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1AfSTRACT

Processes that can produce optical damnage in transparent insulators are stu'died
in the present work. A general eiscussion is given of laser induced damage which
distinguishes between breakdown from intrinsic processes and damage from absorbing
contamninants called inclusions. In order to measure properties of intrinsic breakdown
it is ne. _ssary to either avoid inclusion damnage completely or to distinguish its
presence when it occurs. Newo and previously published techniques for identifying
damage from inclusions are discussed and applied. Because self-focusing can

* develop and confuse bulk damnage measurements, a detailed summ1-1-ary of self-focusing
theory is given which establishes the conditions for minimizing beam distortion fromz
self-iocusing effects. A series of controlled experiments are then described which
represent the first unambiguous measurements of an intrinsic darnage mechanism at
near-infrared and visible frequencies. The intrinsic damage process in the alkali
halides at 1. 06 im is identified as an electron avalanche that is virtually in-
distinguishable from dc dielectric breakdown. Measurements are discussed which

* probe the frequency and time dependence of avalanche breakdown and fromn which
details of the avalanche mechanism can be inferred. The effect of crystal disordler Con
damage fields is also considered. A statistical character is observed in the intrinsic
breakdown process and compared to previously published results of surface damiage.
A study of the relationship between surface and bulk damage is shown to confirm a
mnodel by Bloenibergen of field enhancement at structural defects. Finally, a surnmar
of avalanche breakdown theories is presented, and the implications of the experimenta.
data for avalanche theory z'ron discussed.
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ABSTRACT

Processes that can produce optical damage in transparent insulators

are studied in the present wurk. A general discussion is given of laser

induced danage which distinguishes between breakdown from intrinsic

processes and dam~age 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

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 damage measurements, a detailed summary

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

*,xiinizing beani distortion fron sell- focusing effects. A series uf

* controlled experiments are then described which represent the f.rst

Unambiguous iiica~reni eb of Ai, dan. ,;gc mechanism at near-

infrared and visible frequencies. The intrinsic damage process in the

alkali halides at 1.06 im is identified as an electron avalanche that is

virtually indistinguishable from dc dielectric breakdown. Measurements

are discussed which probe the frequency and time dependence of avalanche

'-C



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

dareage. 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 light is known to damage initially trans-

parent solids. Such damage may be a cumulative material

deterioration1 or it may appear as a sudden 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 components such as windows, rods, and Pockels

cells requires replacement and realignment which can be both

expensive and time-consumina.

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 problemst uncertainties in the

4
laser mode structure, the presence of small absorbing

5 6
particles, self-focusing in the bulk, and, perhaps most

important, the lack of a theoretical framework for designing

and interpreting damage studies.

Despite these problems a number of useful conclusions

were reached concerning optical damao'e. First, it was found

that the most frequent cause of laser-induced damage was

extrinsic, a dirt effect caused by the heating of small



-2-

absorbina inclusions with diameters between about 0.01 Am and

1 Am. Second, confirming the expectations of a number of

scientists, it was found that in damarte experiments the

collapse of hizh-power laser beams from the well-known self-

8focusing nonlinea.rity was increasina the light intensities

inside solids to values in excess of the incident intensities.
9

DamaL'e developed after this intensification so that apparent

damage thresholds in the bulk of materials were actually

thresholds for catastrophic self-focusinz. Because techniques

had not yet been developed for avoidina inclusion damaze and

catastrophic self-focusing, experimental measurements prior to

1971 gave virtually no information on the nature of intrinsic

dama'e processes. The seeminaly unavoidable self-focusina

problr ompelld many dqvmae exnprimpnters to focus their

attention and their laser beams on the surfaces of transparent

10solids where self-focusin' could not develop. Work commenced

11on thin film Iamaee where numerous materials problems added

new complexities.

In 1971 two important experimental studies of intrinsic

optical damaee were reported. The first, by Bass and Barrett,
1 2

observed statistics at 1.06 pm and, in a later work, at

0.69 pm 1 3 in the optical stren-aths of surfaces for several

materials. These statistics .ould not be explained by laser

fluctuations, but they were explained by a simple model for

electron avalanche breakdown.

The second set of measurements, performed by Yablonovitch

14 w
at 1-arvard, was the first unambiguous study of optical
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Intrinsic bulk damape. Yablonovitch measured the damage

proDerties of ten alkali halides at 10.6 Mm and found that the

damzinR process appeared to be identical to dc dielectric A
breakdown. Self-focusing was avoided by making use of an

6
observation already Dresent in the literature, namely that

catastrophic self-focusing cannot occur below a material-

dependent critical power. By confining the laser input powers I
to values which were orders of magnitude less than the critical I

power for self-focusina while strongly focusing the laser beam

with external optics, Yablonovitch was able to achieve the high

intensities necessary to damage his crystals without the con-

fusina presence of self-focusing. In designina his experiment,

he was aided by the fact that the self-focusing threshold

increases with wavelength as X2 and that typical Gaussian beam

diameters for the CO 2 laser are about an order of magnitude ]
larger than the Gaussian beam diameters for YAGNd and ruby

lasers. Inclusion damage was distinguished from intrinsic .

breakdown by examination of the damage morphology. A
The year following this work. Bloembergen completed a A

simple but intriguina model1 5 which predicted that the apparent

optical strength of surfaces would normally be less than the

optical strength of the bulk. He recoanized that the di-"I

electric discontinuity occurring at structural defects can

enhance the electric field over its average value. Such

defects are likely to be created at surfaces by abrasive A

polishing. Crisp, et al., had shown earlier1 7 that surface

field enhancement, in this case from Fresnel reflection, could

I
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explain the paradoxical difference between the damage resis-

tance of exit and entrance surfaces on the same sample.

A number of important experimental que3tions remained,

While the process for intrinsic damav-e at 10.6 jm is apparently

the same as at dc, namely avalanche ionization, what intrinsic

damaPre 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 to the intrinsic process?

Is the damage resistance of a single crystal any different from

that of a polycrystal or an amorphous form of the same material?

Is Bloembergen's model correct, or does surface absorption

play a role in surface damage? In short, when damaging con-

taminants are eliminated, what magnitudes of optical fields

can initially transparent solids withstand?

S. Organization

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.
I..



-5-

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

multiphoton ionization, are also described in Chapt. 1. Al-

though multiphoton ionization has not been observed in the

present work, a brief discussion of the multiphoton process

is given.

Self-fo.using is described in Chapt. 2 within the context

of the paraxial ray approximation. In addition to clarifying

the conditions under which catastrophic self-focusing can be

avoided, the discussion also includes a novel technique for

measurinz self-focusing parameters using intrinslc optical

damage.

Chapt. 3 summarizes the experimental arrangements for the

measurements of intrinsic optical damage. A new technique for

longitudinal mode selection of Q-switched lasers is described,

and the various measurements characterizinL the two types of

lasers used in the present work are reported. A summary is

given of new and Dreviously published techniques for avoiding

and identifying inclusion damage.

A series of controlled experiments on intrinsic optical

damage at 1.06 jim and 0.69 p m are described in Chapts. 4-7.

The first experiment, conducted at 1.06 pm with a Q-switched

laser, extends Yablonovitch's infrared measurements on the

alkali halides to shorter wavelengths. It is found, contrary
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to published predictions, that electron avalanche breakdown

at 3 x 1014 herz is virtually indistinguishable from do break-

down and intrinsic laser breakdown at 10.6 Am. This observati)n

has important implications relating to the electron-phonon

interaction in high fields. A series of time related obser-

vations give additional evidence that an electron Pralanche

is responsible for Intrinsic damage.

Damage measurements at visible frequency (0.69 im) are

described in Chapt. 5 where evidence of frequency dispersion

in the threshold fields for avalanche breakdown is Dresented.

The dependence of the damage field on laser pulse duration,

which gives information on the temporal development of the

electron avalanche, has been studied in NaCI at 1.06 Am using

a mode-locked laser. It was found that the rms opti.al damage

field increased by almost an order of magnitude to over 107

volts/cm as the laser pulse width was decreased from 10 ns to

15 ps. The laser data is used to calculate a field-dependent

ionization rate thait iq found to agree at least qualitatively

with estimates of the do ionization rate as determined by

Yablonovitch and Bloemberger). Chapt. 5 conclukdes with an

experiment and discussion of the effects of crystal disorder

on the damage field.

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 distribu-cion of avalanche starting times is compared to

the experiments of Bass and Barrett 12 on surface damage and
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found to be consistent with those experiments. A direct

comparison between surface and bulk damage on the same sample

of fused quartz shows virtually identical statistics. A few

speculative ideas are Dresented concerning the source of the

statistics.

Chapt. 7 summarizes a short experiment which confirms _A

Bloembergen's model of surface field enhancement. 15 Three

surface finishinp techniques are evaluated in terms of their

ability to produce damage resistant surfaces.

Chapt. 8 summarizes the uncertain state of avalanche

breakdown theory. The implications of our experimental results

for avalanche theory are discussed. Some surGestions for A

future work in oDtical damage are made in Chapt. 9.

--

,r I
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CHAPTER 1

LASER INDUCED DAMAGE IN SOLIDS

A. Generalized Damage Process

Optical damage in solids occurs when an intense laser beam causes

an irrever ible alteration of the medium. This alteration can bu 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 di-4ected by the material

irreversibility so that the observer is always a step removed from the

physics of the heat deposition. A complete description of optical damage,

*therefore, must in principle include more than an analysis of how the

material gains energy. it 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 damage 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 approximated in a simple manner.

According to the law of Dulong and Pettit, the specific

Dat
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heat of a solid at room temuerature is of the order of

I Joule/cm3 -K. In order to raise the temperature of a

typical transparent insulator to its melting point of about

10000 K, about 103 joules/cm 3 must therefore be supplted.

Melting of the lattice is equivalent, typically, to heating

by another 10000 K so that a phase change in an insulator

requires on the order of to 10j Joules/cm3 . If this heat

deposition is accomplished by the absorption of 1 pm light,

approximately 1022 photons must be absorbed per cm3 in order

for damage to be produced.

This enerry density requirement can also be expressed in

terms of an absorption coefficient if uniform bulk absorption

is assumed. Because the laser intensity varies with propaga-

tion distance z as Io exp (-az), it is easy to show that for

a typical damage intensity of 1010 watts/cm 2 (see Chapt. 4)

and for a laser pulse width of 10 ns, damage can occur only

when a= 10 cm - . 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 uf im-

purity states in a high-purity insulator Is normally less than

1017 /cm3 . If each impurity absorbs one photon, the amount

of enerry per unit volume removed from the laser beam is less

than 0.011 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



A
must subsequently relax nonradiatively a total of at least

105 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 produce

optical damage in initially transparent solids.

As an application of this observation, consider the rare

earth dysprosium in the crystalline host yttrium aluminum

garnet (YAG). Dysprosium is known to strongly absorb 1.06 pm

radiaticn through an electronic excitation into a bound state

having a lifetime longer than I ns. 19 An interestinp experi-

ment might appear to be a measurement of the damage threshold

of YAO at 1.06 pm as a function 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 intense

irradiation necessary for damage, the dysprosium absorption

will simply bleach.

An absorption process must be found which can produce an
-1

a : 10 cm with reasonable electron densities. Joule

heating of quasi-free electrons is such a process. Relaxation-

time models of the electron-phonon interaction predict that

the rate of energy deposition per unit volume is given by

4

dW 2/Z+2)NdW ~ E/Iw ~) (1-1)
d = N e E

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



electronic charae, P is the electron mobility in the presence

of a field E with frequency w, and r is the electron-phonon

collision time. Letting 22 << 1 and insertinR the mobility

value for NaCl (10 cm2/volt-sec) and damage field value

(106 volts/cm), we find that a 10 ne (nanosecond) laser pulse

can deposit a damaging amount of heat when N > 1017 /cm'.

The excitation of tnis density of electrons will InvolvP a

negligible loss of energy to the laser beam.

Let us apply this description to intrinsic damage pro-

cesses. Intrinsic breakdown in transparent solids can be

caused in principle by one of two processes, either electron A.

20
avalanche ionization or multiphoton absorption. The funia-

mental difference between these processes is not in the rrrr

in which heat is deposited. In both procep enery

transferred to the electron population throuzh joule heating %

of conduction-band electrons, and the lattice is heated

through the meehanism of electron-ohonon collisions.

processes are fundamentally different only in the manner in

which they produce a high density of conduction band electro ;.

Electrcn avalanche breakdown is a chain reaction eeneration

of quasi-free electrons through impact ionization of hot

electrons into the conduction band. Multiphoton ionization,

on the other hand, is the direct excitation of electrons

across the band-aap because of the simultaneous ab9crntic-

of more than one photon. It Is the limltinF ca:-e of frequ,w".

dependent tunnellng.

Having considered some general aspects of heat depos1k!c-:-,

N-
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we now return to a discussion of the senond stage of optical

damage that establishes the link between absorption and -

actual material damage.

As the conduction-band population of the lattice or of

an absorbing inclusion is being heated by joule heating,

energy is very rapidly transferred to the lattice. The re- I

sultina local temperature rise induces heat flow whicl, is

described by the aeometry-deDendent thermal diffusion equation.

When the heated region is very small, thermal diffusion

effects can be extremely important in describing the tempera-

ture rise because the thermal diffusion time scales with

radius R of the heated region as I/P2. Thermal loss in

principle raises the damage threshold an-: alters the depen-

dence of damage fields on laser uulse width.
A

The thermal aspects of intrinsic damage are difficult

to consider because R becomes a comp!icated function of time

for intrinsic orocesses. For a hiphlv nonlinear intrinsic

process such as avalanche breakdown, however, the thermal

aspects of damage need not be calculated because they have

little or no measurable effect on damage threshold. If the

focusin& condition in laser damage) or electLode desienr (in

dc damage) of one experiment make breakdown less likely uy

altering the processes leading to material damage thereby

requirina a higher rate of energy deposition, this higher rate

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

tric field strength. The damage fields for avalanche break-

down, therefore, will depend only on the parameters which
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describe the time evolution of the conduction-band population

N(t) (and therefore the heat deposition) and will have no

measureable connection with the geometry of the field con-

figruration or the morphology of the damage.

Inclusion damage, on the other hand, is not highly non-

linear so that the details 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 damage. It is expected that the sensi-

tivity of the damage threshold to laser pulse width will be

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

21inside a micrcscopic inclusion. Bliss has presented the

results of a calculation for the pulse-width dependence of

Nth-order multiDhoton breakdown which ivnores these thermal

effects. His results follow from Eq. (i-i) with a simple

modeling of N(t) and should be regarded as approximate.

In summary, then, laser damage most likely occurs from

the joule heating of conduction band electrons in a bulk

solid or in an absorbinp inclusion. This absorption produces

a tersperature rise and eventually a material irreversibility

that actua)ly defines the onset of dama;e. 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 A

* manner in which the heat deposition produces the material -

* irreversibility.

B. Inclusion Damage II

Optical damage can be caused by absorbing microscopic

contaminants called inclusions if the temperature of an in-

elusion 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
A

the heat deposition produces a temverature rise. We will

eventually use a simplified model to study this damage process A

and to determine, in particular, its pulse-width dependence. I
The temperature rise experienced by metallic spherical ]

inclusions under Q-switched irradiation has been treated in

detail by Hopper and Uhlman. 5 Damage was assumed to occur I
when a fracturing stress was thermally induced. Although this

type of material irreversibility is not physically equivalent

to a phase change, the energy deposition requirements are I
about the same. It was found that since the surface-to-

volume ratio of spherical inclusions varies as 1/R, the tem-

perature rise induced by a fixed laser pulse incident onto in

opaque inclusion will initially increase as the size of the

particles is decreased. For very small particles, however,

* heat will begin to diffuse away from the inclusion during

the transit of the laser pulse. Since the thermal diffusion



-16-

time is of the order of D/R2  where D is the thermal dif-

fusivity of the host (assumed to be much greater than the

thermal diffusivity of the inclusion), the temperature rise

2as a function of R will be peaked when D/R is on the order

of the laser pulse width tp. This behavior is illustrated in

Fig. la where it is seen that inclusions having-diameters

< 0.1 wm will probably not induce damage when irradiated by

a Q-switched laser pulse having an energy density of 20 joules/

cm2 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 to is less than the thermal diffus1ion time,

the threshold for damage will depend on the laser pulse energy

so that the damage power will vary as tp " . These simple
p

predictions,which are also valid for semiconducting inclusions,

explain the experimental data of Danileiko et al.1 0 (see

Fig. ib) who irradiated the surfaces of sapphire samples with

laser pulses of varyinw 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 metallic 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. Damaae is assumed to
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occur when the temperature of the surrounding host material A

reaches a critical value &T e . If the material damage is a

phase change, then this critical temperature rise will be A

given by the difference between room temperature and the41

melting point with an approDriate 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 given by I

(area)l
ve 4--R (1-2) -

V T~~volume) 4 R

where Cv is the specific heat, f is the spectral emissivity,

and M is a correction factor to account for the effects of the

finite wavelength of the irradiating light on the absorption

cross-section. For metallic particles, M is approximately

given by
31 ' 21

when R t x/20
~2OR/(1-3)

20R/ when R < \/20

Exact calculations of M are very difficult, especially for

absorbing semiconductors, and only a few special cases have A

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
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= T0 eDt/R (1A)

where D is 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
A

laser pulse is 4.

4\T () 3 IRM -Dt/
4C D A(-5)

-A
The damage intensity Id is defined as the intensity of a

laser pulse of duration t, which induces a critical tempera-

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

(4C DnT L
d =M / . 1 - exp(- Dtp/R 2  (1-6)

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-q in high puri',.y

optical crystals are normally less than a micro in diameter

so that the absorption depth for a semiconducting inclusion

will normally be greater than the particle diameter. For such i

inclusions in Eq. (1-2) is replaced by a term proportional

to aR where a is the frequency-dependent absorption constant. A

The temperature rise and damage intensity then become I

2 Dt/R 2
T ( s ) , IR2M (1 -e)( -
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and i

d(s ATr_____
MR 2 i- exp (,.Dt )/R

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

accurate solution for metallic inclusions 5 as displayed in

Fir. la. An optimum radius Rm 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 rise

AT. R can bi shown to be -

)1/2R M 0. 9 (Dt p (1-9)

when M I for the simole model we have considered. Heating

of semiconductin- inclusions produces a different behavior as

seen by Eq. (1-?). When aR << I as we have assumed, the

temperature rise AT (S ) increases monotonically with increasina

radius so that an optimum radius for semiconducting inclusions

does not exist.

Eqs. (-6) and (1-8) have the same limiting behavior as

the experimental data of Danileiko et al. as summarized in

Fig. lb. When Dt/R 2 << 1, the damage threshold is defined

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

R/M, metallic inclusions
I t 17 (1-10)

I I/M. semiconducting inclusions.

For lonr pulse durations (or small particles) such that

ftP/R2 >> 1, the damape threshold is indepena,nt of the laser

KI



-21-

pulse duration. In particular,

I/MR metallic inclusions

1/MR semiconducting inclusions.

Sinc the laser input power is proportional to the laser

inten ity, the pulse-width depenlence to the damage power

displayed in Fig. lb is to be expected if damage is occurring

from ab orbinz inclusions which all have the same radius R.

In n actual damage experiment inclusions present in the

focal volime may be different sizes so that the experimental

results o t)anileiko et al. represent a special case. Let us

consider t more eneral problem An experiment is per-

formed In whIch thp threshold for damage is determined in a

single sampl for two different pulse durations. Using

methods to be liscussed 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 -olumes are irradiated so that each

focal volume is e fectiveiy the same or that a large number

of sites are probed and meaningful averages obtained.

The solution to this Droblem depends on the average dis-

tribution cf inclusion sizes in the focal volume. We will

study a few special cases.

Consider first a solid in which the probability of

findinp a metallic inclusion with R > X/20 z 0.05 pm is unity

for all R. Tf D = 3 x 10 "2 cm 2/sec (appropriate for NaCI),

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



-22-

whenever t > 1 ns. By inserting Eq. (1-9) into (1-6), we
p-

car show that for such pulse durations the damage intensity

Id will scale with laser pulse duration as

I c (tp) (1-12)

Eq. (1-12) predicts a behavior which is different from either

Eq. (1-10) or (1-11).

When semiconducting inclusions are present in the focal

volume with the same distribution of particle sizes and the

same pulse-width range assumed for Eq. (1-12), the damage

intensity is proportional to tu- as in Eq. (1-10). This

2result assumes that Dt./R << 1, a condition that is valid

when the largest particle radius present is 1 ,m and t p<<

330 ns. The reason that the pulse-width dependence is

different for the two types of Inclusions is that the damage

intensity has a minimum as a function of R only for metallic

inclusions. When semiconductina inclusions are present, the

damage intensity will decrease with increasing R until

aR-I.

Consider now an experiment similar to that of Sect. C

in Chapt. 5 in which damage is induced with laser pulses

havina 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. I;m are present. Accordin to Eq. (1-8) the

damage intensity for semiconducting particles will increase

by a factor of 103 as the pulse width is decreased from 15 ns
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to 15 ps. The situation is somewhat more complicated when

metallic inclusions are present. If M - 1, an optimum radius

Rm can be found as before and the relative damage fields

calculated from Eqs. (1-6) and (1-9). When tp 1 1 ns, however,

Eq. (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 With thds change, Id 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 = X/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 correspondingI 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

Id(t 2 ) I - exp(-Dtl/R 2 )
a2) (1-13)

Id(t I ) I - exp(-Dt./R )

If we let t I = 15 ns and t 2 = 15 ps, the calculated ratio of

damage intensities for particles with R 1 1im is 103, and

for particles with R = 0.01 pm, 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 gm may not cause optical

damage in an actual experiment with Q-switched laser pulses,

because the damage intensity, especially for semiconducting

inclusions, may exceed the intrinsic breakdown strength of

the host,1 5 The intrinsic breakdown field increases for

subnanosecond laser pulses, however, as shown in Sect. C of

Chapt. 5. As the laser pulse width is decreased from about

10 ns to 15 Ps, the intrinsic damage intensity increases by

a factor of about 35 in NaCI, 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

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

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

tained evidence for this presumably rare situation in their

studies of otical damage to thin film optics, and we have

found during the subnanosecond damage study of Chapt. 5 that

inclusion damage can occur more frequently compared to in-

trinsic damage when 15 ps light pulses are used to induce

damage than when 5 ns light pulses are used. This situation

is unusual, however. It is normally found that inclusion

damage can be avoided by shortening the laser pulse duration.

The model of inclusion damage that we have applied in

this section is phenomenological and should be considered
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to be a qualitative description. It was presented largely

to demonstrate the manner in which the second stop 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 absorption, which

is determined by the details of the heat deposition (step 1),

has been ignored to this point in the discussion. This de-

pendence occurs because the absorption cross-section changes

with frequency due to the frequency dependences of joule

heating, impurity ionization, band-to-band absorption, optical

scattering, etc. Even without attempting to quantify this

frequency dependence, it is clear that normally inclusions

will become more absorbing with increasine laser frequency

in the visible and UV. This simple observation suggests that

inclusion damage may become more of a practical problem as

high-power lasers with shorter wavelengths become available.

C. Intrinsic Damage Processes

Avalanche breakdown and multiphoton ionization were

introduced in Sect* A. In this section we will briefly re-

consider these intrinsic breakdown mechanisms from the
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viewpoint of their qualitative frequency dependences. This

discussion will be extended somewhat in Chapt. 5 for avalanche

breakdown. The laser pulse-width dependence of avalanche

breakdown will also be considered in Chapt. 5.

Cross-sections for multiphoton ionization have been

calculated from perturbation theory.2 2  It is found that ,s

the laser frequency increases, the cross-Eection for th-

ionization of valence-band electrons will increase in a com.-

plicated fashion. Successively lower-order multiphoton

processes become possible as the frequency Is raised until

single-photon absorption or direct band-to-band excitati:)m

becomes possible. At low frequencies, where only ht h-cri:,.

multiphoton processes can occur, the excitation pron ss

changes in a continuous manner into Zener tunneling as 'ovo.

by Keldysh.2 0 It is expected, then, that multiphoton a'sorc:-

tion will have the behavior shown sch,-matically in FP ?,

Quantitative calculations of multiphoton damare i::

sities cannot be accurately obtained from perturbation the..

Not only do the various matrix elements become laree '.r

typical damape fields of 106 volts/c, but the

levels within a solid become distorted. When boun sraure

are involved in the ionization process, say from mpu-t77'--,-

the distortion is particularly serious. This distor-,:

develops because the state is life-time broadenel oju, ,:

large probability of transitions into the conduction 1-3 -,

into other states 3 and because the Stark interactioi' !r5';,

states and thereby increases the energy uncertainv.
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Electron avalanche ionization involves an energy ex-

change between the electric field and the electrons described

qualitatively by the joule heating formula of Eq. (1-1). In

the absence of losses from electron diffusion and trapping,

joule heating completely describes the energy input into the

conduction band population. Eq. (i-I) shows that this energy

input scales with frequency as E2/(t+a 2 r2 ), and because the

details of the energy input should determine the electron

distribution function and hence N(t), the threshold for damage

will scale in the same manner. More sophisticated calculations

of breakdown24 include an eneray dependence in the collision

time r and average Eq. (1-1) over the high-field electron

distribution.

It is shown in Chapts. 4 and 5 that avalanche breakdown

in the alkali halides appears to have an effective collision
time on the order of 1 6 sec. 6 2)2 will be much less than

1, therefore, until frequencies near the visible spectrum.

When the laser frequency becomes comparable to the collision

frequency, the damage field should begin to increase as shown

schematically in Fig. 2.

On the basis of this qualitative discussion, we can pre-

dict the relative importance of the two intrinsic damage

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 rim, breakdown from multiphoton 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. Fig. 2 summarizes the relative importance of these

two processes as a function of laser wavelenth. Unambiguous

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

petition of avalanche breakdown and multiphoton ionization so
I

that future damage studies in the visible and UV are highly

desireable.

M9



CHAPTER Z .1
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. 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 a

6polarizabili ty.

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

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

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 c/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

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

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

until some nonlinear process limits the intensification. 18, 25 The manner

in which diffraction effects modify this description will be discussed in

detail below. .-

Self - focusing is important to studies of optical damage,

because unless great care is taken in the design of damage

experiments, catastrophic self - focusing will occur and cause

Preceding page blank



-32-

E Z

LuJ

c A A

+ N

0

C112

0t.

CL-'

C 1 0 4

0- T-04 Z4JL

C) Q,4 .

41 CkZ')

00'

..- C : 'n 0 1

S CN L)~



-33-

the inDut laser beam to intensify.9 The high intensity that

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

high intensity may have no known relationship to the incident

intensity. When catastrophic self-focusina is present, there-

fore, apparent damage thresholds will actually be thresholds

for catastrophic self-focusina.

In this chapter the effects of the self-focusing non-

linearity on the Dropagation of high power laser beams will be

discussed within the framework of a paraxial ray approximation.

This discussion provides the theoretical basis for the design

of the bulk damage measurements. Some important results of

this discussion arei

1. The tendency of liaht to diffract and the tendency to

self-focus act in opiosite directions in the sense that

diffracton effects try to bend light rays away from the

axis of propagation and cause initially plane phase fronts

to become convex whtle self-focusing effects try to bend

light rays towards the axis and cause initially plane

Dhase fronts to become concave.

2. The relative balance between self-focusing and diffraction

does not change as the beam propagates through the non-

linear medium. As a result, if diffraction dominates at

the entrance plane, it will dominate everywhere.

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

input power P is equal to Pc, the focusing effects from the

nonlinear index aDproximately balance diffraction effects

over the entire laser beam and an initially colummated
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A
laser beam proparates with essentially no change in size.

When P > Pc. the laser beam will collapse after propagating

some finite distance inside the nonlinear medium. When

P < PC, catastrophic self-focusing is absent but beam

distortion from the index nonlinearity is still present.

4. A second power, Pcr, is more useful in describing this

beam distortion than is Pc* Per is defined as that value q

of input power for which diffraction and self-focusing

effects balance on axis. For Gaussian beams its value

is 0.273 Pc. 2 6

5. Transient effects make self-focusing more difficult.

6. When a laser beam with P < Pcr is focused inside a non-

linear medium, the focal diameter will be smaller than

its diffraction limit even though catastrophic self-

focusing is absent. Because the change in beam diameter

can be calculated to high precision from the paraxial ray

approximation when the index nonlinearity is in its steady

state, qelf-focusing parameters can be calculated as

demonstrated in Sect. F.

B. General Formalism for a Steady-State Nonlinearity

The effect of the nonlinear Lndex of refraction on the

propagation of light beams can in principle be determined

exactlv from M"axwell's equations. In practice, however, an I
analytical solution is impossible unless a number of simplifying

assumptions are made. One such Set of assumptions leads to a
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paraxial ray approximation that describes the qualitative

behavior of self-focusinR at all power levels and, in addition, .

results in a aood quantitative fit to numerical calculations
27

at low laser powers where catastrophic 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

derived by Talanov 28 and was used in detail by Wang 2Q and

30Wagner et al, to describe catastrophic self-focusing.

Zverev and Pashkov7 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 larger

than a wavelength--conditions fulfilled in our damage experi-

ments.

In order to describe the effects of the self-focusing

nonlinearity on light propaaation, we begin with Maxwell's

equations. Wang29 has shown that when the electric field

vector E(r) is written as A(r) exp i Lkc(r) -wtj, where
2

ko =o/c and the index of refraction is written as no + n2 A /2,

Maxwell's equations reduce to the simplified form

A2 2 2 1 2
(n + nA/2 -(grad ]A+ A 0

0

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

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

the factor i/ko dropped, and a cross term with n2 A2

neglected, this result leads directly to an effective eikonal
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equation

22n- (grad 0 (2-1)

AI
where

n + 2 1 A

0  2  2k2 n A (2-2) -

0

In the limits of zero nonlinearity and infinitesimal wave-

A
length, n, = no 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

shown31 that the curvature d2 /dP 2 for a pencil of rays with

position vector F and with p the coordinate along the ray path

is given by
:, d 2  1 [dn, dr I

-
2- grad n

do n dp dp (2-3)

Eq. (2-3) can be simDlified by aDplyina several approximations.

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 lontitudinal component of the

Laplacian in Eq. (2-2) are negligible. The curvature is now

expressed in a form first derived by Talanov.
28

d r d r i(2-4+)

2 2- grad n,

I



This result is important to the study of self-focusinR

effecto because the sign of d2 /dz 2 indicates whether or not

the beam is converaing 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 respect to the oropagation direction and thus represents

a diveraence 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-

focusini nonlinearity.

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

cosan hae26 2 2constant shape aproximation" which we now describe. A2 (r,z)

s DroDortional to the light intensity, and where the beam

propagates with little or no change in shape, the intensity at

r and z is equal to a function that describes the beam shape

2
divided by the beam area -a (z). The shape function also

depends on r and z, but in a very simple manner. We denote it

by p. This function may be Gausslan, for example, with

p = exD (-2r /a2). If only the beam radius changes with z

and the beam shape does not chanee, then p is actually a

function of a reduced radial coordinate and is indepqndent

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

ordinate x as x = r/a(z) and write A 2(r,z) in the simplified

form

A2(rz) p(x)/-n a (z)

0-5)
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The approxiration of Eq. (2-5) is normally used in numerical

calculations. Along with Eq. (2-4) it provides the basic

relationship needed to calculate the critical power, the self-

focusina length, and the quantitative influence of the index I
nonlinearity when diffraction dominates.

By -xpandina V2. in cylindrical coordinates r and z it is

easily seen that V2 A/A is also Droportional to a2 We can

then write Eq. (2-2) as

11
nI n + 2 f(x)

0 a 2(z) (2-6)

where f(x) is the sum of contributions from both diffraction

and the index nonlinearity. Grad L is just a(z) -1 a/dx , and

n in the denominator of Eq. (2-4) can be replaced by no.

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

tion within the paraxial ray approximation, namely

d r 1 I d
3 -[f(x)I (2-7)

dz n a (z) dx

The importance of neElected terms has been shown to be

negligible 29 except near a catastrophic self-focus or under

experimental condition where extreme external focusing is used.

We thus have our first important conclusion about self-

focusing, the derivative of f(x), which contains no dependence

on z, determines the relative importance of diffraction and

self-focusinR. Once this relative importance is determined

for one value of z, such as z = 0 at the entrance plane, it
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is determined for all z, The critical power P0 is in principle

calculated from the requirement that the derivative f(x)

vanish for all x, leadina 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.

C. 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. Usina

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 obtain a differential equation for the

beam radius a(z), namely

2d a 1 1 d x)j
d 3 (2-8)d z a3(z) n x dx

0

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

near x = 0. They obtain, to first order,

=[1/k a (z)] 0 ,1r
da 22(2-9)

dz

where P is the total power in the beam, k = 2l/A, and Pcr is

given by

0c2  (2-10)
cr 3Znn2

ILI
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When Eq. (2-9) is multiplied by z(da/dz), it can be integrated

subject to the boundary conditions that (da/dz)_ 0

and a(O) = Ro . When the laser beam is focused sufficiently

far inside the material. RO is the tangent of the far-field

diffraction angle whose exact value will be given later. We

find

(da (1-P/P c + R +(1P/Pcr
\dzl7- (2-11)R a (z) k R

0

The minimum beam radius a1 (iL.e, the radius of the focal

point) is found by setting da/dz = 0 and solving the resulting

equation for a,. This procedure gives the focal radius a1 as

a function of input power and self-focusing parameters. That

is,

a1  (1.P/P [l/1k[R + 0 -P/P )/k Ro]]cr 0cr 0(2-12)

For the power range of interest to our damage experiments

(P < Pcr), Eq. (2-12) can be considerably simplified because,

as we now demonstrate, the power dependent term in the brackets

can be neglected. We want to show that

P/P c
"cr
o 2 R (2-13)

0 2 2

To simplify the demonstration that this equality is valid,

the positive term 1/k2 Ro  on the left of Eq. (2-13) is ignored

and PiPcr' which is less than unity itn the region of interest,

is replaced by 1. Eq. (2-13) thus reduces to
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'1

I >> 1/k R .

The rate of change of the Gaussian beam ra'liu -. , .

plane is given by

= n o for small angles (ie:i: IoI R ' -tan0
t for large angle- - t ..

Assuming the worse and letting IRJ o . where

for a Gaussian beam, we find that the inequalitv )f

becomes

(2/r) 04X/a o ) > > \/2 Ti R

or
2 Ro

Since in our experiments the diffraction-lin'.tod 3au:,slar!

beam radius a. is at least an order of maanitude nniY r t,.b.r,

the incident Gaussian radius Ro , this inequailtv !,.

satisfied.

Because we can neglect the Power dependent term iii t he

bracket of Eq. (2-12), that equation takes fahe :'I :] for'r

a- (1- P/Pr a1/2
a-0
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Eq. (2-15) summarizes the behavior of a laser beam with

P < Icr that is focused into a nonlinear medium. The radius A
of the focus is reduced below its diffraction limit ao because I
of the self-focusing nonlinearity. This behavior is illus-

trated in Fig. L As the laser Dower P approaches Pcr, the

focal radius decreases until it becomes so small that the I
apDroximations used to derive Eq. (2-15) are no longer valid.

Eq. (2-1) appears to be a useful approximation for

P <_ 0.9 Pcr" In any nonlinear medium, therefore, the laser

intensity on-axis is increased above its diffraction limit
2

by the factor (a1/a o ) where ao, the diffraction-limited focal

radius, is -he same for light focused in air or in a solid.

Pcr can be shown to be the laser input power for which

diffraction and self-focusing effects balance at the center of I
a Gaussian light beam. For input powers -reater than Pcr I
but less than the critical Dower P.0 diffraction dominates

everywhere except near the beam axis. Numerical calculations27

show that a collimated beam will Initially intensify at such

powers until the diffraction of the wings forces the on-axis

intensity to drop. Pcr differs from P0 because the latter is

a quantity averaged over the entire beam while Pcr is deter-

mined by the behavior near the center. In fact, Pc is not a

preclsely defined quantity because it is not possible to

exactly balance diffraction and self-focusing over the entire

beam cross-section. At an inout power of PC, therefore, a

Dronagatin7 beam will not chanqe itb size measurably and so

not experience a catastroph'Lc self-focus, but its intensity j

&I
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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

PBN-72- 128?
Light ray paths with n2 =0
Light ray paths with n 0

lihtprpgto rapts it 2_

and P < P
T atinput cr

Direction of di

light propagation

The tendency to self-focus acts in opposition to diffraction. Whereas diffraction
produces a positive ray curvata.re, self-focusing produces a negative ray curvature.
The focal diameter d -- 2a inside a nonlinear medium (n? 0) will be effectively
reduced, therefore, from do0 it value with n 2 - 0--to dl, 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
T-inimum beam radius to be displaced to the right toward the geometric-al focus.
This latter observation is not important tc the discussion in the text.
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distribution will be distorted. P. has the same functional

form as Pcr and differs by just a numerical factor as Pcr =

0.273 Pc for Gaussian beams.

D. Transient Effects

The above analysis is correct only in the steady state.

In solids the dominant nonlinearity is normally electro-

6striction, and if the process is transient, it is no longer

true that the relative balance between diffraction and self-
f

focusing is independent of propazation distance and that the

critical powers are independent of beam diameter. The changes

occur because electrostriction becomes non-local in both a

temDoral and a spatial sense. Although a susceptibility

apDroach such as used here is no longer strictly correct, it

is nonetheless useful for establishing functional dependences

for self-focusing- Parameters and approximate quantitative

values.

32Two results from a transient analysis are important.

The first is that transient effects decrease the effective

nonlinear index n2 and thus make self-focusinz more difficult.

The second important result involves the dependence of the

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

the steady state, the nonlinear index n2 is given by
6

bn Z
no
n 0 ov 2

4 o v
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where no 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 an o/dp) for cubicA

materials such as the alkali-halides may be found approxi-

mately by differentiatina the Clausius-Mosotti equation.3 3

The remainina constants are tabulated in handbooks.

When the laser pulse width tp is shorter than the

electrostrictive response time tR = a/v, n2 is decreased in A

value, thereby increasing the critical power. For a triargular

pulse, Kerr3 2 has shown that

(n ) D riztransient 2 steady-state [1 a (2-16)

where D(-X-) is Dawson's intearal with -A
a

D( ) exp(-§) j exp 2d r

When tp tR/2

V2 2k(n ) t:
2 transient 2steady-state P.__

2
a

This result is valid for more 7eneral and realistic pulse-

shapes with the numerical constant k being of order unity and

having, a value deDendent on the Drecise time-structure of the

*pulse. When this result is inserted into Eq. (2-10), the

critical power becomes

a 2
P (2-17)

CP C/) C steady-state k 2 t 2 (p /tR< 1/pk

P Rp
PI
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For short laser Dulses, therefore, when the process is

--ransient, there exists more properly a critical intensity

rather than a critical Dower, and fairly small chanves in

pulse-width will have a significant effect on the critical

power.

E. Applications of Self-Focusin- Theory to Optical Damage

When catastrophic self-focusing occurs in solids, the

results are dramatic--an extended spark and local disruption

of the crystal. Because such optical damage apparently

always accompanies catastrophic self-focusing in crystals, it

has become customary in the damage literature to associate

damage with total collapse of the laser beam. 3 4 Results of

the Dreceding sections show, however, that it is Dossible to

induce optical damage without measurable beam distortion from

self-focusing. This is possible because catastrophic self-

focusinq and beam distortion depend on the laser incident

Dower whereas intrinsic optical damage denends on intensity

for a fixed laser pulse width,

These observations form the basis for the design of our

optical damage experiments. A laser bean with input power

much less than Per is focused tightly 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 focusin- optics.

In order to arply this technique, estimates of Pcr 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

from the third-order electronic susceptibility.3 5 In parti-

cular,

(3)'nz
n n0o (2-18)

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

(3) (3)'susceptibility 'Y11"- x can be obtained from measurements

of third-harmonic generation.36 Typically, PC from steady-

state electrostriction at 1.06 pm is on the order of 1 MW

(106 watts) while the electronic critical power is about an

order of magnitude laraer. Because of transient effects,

electrostriction will weaken as the laser pulse width is low-

ered below about 5 ns for a 50 jim beam diameter and will

eenerally be unimportant for subnanosecond laser pulses.

Experimental checks are necessary to confirm the absence

of si-nificant beam distortion. Previous experimenters had

connected the damage morDholoay with self-focusing,9' 37 but

morphology is 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 preceded by catastrophic self-focusing. (See

Chapt. ?.)

The simple test used in the present 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 lenzth, as expected for an intensity dependent process

such as intrinsLc breakdown, then catastrophic self-fucusing

from a steady-state nonlinearity is absent. In addition,

using Eq. (2-15) we can show that significant beam distortion

is also absent.

If, on the other hand, the laser pulse 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 self-

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 Chant. 5, care must be used in interpretinR

results.

F. The Measurement of Self-Focuslng Parameters Using Intrinsic

Optical Damage

Experimental values of n2 for various materials have been

38determined from measurements of induced birefringence, by

9 39studies of the movement9 or Positions of optical damage

tracks in crystals, or by observinz the chanaes in the intensity

distribution of the transmitted laser beam as the input power

is increased.
4 0

A new technique for measurina self-focusing parameters

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

determlnina the powers necessary to induce intrinsic bulk

- -- - - - -- ....----...
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damage as lenses with different focal lengths are used to

focus the radiation and then comparing these results to pre-

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

needed so that relatively small, stable lasers can be used.

This technique is described in detail below, and as an illus-

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 schematicallN the effect of the index

nonlinearity on a TEM00 laser beam when P < Pcr < Pc. As

shown by Eq. (2-15), the focused beam radius is decreased from

its diffraction limit o4' a. to a smaller value, a ,, because of

the nonlinear index. As a result, the on-axis intensity is

increased by the factor (a /a,)2. If Io is the intensity

when n2 = 0, then from Eq. (2-15) we find that the intensity

id in the presence of the nonlinear index is given by

Id = Io/O1 - P/pcr )  (2-19)

where P is the input power of the laser beam and P in esu

cr
units is given by Eq. (2-10). As the input power is increased

to a value within a few percent of Pcr' corrections to Eq.

(2-19) due to diffraction of the wings of the laser beam may

become important 2 6 and numerical calculations may be required

to accurately establish the relationship between Id and 10*

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 Pcr,

however, deputnds on the coefficient of' the quadratic term. It

was shown in Sect. C that corrections to Eq. (2-19) are unim-

portant when P <Pcr and the beam is focused sufficiently to

induce intrinsic damage.

The steady-state analysis summarized by Eq. (-19) is

appropriate for tightly focused laser beams, because the

electronic contribution to n2 is in its steady state for all

attainable laser pulses 38 and electrostriction is in its

steady state whenever the laser pulse width tp is greater than

a response time t, given by the ratio of the radius of the

focused laser beam and the radial compression wave velocity

v. (In sapphire, where v = 1.1 x 106 cm/sec for light pro-

pagation alonp the crystalline c axis, ttR 1 when tD =

108 sec and the focused beam diameter is 220 Am.) If electro-

striction is sliwfhtly transient, Eq. (2-i9) may still be used

with Pcr corrected in the manner discussed in Sect. D.

Faving thus determined the intensification produced by

the index nonlinearity, we look for a process which is sensitive

to a constant value of on-axis laser intensity. The powers

necessary to reach this intensity will be recorded as lenses

with different focal lengths are used. The basic requirements

for this Drocess are, first, that it be easily observable with

a reasonably well-defined intensity threshold and, second,

that its threghold can be reached with strong external focusing

when P Is constralned to values less than Per. Intrinsic opti-

cal Camage from avalanche break6own will be shown in later
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chapters to meet these requirements. 4 1 Breakdown leads to a

spark and local melting of the material and is therefore

easily observed.

Pcr is determined from measurements of the damage power P

rade with various lenses halrine different focal lengths. Be-

cause P must be less than Pcrt short focal lengths are required.

Complications 'rom aberrations in the focusing optic and in-

accuracies in determlnnq the input powers can be greatly

reduced by the use of a reference crystal such as NaCl that can

be damaged over a large range of input powers before self-

focusing becomes important. (See Chapts. 4 and 5.) Arcxi-

mate values of Pcr' which are useful for the initial selection

of focusing optics, can be calculated as discussed in the

previous section.

The focal lengths of the various lenses can be related to

the focal soot size in air a0. (The focal radius in air ant

the focal radius in the crystal are, neglecting aberrations

and self-focusiny, identical., A measurement is thus made of

the incident Dower necessary to induce damaae as a function of

the focal radius in air ao. In Eq. (2-19), I o Is replaced by

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

refraction no and the intensity distribution of the laser

pulse. If I(r) = 10 exp (-2r2/ao2). k has a value of (2/) no .

Eq. (2-1Q) then becomes

1 1Zn 2 + I/_

P (2-20)
d 0 cr
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The damage intensity Id does not depend on a. for avalanche

breakdown. A plot of 1/P as a function of I/a. 2 yields a

straifht line with !/Pcr as the intercept and 2/- Id as the

slope.

Two precautions should be taken when using this measure-

ment technique. The first is to avoid damaae from absorbing

inclusions, and the second Is to account for any dependence

of avalanche breakdown on the laser pulse width. Methods for

distinguishina between inclusion and intrinsic damage are

discussed in detail in Chapt. 3. Inclusion damage can often

be completely avoided, because the use of stronp external

focusina which is needed for the present technique results in

the sampling of volumes that are so small that dama£1ng in-

clusions are normally avoided. The laser pulse width dependence I
to the damage field will be shown in Chapt. 4 to be small for

Q-switched laser oulses. M4easurements conducted 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 experiment 34 a Q-switched

TEM0 0 ruby laser was used by Giuliano et al. to damage sapphire

with three different lenses. In the second, reported in

Chaot. 7, a measurement was made with two different lenses and

a Q-switched TEM 0 YAGNd laser. The pulse widths were 20 ns

and 5 ns, respectively.4 2 Table I summarizes the relevant

results of these studies.
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TABLE I

Damare Power in Sapphire

for Different Beam Sizes

Wavelenath ao(Am)*

0*694g3 ;im 20 0. 51 1 .04

(ref. 1L4) 53 0.?4 t .07

140 1.23 1 .10

1. o64 ;L m 9.0 0.24 :± .05

(C~u.4) 4.1 0.05 ± 02

* 2
The beam radius is defined to be the 1/e radius for the
intensity. In both experiments Gaussian laser beams were
used.
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In order to compare the data, the wavelength dependence

Of Pnr must be considered, It can be seen from Eqs. (2-10)

and (2-20) that the data can be plotted together if the

coordinate axes for the YAG data are properly scaled relative

to those for ruby. In the plot of I/P versus I/ao2 in Fig- 5,

the axes are scaled by [xo (YAG)/ XO (ruby)]2 - 2.35. The

intercept on the vertical ruby axis is Pcr at 0.6943 jm, and

the slope measured relative to either pair of axes, is

(2/ml d ) no *

66
Pr is found to be 0.83 x 106 watts at ruby wavelength,

Pc= 3.0 x 10 watts, n2 = 0.56 x 10-13 esu, and Id is

1.1 x l0l watts/cm2. The value for Pcr lies within the

range of values reported in Ref. ', and Id agrees with the

results of Chapt. 7.

The plot ir Fig. 5 curves downward when 1/w2 _ 0.02 x

-2 (4m)-2 because the electrostrictive contribution to the

critical power i.s becoming transient. Even though Eq. (2-20)

is not valid for transient effects, we can modify it to

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 = 140ILm. Alternately,

if the electronic and electrostrictive contributions are

equal, the damage power is estimated to be 1.0 x 106 watts.

Both values compare favorably to the measured value of

1.2 x 106 watts in Table I.

Ciuliano and Marburper 9 have inferred a ranae of values



Fig. 5. 'I HE DEPENDENCE OF DAMAGE PU(,W!L R I.MAW-il!L..4
BEAM FOCAL DIAMETER

1/w2 110-2 (.Mm) 2]
2 4

*Data taken at 1.06 jiLm; use
scales above and to the right.,

+ Data taken at O.691±m; use

scales below and to the lef t.
40 --

30 .

0

a.
0 10

> 20

2-

10 1

.05 .10 .15 .20 .25

5 10 15
1/w 2 [1u2 (MmYn, 2]

A plot of 1/P as a function of I ' w 2produces a straight line according to Eq. (2-20).
In this figure we have used w to denote the Gaussian beamn radius a o. !-or large
w(1 I/ w :.- 0. 02 x 10 2 birn))), dep,.rtures fromi a linear relationship are expected because
electrost-riction becomes trz-.a.~ent. This is experimentalty observed as seen in the
insert wvhre the sc-ales for t' e ruby data have been expanded.
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for the nonlinear inoex in sapphire of 0.31 to 9.5 x 10-13 esu.

It is clear from the more recent measurements of Ref. 34,

however, that n2 cannot be as large as 9.5 x i0-13 esu.

Giuliano 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 PP versus 1/zf.

where Zf is the self-focusine di -ce, deviates from a linear

relationshin at low powers becau , damage is occurring without

catastrophic self-focusina in this region and not because of

transient effects as they suggest. Only data obtained with

large values of P, therefore, can be used within the framework

of their analysis to predict n2 . The lower value of their

range of values for n2 (0.31 x 10-13 esu) is probably the most

meaningful. It is somewhat smaller than the present estimate

of n2 , because under their focusing conditions, the electro-

strictive contribution to the nonlinearity may have been

transient and therefore smaller than under steady-state

conditions. It thus appears that the present measurement of

self-focusing paramoters in sapphire is consistent with the

results of Giuliano and Marburger.

The electronic contribution to n2 can be determined by

the prese,'" technique if conditions of measurement are chosen



such that tp/,; <<1. Because of the requirement that the

input power be less than Pcr' tp/tR < < 1 cannot be achieved by

increasing R through the usp of weakly focusing, external

optics. This extreme transient limit can be achieved, however,

by using single, mode-locked laser pulses with time durations

of the order of 10 ps. Such pulses must be temporelly smooth

and hence transform-limited so that a YAGNd system is a J
natural choice for the laser.

In summary, the analysis of Sect. C leads to a useful

technique for measuring sell'-focusing parameters. The ideas

which we have developed here not only provide the basis for

this technique, but they also help clarify the relationship A
between self-focust'ip and optical damage, a relationship

which has often been confused in the literature. ]

I
I

i

- ... i i , , j



CHAPTER 3

THE LASER SOURCES AND EXPERIMENTAL I
TECHNIQUES

A. Introduction

In this chapter we will describe the equipment and procedures used j
in the damaL :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 selection. The experimental procedures used in the damage

studies will also be summarized in this section. In Sect. C a mode-locked

laser developed by J. P. Leteilier and J. McMahon of Naval Research

Laboratories will be described and measurements 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 :n Sect. D. Without these techniques, several of our damage

experiments could not have been completed. The convincing identifica-

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

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

from intrinsic damage at each damage site.

A

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

Fig. 6 shows schematically the principal features of the

Q-switched laser sources. These systems were pulse pumped and

Pruceding page blank
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electrne-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

(TEM0 0 ) mode.43 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 X

size cannot normally produce TEMo0 output.

Two techniques were used to verify TEM0 0 operation. In

the first, a 1-mil pinhole was moved across the YAGiNd beam

in 1-mil translation steps and the intensities of successive

shots recorded. Fig. 7 summarizes the result of one measure-

ment. Each 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 measurement. By plotting the logarithm _f the

laser 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 To exp (-2r 2 /0 2 ) where a 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 11

LASER PARAMETER S

Wavelength Nd:YAG R uby
1. 06/im 0. 694pm

Energy TEM00 Mode 1. 5 mj 2. 0 mj

Beam Diameter at Output 0. 8 mm 0.7 mm
Mi rror

TEMoo Mode

Polarization Li nea r Linear

Pulse Repetition Rate 1 pps i pulse/5 sec

Pulse Duration in TEMoo Mode 4.7 nsec (FWHP) 14 nsec (FWHP)

Pulse to Pulse Energy t 7% ± 10%

Reproducibility
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YAG and was generally less stable, a second technique for

measuring the transverse mode structure was used with the ruby

* system. A lensless 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

manner that the red ruby light was partially reflected at each

surface and the light transmitted to the undeveloped trans-

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

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

directly measure the intensity distribution of the laser buam
when it was tightly focused. This technique was not used with

the YAG laser because of the difficulties involved in obtaining

and preparing photographic emulsions sensitive to 1.06 'Um

radiation.

Measurements of the transverse distribution summarized in

Firs. 7 and 8 integrate the transverse intensity distribution

over the full time duration of the laser pulse. Depletion

effects in the rod, however, can cause this distribution to

4L4
change with time. To verify that such an effect was not

occurring on-axis where the laser intensity was greatest and

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

samr led with a 25-micron pinhole and found to have the same

iI
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time structure as the entire beam,

The lasinw band-width of the lasers was restricted to at

most a few adjacent longitudinal modes by usino a particularly

simple technique that does not require any special optical

cavity componants such as an output resonant 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 M1 -A.

The anti-reflection coating on each end of the laser rod has

a residual reflectivity of about 0.25 percent and so the

passive finesse of resonator M1 -A is very low. When lasing

occurs, however, MI-A contains a medium with gain and its

effective finesse can be very high. In our ruby laser with a

10 cm rod, for example, the combination of a 0.25 percent

reflection surface, A, a laser gain coefficient of = 0.25 cm ,

and the 99.9 percent cavity reflector, M1 , results in a steady-

state reflectivity finesse of about 6. All other intracavity

elements are placed between surfaces A and M2 to minimize

reflection and scatterinp losses in the subcavoty M-A.

In figures 10 and 11 the effects of rod alignment on the

temporal outputs of the NdYAG 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 output mirror, M2 .

The detection of a smooth pulse by a limited bandwidth

detector ma be the result of either single-frequency output
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or the simultaneous oscillation of many randomly phased modes.

In order to resolve this ambiguity the lasers' output spectra

were studied with Fabry-Perot 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

modes (A v= 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 z 1.2 GHz, Implying that a maximum of 4

adjacent modes could have been oscillating. 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 through the observation of mode

beating as in Fig. lb. Therefore, our smooth ruby laser

pulses, as shown in Fig. tic, were caused by single longi-

tudinal mode lasing* In support of this conclusion we note

that Giuliano et al.45 reDorted that perfectly smooth pulses

correspond to single mode oscillation while non-smooth wave-

forms were always associated with two or more oscillating

modes. Replacing the sapphire etalon with a wedged output

mirror did not qualitatively change the results.

We have found that slight misalianment of a multi-

component resonant reflector or of one which employs high

reflectivity mirrors often causes transverse mode distortion.

The simple technique for obtaining smooth pulses described
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above does not have this problem and is quite compatible with

TEM0 0 mode operation.

When the product of the double-pass gain and the output

reflector is less than about 40 percent, it is no longer

Dossible to operate the laser in a single longitudinal mode.

A simple modification of the present technique is to misalign

the rod and to insert a coated optical flat parallel to the

e" -ty mirrors. One surface of the flat functions as the rod

face M, above, and its reflectivity can be chosen to be high

enough to give high mode discrimination while still low

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

conf'i.uration is identical in basic form to conventional

resonant reflectors except that the first surface has a low

reflectivity to minimize degradation of the transverse

structure. As in the previous technique, mode discrimination

is achieved by providingr a subcavity containing an active

medium.

We thus see that the Q-switched lasers used in the present

study produce TEA 0 0 output with at most a few simultaneously

lasing ionp:J.tudinal modes. Because these systems are well-

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

accurate determinations of damage fields.

The actual damage measurements were made by focusina the

laser beams through a 14 mm focal lenth lens to approximately

2 mm inside the samples. C, e was taken to insure that

spherical aberraticnz from both the lens Pnd the plane en-

trance surface of the sample being tested w.--e urimrportant.

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

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 renroducib.e, and which did not affect the

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

If the fixed polarizer is oriented to transmit the laser

polarization and if 0= 0 is the angle of the rotating I
polarizer which gives ma-ximum transmission through this

attenuator, then the transmitted intensity at any other angle
A

of rotation about the beam axis is• -.1
](6) = ]i co" 4 9

where 1o is the incident light intensity and b is the fraction

transmitted when 0 = 0° . Calibrated neutral density filters

were often used in con junction with the var.able Glan

attenuator.

C. The Mode-Locked Laser
I

When a !arp.e nlmbetr of randomly phased lonaitudinal

modes oscillate simultaneously, the laser output has an

irremilar spiKed envelope. A phase correlation ctn be forced

on adjacent modes, however, and a train of' short pulses pro- A
duced. The technique most often used for this phase- or mode-

I lockinF, is to elace a saturable organic dye solution inside

the cavity.4 6 Because the absorption of the dye decreases
~I

~2
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for high intensities, the field in the cavity is forced into

a hiL-h-Intensity, short-duration wave-racket, or equivalently,

a large number of ohase-correlated side-bands are generated

whi.ch coinr:ide with the lonp-ituriinal mode resonances of the

cari 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 .ndak dye 9740 used as the bleachable dye. This system,

as oppose, to a -lass:Nd laser, has the imDortant feature that

the in i%ridual spikes in the mode-locked train are free of

time and carrier-frequency substructure. It is possible,

in other words, to establish a nhase correlation over the

entire lasing band-width with YAC:Nd as the -. tive medium.

In order to allow a larae number of longitudinal modes

to reach oscillation simultaneously, the ends of the rod were

cut at Brewster an.le. A circular anerture restricted the

radial. distribution to a TEvo0 outnut, an-d t tr m,-r'j fur-e

stabilzea dye was carefully circi' " '. ouph a 1 mm thici:

cell containinr the rear 99. ref..': - r r>P system was

operated at a firing rate of 1 Dps with an amplitude stability

of about 20' in intensity.

A qaser-tr[_gPered, electro-ootic shutter, positioned 'fust

after the laser outnut mi.rror, was used to select a single

nulse from the mode-locked train. The oneration of this

device is summarized in -WL'. 1?. Aftpr the rulke train

travels throuLhTY Zn Uz1v;Z l2 -r. Y.Dr cckol. roll, 2t .

refl-cl-r! ',7,,17 P fi>'ed Ilan / ~olarlzer .;,n:i ,fO,-_l!.P1 c,r o t+he
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high-voltage electrode of a pressurized laser-triggered spark

cap. When the aas between the electrodes breaks down, a 5 KV

voltage spike is transmitted down a coaxial line to the

Pockels cell. This voltage 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.

During this 7 ns time interval, one pulse will enter the

Pockels cell. Because of the high voltage applied longitu-

dinally across the KDP crystal, the plane of polarization of

that pulse is rotated approximately 900 and allowed to pass

through the (lan polarizer.

With this design we were able to obtain single pulses of

approximately 15 ps duration for the damage studies. By

replacing the cavity outDut mirror with a sapphire etalon, the

lasing bandwidth was restricted, and pulses of just under

300 Ds luration were obtained. Two-photon absorption measure-

ments established the pulse durations.

The eneri.y calibration poseO a oroblem because a single

15 Ds oulse caused optical breakdown ins~ii a :a P I

ballistical thermal-Dile of the type that hi-) ":c:n uaci to

measure the energy of the Q-switched lasert. A a... r y:c- I
voltaic cell was finally chosen as an QnerY n., :

oneratina_ it in an integrating mode an! cal ,' . ;.: ', w, t 1
a commercial Q-switched YAG laser, we were bcI. ,s I.

the energy calibration to within about 2SO.

This system had been known to onerate ii a j. '

with an Intensit .... bect i r. I.
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raussian. (The distortion of the mode probably resulted from

the optical characteristics of the dye.) We verified that

the mode pattern had not changed by recordina 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 Intri.nsic and Inclusion Induced

Damage

Transparent materials often contain absorbina inclusions

which are too small to be easily detected by optical in-

spection. Calculations in Chapt. 1 have shown that wh ! tneir

diameters are Lreater than about 0.1 r- ,-,ch i.nclusions carz

oroduco local e t . of t ,s . r :,oun ir,: f- .ter> ,er, I-

raiu ,  tt , __w i tcho 1 lasser n Tii

. 2"{;~ 1 T, T . n me .T ,' C anr aP I-F

to t S t . t -- , 'L :iSions C3-1 often ,e b aye '_e

W I I I:! 4.

." r'"? ';'- ir" S th'~ r."; '..."r:, cC ? r ' :~

r I i P : )CN A 7;1 A: 1

'' . , . ... . . . .. . , , -i .' [].t r ",' 
'. 

".. 'r

'.: ,9. r '.[ .. [' "<t l ,: ; " " - T.'.
4

T.,) ' 1,, "; i +,C;. 0i- ," t'-' , r n .
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utilizes the darnage statistics described in Chapt. 6 and can I
be applied to both surf:'ce and bulk studies. Its use, however,

requires a large nuii' er of' ]:rt Probes by a highly stabilized

laser. A third techni;:, wihch was developed during the

present s,ydy, q].1.cw--% 'T -rreliate determination of the

renern! scurcc of o.:t. "al damage at individual sites both in

tho tI'Ku ia - : i C-. This technique does not require

an a.,ol-.,ud- stabil-Kr.' 'aser mnd thus simplifies the problem A

of~ , r. [r'rnsc i e and bulK damaje. Finally, a

n,.er ~:- of -U'i atve obsc'frvatlons to be described below are

op..-t'.2_r' v~ut ef: / a.rs of inclusion damage when

"- - -in the first and third tests

carnnot be auolied.

vYIooth I t ir'ht -- sr., d the distinctive morpholo--y

nor-ma'lv uuorucd y - "ulk breakdown and used it to

j:[stnus between ar:r:] ar, inclusion damaae at 10.6 im.

T:.;-; ! am- "  wcha.u , ! In -the hulk breakdlown studies at

1.' , : a;n t ) ( K " ", ' c'', ar- 'bescribel in Chapts. . and 5,

wA. "t ,r, •down occurs, a narrow

-1b -2... , f .. in: 7- 1 .omtr ci. focu. and increases

U- cro!.--'3-':-.on as ii :; a very short distance to-

w"t.- s ee .; _'- to .,- t'. r-" r.p appearance. Inclusion

c ,!-. c t -t : hx.'- . : r. lv forms as spherical

• . r:: -, r,., v i r'=-t: '', .the focal Tpoint. For both

. : T*- : b :-'i j. it ,' <: : can develop after the

" ,. 
, thor observations,

-'r'. c ' c; .. o r b rl.ibly distin _ulshed
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in the bulk by examininr the damage morphology. Figs. 13 and

14 snow examples of this morpholoszy as seen in the damage

study described in Chapt. 4.

The second technique for determining the absence of

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

such that damage occurs on each pulse with some finite

probability p, defined by

total number of damages
total number of oulses (3-i)

By fixing the intensitv of the highly-stabilized laser source,

distribution function fN can be obtained which describes the

fractional number of times N puises are required to produce

damage. If laser fluctuations can be neglected arid p, is the

same for each laser Dulse (p1 
= 0 or 1 for inclusion damage),

fN is given by the probability that no damage has occurred on

the first N-i pulses times the probability it has occurred on

the Nth i. e.,

)N-I
fN I ( - p P l (3-2)

Since the only way this distribution of N values can be

obtained is if P1 Is constant, the agreement between measured

E l i ..... ...... I =
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Direction of
Propagation

Geometric Focal
Plane

Fig. 14. INCLUSION DAMAGE IN RbCl

Damage which we regarded as due tu absorb,.fg inclusions consisted
of small spheres randomly distributed about the geonietric focal
plane. The photograph was takcn during the experiment of Chapt. 4.
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values of fN and those computed by Eq. (3-2) indicates that

material irihomogeneities were not measurably affecting the

damage data and that the laser was sufficiently stable to

observe damage statistics. An example of the use of this

technique from the measurements of Chapt. 6 is given in Fig. 15

where the measured distribution for bulk damage in fused

quartz and Rq. (3-2) are seen to agree.

A third method for distinguishing between Inclusions and

intrinsic damage was developed and used in the oresent work.

It consists of observing the light transmitted through the

sample by using a fast photodiode-oscilloscope combination.

When damage occurs, the transmitted laser pulse is attenuated

in a manner which is found to be characteristic of the source

of damage.

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 instant of attenuation for such pulses varies

by no more than about 25 nercent abjut some average value.

An example of this t.,e of attenuated pulse-shape is iven

in Fig. 16b.

It was found in the experiments of Chapts. 4-7, however,

tflat a number of damapinp pulses were attenuated in a very

different manner and produced damage regions that could be

identified as resultino from inclusion absorption. For this

class of damage events, the attenuation was not as rapid and
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as complete as with intrinsic damage nor were the transmitted

pulse shape and intensity at the first instant of attenuation

as 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 unambip!uously identified by this

scheme or by microscopic investigation of the damage site.

In the laser damage studies data obtained from such pulses

were not used.

Another distinction between inclusion 'nd intrinsic

breakdown involves the intensities of the sparks created by

damaging laser pulses. In general, intrinsic events produced

bright sparks while damage 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

eneray which is available to take part in the damage process

is consistently about half the total pulse energy. This was

observed experimentally and can be explained by theoret.cal

considerations of avalanche breakdown (see Chapt. 8). It is

thus to be expected that the energy deposited in the focal

region is reasonably constant for intrinsic breakdown and that

the intensity of the sparks which apparently always accompany

such damage is, therefore, also reasonably constant.

Fi-s. 16c and d suggest that these same conclusions do

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

why they should. Damage from inclusion absorption is qner'v-

! I

: l I I I I II I1



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 sufficiently to produce a bright spark. A number

of experimenters have, in fact, reported material damage

without sparki.4 5' 49 The arguments 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 techniques discussed here--examination of the

damage morDhology and examination of the transmitted laser

light--could not be used in the subnanospcond study of in-

trinsic damage in MaCl (Chant. 5) because of the small

volumps of the damaged sites and the short durations of the

laser pulses. But oecause breakdown is virtually threshold-

like in NaC1, a 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

damage field was reasonably well-defined and did not change as

different regions of the sample were probed and lenses with

different focal lengths 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 NaCI crystal irradiated by the same laser and in other
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A

A

samples irradiated by Q-switched lasers. It was therefore

concluded that except possibly for occasional damage sites,

inclusion damage was absent in highly pure NaCI 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 or to dis-

tinguish between inclusion and intrinsic breakdown when in-

clusion damage occurs. Intrinsic breakdown cannot be

effectively studied without such techniques.

'A

A



CHAPTER 4

INTRINSIC OPTIMAL DAMAGE IN THE ALKALI

HALIDES INDUCED BY 1. 06 urm RADIATION

A. Introduction

Electron avalanche breakdown had been mentioned b7 a number of

50,51
authors as a possible mechanism for damage. Until the work of

14
Yablonovitch, however, no simple technique had been suggested for

identifying the occurrence of avalanche breakdown in solids. The situation
52

was much different in gas studies. Not only had the details of dc

53
avalanches been better understood in gases than in solids, but the ability

to vary pressure allowed investigators of gas breakdown to convincingly

identify the development of avalanche breakdown and to ascertain the

conditions under which multiphoton ionization could develop before an

electron avalanche.

Yablonovitch's basic approach was to select transparent materials

that had. 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 rm to about 0. 2 A m and optical damage in them from

multiphoton absorption is highly improbable until frequencies have been

reached that are well into the visible spectrum. The alkali halides have,

54
in addition, been studied extensively in dc damage experiments.

Yablonovitch found that the relative root-mean-square damage fields for

nine alkali halides at 10. 6 Am 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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damage at 10.6 jm, it was concluded that the intrinsic damage

process was an electron avalanche, similar in basic character

to dc dielectric breakdown.

The discovery that the avalanche breakdown caused by a

laser Pulse at 10.6L 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

ionization theories 50 ' 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 chance 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. If

only the rate of conduction-band electron heating determines

the avalanche characteristics, the avalanche should therefore

appear to be in its dc limit as lonp as where a is the

laser angular frequency and r is the average electron-phonon

collision time. (This behavior is displayed by Eq. (1-1) of

Chapt. I.) An unner limit r ma x to the collision time in NaCl

can be estimated by usina the low-field mobility 56 (10 cm2 /Volt-

sec) and setting it equal to ermax/me where me is the free-

electron mass and e is the electronic charge. We find that

rMax _= 1 for 10 Mm radiation. In electric fields approaching

breakdown values, the average electron drift energy can be

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

resonance, 57 r should be less than rmax. Thus Yablonovitch

was workin at a frequency where car was nrobably still a

small quantity compared to unity ard where simple impact

ionization theories would predict essentially dc behavior.

We have extended Yablonovitch's work to 1.06 gm by usinw

a Q-switched YAq1 Nd laser to induce damare. The intent of

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

damage fields of the alkali halides are different at 1.06 pm

than they are at 10.6 pm and at dc and, second, to demonstrate

the feasibility of conductin7 near-IR and visible bulk optical

damage studies at low Dowers without catastrophic self-

focusing. It will be shown below that the relative breakdown

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

number of additional time-related observations support the

conclusion that intrinsic breakdown is occurring by a time-

debendent electron avalanche.

Self-focusinr is ootentially more of a problem at 1.06 pm

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

of beam distortion from the self-focusina nonlinearity

depends on P/Per" Since it is desirable to have as little

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

the wavelength increases, however, Pcr decreases as X2, so

that to maintain the same value of P/P ,e P must also scale

as X2. Because the breakdown intensity is approximately

independent of A, the requirement that P/Per be held constant

is equivalent to requirlnp that the area of the focal spot--
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2 2_(A/d) f where d is the incident beam diameter and f Is

the lens' focal lenath--also scale as A-. But the diameter of

a TEMOo0 mode depends on both wavelength and cavity design,

being on the order of 1 cm for the i0.6 ym laser of Ref. 14

and 0.1 cm for our 1.06 pm system. In order to maintain a

constant value of P/Pcr as X is decreased, it is necessary to

focus more tightly with an external lens or to design the

cavity optics to comnensate for the dependence of d 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 pm. Pcr changes by a factor

of 100 as A is decreased from 10.6 pm to 1.06 pm, 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 of a problem in our measurements, and it was

necessary to conduct simple tests to confirm the absence of

sianificant self-focusinp effects. The designs of these tests

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

in the next section.

B. The Experiment

The laser sources and experimental arrangement for the

present work are summarized in Section B of Chapt. 3. In 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 am and one at 0.69 pm.

As discussed in detail in Chapt. 2, self-focusing effects

can lead to significant beam distortion. Because accurate A

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

were defined and derived in Chapt. 2 where quantitative

corrections from the index nonlinearity at powers below PC

were discussed. Table III summarizes the numerical results.IA
The input power is the experimental power at the peak of the

laser pulse arid is more than one order o- magnitude below PC.

From a purely theoretical viewpoint, therefore, catastrophic

self-focusing is imnossible, and it can be shown using Eq.

(2-15) that beam distortion from the index nonlinearity intro-

duces at most a few percent correction in the measured electric

field strengths. If catastrophic self-focusing does occur,

then the breakdown dama-e data is a measure of the critical

powers rather than the intrinsic breakdown field. The measured

threshold intensity will then scale with the square of the

calculated focal diameter if the process is steady-state and

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

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

existence of a constant critical power Pc which does not vary

with beam liameter.)

Two experiments were conducted to test our belief that

self-focusing was absent. In the first the relative field

strength threshold for damage in NaCl was measured with three
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TABLE III

Calculated Steady-State, Self- Focusing Parameters and

Experimental Values of Pulse-Widths and Peak Power

Wavelength tR tp 12c 10 Pcr c input

(microns) (10 -sec) (10 -sec) (inks) (10 3watts) (10 3watts) (10 3watts.

10.6 5.5 200 48,000 175,000 120

NaC1 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
RbI

1.06 5.4 4.7 8.1 132 500 8.1

For P <Pc catastrophic self-focusing will not occur.

The 10.6 pm data is taken from reference 14.

See Chapt. 2 for definitions of 'R n 2 P and P r' To convert n2 to esu units,

multiply by 0.91 X 10
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different focusinaf lenses, corrected for spherical aberrations,

and having focal lengths of l.4, 2.5 and 3.8 cm. The experi-

ment was conducted at 1.06 p !. If steady-state self-focusing

were present, te observed damage threshold would have scaled

with the inverse of the focal length. It did not, and, in

fact, to within 5 percent the field strength was independent

of focal length. This effectively eliminated the possibility

of steady-state self-focusing. "ince tp/tR 1 1 from Table III,

self-focusing should not be transient. Eq. (2-17) however,

predicts the 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 bean,

diameter held essentially constant.

By changinp the Dumnina 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 pm 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 length lens was used in all three

measurements, and to compute the ruby value, we assumed the

same transverse intensity variation as that present at 1.06 pm.

To within 15 percent no change 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 wavelength squared. If

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

change by a factor 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 wavelength dependence.

Perhaps the best experimental check for self-focusing is

the actual measurement of breakdown strengths. Self-focusing

theory appears to be totally unable to account for the experi-

mental results given below in which both relative and absolute

values of breakdown strengths show strikin similarlties to

10.6 pm values. We thus conclude that prior to the onset of

material damage, self-focusing has been effectively eliminated

as a comDetinq nonlinearity.

The Dossibility may exist that self-focusing occurs after

a sufficient 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-

Dortant.

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

damage was later carefully inspected with a microscope. Be-

cause of the small volume damaged by our highly focused 1.06 pm

pulses (less than 2 x 10- 8 cm3 ), a large number of data

points (40 to 100) could be taken with each samDle.

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 Dositions 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 chanres 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 ENaCi.

In order to avoid errors from daily power fluctuRtions and

possible alirnment changes, a sinple sample of NaCl was

tested with each alkali halide. It was readily determined

that a slizht misalignment of the focusing lens had no

measurable effect on the relative breakdown strengths.

Visual inspection and the breakdown statistics sugv'ested

that sratial inhomopeneities from inclusions were not a-

fectin the results exceot in the single case of RbCl (see

Sect. D of Chapt. 3). Damage which we regarded as intritnsic

consisted at each damage position of a single pointed region

which bezan at the geometrical focus and extended a very

short distance back toward the laser, increasing in cross-

section to give a tear-drop appearance. A typical example is

indicated in Fig. 13 in Chapt. 3. In RbCI, on the other hand, I
regions with low breakdown thresholds consisted typically of

one or more spherical voio3 randomly distributed about the

focus (Fig. 14 in Chant. 3). A number of points, however,

did anpear visually to have intrinsic damaqe and were con-

sistently more difficult to breakdown. These data points were

used for the RbCl results.

Finally, a fast photodiode detector system with a 0.5 nsec
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risetime monitored the transmitted light as shown in Fig. 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 Am are

summarized in Table TV and in Fig. 18 along with both the

10.6 Am data collected by Yablonovitch 14 and ak ;,pted dc

results.' These results are normalized to the respective

values of field necessary to damage NaCI listed in Table V.

This allows the striking similarity in trends of breakdown

field to be easily observed and the nossible svstemasic de-

viations at 1.06 Am to be recoanized. The quoted errors at

10.6 Pm are 10 percent, Rnd our rqndom exprrimental errors

in relative fields are estimated to be no more than 1 10 per-

cent with possible errors due to microscoDic strains adding

another ± 5 percent. Two different samples of both NaCl and

KBr from two different manu--,curers gave nearly identical

results.

The breakdown 3trength of NaCl was also measured with a

ruby laser to confirm the absence of self-focusina as noted

above. Table V records the average of about 50 damage

measurements. Although the laser was normally operating in a

sinale lon itudinal mode as indicated by Fabry-Perot and

photodiode studies, each laser shot during the measurement was

mcnitored with a fast photod'iode and recorded.
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TABLE IV

RELATIVE BREAKDOWN FIELDS - NORMALIZED TO

NaCI- 2 X 106 V/cm

Nal NaB r NaCI NaF

DC 0.460 0. 553 1 1.60
10. 6ym 0.405 0.476 1
1. 06/Am (0.29) 0.67 1 1.64

KI KBr KC KF

DC 0.380 0.460 0.667 1.27
10. 6pm 0.369 0.482 0.713 1.23

1. 06,um 0.27 0.38 0.57

Rbl RbBr RbCI

DC 0.327 0.387 0. 553
10. 6pm 0.323 0.400 0. 472
1. 06/um 0.40 0.55 0 67

*Crystal was extremely hydroscopic and no final check was made with
the microscope to determine if inclusions were responsible for the
damage observed.

I
I
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TABLE V

ABSOLUTE BREAKDOWN STRENGTH

OF NaCI

6V

E (dc)~ 1.50 XiO6 V/cmp !ak

* 6E (10. 6jim) (1.95 ±0. 20) X 10 V/cm

E rrrs (1. 06 jim) (2.3 ±0. 46) X( 10 V/ cm

6E (0.69 jim) (2.2 +0. 44) XL10 V/ cm

r

These values are taken from Refs. 54 and 14
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C. Discussion of Results

The exDeriments reported here were performed under care-

fully controlled conditions using, stable, well-characterized

lasers and optical systems for which aberrations were unim-

portant. Because we were able to probe each sample in many

different positions, random fluctuations in breakdown strength

were averaped out. It was possible to distinguish between

inclusion and intrinsic damage by inspection of the residual

damage 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-focusinR was

absent and, consistent with theory, that the index nonlinearity

did not affect the results to within experimental error. It

is therefore concluded that the resdlts of the 1.06 and 0.69i'm

study as summarized in Fia. 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 pm. It has already been ob-

served that the damape thresholds for the alkali-halides at

1.06 Im follow a trend nearly identical to that observed with

the CO2 laser and, in fact, to the dc measurements of

reference 54. It thus appears that the intrinsic process of

laser-induced damare 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 pm suggests that this
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same process may dominate up to frequencies aDproaching

4 x 1014 herz.

Data from Fi;. 18 and Table I have established the

relationship (El.06)rms is about 1.5 x Edc 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. 58' 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 Dulses. The first is that increasing tne

pulse width of the YAG liser output by a factor of 2.3 re-

sulted in a 14 percent average drop in threshold intensity

for NaCl. Averapes 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

NaCl 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 mm, is that high-

frequency time-structure on the pulse has little measurable

effect on the breakdown strength. And finally, after adjusting

the power 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 chanaing the beam attenuation.

When this was done, the intensity at which the transmitted
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light drooned (see Fig. 16) was higher by 25 oercent or more

than it had been with the lower intensity pulses. This was

interpreted to mean that increasina the effective risetime of

the optical field raises the measured breakdown strength. To

understand both this set of observations and the results from

Table v, some discussion of existing electron avalanche

theories is alven. This discussion will be extended in

Chapt. 8.

An electron avalanche in solids is a rapid multiDlication

of conduction-band electrons in which an initially low dencity

No of free carriers interacts with an intense electric field

in the presence of phonons. The number of electrons increases

with time Rs

N(t) exp a (E) dto . (4-1)

The gain coefficient a(E) is a strongly-varying function whose

value can be inferred from dc measurements of breakdown

strength as a function of sample thickness for extremely thin

specimens. For Eq. (4-i) to be valid the rate at which

electrons are lost by trapping and diffusion out of the focal

volume must be small compared to the rate at which they are

aenerated. For Q-switched laser pulses, the electron losses
18

are, in fact, negligible.

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). Eq. (i-1) shows that the energy input to the

electrons scales with frequency and field as E2 /(1 + w 2 r2 ),

and because the details of energy input determine 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 Table V. It also indicates that

the ac breakdown strenati will increase for frequencies near

1/r. An estimate of r for NaC1 5 5 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 pain coefficient a is correspondingly increased. Such an

effect has been observed in dc experiments by varying theI.~ ~ ~ ~~o ~61Inscexeiet
thickness of thin ( < 50 pm) samples. 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 NaCI by using

subnanosecond laser pulses. This measurement will be pre-

sented in Chapt. 5. For preeent purposes we merely note that

our observations of a pulse-width dependence to breakdown, 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 damaae process is time-dependent

as expected from an electron avalanche and that the process

has an effective time constant on the order of I ns. Such

temporal considerations may explain part of the difference in

damage field between dc and laser measurements as suimarized

in Table V.6 2 A more likely explanation for most of this

difference involves space charges and will be discussed in

Chapt. 5.

The essential details 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-hali3es without the

confusinz effects of self-focusine. Compirison of the results

to studies at dc and at 10.6 gn, indicate that the process o'

ac avalanche breakdown, similar in fundamental character to

dc avalanche breakdown is responsible for the damage observed.

Analysis of time-related observations confirms this conclusion.



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 ;m 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
63

process beyond the present level of solid state theory, but experiments

on dc breakdown are difficult to conduct and often yield very limited

information. No estimates can be obtained, for example, of effective

electron collision rates from dc experiments, and the time dependence of

18the avalanche can only be studied indirectly. Laser 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

I halides to higher frequencies and shorter pulse widths. It will be shown,
in particular, that frequency dispersion begins to develop at 0. 69 j.rm and

that the damage field in NaCl increases as expected with decreasing pulse

width. These two observations provide an experimental estimate 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

Precedinl page blank
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that deep lying exciton levels may affect the breakdown

strength of NaF. A comparison of the optical frequency ioni-

zation rate to estimates based on dc data 18 show at least

qualitative aereement. 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 Breakdown Induced by Ruby Laser Light

We have completed measurements of intrinsic bulk break-

down in nine single crystal alkali halides using a TEM 00 ,

single-longitudinal mode ruby lacer. Self-focusing was absent

in these studies, and damas'e from inclus'.on absorption was

distinguished from intrinsic damage. It was found that at

0.69 pm the relative breakdown strengthE of the alkali halides

have bewun to differ from values obtained at 1.06 and 10.6 pm

and at do. The onset of this frequency dispersion in the

avalanche breakdown orocess 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 Chapte. 2 and 3. Damage from inclusions was dis-

tlneuished from intrinsic damage by examining both the

morphology of the damage sites and the temporal shape of light

pulses transmitted through the sample. (See Sect. D of Chapt.

3.) The latter technique employed the fact that a damaging

light pulse is attenuated in a manner which is characteristic

of the cause of damage. Only data obtained from intrinsic
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damare events were considered in the nresent work.
I

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 about 15 sm,

When the incident power was sufficiently high, a bright white

spark was produced and a small volume of the material

(< 10-8 cm3 ) was melted. Because a well-defined threshold

could not be found (see Chapt. 6) we again defined the damage

field as that value of rms electric field inside the material
which was necessary in order to induce damage on a simple

Dulse with a probability of 0.5. The incident power necessary

to reach this field in NaP under our conditions of focusine

was 146 KW. For the other crystals, the input power was I

between 20 KW (for NaCl) and 9.2 KW (for Rbl).

A large numbei of data points were taken for each sample

(40 to 100), but 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 absorbinR inclusions.

As in Chapt. 4, the rms on-exis 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 cali bration, and in order to avoid errors from

possible alignment chanres, damage fields for the other

materials were measured relative to ENaCI. The same sample

of NaCI was tested with each alkali halide. 

Figure 19 and Table V (Chapt. 4) summarize the results

L -- .-L_-.-. - -.....
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of this study, the 1.06 pm data from Chapt. 4, and accepted

dc results. 54  In Pip. 19 the damage fields of the various

alkali halides are normalized to that of NaCl at the appro-

priate freqtency. This makes the variation in trends between

the 1.06 pm and the 0.69 pm measurements more easily seen. The

relative breakdown strengths at 1.06 pm are virtually identical

to those measured at dc. Although the corresponding data at

10.6 pm 1 4 are not displayed, they too follow the same trend.

This is not the case at 0.69 pm, however, even when the 10 to

15 percent measurement errors are considered.

Table V lists the rms damage fields of NaCl for these

experimnents. The agreement found in the four experiments is

hearteninr because there are oarticular difficulties in

determinin the absolute damage fields in dc measurements. 58' 59

Root-mean-souare 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 103 to 10 cycles of the optical field. (See next

Section.) Heatina of the electron population is thus

effectively averaged over many cycles.

Because the measured breakdown strength of NaCl was the

same within experimental error at 1.06 pm and 0.69 pm, 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 pm and 0.69 pm data points. Absolute field units

were not used, because the resulting error bars on the altered

plot would be much largpr. They would include not 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 NaCi under this assumption is about 2 x 10- 16 sec.

For NaF these calculations predict that the relative break-

down field (ENaF/ENaCl in Fig. 19) will decrease at ruby

frequencies, contrary to the change which is experimentally

observed. This discreDancy 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-phonon collision frequency alone.

Seitz6 5 has suagested 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 absorption directly across the bandgap can-

not explain the changes in relative breakdown strength which

have been observed. In addition, theoretical calculations of

the fields at 0.69 m necessary to induce damage from multi-

photon ionization or from its low-frequency limit, tunnel

ionization, give damage fields which are about an order of



-114-

18, 65
mawnitude larper than those measured.

In conclusion, we have measured the intrinsic optical

breakdown fields of nine alkali halides using a ruby laser.

Although the absolute and relative thresholds fields are com-

Darable to the thresholds observed at 1.06 pm and at dc,

differences are observed which suggest that at v = 4.3 x 101J
-1

sec , avalanche breakdown is no lonaer identical to de di-

electric breakdown. Current theories of avalanche breakdown do

not anpear to exvlain the details of this observed difference.

C. The Pulse-Width Dependence of Optical Avalanche Breakdown

Measurements are reported here of optical damage induced

by subnanosecond laser pulses. These measurements were per-

formed by focusing mode-locked YAr, Nd laser pulses having

durations of 15 ani 300 picoseconds inside single crystal

NaCl. Because the experimental procedures used in the present

work were identical to those used in the studies of Chapt. 4

with a Q-switched YArNd laser, the subnanosecond measurements

can be directly compared to the results of those studies. It

was found that the intrinsic breakdown field increased by

7almost an order of maenitude to over 107 volts/cm as the laser

Pulsewidth was decreased from 10 ns to 15 ps. 6 6 The de-

pendence of the damage field on laser nulse duration is used

to calculate a field-denendent ionization rate which is com-

Dared to the Dredlctions of Yablonovitch aAd Bloembergenl8

who estimated the ionization rate from Dublished 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 Fit. 12 in

ChaDt. 3) was a passively mode-locked YAGiNd laser operating

in a TEM 00 mode at 1.06 pm. Without intercavity etalons, this

oscillator produced bandwidth-limited light pulses of 15

picosecond duration. When the cavity output mirror was re-

placed wit' a saDphire etalon, the pulsewidth was lengthened to

about 300 picoseconds. Two-vhoton-fluorescence measurements

failed to detect substructure with pulses of either duration.

A laqer-trizgered spark Fap was used to select a single light

pulse which, after attenuation, was focused through a 14 mm

focal length lens about 2 mm into the sample. Care was taken

to insure that spherical aberrations from both the lens and

the plane entrance surface of the sample being tested were

unimnortant. An energy monitor recorded the energy in each

laser pulse.

Although the intrinsic damage process in transparent

12materials is an inherently statistical process (see Chapt. 6),
A

it is virtuallv threshold-like in NaCl. Consistent with Chapt.

4, a damag(e field can be defined as that value of root-mean-

square electric field inside the sample which produced 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

by a small melted region ( _ 2 x 10- 9 cm ) inside the crystal.

At least 20 data points were taken for each pulse duration at

the 0.5 probability point.

Beam distortion from self-focusing was avoided by
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confinln the laser inDut rowers to well below the calculated

critical powers for catastronhic self-focusing. (See Table

VI.) To verify the absence of self-focusing, 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-focusing, had been present

with the subnanosecond pulses, the input damage rower would

have been independent of focal length. The absence of in-

clusion damage was confirmed in the manner discussed in Sect. D

of Chant. 3.

Table VI summarizes the results of the present measure-

ments and those of Chant. 4. An increase in breakdown

strength was observed as the duration of the laser pulse was

decreased. As the pulse duration was changed 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 exDerimental points are plotted in Fig. 20 along with the A

semi-emnirical predicted curves from Ref. 18.

The existence of a pulse-width dependence to intrinsic -N

damage is qualitatively explained by classical theories of

electron avalanche ionization. 5 8 , 67-68 These theories, which

are summarized in Chant. 8, predict that the density of con-

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

NM IN exp [j cc (E) (t 0 (5-2)CI
N

I



rio >

o -H

0 Cd

W 0 co 0 o 0

04 40

S-4 U-

1.4 0~-

W 4'4

0

1- 4 - -d -

C)U

uU
U)

Lo. C4 CV

C14 0Z 0-

U) C - -1.

- U-

41 0u cn CW0

L CD C' 'l0
- x

ce))
CC)

t ~ U 4 ~ C) 0



-118-

RMS OPTICAL ELECTRIC FIELD (MV/cm)
!.0 10 . 00

+ PRESENT WORK 4J

x REF. 4
-- REF. 3

10 X "

• 
E

0- - -4 0 4 .

u ' o
U

04 

0.

1.0
0 10

D.C.~~a ELETRI.FELD(MVcm

oi-'-m '

Q 4j

c a- >1 1 )
Uv .0

&4 4

C1

D.C. ELECTRIC FIELD (MV/cm)

Fig. 20. T'HE RATE OF IONIZATION IN NaCi AS A FUNCTION OF
ELECTRIC FIELD



-119-

Eq. (5-2) is valid when, as is the case with laser breakdown,1
8

electron diffusion and traDpinR can be ignored. No 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 damaina 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 cannot be made directly, because impulse

dc measurements with subnanosecond impulse durations have not

been made. As Yablonovitch and Bloembergen1 8 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

58cathode to anode. By considerina limits on the electron

drift velocity, Yablonovitch and Bloembergen have calculated

a(E) for do fields usin& Eq. (5-2) and previously published

measurements of dc damage fields in thin samples of NaCl.6 0' 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 replacinp the integral in Eq. (5-2) by a(Erms)tp

where Erms is the root-mean-square field on axis at the pesk

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



a(Rrms) is given by

a(Erms )  tp nM C 18/t (5-3)
tp p

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

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

which used t.- We have shifted the curves alone the hori-

zontal axis to obtain agreement with the experimental values

for the breakdown field Erms for the long pulses.

It should be noted that the damage fields for the dc

studies of Refs. 60-61 are approximately a factor of 2.3 lower

than the corresponding values for laser-induced damage. There

are two reasons to suspect that this factor is a systematic

error in determining absolute field strength at dc rather than

an indication of a fundamental difference between dc and laser-

induced breakdown.6 9 First, this factor of 2.3 is nearly the

same for all nine alkali halides studied at 10.6 'm1 4 and

1.06 pm, and second, dc field values are average values given

by the voltage difference between anode and cathode divided

by their separation without regard for field inhomogeneities

from effects such as space charges which cn be important in

dc experiments. Some evidence in fact exists in the litera-

ture that space charge effects are influencing dc breakdown.

For example, dc impulse experiments have been performed7 0 in

which the duration of the applied field was reduced to about

10 ns, a time interval too short to allow the development of

ionic space charges. 7 1 It was found that the damage field in



NaCl increased from about I MV/cm, its steady-state value, to

lust 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 I ps or more.
7 2 ' 73

This effect has been interpreted as resulting from space charge

development.7 3 A complete understanding of space charge

effects, electrode effects, and other factors which can affect

dc measurements of breakdown has not emerged, and thus we

should regard absolute measurements of dc breakdown with some

caution, oreferrina 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 correspond 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 Erms Quantitative agreement should not be

emphasized, however, because the present analysis is based 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 de experiments such as space

charges and electrode effects do not change as the sample

thickness is reduced to approximately a micron. And the
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second assumption is that the same intrinsic mechanism

dominates over the range of laser pulsewldths in Table VI.

Another intrinsic mechanism--multiphoton ionization74--may

cause damage at lower fields than required for avalanche

breakdown when the laser pulsewidth is extremely short,

Estimates for 1.06 pm radiation in NaCI indicate that when

the laser pulsewidth is less than about a picosecond, multi-

photon ionization is responsible for intrinsic damaae.1
8

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 Yablonovitch 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 Erms =

12.4 MV/cm.

in summary, intrinsic laser-induced damage has been shown

to be a time-dependent process. As the laser Dulgewidth was

decreased to 15 ps, the damage field in NaCl increased to

over 107 v/cm. From the pulsewidth dependence of the optical

damage field, a field-dependent ionization rate was determined

and found to agree at least qualitatively with experiments

using dc fields. The atreement underscores the basic simi-

larity between intrinsic laser-induced damage at 1.06 pm 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 KCI, a single-crystal

KBr-KCI (674-331) alloy, anid fused quartz. In each case the

damage field for the disordered system is compared to the

optical strenth of the correspondina crystal. These

measurements were made in order to determine if the optical

breakdown field increases with severe lattice disorder as had

been observed in dc breakdown experiments7 5 , 14 and as pre-

dicted by simple theories of avalanche breakdown.5 8

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 insoection of the damaged crystal, was used to dis-

tinguish inclusion damage.

It was found that the damage field of the larze-a-rain

(20 pm) polycrystal was the same as that measured in the

single crystal and that the alloy damage field was about 20

percent larger than the damage field mpasured in the majority

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

the disordered (amorphous) phase was noticeably stronger than

the crystal, the ratio of damage intensities being 5 ± .

This ratio is identical to the corresponding ratio of surface
12

damage fields measured by Bass and Barrett.

It is to be expected that the large-grain polycrystal

should have the same damage field as the single crystal. The

average grain diameter (20 pm) 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
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in Chapt. 3), the sample looks like a sinale crystal.

By a simplified argument we can Dredict the approximate

crystallite size necessary to affect the breakdown strength.

Classical theories of avalanche breakdown (nee 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 ? 0.1 G. Phonons with values of q ? 0.1 G will inter-
act most strongly with these electrons. Because such

lattice vibrations have wavelengths equal to 10 lattice con-

stants or less, we expect that unle-;s crystal disorder appears

on the scale of about 1O lattice constants (- 00R) or less

the damage field should be unaffected by disorder.

AmorDhous systems are, of course, disordered on such a

scale. Our observation that the glass is more resistent to

damage is, therefore, consistent with the argument just pre-

sented. The behavior of the quartz system can te explained

in somewhat more quantitative terms by an equivalent argument.

Referring to Eq. (i-1) on p. 1-3, it is seen that the rate of

energy input into the electron population decreases with de-

creasing electron mobility p. It is known that the mobility

of disordered systems is less than the crystal mobility76 so

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

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

damage field for glass should be higher than the crystal

I I.. .. . .. I . .
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damage field.

The breakdown field of the KBr-KCI alloy, measured

relative to the breakdown zf NaCl, was 0.45 ± 0.06. This

value comnares to 0.38 for pure KBr, 0.57 for pure KCl, and

0.44 for the average breakdown field Eavg weighted according

to the alloy composition, Eavg = 0.67 EKBr + 0.33 EKCl. It

may be fortuitous that the measured breakdown strength of the

alloy and Eava agree. On the other hand, the average lattice

constant of this alloy determined by X-ray diffraction scale

with comnosition,77 and other material parameter such as

bandzaD, dielectric constant, and reststrahlen frequency

probably scale in the same linear manner. Since the break-

down fielU depends on these various material parameters,
58' 67-68

it is reasonable that the breakdown field should also scale

with composition--provided that the crystal disorder resulting

from the inixed composition does not affect the breakdown

strength. More alloy systems must be studied before firm

conclusions can be drawn concerning the effects of alloying

on the breakdown strength of materials.

It thus appears that only extreme lattice disorder such

as present in amorphous systems has a measurable effect on

intrinsic dame Zields. 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 breakdnwn but it is also important

from a practical viewpoint to the design of more damage-

resistent optics.
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new experimental data is compatible with the results of

Ref. 12. Some new arguments will be Dresented in 3ect. C to

SuoDort the original conclusion that the surface damage

statistics are intrinsic in origin, and possible sources of

statistics within the avalanche process will be discussed.

121

S. Exoerimental Measurements of Laser Damage Statistics

Bass and Barrett1 2 observed that a precisely defined

threshold for laser induced surface damage does not exist in
A

the ten different solids which they studied. Instead, there

is a range of power levels within which damage can develop on

each shot with some finite probability p1 such that 0 < p1 
< 1.

The damage probability p1 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 hizhly-stabilized laser source, they were able

to measure p1 as a function of the laser power. Fig. 21, which

summarizes their experimental results, shows that the data

apDears to satisfy the relationship

p, a exp(- K/E))

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 the probabilistic nature of
i

i
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laser damage was obtained in experiments in which an image

converter streak camera was used to measore the distribution

of breakdown starting times for surface damage to two different

materials. (The time at which a visible spark first appeared

was assumed to be the breakdown starting 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

the applied field was such that p1 < 1. In all cases the most

orobable starting time for breakdown occurred before the time

of maximum field. I
Damage statistics develop because there exists a statis-

tical time laT to the damage process as confirmed by Bass and

Barrett's streak camera measurements. When lasers are used

to induce damage, 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 by 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-i).

Durina the Q-switched damage experiments on the alkali

halides (see Chapts. 4 and 5), evidence was recorded which

supports the statistical viewpoint. By monitorina the trans-

mitted laser light 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

I
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measurable attenuation 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

NaCI. 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

damage when focused into the same volumde of the crystal. J
Nothina was moved between the two laser shots, and the laser

was firing automatically at a repetition rate of about

1 pulse/5 sec. A similar observation was recorded at 1.06 pm

in-Fie. 17 of Chapt. 4 where the automatic firing rate was

just over I. pps.I
The relationship between laser light attenuation and A

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 10 cm-  It is not

strictly correct, therefore, to associate the first instant

of attenuation with the breakdown or avalanche startina 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.5 5 We wil assume

as a simplification that the two instants of time are identical

within experimental error. It should be noted, incidentally,

iI
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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 development and reflection from the plasma may be-

come important, particularly at longer laser wavelengths.

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 Am. in Na at 0.69 pm, and in

sapphire at 1.06 pm. 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 p1 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 Am pulses and 1.0 ns for the 0.69 1m 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 inhomoReneities 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 pl. These distri-

butions have the same characteristics as those reported by

Bass and Barrett for entrance surface damage. The breakdown A

can begin at any time over a relatively long interval which
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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

in 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 Fies. 24c and d.) These

qualitative properties were shown in Ref. 12 to be explained

by the probabilistic point of view.

Quantitative comparison car be made between the present

results and the earlier studies by using ar expression for

the distribution of breakdown startine timas g(t) which was

derived by Bass and Barrett. It was shown in Ref. 12 that

g(t) is given by the compound rrobability 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') (62'

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

P1  J g(t) dt (6-3)

and the historrams in Fies. 24-26 are experimental measures

of g(t). If tha 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.

Eq. (6-i) suiu'ests that the damage rate should be of

the form1 2

i(t) =A ° exp(-K/E(t)) (6-4)

A is a normalitation constants and K is the experimentally

determined quantity in Eq. (6-i). E(t) is determined from

the Deak laser field E and the electric field waveform.0

If, as Bass and Barrett had assumed, a damaoink 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

Sect. C of Chapt. 5, however, that the avalanche is time

dependent. When E(t) is less than some minimum field Emin'

the time required for the avalanche to reach damaginp pro-

portions will exceed the pulse duration and the damage rate

must vanish. In a pulsed field which reaches Emin at tmin

and falls below Emin at tmax , h(t) is therefore effectively

zero when t < tm1 n and t > t Assumina that the avalanche

formation time is nerlimibly small (< 0.1 ns) when E(t) > Emin,

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

0 t < tml n

h (t) : A exp(-K/E(t)) tmin :5 t < t (6-5)

0 ; t> tmax

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

g(t) by settina Emin 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 tmin and tmax can then be determined

from the Dulse waveform.

In order to complete the numerical comparlsor, values

are needed for the normalization constant A and the slope 7.

We have found K experimentally in fused quartz by measuring

p1 at three different field values. The value so obtained--

71 x 108 v/cm--compares favorably to the earlier measurement

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

surface studies in fused quartz.

The computation of A0 is simplified by introducing the

function 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 - p1 , the probability that

no damage was produced. In Ref. 12, v(t) was shown to be

t
v(t) = exp(- J h(t') dt') (6-6)

Bass 7 9 has calculated Ao from Eqs. (6-5) and (6-6) and

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

t maxA - 0 I-pl)/( exp(-K/E(t)) dt (6-7)
Anin

A0 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 parti-

cular material.

Eqs. (6-3), (6-5), and (6-7) can now be used to calculate
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t, 4 rtz. Th'ye is, however, s.ne deviatior. between the two

for times after tr., n..K of il las-: ouIe, that !-, for

times when B(s) decreases to Emi n e The form used for h(t)

when tmin < t < tmax assumed tnat the avalanche formation

time was negligibly small whenever the field was greater

than Ec . 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--t max$ and the computed values

of g(t) will be reduced accordingly. The ,ffect of allowing

for finite fomation time, then, would make the computed

curves in Fig. 27 decrease more rapidly for times past the

peak 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

Tatie VII. There we find that both cases were computed with

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

error in Y and Eo can easily account for the 10 percent
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PON - 72-1175

INSTANT OF -

0.16 -PEAK FIELD IS
0.16 IN THIS INTERVAL [ a

BARS ARE EXPERIMENTAL
7 CURVE IS COMPUTED

0.12 /

0.08 j

004--

0O 5 10 15

0 .0 16  (b)
BARS ARE EXPERIMENTALH CURVE IS COMPUTED

0.012

0.04

0:1

0 510 15
t (nsec)

Thc parameters relevant to these figures are listed in Table VIi.

Fig. 27. MEASURED AND CALCULATED DISTRIBUTIONS OF BRKAK-
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-

Experimrentally
Determined Calculated

t

PI(a) 
max

E0K A§0g(t)dt

Fig. 27a 0.380 7.3 Y 10 8V,/m 71 X( 30 8V/rn 2599.8 0.373

Fijg. 27b 0.032 5.7 X 10 8V/rn 71 X 10 8V/r 2776.4 0.031

(a) E is the peak -value of the applied optical field within the medium.
T~e 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 Intearal

of g(t) since, by definition, it should equal the experi-

mentally determined value of pi. In Table VII we find that

this condition is also satisfied. These computations do not

involve any fitted parameters and as 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, discussed 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

potential 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 supports the notion 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 section 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 tban 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

conceptual form to a dc model by Shockley,8 0 they were able

to derive Eq. (6-1) for a laser pulse of constant intensity.

The model of Bass 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 SrTiO3 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 electronR 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

Sect. 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 piece 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 per cm2. The

microprobe could sense impurities with diameters ? I pim and

to a depth of 5 1Am. In the surface damage measurements of

the last section and those of Bass and Barrett, the high

intensity (i/e) region of the focused laser beam was about

10 Pm in diameter, and damage was observed to commence within

a few jm of the surface. On the average, then, the pro-

bability of intercepting a large inclusion was about 10 per

shot. If we assume that the density of potentially damaging

inclusions with diameters d such that 0.1 pm < d < 1 pm is

about 100 times as areat as Guentert had measured for large

inclusions, then the probability increases to I0-2, 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 resulting from tightly focusina external optics is

necessary in order to avoid inclusion damage. Many studies

of optical damage have been conducted with laser beam diameters

< 100 Am1 0 ' and, therefore, probably reflect
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characteristics of inclusion da..age rather than characteristics

of intrinsic processes.

It has been suggested that dust particles settling on

the surface could lead to surface damage statistics.8 2  While

dust may affect the results of surface studies, 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. 8 3 This Drocess can

lead to statistical distributions at fixed laser power of the

form of Fig. 15 in Chapt. 3. Let us attempt to model such a

process. It might be expected that some activation energy

exists for the migration. The driving force is a heat

pulse injected by a small residual absorption of the laser

light. If large volumes are considered, the temperature rise

ST - I tp, such as we found for inclusions in Chapt. 1, and

if small volumes are considered, 5T - the laser intensity I

or. equivalently, ST - E2 . 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 present exponential function depends

on E2 and not E as observed in Fig. 21 and as summarized by

Eq. (6-1). This is a general resulti Physical observables

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

The damage probability p1 s a function of E, however, so that
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we can -%onclude that no simple thermal Drocess is causing

the damage statistics.

There are other possible sources of damage statistics.

In dc experiments it is very likely that damage statistics

result from space charge development which intensifies the

local field. 73 But space charaes should not develop 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 trapping 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

trapped states is less than a second. 55

Statistics in laser-induced gas breakdown can occur

because there may be no free electrons in the irradiated

volume.84 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 hiah-intensity region of

the focused laser beam where bulk damage commences (see Fig. 13

in Chapt. 3) is about 10- 9 cm3 in volume so that about 103
quasi-free electrons should exist in that volume. This

number is adequate to insure that at least one ionized 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
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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 itself.1 3 When LiIO 3 and SrTiO 3

were damages with ruby laser light, no intrinsic statistics

could be seen. This was not the case, however, with three

other materials studied at 0.69 pm. The interpretation Fiven

for the abrupt change in damage characteristics was that

another intrinsic mechanism, multiphoton absorption, was

responsible for damage in Lio 3 and SrTiO 3 by ruby laser liaht.

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 too

be heated to energies well in excess of the average electron

enerev. (See Chapt. 8.) In support of their interpretation,

Bass and Barrett noted that two-photon absorption is possible

in LiNbO3 and SrTiO 3 at 0.69 Am but it is not possible at

1.06 Am. The other materials studied at both wavelengths have

band-gap energies in excess of 3.6 ev so that two-photon

absorption is not possible in them at either 1.06 pm or

0.69 Am. 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.)

i . . . .
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The source of the damage statistics thus appears to be

in the electron avalanche itself--through the details of the

initial electron heating, because of the chance termination

of incipient avalanches, or because of fluctuations in the

ionization rate a. Yablonovitch 55 has shown that the latter

process cannot lead to measurable statistics. The second

Possibili is virtually identical to the first because 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 hypothesis of Bass and

Barrett, that measurable damaze 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, it 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 (LO) resonances at about 0.01 1. Thornber and

Feynman have shown that electron energy losses to the

lattice are extremely high near the LO energies. These i
resonances, therefore, represent barriers to electron heating

and may effectively produce low-energy electron traps. Be-

cause there are probably only of the order of 104 quasi-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

energies past the LO resonances. Once an electron moves past

this barrier because of a sequence of favorable but improbable

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

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

normally much more pronounced than the statistics we have

observed from intrinsic damage. In fact, the observation of

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

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.8 5

From a fundamental viewpoint, on the other hand, the study

of avalanche statistic3 may give us valuable irsight into the

details of the avalanche formation, insight which could not

be gained by observation of other damage parameters.

k



CHAPTER 7

OPTICAL SURFACE DAMAGE

A. Introduction

In the experiments of Bass and Barrett, 12,13 the laser beams

were focused to about 25 pim in diameter (1/e in intensity) in order to

induce damage on the surface. For such focal diameters the laser I
beam was effectively collimated over a distance of about 50 pLm near

the focus, 86 and yet damage was consistently observed to develop

within the firs. 0. 25 pim 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 solids have a lower intrinsic threshold than the bulk. Giuliano

observed in a later work with a weakly focuscd ruby laser beam 8 7 that

the surface damage field 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 a-.y

other published study, because, to the author's knowledge, until .I

the work of Yablonovitch 1 4 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 dcamage

at 1. 06 tm in which surface damage fields were measured for a

variety of surface preparations and compared to bulk damage fields. -,

A simple model proposed by Bloembergen is found to be fully

Preceding pae blank
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calable of exDlainina the experimental results.

B. The Experiment

The laser source and experimcr-tal procedures for studyi.nI

intrinsic bulk damage were discussed in detail in Chapts. 3

and 4. A simple scheme for accurately focusina on the surfaces

of solids was developed in Ref. 12 and applied in the present

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

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

scope between the eyepiece and objective and is reflected off

a beam-solitter towards the objective lens. By inducina a

spark with laser light on the surface of a piece of steel shim

stock, it is nossible to accurately place the shim stock at

the focus of the objective lens. When the separation of the

two lenses in the eyepiece is adjusted to brina 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 eyeriece-objective system is the same as

the focal plane for the laser light which enters only the

objective lens. In this manner the seoaration of the objective

lens and the sample was adjusted by simple visual inspection

to accurately focus the laser light on the sample surface.

For each sample studied, the surface damage field ES was

measured, and by bringing the sample about 1 mm closer to the

objective lens, the bulk damage field EB was determined for

that same sample. All field measurements were made relativei

to the bulk damage field of NaCI which was known from the



experiment of Chapt. 4 to an ,lor,,racy of ;1,19. 3eLMtive..

measurements of damage fields were wniip t.; '4.n ict.uracy .f

better than 10%. The dvnie fi.eld itsel- wa; Ifired in the

usual manner as that va'tue -f r' er.m r! f!,', which T;,-o-

duced damaze half of th., ti , . or. . strwnvl# shot (i.e-, T-2  tX"N

Table VIII summarites thA m-asiro: rat,:s FB/I for three

materials whose surfaces have ,'-'' - tv ,,nu iuz me. n..

These data show that the clean b',t tionai]y ,lX.h d

surface (Fig. 28a) of a tran: .i Is b' rtr !l mor

easily damaged than the bulk. Cv'. th-, other hani, when caye i.u

taken to achieve imperfei:tion,-"r.te .mr''sce ftnisheF such l.s

shown in Fiv. 28b, the blilk ind .':rfnzc ._ f .4r, q *-

equal.

The morphology of t1!P re-Hui;il entrRntc zurfacp ,1amage

gives additional support for n' nre'c:1inr concusions. When

a spark was observed durine ]q. r irradiation, very small pit

damage 37 was found on a conv'. ionallv finished surface. Im-

Perfection-free surfaces showed mPore extensive damage in-

cluding a region of c-ack- qi-rroundin the melted irradiated

volume (Fig. 29). Such damage extends many microns into the

material and is very similar to a cross-section of bulk damage

as recorded in Fix. 13 of Chapt. 3.

Since the focused laser light was effectively collLmated

over several micron,_ near the surface, high intensity light

extended into the bulk, and it was oossible for the light to
cause internal or bulk damage. A conventionally finished

surface, however, damages more easily than the bulk, Because

r
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Fig. 29. RESIDUAL SURFACE DAMAGE ON ION-BEAM

POLISHED FUSED QUARTZ

0
0

Surface which were effectively imperfection-free produced the form of

damage morphology pictured here. Cracks surround a small molten region

about 10 mrn in diameter. Bass 3 7 has observed a similar morphology when

damage occurs from self-focusing inside the bulk and breaks out through

the surface.
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the onset of damage is accompanied by a stron, attenuation of

the transmitted beam, surface damage on conventionally finished

samples is localized 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 pm of the surface and produce a 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 producing the morphology recorded in Fig. 29. These

morphological observations, which are valid only when inclusion

induced damaee is absent, show that if very small pit damage

is normally produced, then that surface is more easily damaged

than the bulk. The observations that damage on imperfection-

free surfaces appears to be bulk damage which erupted from

within the medium might explain Giuliano's report of more

extensive surface damage on ion-beam polished sapphire than
87

on a conventionally polished sample.

The morphology of damage on the bowl feed ("supernolishedo)

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 fields, 1.0 j 0.1,

implied a perfect surface, but based on the damage morphology

we decided that the surface was, in fact, not as uniformly

Imperfection-free as possible. Not long after this conclusion

F
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was reached, we received the electron micrograph shown in

Fire. 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 recognized that the dielectric discontinuity occurring at

structural defects can enhance the electric field over its

average value. The following values are predicted for the

ratios EP/Es ,  j
Spherical void 3f/(Zc + 1)

Cylindrical zroove 2c/(C + 1)

"Vee" Rroove I
where t = 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 Dolished samples lie within the range of

values which Bloembergen predicts for spherical voids and

cylindrical arrooves. Actual defects on conventionally

polished surfaces probably have more complicated shapes than

Bloemberzen has considered. But a hiah density of subsurface

voids and surface nits does result from standard abrasive
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polishinRS3 as seen in Pig. 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 large damage

ratio. Finally, the bowl-feed and ion-beam polished samples

appear to have only gentle variations in surface topography

(Fig. 28b) which should lead to little if any measurable

field enhancement according to Bloemberaen's model. Again

there is experimental a reement. It should be noted, inci-

dently, that good quality conventional polishes (Fig. 28a)

appear spatially uniform to a 20 Mm-diameter laser beam. In-

trinsic dampge on such a surface will produce damage statis-

tics of the form of Fig. 15 in Chapt. 3.

Another Doint 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 interferometer flats." Ion beam polishing of

the fourth samDle 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 Ar+ ions at 10 kV

and incident at 600 to the surface normal to remove 1.25 Mm

of material.

Table IX gives the measured bulk damage fields for the

samples 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
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TABLE IX

Motasured Bulk Damage Fields at 1.06 Lm

(a)
Material EB(MV/ CM)

Conventional #1

Fused Conventional #25.±13

QuartzBowl feed finish

Ion beam polished

Sapphire 6.3± 1.6

13SC-2 Glass 4. 7 1.2

(a) RvS field values are listed

Measurements were made relative to EB in NaCi

- ~-~--B
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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 damages more easily than the bulk. Tm-

proved surface finish quality is recognized 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.

LI

A
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CHAPTER 8

TIIEORIES 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 ht 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

-16-2X 10 sec. (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 energy 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 electroni-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 models

of dc and optical electric breakdown and compare their predictions with

the experimental results of Chapts. 4 and 5. A recent work by Holway 6 7, 68

will be c:nsidered in which the high-field electron distribution function is

Preceding page blank
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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

Reneral types of dielectric failure called intrinsic breakdown
58I

and avalanche breakdown.- In intrinsic breakdown theories,

the quasi-free electron density is seen to jump discontinuously

to damaiina proportions from a low steady-state level as the

external field is raised by a small amount. Calculated

thresholds are independent of sample thickness (dc) or duration

of the apDlied 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 alkali

halides and mica, which were originally believed to fail by

intrinsic breakdown, have been shown to have a time-dependent

damage field at dc 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.

Intrinsi; breakdown theories consider a balance between

electron energy gain A from the field and electron energy loss

B to the lattice. Equilibrium exists when the relationship

AIE,O) = B(0) (8-i)

can be satisfied In a Dhysically acceptable manner.58 E is

the external electric field and 0 symbolizes various material

uarameters 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

develon. Ec 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 A

breakdown is the original model of Fr~hlich.64  In this work

Fr~hlich 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,= I/r which
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decreases with increasing electron energy for t greater

than the LO phonon energyr( LO. In particular, when

> 1 1 WL O '

>- k < G (8-2)

V,(G) 
e 3/2 k k> G

where k is the free electron wave vector and G is the reciprocal

lattice wavevector. For NaCl, n G/2m z-0.5 I where m is the

free electron mass and I is the ionization energy. The term

B (0) in Ea. (8-1). which describes the energy transfer to the

lattice, is proportional to v times a factor depending

logarithmically on the electron energy. That is,

B "(8-3)1

A(E,/3) has the form of Eq. (1-i) with j'= er/m. At do (1 = 0)

the energy gain for each electron is

'Ea-') 1(8-4)1

Fr~hlich defined the breakdown field E. as that value of

electric field for which A P.nd B intersect at the ionization

energy I. When E > Ec, the point of intersection is at

I < 1, and when E < Ec, the point of intersection is at

2 > i. This behavior is shown schematically in Fig. 30a.

At E = Ec, electrons with energies greater than I gain more

energy on the average from the field than they lose to the

A
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lattice, and electrons with < < I lose more energy on the

average to the lattice than they aaln from the field.
}I

The basis for definingE in this manner, is the in-

tuitive notion that a steady-state can only exist when

collision ionization is balanced by the inverse process of

reconbination. If E < Ec , then a high energy electron (f = I)

created by recombination will lose its energy to the lattice,

but if F > Ec , the high enerzv electron created by recombina-

tion will continue to rain energy on the average from the

field until it produces another ionization. The precise

manner in which low energy electrons reach t = I and cause

ionization is not specified.

Fr~hlich has thus considered a possible electron insta-

bility, but he did not relate this instability to the actual

dynamics of electron multiplication and eventual material

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

further by Callen, 8 8 is based on the far more stringent re-

quirement that E must be sufficiently large to move the point

of interspction of the curves for A and B to i 0.01 1.LO
The Frthlich model Dredicts breakdown fields about an order of

magnitude larger then experimentally observed.

Zverev et al. 50 have considered the Frbhlich model in the

high frequency limit by setting c >>v in Eq. (i-i). This
L

changes A (E,3) to

A e E V(E) (8-5)
rnw.

ZI
m I
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B(O) 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 = Ec , electrons

with >I lose energy to the lattice while those with ( < I

gain from the field on the average--the opposite of the dc

be:iavior. The intuitive basis for defining E ,, therefore, is

not valid in the limit Zverev et al. ha-:e considered. In

addition, their calculated breakdown strength for sapphire

is about an order of magnitude larger than we have measured

at 1.06 gm. (See Table IX in Chapt. 7.)

A second group 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 perturbation results of Eqs. (8-2) and (8-3)

are used to model the energy transfers among the field, the

electrons, and the lattice. A aeneral solution for f(t) is

expanded in termp of spherical harmonics with only the first

two terms retained. Breakdown is assumed to occur when either

an effective electron temperature increases without limit or

when the distribution function can no lonper be normalized.

The minimum electric field which produces these conditions is

definied to be the damage field Ec .

A number of authors, includina Frbhlich,89 "9 1 have used

this formpilsm to describe dc breakdown. The simplification

is ncrmallv made that f(t) is easentially . Boltzmann

I
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distribution even though this assumption is valid only at low

fields or under conlitIons where the electron density

n> t018 Cm-3.63 A high frequencv (optical) extension of this

formalism was carrieA out by Wasserman who assumed that

w r >>1 in Fq. (1-1).1 He found that an effective electron

temperature could not be found in NaCI when F ? 2 x I07 volts/cm.

This field, assumed to be the damage field, is the same

magnitude as the critical fields obtained in the dc theories,

but it is a factor of 10 lar7er than the optical breakdown

field we measured in Chapts. 4 and 5.

Avalanche breakdown theories consider damage to develop

when a time-deoendent electron multiplication has increased

the conduction band density to damapinp Droortions. As was

the case with intrinsic breakdown theories, the modelV.na

P-enerally takes one of two forms, either calculations of

average electron dynamics or calculations of the high-field

electron distribution function.

A phenomenological do breakdown model due to Shockley
8 0

displavs Rome simple features of an electron avalanche.

According to Fhockley, the ionization rate at dc (see Eq. (5-2)

is pronortional to the probability P(tj) that a low eneray

electron avoids Dhonon collisions for a sufficiently long

period of time t, to be accelerated by the do field to the

ionization energy i.

We can find P by the following argument. 58  The probability

that an electron will avoid collisions for the period (t + dt)

is -iven by the comnound Drobabilitv that it avoids collision
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for the neriod t and the Drobabilitv that it does not collide

with a nhrnoh n during the in1terval dt. That is

P(t +dt) = P(t)(1-V (t) dt) (8-6)

The solutLon to Eq. (8-6) is

P(t1 ) exp- () dt (8-7)

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

"L M {dr) = 2m 1/2 eE
-T dt - (8-8)

which can be inserted into Eq. (8-7) to give

P(t ) cc exp(-K/E) ,c _ dt- (8-9)
N dt (8A9

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 (8-8). This simpl '.-"nce has the same

functional form as the Townsend cnef."Cpart in gas breakdown.
9 2

Baraff99 calculated a(E) from a nonlinear Boltzmann

equation by assumine that v(f) is a cei-stant independent of

enerzv. He found that Eq. (8-q) aDproximately describes the

functional deoendence of a(E) at low fields but that K is

actually higher than Shockley had calculateu. The physical

reason for this descreDancv is that Shockley implicitly assumed

that each elpctron cel'Adine at intermediate energies returns

to zero energy before attemptlna another flieht to high
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energy.9 3 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 proportional to exp (-K'/E 2 ). Baraff's cal-

culations were intended to describe avalanche multiplication

in semiconductors such as Ge although his choice of an energy-

indleDendent v is probably more suggestive of breakdown in

gases.

Pass and Barrett1 2 have shown that Shockley's model can

be applied to breakdown from optical electric fields by con-

siderina a sequence of "lucky" collisions that reverse the

electron momentum at about the instant when the field chances

direction. In this manner a "lucky" electron will continually

remain in phase with the field and be accelerated to ionizing

eneray. A Drobability 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 ChaDt. 6), it leads to a prediction of the

ionization rate a (E) in the same manner that Shockley's

calculation of P(t I ) leads to a(E). This model suffers from

the same simplifications as Shockley's--the assumption of a

constant v and an underestimate of the number of electrons

which reach ionizing energy.
r

I Seitz has written one of the classic papers on dc electron

avalanche breakdown.6 5 His description of the avalanche

contains the famous "40 venerations" model and i8 ecnrally

based on physical armuments rather than on formal mathematical
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modeling. This work contains many imuortant ideas that had

not previously been considered in breakdown theory.

Seitz recognized that the LO phonon interaction (or

Pr5hlich interaction) may not realistically model the electron-

lattice couplinp. In all solids the electron can be coupled

to the lattice by a deformation potential interaction. This

interaction increases with increasinp energy and may dominate

the LO ohonon interaction in ionic solids when ' ? 10toLOZ

0.1 1. A perturbation calculation that considers both types

of coupling can be applied to calculate an effective v(() as

shown schematically in Fip. 31.

The "40 generations" model is an estimate of the number

of Droeeny which a single electron must produce in order to

create a damaginp avalanche. With simple arguments, Seitz

demonstrated that if a single electron, starting its flight

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 destroy the material. This description leads naturally to

the Drediction, later verified,6 o, 61 that the breakdown field

will depend on sample thickness. If the sperimen tlickness is

reduced, the ionization rate Der unit distance must increase

in order to compensate for the reduced spatial extent (or time

duration) available for 40 secondaries to be produced. In

Chaot. 6 we in effect considered the basic concept of the

"40 renerations" model by defining briakdown as the growth

o-" the muitinlication factor M to a critical size. (See

i"
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Eq. (5-2).) Our choice of' = 10 corresponds to 23 aenera-
*ctions. 9 Al

The damage field for NaCI 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

years later in the calculations of Baraffc3 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 orizin of noisy dc pre-breakdown

currents that had been observed experimentally, and he con-

sidered the possibility that Bra£z reflection at the Brillouin

zone boundary (Unklapu processes) might affect the breakdown

strength of some materials.
67A recent model by Holway, developed by analogy to gas

breakdown, provides a relatively simple mathematical formalism

for evaluating many theoretical ideas suggested by Seitz's

work. This model, which will be considered azain in the next

section, can be applied 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 the electron-phonon interaction. The calculation

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

high energy form for the collision frequency in Eq. (8-2).

Two important results were obtained. First, the growth of
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the electron 'Aensity was found to proceed in the manner in-

dicated by Pq, (5-2) so that an ionization rate could be

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

describinp the average electron enercy was found to be unim-

portant to the avalanche dynamics. As Seitz had suggested6 5

and as Baraff had found 9 3 with a more complicated Boltzmann

equation calculation, the avalanche appears to develop be-

cause of electron diffusion to higher eneraies and not be-

cause the average electron has been heated sufficiently to

produce ionization.

Finally, we mention two more calculations related to

breakdown. In the first, Thornber and Feynman 9 treated the

Fr6hlich interaction quantum mechanically to a high dearee of

precision over the energy extending to about twice the LO

phonon energy. Their results, which are quite involved

mathematically, are not directly applicable to avalanche

breakdown. As Seitz has observed, the LO interaction described

approximately by the Frbhlich Hamiltonian, may not completely

describe the electron-ohonon coupling. over the energy range

of interest. We also realize that avalanche breakdown is a

statistical Drocess, and it aopears to be necessary to cal-

nulate an electron distribution function before any realistic

predictions of breakdown strength can be made. The details of

the electron-rhonon interaction near the LO resonance may not

even be important to an understanding of the avalanche develop-

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

be larpe until ( = 1.2 I, the products of the ionization
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event may have energies much greater thanciLO.

The last theory of breakdown we will consider is Zener

tunnelina which at high frequencies becomes multiphoton ab-

sorotion. Even though this orocess is not an electron

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

20
it brieflv here. Zener originally introduced the concept of

field emission breakdown, and Franz 9 5 Dut the idea on a more

quantitative basis for dc fields. An aoproximation to Pranz'

results, given by O'Dwyer,58 predicts a breakdown field in

volts/cm of

7 3/2
4x 10 1(-)

C £n(10 2 0 2

PP

where I is the band-aap (ionization) energy in eV and t D is

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

is Drobablv a useful approximation to optical tunneling field

at I pm in NaCl.2 0 For t = 10 ns, TEq. (8-10) predicts

c P x 107 volts/cm, and for to = 15 ps, E0  5 x 10? volts/cm.

These values comoare to 0.2 x I0? volts/cm and 1.2 x 107

volts/cm measured at 1.06 gm in Chapt. . Thi.s process thus

appears to have a weaker pulse-width dependence than optical

avalanche breakdown and should therefore be observed when

extremely short laser pulses (to z 10
- 12 sec.) are used to

induce damage.

C. Imolication- of Experimental Results to Theory

In Chapts. 4 and 5 we observed that the avalanche break-
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down process has a time and frequency dependence and that it

apnears to he affected by severe crystalline disorder. We

were also able to determine accurate values of breakdown fields

which were not confused by the many experimental uncertainties

of dc measurements.

The observation of a time deDendence 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 damaae field can

be comnared to the simple prediction of' Fq. (8-9) using the

definition of a tiven 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 field was

observed in the alkali halides in Chapt. 5. In Sect. F of

Chapt. 2, a comparison between the sapphire damage field at

0.69 pm measured indirectly by ruiliano et al. 2 1 and our own

measurement at 1.06 pm (Table X in Chvpt. 7) indicates that

the sannhire damage field is still effectively in its dc

limit at ruby frequency. These surprising results suggest

that the effective electron-Dhonon collision timprs in these

materials are of order 10"16 sec, a value so short that the
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electron energy uncertainty is comparable to the band-gap

energy. If the effective collision frequency v is determined

by the electron dynamics at eneraies much larrer thanJLO,

as Holway has found,6 8 then the Fr~hlich interaction is not

capable of explaininw this result. We are left with the

su~mestion of Seitz that the non-polar or deformation potential

interaction 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-aap insulators such as NaF.

We thus realize that the high frequency limit of the

Fr~hlich interaction which was used by Zverev et al.,5 0

and owy 6 7, 68
Wasserman, and Holway does not describe the energy

gain in intense optical fields at least when the frequencies

are less than about 4 x 10O herz in the materials we have

studied. It should be noted, incidpntly, that the laser fre-

quency dependence displayed by Eq. (I-i) is not the true

prediction of r-laxation-time models of avalanche breakdown.6 8

That prediction can only be obtained by averaging Eq. (I-I)

over the appropriate electron distribution function.

The dependence of damage field on severe crystalline

disorder was considered in Chapt. 5, and the observations of

breakdown statistics were summarized in Chapt. 6. Here we

merely note that these results further support the conclusion

that the intrinsic breakdown mechanism involves ionization from

electron heating and not from tunnel ionization or multiphoton



183

absorption.

Virtually all breakdown theories predict damage fields

about an order of magnitude larger than we have observed. An

important reason for this discrepancy apDears 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 aboutcaLO when damage develops. Consider NaCl, for

examDle. The low-field mobility of' about 10 cm 2/volt-sec can

be treated as an upper bound for the high-field mobility If

6we use the free electron mass, a field of 2 x 10 volts/cm

produces an average electron energy of less than about 0.2 eV

as compared to LO : kT = 0.03 eV and a band-gap energy of

about 8 e". Because the mobility should decrease in high

fields, 6 3 the actual average 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 determining the avalanche characteristics.

Including the diffusion term in the calculation lowers the
68

predicted damage field by about a factor of three or more*

Another source of the discrepancy may be in the choice

of modeling for .((). Based on Seitz's discussion as sum-

marized in Pig. 31, it appears that a constant v, may be a more

realistic approximation to reality than the perturbation

modeling of the Fr~hlich Interaction. It may also be that

the classical relaxation-time apDroximation normally used to
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Dredict the electron dynamics may not be capable of describing

avalanche breakdown.

A complete modeling of avalanche breakdown alone the lines

of the Thornber-Feynman calculation is probably 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. In closing

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 advantages it provides over the Boltzmann approach are

that the Fokker-Planck equation is simpler from a computational

viewpoint as well as easier to interpret physically.

By using 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-

ohonon 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 v((), including one that takes account of

both the Dolar and the non-polar inturactions.

A second problem to be resolveds Is the relaxation time

approximation capable of explaining our experimental. results

in the alkali halides? In particular, can Holway's formalism

with a reasonable choice for p) predict the relative damaae

?:I
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fields we have measured in Chapts. 4 and 5, and can it predict
a(E) in NaCI? It may be possible to fit L'(E) to the experi-

mental results.

Speitz's suviestion that deep-lyin- exciton states may be

important to breakdown can be tested by this model, and it

may'be possible to develop e-eneralized predictions for a(E)

based on material parameters. The role of impurity states

can also be investigated.

In conclusion, we see that although the purist may find

avalanche theory to be in a dismal state, relatively simple

phenomenoloaical models may be capable of exDlainin many

features of avalanche breakdown. In this area of work,

however, experiment must lead the theory, and much more

experimental data is needed to provide both a basis and a

test for theoretical models.



CHAPTER 9

SUGGESTIONS FOR FUTURE WORK

The study of laser induced damage that has been presented in the

preceding chapters has considered damage from absorbing inclusions,

beam distortion from self-focusing, and electron avalanche breakdown.

Many of the basic problems concerning laser damage have been resolved

by this work and by other recent studies, but a great many problems

remain. In this concluding section we will briefly consider some areas

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 darnage

fields of the alkali halides has been obtained. Because this

dispersion does not follow simple predictions, measurements of

high frequency avala-nche breakdown should 'uv extended to wave-

lengths shorter than 0. 69 min. It would be of great interest to track

the frequency dependence of intrinsic breakdown over a sufficient I

range of frequencies to show the eventual development of multiphoton

absorption as the intrinsic damage mechanism. Except possibly for
13

the recent work of Bass and Barrett, no unambiguous measure-

ments have yet been made of multiphoton absorption and its frequency

and pulse-width dependences. As the laser frequency is increased,

complications from self-focusing may get more serious and tighter

external focusing may be required. The effective limit to external

focusing will be dterrnined by spherical aberrations. Laser

damage studies at frequencies near the two-photon absorption

Preceding page blank
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resonance, therefore, may be more profitably conducted

on surfaces rather than in the bulk, nrovided that

essentially imprerfection-free surfaces can be produced.

Initial work in this area might be conducted in the alkali

halides with a nitrogen-laser-oumped dye 'laser. It would

be of interest to compare the frequency dependence of

intrinsic damage in crystalline quartz to that of fused

quartz.

2. Subnanosecond Damage Measurements, In Chapt. 6 it was

shown that an approximate ionization rate can 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 frequency 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 voltage 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 noorly understood experimental

complications--surface and electrode effects, space

charges, internal strains, etc.

3. Effect of Disorder on Avalanche Breakdown Measurements
2

were presented in Chaot. 6 which suggest that severe

microscopic disorder can increase the breakdown strenath

II
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of solids. This work can be extended to other trans-

parent materials which can exist in both crystalline and

amorphous forms and to alloys such as YAG (yttrium

aluminum garnet)-YGG (yttrium gallium garnet) which can

be orenared in arbitrary proportions.

4. Fxcitor Fluorescences Eidence has been obtained which

shows that excitons can be excited in insulators by high-

oower laser beams confined to subdamaping Intensities.
97

Prof. H. Ehrenreich has suggested to the author that a

study of exciton fluorescence durina damage may help

clarify the role of deep lying exciton states in the

avalanche process. such work is only useful in large

band-aap materials such as NaF, because the smaller band-

gap alkali halides have exciton states which are lifetime-

broadened sufficiently in damaaina electric fields to

overlap the conduction band. Vacuum ultraviolet tech-

niques would therefore be required for such studies.

5, Temperature Denendence of Avalanche Preakdowns A areat

deal of work has been published 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

intrinsic damage thresholds. A careful study of the

temperature dependence of intrinsic breakdown has

important implications to avalanche theory.
54
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6. Effects of Imourities on Intrinsic Damage Pields, In

Chant. i wA discussed the role of imrnurity absorption and

found that unless the imnurity electrons can be excited

into the conduction band (or impurity holes into the

valence band), impurities will have little effect on

damage fields. Wide band-aap insulators are thus not

particularly attractive for impurity studies. Semicon-

ductors such as GaAs or Go, however, can be used with a

CO2 laser to study impurity effects in optical damage.

One can imagine strongly doping the semiconductor, and

measuring the intrinsic damage threshold as a function of

impurity concentration. If shallow thermalized states are

introduced, the gain coefficient Y . in Eq. (5-2) can in

principle be varied and directly measured as function of

field.

?, Damage to Thin Film Otticst In the present work there has

been no discussion of thin film optical damage. Very

little fundamental information about optical damage can

be obtained from thin film studies, but thin film coatings

are nonetneless quite important to the practical design

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 to serve as standards, the

comolicated zroblem 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 diarnostic tools must be developed to

monitor the quality of optical coatings. As Dr. J. N. Khan

83has observed, thin film damage is fundamentally a

materials problem which probably requires sophistocated

vacuum and surface equipment.

8. Gas and Liquid Breakdown, Laser induced Pas breakdown

can be rofitably studied with the techniques of the

present work. Because the pressure of eases is an expert-

mental variable, it is relatively easy to study the com-

petition between multiphoton ionization and avalanche

breakdown. Work alona these lines has been reported in

the literature with fixed laser pulse durations, 52 but

the Dulse-width dependence of Intrinsic processes has not

yet been carefully determined and interpreted in terms of

dc breakdowno9 8 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

resDect to laser damage 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 damaae is thus seen to be an area where much

fundamental and practical work remains. 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 solvine a larpe and comnlex set

of' iroblems.



APPENDIX

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 because the position of the focus

for licht rays at varying distances above the axis of the lens

denends on the value of that distance. A perfectly collimated

lipht beam, then, which would in principle be focused to a

ocint at the aeometrical 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 focusina lens and plane front sur-

face of the samples under study in the bulk damage studies

were negligible compared to diffraction effects. Aberrations

of the lens will be characterized by using manufacturer's

specifications on the lens along with well-known results

available in most standard optics textbooks. A forrm'a

describing the aberrations introduced by focusing through a

single plane surface will be derived from Snell's law.

When a focusinF lens is aligned symmetrically with respect

to a diffraction-limited light beam, the intensity distribu-

tion at the f)cus is the far-field diffraction pattern of the

beam at the entrance to the lens convoluted with a function

describing the lens' spherical aberrations. 99 For any pai-

ticular lens, the effective focal diameter from spherical

1I
_ j
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aberrations Is approximately nrouortional zo R3 , where R is

the incident beam radius, and the diffraction-limited focal

diameter is -(A/2R)f where f is the focal lenath of the lens.

The relative size of the spherical aberrations for a particular

lens design as compared to diffraction is thus riven by

SDherical Aberrations R 4 (A-1)
Diffraction Diameter

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 diameter. For any larger value of R, the spot size

increases and spherical aberrations limit the focal diameter.

For smaller values the spot size also increases, but now

diffraction limits the focal diameter.

The focusing lens used in the damaae studies was designed

for minimum spherical aberrations by properly selecting the

radii of curvature for the two surfaces. Accordina to the

manufacturer's specifications, 00 a 0.633 1Lm diffraction-

limited laser beam incident on this lens will produce the

smallest possible 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 k = 0.633 ktm.

In our experiments at 1.06 tm, we used a beam with a

diameter of just under 1 mm so that R z 0.5 mm and A = 1.06 im.

The relative size of the spherical aberraticiLs as compared to

diffraction can ther he calculated from Eq. (A-1) for our
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I
conditions of measurement. It is found to be about 0.01.

Because the true beam shape is a convolution of the aberration

function and the diffraction pattern, the size of the

spherical aberrations and the diffraction-l imited diameter do

not add to produce the true beam size at the focus. Rather,

they combine approximately as the square root of the sum of

their respective squares. Spherical aberrations, therefore,

introduce a neeligible error of about 0.011" 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 light ray,

which interceots the entrance Dlane at a height h and forms

an angle 6 with respect to the horizontal, focuses at a

distance 2 behind the entrance plane. It will be shown that

d2 depends on h so that different rays will focus at different

points in the medium, and the focal area will consequently

be blurred.

From Snell's law we can relate a' to 0. In particular,

sin L' sin . 7- N sin (A-2)

where

sinG - h , sin 0' h
222 2

"h h +d2

Eq. (A-2) can be used to find d2 in terms of d1 . With the

substitution h/d1 = tan 0, we find that
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d (1') N d1 f ) tan 2  + I (A-3)
21

The longitudinal spherical aberration (LSA) is, by

definition, d2(h) - d2 (O). Accordinp to rq. (A-3),

LSA 2 a 112/0

The quantity of interest is the transverse spherical aber-

ration ('SA) which is equal to the radius of the blurred

focal suot. Its value is LSA x tan O' or, since

tan 9' sill EP sill 01s: 6

cos (1-sin P) - N- . sinZY'lT/

the radiu3 of the blurred focal soot is

/t n 1 s ill
TSA - Nd tailG + I (A-4)N (N -sin2 i/ .O-

Under the conditions of focusing used in the bulk damage

studies, tan 0 :z sin 0 0. Eq. (A-4) then becomes

|€S ;v- d 3  (A-5)

If the plane entrance face is in the far field of the

focused laser beam, then 9 -A/2a o where a is the minimum

beam radius inside the material. We have focused aporoximately

2 mm inside the samples, so that d- 1.3 mm. From Eq. (A-5)

II
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the calculated value of TSA is less than 0.1 ptm as cnmna ed to

a diffraction-limited beam waist a0of about 10 itm for th

YAC~sNd Q-switched laser exneriments. We thus see that, as

was the case with the focusina lens, the distortion intro-

duced by the plane entrance face is negliaible for our

conditions of measurement
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