Eq. (8-2).

Fig. 30b shows the functional form of A and B. It is
seen that, in this high frequency limit, when E = E,, electrons
with ¢ >1 lose energv to the lattice while those with ¢ < I
gain from the field on the averace--the opposite of the dc
benavior. The intuitive basis for defininz E,, therefore, is
not valid in the limit Zverev et al. have considered. 1In
addition, their calculated breakdown strength for sapohire
is about an order of magnitude larger than we have measured
at 1.06 um, (See Table IX in Chapt. 7.)

A gsecond rroup of intrinsic breakdown theories use a
Boltzmann equation to calculate an electron distribution
function f(¢), We will consider these theories only briefly.
As before, the verturbation results of Eqs. (8-2) and (8-3)
are used to model the energy transfers among the field, the
electrons, and the lattice, A general solution for f(e¢) is
exvanded in termes of spvherical harmonics with only the first
two terms retained. Breakdown is assumed to occur when either
an effective electron tempverature increases without limit or
when the distribution function can no loneger be normalized.
The minimum electric field which produces ihece conditions is
defined to be the damage field E..

A number of authors, includine Frbhlich.89'91 have used
this formalism to describe dc breakdown. The simplification

is ncrmally made that f{¢) is essentially 2 Boltzmann
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distribution even thouesh this assumption is valicd only at low
£ields or under conditions where the electron density

n 2 1018 cm'3.63 A high frequencyv (optical) extension of this
formalism was carried out by Wasserman who assumed that

wr >>1 in Eq. (1-1).51 He found that an «ffective electron
temperature could not be found in NaCl when E 2 2 x 107 volts/cm.
This field, assumed to be the damage field, is the same
magnitude as the critical fields nbtained in the de¢ theories,

but it is a factor of 10 larser than the optical breakdown

field we measured in Chapts. 4 and 5.

Avalanche breakdown theories consider damase to develop
when a time-devendent electron multiplication has increased
the conduction hand densitv to damacine provortions. As was
the case with intrinsic breakdown theories, the modeling
generally takes one of two forms, either calculations of
average electron dyvnamics or calculations of the high-field

electron distribution function,

A vhenomeanological de hreakdown model due to ShockleyBO
displavs some simple features of an electron avalanche.
Accordine to Shockley, the ionization rate at dc (see Bq. (5-2)
is promortional to the probability P(tl) that a low enerzy
electron avoids phonon 2ollisions for a sufficiently long
period of time t; to be accelerated bv the dc field to the
ionization enerevy 1.

We can find P by the followine alu'eumem..‘58 The oprobability
that an electron will avoid collisions for the veriod (t + dt)

is given by the compound vrobahilitv that it avoids collision
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for the veriod t and the vrobability that it does not collide

with a nhonon Aurine the interval dt. That is

P(t+dt) = P(t)il-v (1) dt) (8-6)

Tne solut.on to Eq. (8-5) is

W o

-t
P(tl) = exp -[ \)L(‘:)dt ) (8-7)

Time and energy are related for a free electron in a dc field by

ue _ Fdv - /- lllz ek
e nlv(ﬁ) = (2mz¢) ™ (8-8)

which can be ingerted into Eq. (8-7) to esive
P(tl) x exp({-K/E) « X an = o . (8-9) :

N is the density of conduction band electrons. The constant
K, which has the dimension of a field, can be calculated from
Eqs., {8-7) and (8-6). This simpls vttt lance has the same
functional form as the Townsend c~ei: ¢ spt in gas breakdown.92
Baraff?’ caleulated a(z) from 2 nonlinear Boltzmann
equation by assuming that %(() is a censtant indevendent of
energv, He found that Eq. (8-9) avproximately describes the
functional devendence of a(E) at low field3 but that K is
actually higher than Shockley had calculate.. The physical
reason for this descrevancy is that Shockley implicitly assumed
that each electron celiidine at intermediate enersgies returns

to zero enerey before attemptineg another flisht to hieh
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93

eneragy, This assumption leads to an underestimate of the

number of electrons which reach ionizing energies. In high
fields the ionization coefficient was found by Baraff to be
approximately prcportional to exp (-K'/EZ). Baraff's cal-
culations were intended to describe avalanche multiplication
in semiconductors such as Ge although his choice of an energy-
independent u is probably more suggestive of breakdown in
gases,

12 have shown that Shockley's model can

Pass and Barrett
be avplied to breakdown from optical electric fields by con-
sidering a sequence of "luckv" collisions that reverse the
electron momentum at about the instant when the field chanees
direction. In this manner a "lucky" electron will continually
remain in phase with the field and be accelerated to ionizing
enerey. A probability was calculated which has the same
functional dependence on field as does Eq. (8-9). Although
this simple model was advanced to explain laser breakdown
statistics (see Chapt., 6), it leads to a prediction of the
ionization rate a (E) in the same manner that Shockley's
calculation of P(t;) leads to a(E). This model suffers from
the same simplifications ag Shockley's--the agssumption of a
constant v, and an underestimate of the number of electrons
which reach ionizine energy.

Seitz has writtzn one of the classic papers on dc electron
avalanche breakdown.65 His description of the avalarnche

containg the famous "40 generations” model and is ecnerally

hased on physical arcuments ratheir than on formal mathematical
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modelineg. This work contains manvy imvortant ideas that had
not previously been considered in breakdown theory. £

Seitz recoenized that the LO phornon interaction (or

L R L T g A
i

Fr8hlich interacticn) may not realistically model the electron-

el

lattice coupling. 1In all solids the electron can be coupled

1 to the lattice by a deformation potential interaction. This

-

interaction increases with increasins energy and may dominate
the LO phonon interaction in ionic¢c solids when ¢ 2 1OTuuLO:
0.1 I. A perturbation calculation that considers both types
of coupling can be aoplied to calculate an effective %(() as
shown Schematically in Fig. 31. N
The “40 cenerations" model is an estimate of the number
of orogzenv which a single electron must produce in order to

3 create a damagineg avalanche. With simple arsuments, Seite

!

demonstrated that if{ a sinzle electron, starting its fliesht f;'
at the cathode, produces 40 secondary electrons before the ;
avalanche is terminated at the anode, then enough energy will
be deposited from joule heating into the medium near the anode
to destrovy the material. This description leads naturally to
the prediction, later verified,éo' 61 that the breakdown field
will devend on sample thickness. If the sperimen thickness is
reduced, the ionization rate ver unit distance must increase
in order to compensate for the reduced spatial extent (or time
duration) available for 40 secondaries to be produced. 1In
Chaot. & wa in effect considered the bacsic concept of the

"40 pgenerations" model hy definineg tr2akdown as the egrowth 2

oY the multinlieation factor MC to a critical size. (See
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Total

Non-polar Modes

Polar Modes

Electron-Phoron Collision Frequency

|

‘G

Electron Energy

Fig. 31, SCHEMATIC OF THE ELECTRON-PHONON COLLISION
FREQUENCY AS A FUNCTION OI ENERGY FOR BOTH
POLAR AND NONPOLAR INTERACTIONS (Seitz 1949)
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Eq. (5-2).) Our choice of M, = 107 corresponds to 23 genera-

tions.qu

The damage field for NaCl predicted by the "40 generations"®

model is about an order of magnitude larger than experimentally
observed. Seitz explained this descrepancy by showing that
avalanche breakdown may not be an average electron phenomenon.
Fluctuations in electron energies can substantially lower the
breakdown threshold. This same result was demonstrated several
vears later in the calculations of Baraff93 and Holway.68

Seitz considered the effects of exciton states on break-
down, a concept introduced in Sect, B of Chapt. 5. He also
attempted to explain the oriegin of noisy dc¢ pre-breakdown
currents that had been observed exverimentaily, and he con-
slidered the possibility that Brage reflection at the Brillouin
zone boundary (Umklapv processes) might affect the breakdown
strength of some materials.

A recent model by Holwa_v,67 developed by analogy to gas
breakdown, orovides a relatively simple mathematical formalism
for evaluatineg many theoretical ideas suegested by Seitz's
work. This model, which will be considered azain in the next
section, can be avoplied at dc and at optical frequencies,
Holway calculated a high-field electron distribution function

by usinz a classical Fokker-Planck equation and a relaxation-

time model for thes electron-phonon interaction. The calzulation

used Eq. (8-5) for A(¢) and Eq. (8=3) for B(¢), and only the

high enerey form for the collisinn frequency in Eq. (8-2).

Two important results were obtained. Pirst, the growth of
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o

the electron Zensity was found to proceed in the manner in-

e

dicated by REq. (5-2) so that an ionization rate could be

calculated., Second, the term in the Fokker-Planck equation

0 Ll

describine the average electron energzy was found to be unim-
portant to the avalanche dynamics. As Seitz had suggested65
and as Baraff had t‘oundo‘3 with a more complicated Boltzmann
equation calculation, the avalanche appears to develop be-
cause of electron diffusion to higher enereies and not be-
cause the average electron has been heated sufficiently to
produce {onization.

Finally, we mention two more calculations related to

breakdown. In the first, Thornber and F‘eynman59

treated the
FrB8hlich interaction quantum mechanically to a high degree of
precision over the enerey extendinz to about twice the LO
phonon éenergy., Their results, which are quite involved
mathematically, are not directlv applicable to avalanche
brezkdown. As Seitz has observed, the LO interaction described
approximately by the FrBhlich Hamiltonian, may not combpletely
describe the electron-phonon coupline over the energy range

of interest. We also realize that avalanche breakdown is a
statistical orocess, and it avpears tc be necessary to cal-
culate an electron distribution function before any realistic
predictions of breakdown streneth can be made. The details of
the electron-cvhonon interaction near the LC resonance may not
even be important to an understandine of the avalanche develop-

ment., Since the cross-section for impact ionization will not

be larse until ¢ = 1.2 1, the oroducts of the ionization
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event may have enereies much egreater thanT\wLo.

The last theory of breakdown we will consider is Zener g:

tunneling which at high frequencies becomes multiphoton ab-

18

sorption, Even though this vprocess is not an electron

avalanche, it can cause breakdown, and we, therefore, consider

it briefly here, Zener20 oriesinally introduced the concent of E

95

field emission breakdown, and Franz’’ out the idea on a more .

quantitative basis for dc fields. An aoproximation to Franz'

results, egiven by O'Dwyer.58 predictc a breakdown field in sy

volts/em of

A

4)(107 I3/2

c an(10%°%¢%) (8-10)
P

where 1 is the band-gap (lonization) enersy in eV and tD is

the duration of the applied field in microseconds. Eq. (8-10) =

is vrobably a useful approximation +to optical tunneling field i
20

T TP ETRITNIP RIS -TPT¥ 3.1 17 64 1 TR 5 1o, oo

at 1 um in NaCl, For t_ = 10 ns, ¥q. (8-10) predicts

Fe = 1 X 10?7 volts/cm, and for tg = 15 ps, B4 = 5 x 107 volts/em.

These values compare to 0.2 x 107 volts/cm and 1.2 x 107

: 7 volts/cm measured at 1.06 um in Chapt., ¢. This process thus x ..

avalanche breakdown and should therefore be observed when
E extremely short laser pulses (tD = 10712 sec.) are used to

induce damace.

T SRR

C. Implications of Experimental Results to Theory

! g appears to have a weaker pulse-width devendence than optical i?
3

In Chapts. 4 and 5% we observed that the avalanche break-




down process has a time and frequ2ncy dependence and that it
aprears to he affected by severe crystalline disorder. We

were also ahle to determine accurate vaiues of breakdown fields
which were not confused by the many axperimental uncertainties
of dc measurements.

The observation of a time devendenze to damage suggests
that the breakdown models which we called "intrinsic breakdown
theories” in the last section are not applicable to the
materials we have studied. It appears, in fact, that the
distinction between intrinsic breakdown and avalanche break-
down is entirely artificial. Breakdown in materialc must have
a time dependent aspect.

Our data on the time dependence to the damage field can
be compared to the simple orediction of Egq. (8-«9) usine the
definition of a riven in Eq. (5-3). This comparison is made
in Fig. 32 where it is seen that the functional form of
Shockley's model is not an unreasonable approximation to the
experimental data.

A weak frequency dependence to the damage tield was
observed in the alkali halides in Chapt. 5. In Sect. F of

Chapt. 2, a comparison between the sapphire damage field a%t

0.69 um measured indirectly by Guiliano et al.21 and our own

measurement at 1.06 um (Table X in Chcpt., ?) indicates that
the sapphire damage field is still effectively in its de¢
1limit at ruby frequency. These surprisine results sugegest
that the effective electron-ohonon collision times in thesge
o~16

materials are of order 1 sec, a value so short that the
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electron energy uncertainty is comparable to the band-gap
eneregy., If the effective collision frequency v is determined
by the electron dynamics at energies much larger than'ﬁmLo,
as Holway has found.68 then the Fr®hlich interaction is not
cavable of explainine this result, We are left with the
sugeestion of Seitz that the non-polar or deformation potential
interactinn may be important in describing avalanche breakdown.,
In addition, the details of the frequency dispersion summarized
in Fie. 19 of Chapt. 5 give evidence that deep-lying exciton
levels may play a role in the avalanche at least for wide
band-gap insulators such as NaF,

We thus realize that the high frequency limit of the

Fr3hlich interaction which was used by Zverev et al..50

Wasserman.57 67, 68

and Holway does not describe the eneray
gain in intense optical fields at least when the frequencies
are less than about U x 101% herz in the materials we have
studied. It should be noted, incidently, that the laser fre-
quency dependence displayed by Eq. (1-1) is not the true
prediction of relaxation-time models of avalanche breakdown.68
That orediction can only be obtained by averagine Eq. (1-1)
over the aporopriate electron distribution function.

The dependence of damage field on severe crystalline
Adisorder was considered in Chavot. 5, and the observations of
breakdown statistics were summarized in Chapt. 6. Here we
merely note that these results further support the conclusicn

that the intrinsic breakdown mechanism involwves ionization from

electron heating and not from tunnel ionization or multiphoton
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absorption,

Virtually all breakdown theories predict damage fields
atout an order of maenitude larger than we have observed. An
important reason for this discrepancy appears to be that
most models have treated avalanche breakdown as an average
electron phenomenon. It can be seen very simply, however,
that the average electron energy is probably not much greater
than about'ﬁwLo when damage develops. Consider NaCl, for
example, The low=-field mobility ot about 10 cmz/volt~sec can
be treated as an upper bound for the high-field mobility., If
we use the free electron mass, a field of 2 x 106 volts/cm
produces an average electron energy of less than about 0.2 eV
as compared to'ﬁwLO = kT = 0.03 eV and a band-gap energy of
about 8 eV, Because the mobility should decrease in high
fields.63 the actual averarge electron energy may be much less
than 0.2 eV, As Baraff and Holway have shown, the diffusion
of electrons towards the high energy tail of the energy dis-
tribution thus appears to be more important than the average
electron energy in deiermining the avalanche characteristics.
Including the diffusion term in the calculation lowers the
predicted damage field by about a factor of three or more°68

Another source of the discrepancy mav be in the cholice
of modeling for %(t). Based on Seitz's discussion as sum-
marized in Pie. 31, it appears that a constant v, may be a more
realistic approximation to reality than the perturbation
modelineg of the FrBhlich interaction. It may also be that

the classical relaxation-time approximation normally used to
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predict the electron dynamics may not be cavable of describing
avalanche breakdown.

A complete modeline of avalanche breakdown alone the lines
of the Thornber-Feynman calculation is bprobably many years
distant. Nonetheless we believe that it is possible to under-
stand many qualitative features of the avalanche by using
classical models such as that developed by Holway, 1In closineg
this section we will consider possible extensions of Holway's
calculations which may be useful in answering a number of
theoretical questions raised in the preceding discussion.

The Fokker-Planck equation approach appears to be equiva-
lent to using a first-order nonlinear Boltzmann equation.96
The advantases it provides over the Boltzmann approach are
that the Fokker-Planck equation is simoler from a computational
viewpoint as well as easier to interpret physically.

By usineg Holway's formalism, a number of problems can be
treated in a direct manner, It is possible, for example, to
determine the importance of the details of the electron-
phonon interaction to the development of the avalanche. Seitz's
suggestion that the non-polar interaction may be important can
be tested within this formalism by choosing different
functional forms for %((). including one that takes account of
poth the volar and the non-polar intcractions.

A second problem to be resolved: Is the relaxation time
approximation capable of explainine our exnerimental results
in the alkali halides? 1In particular, can Holway's formalism

with a reasonable choice for %(c) vredict the relative damage
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fields we have measured in Chapts. 4 and 5, and can it predict
a(E) in NaCl? It may be vossible to fit %(r) to the experi-
mental results.

Seitz's suggestion that deep-lying exciton states may be
impvortant to breakdown can be tested by this model, and it
may be possible to develop generalized predictions for a(E)
based on materiél parameters. The role of impurity states
can also be investigated.

In conclusion, we see that althouch the purist may find
avalanche theory to be in a dismal state, relatively simple
phenomenolozical models may be cavable of exvlaining many
features of avalanche breakdown. In this area of work,
however, experiment must lead the theory, and much more
experimental data is needed to oprovide both a basis and a

test for theoretical models.
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SUGGESTIONS FOR FUTURE WORK

The study of laser induced damage that has been presented in the

PR L RN T

preceding chapters has considered damage ‘rom absorbing inclusions,
beam distortion from self-focusing, and electron avalanche breakdown,

Many of the basic problems cuncerning laser damage have been resolved

e s L M

by this work and by other recent stu.dies, but a great many problems

remain. In this concluding section we will briefly consider some areas

an il vz

for future experimental work. The following list is not intended to be

exhaustive,

1. High-Frequency Avalanche Breakdown and Multiphoton

Absorption: The first evidence of frequency dispersion in the damage
fields of the alkali halides has been obtained, Because this
dispersion does not follow simple predictions, measurements of

high frequency avalanche breakdown should Ly extended to wave-
lengths shorter than 0. 69 um, It would be of great interest to track
tire frequency dependence of intrinsic breakdown over a sufficient
range of frequencies to show the eventual development of multiphoton
absorption as the intrinsic damage mechanism, Except possibly for

1 .
the recent work of Bass and Barrett, 3 no unambiguous measure-

il il v 2 1 e | e e 1

ments have yet been made of multiphoton absorption and its frequency

and pulse-width dependences. As the laser frequency is increased,

A

complications from self-focusing may get more serious and tighter

external focusing may be required. The effective limit to external

focusing will be dtermined by spherical aberrations, Laser

damage studies at frequencies aear the two-photon absorption

Preceding page blank
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resonance, therefore, mayv bhe more profitahly conducted

on surfaces rather than in the bulk, vrovided that
essentially imoerfection-free surfaces can be produced.
Initial work in this area misht be conducted in the 5lkali
halides with a nitrogen-laser-pumped dye yaser. It would
be of interest to compare the frequency devendence of
intrinsic damage in crvstalline gquartz to that of fused

quartz.

Subnanosecond Damage Measurements: In Chapt. 6 it was
shown that an appbroximate ionization ratéhcan be found
from the dependence of the intrinsic damage field on laser
vulse width., These techniques can be applied to other
materials in order to determine if the ionization rate has
a universal form in insulators. The freguency dependence
of the ionization rate can also be determined from sub-
nanosecond studies. It should be noted that dc measure-
ments of dielectric breakdown cannot directly duplicate
these studies because high voltaze quasi-dc impulses of
picosecond duration have not been achieved., In addition,
dc measurements are difficult to conduct and may be
plagued by a number of voorly understood experimental
complications--surface and electrode effects, space

charees, internal strains, etc.

Effect of Disorder on Avalanche Breakdown: Measurements

were pDresented in Chaot, 6 which suggzest that severe

microscopic disorder can increase the breakdown streneth
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of solids., This work can be extended to other trans-
parent materials which can exist in both crystalline and
amorvhous forms and to alloys such as YAG (yttrium
aluminum garnet)-YGG (yttrium gallium garnet) which can

be vrevared in arbitraryv oroportions.

Txciton Fluorescence; Eridence has been obtained which

shows that excitons can be excited in insulators by hieh-
vower laser beams confined to subdamasing intensities.97
Prof. H. Ehrenreich has sugecested to the author that a
studv of exciton fluorescence during damasze may help
clarify the role of deev lyineg exciton states in the
avalanche process. Such work is only useful in large
band-gap materials such as NaF, because the smaller band-
gap alkali halides have exciton states which are lifetime-
broadened sufficiently in damaging electric fields to
overlav the conduction band. Vacuum ultraviolet tech-

niques would therefore be required for such studies.

Temperature Devendence of Avalanche Breakdown:s A great

deal of weork has been vublished on the temperature de-
pendence of dc avalanche breakdown. Much of this work,
however, is confused and inconsistent. Lasers provide a
useful means for measuring the temperature dependence of
intringic damage thresholds. A careful study of the
temperature dependence of intrinsic breakdown has

important implications to avalanche theory.5u
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6., Effects of Imourities on Intrinsic Damase Fields: In '5

Chant, 1| we discussed the role of imwuritv absorption and

E found that unless the impurity electrons can be exclited

Ll -

into the conduction band (or imourity holes into the

i

valence band), impurities will have little effect on

L

damacge fields., Wide band-gap insulators are thus not

particularly atiractive for imourity studies. Semicon-

ductors such as raAs or Ge, however, can be used with a

CO, laser to study impurity effects in optical damace.

TR T

One can imagine stronely doping the semiconductor, andg

W

measuring the intrinsic damage threshold as a function of
1 imourity concen*ration. If shallow thermalized states are
introduced, the gain coefficient ¥, in Eq. (5-2) can in

principle be varied and directly measured as function of

field.

7, Damaee to Thin Film Ortics: In the present work there has

been no discussion of thin film optical damace. Very

little fundamental information about ootical damace can

he obtained from thin film studies, but thin film coatines
are noneineless quite imoortant to tre practical desien

of laser systems. Because we now understand the role of
contaminants and structural imperfections in the damage
process and because we now have careful measurements of
intrinsic bulk damage fields tz serve as standards, the
complicated vroblem of thin film damage can be approached
with some confidence. Thin film preparation techniques

are needed which minimize structural defects and
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contamination, and diarnrostic tools must be developbed to

monitor the quality of optical coatings. As Dr. J. M. Khan
83

i

has observed, thin film damage is fundamentally a

materials problem which probably requires sophistocated

gl a uwm MH el

vacuum and surface equipment.

alics ol

8, Gas and Tiquid Breakdown: Laser induced gas breakdown

el it o i

can be rrofitably studied with the techniques ot the

vresent work. Recause the pressure of gases is an experi-

el il

mental variable, it is relatively easy to study the com-
petition between multiphoton ic¢nization and avalanche
breakdown, Work along these lines has been reported in
the literature with fixed laser pulse durations.52 but
the pulse-width devendence of intrinsic processes has not
yet been carefully determined and interoreted in terms of

de breakdown. 2o

Gas breakdown studies are particularly
attractive because the breakdown process is much better
understood in gases at dc and at optical frequencies than
it is in solids. Liquids also offer advantages with
respect to laser damace studies., Atomic impurities with
short excited state relaxation times can be added to a

liquid so that the effects of absorption on laser damage

thresholds can be determined.

Optical damasze is thus seen tn be an area where much
fundamental and practical work remaing, It is hoped that the

present study is not viewed as a closing of another door of

experimental physics but rather that it is viewed as the
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first series of stens in solvineg a large and complex set

of problems.
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APPENDIX
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A practical limit to the dearee of focusing that can be
achieved with any real lens is set by spherical aberrations.
: This distortion comes about hecause the position of the focus

for lieht ravs at varying distances above the axis of the lens

ey 1

devends on the value of that distance. A perfeclv collimated

% 1ight beam, then, which would in principle be focused to a
point at the geometrical focus, produces instead a blurred
image with a finite radius. Spherical aberrations will also
be introduced when a light beam is focused through any plane
surface.

In this appendix we will show that the spherical aber-
rations introduced by the focusine lens and plane front sur-
; face of the samples under study in the bulk damage studles
were negligible compared to diffraction effects. Aberrations

of the lens will be characterized bv using manufacturer's

o, i ALt . st e T LT

specifications on the lens along with well-known results

available in most standard ovtics textbooks. A formula

describing the aberrations introduced by focusing throuegh a

single plane surface will be derived from Snell's law,

When a focusing lens is aligned symmetrically with respect

co el gk o Lt W i At s

to a diffraction-1imited 1ight beam, the intensity distribu-
tion at the facus is the far-field diffraction vattern of the

heam at the entrance to the lens convnluted with a function

] describing the lens' spherical aberrations.99 For any pa;-

ticular lens, the effective focal diameter from spherical
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aberrations is approximately vrovortional to RB. where R is

the incident beam radius, and the diffraction-limited focal
diameter is -(A/2R)f where f is the focal length of the lens.
The relative size of the spherical abverrations for a particular

lens desien as compared to diffraction is thus given by

Soherical Aberrations N R4/x

DIffraction Dlameter (A-1)

and it is seen that spherical aberrations become rapidly more
important as the incident beam diameter is increased. An
optimum value of R exists which produces a minimum effective
focal dlameter. For any lareger value of R, the snot size
increases and spherical aberrations 1limit the focal diameter.
For smaller values the spot size also increases, but now
diffraction limits the focal diameter.

The focusineg lens used in the damage studies was desiened
for minimum spherical aberrations by vroperly selecting the
radii of curvature for the two surfaces. According to the

manufacturer's specifications.loo

a 0,633 um diffraction-
limited laser heam incident on thls lens will produce the
smallest rvossible focal diameter when the incident beam has a
diameter of 3 mm., It can be assumed, therefore, that spherical
aberrations and diffraction effects are equal when R = 1.5 mm
and A = 0,633 um,

In our experiments at 1,06 um, we used a beam with a

diameter of just under 1 mm go that R = 0.5 mm and A = 1,06 um.

The relative size of the spherical aberraticus as compared to

diffractinon can then he calculated from Eq. (A-1) for our




-195-

conditions of measurement. It is found to be about 0.01,
Because the true beam shave is a convolution of the aberration
function and the diffraction pattern, the size of the
spherical aberrations and the diffraction-limited diameter do
not add to vroduce the true beam size at the focus. Rather,
they comblne approximately as the square root of the sum of
their respective squares. Spherical aberrations, therefore,
introduce a negliesible error of about 0,01% into the measured
breakdown intensities.

Spherical aberrations introduced by a plane surface can
be important for tightly focused laser beams, Fig. 33 illus-
trates the source of aberrations. An incoming 1ight ray,
which intercepts the entrance plane at a height h and forms
an angle g with resvect to the horizontal, focuses at a
distance d, behind the entrance plane. It will be shown that
d, depends on h so that different rays will focus at different
points in the medium, and the focal area will consequently
be dlurred.

From Snell's law we can relate g§' to 6. In particular,

s n : ' t : '
sinf = § €in &' = N sin ¢ (h-2)
where
8in 6 - —h_ , sin 6' - h
NN ,
vh +d1 S hz+d§

Eq. (A-2) can be used to find d, in terms of dy. With the

substitution h/d1 = tan 6, we find that
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2
we-1
dz(l‘) = Ndl ,(5!-'-2-“) tan29 + 1

1/2
] (A-3)
N

The longitudinal spherical aherration (LSA) is, by
definition, dy(h) - d,(0). Accordine to Eq. (A-3),

l(Nzél) tanz 6 + 1‘1/2 -1 ‘

N

1SA - I\Idl

The quantity of interest is the transverse spherical aber-
ration (SA) which is equal to the radius of the hlurred

focul svot. Its value is LSA x tan 9' or, since

sin &' sin 9! .
tan &' = 22 : . ____8in b
cos %' (l-sinzﬁ')l/z (N”a smz‘ﬂ1 !
the radjus of the blurred focal svot is
| 1/2 sin <
TSA - '\Td tan 6 + ll -1 = . (A..L})
(Nz-sin29)172

Under the conditions of focusineg used in the bulk damage

studies, tan § = sinfd < @, Eq. (A-4) then becomes

2

TSA ~ d (lN?'-’) 62 . (A-5)

If the plane entrance face is in the far field of the
foeused laser beam, then 9-A/2ao where a_ is the minimum
beam rudius inside the material. We have focused aporoximately

2 mm inside the samples, so that d; = 1.3 mm, From Eq. (A-5)
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the calculated value of TSA is less than 0.1 um as cnmpgxed to
a diffraction-limited beam waist a, of about 10 um for th
YA Nd Q-switched laser experiments., We thus see that, as
was the case with the focusineg lens, the distortion intro-

duced by the plane entrance face is negligible for our

conditions of measurement \
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