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A theory of optical breakdown in dielectrics is presented and applied to NaCl and NaBr for wavelengths

0.172 & X & 1,0642 p,m. It is based on multiphoton carrier generation and energy transfer from the radiation

field to the lattice via polaron-photon absorption. This mechanism represents a clear alternative to avalanche

breakdown models as no lattice impact ionization is involved. Breakdown field strengths calculated for

various laser pulse lengths and frequencies, are fully corrected for the nonlinear refractive index n, as well as

for contributions to the refractive index resulting from a sharp increase in polaron density during a damaging

pulse. The results are in good agreement with experimental data obtained with nanosecond laser pulses.

I. INTRODUCTION

The electron avalanche model, since its intro-
duction by Zverev et a/. ,

' has apparently been re-
markably successful in describing several experi-
mentally observed optical-breakdown phenomena.
in dielectric solids. Although many details of the
original concept have been modified extensively in
recent years, the basic features remained: in the
presence of an intense radiation field, electrons
that are either initially available' in the conduction
band or generated by single- or multiphoton car-
rier generation' are accelerated by simultaneously
interacting with the photon field and the surround-
ing lattice vibrations. They may gain sufficient
energy in successive photon-electron-phonon col-
lisions to create a,dditional free electrons by im-
pact ionization of either impurities or lattice con-
stituents (e.g. , transitions of valence electrons
into the conduction ba.nd). The ensuing increase in
the free-electron concentration will in turn in-
crease the total production rate of those electrons
whose kinetic energy reaches the ionization limit
("hot" electrons). This process repeats itself un-
til the resulting electron avalanche has reached
such proportions that dielectric breakdown is in-
evitable.

The detailed processes that are expected to lead
to hot electrons in a dieleetrie exposed to an in-
tense flux of optical photons are presently still
subject to much debate. Most theoretical ap-
proaches advanced in the literature have serious
problems in explaining the magnitude of the ava-
lanche ionization rate as a function of the optical
field strength and, as a consequence, the break-
down field strength E ."'

"Inverse bremsstrahlung" is commonly thought
to be a mechanism by which, in the presence of

an electric field E and of electron-phonon colli-
sions, electrons are capable of gaining energy at
a rate

where e is the charge of the electron, m its ef-
fective mass, 7, the electron-phonon collision
time, a,nd + the laser frequency. "'

Inelastic electron-phonon collisions prevent rap-
id acceleration of the electrons and, as a result,
almost all the energy absorbed from the radiation
field is deposited into the lattice of the dielectric.
According to Sparks, ' the simple avalanche model
suffers from its inability to simultaneously de-
termine the magnitude of the ionization rate and
its frequency dependence. To circumvent this
considerable problem, Yablonovitch and Bloem
bergen' derived the ionization rate W, (E) for NaC1
from experimental de breakdown data. Their pro-
cedure was justified by measurements of the break-
down field strength E~ of various alkali halides at
the CG, frequency which exhibited remarkable si-
mi1arities with the de data. Surprisingly, the
measured values of E~ in the same materials ex-
hibited a dependence on the laser pulse length that
could straightforwardly be explained by the very
same W,(E) even at the N.d and ruby frequencies. "'0
One simply had to assume dielectric breakdown
occurred as soon as the electron avalanche had
grown to a carrier density of about 10"cm '. Si-
mil. ar behaviorwas observed in a number of other
wide-band-gap materials (mostly alkali halides).
As a consequence, the semiempirical ionization
rate obtained by Yablonoviteh and Bloembergen
subsequently became one of the main arguments
in favor of the avalanche model. "'"

The frequency dependence of E~ enters this clas-
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sical avalanche theory through the rate at mhich
conduction electrons gain energy via inverse
bremsstrahlung as well as through the probability
for the electron energy to reach the ionization
limit. The former can be shown to be related to
the de breakdown field via'

Es = Es(dc)(l+ (o'r,')'@

Since in alkali halides w, ~ j.0 "sec, one expects
very little change of E~ up to the ruby frequency,
again in apparent agreement with recent experi-
mental observations. '"" Thus, by using W,(E)
from de data and by independently extracting the
&u dependence of Es from Eq. (2), the avalanche
model apparently provided a suitable description
of dielectric breakdown in alkali halides at optical
frequencies (o up to about 10" sec '.

The dependence of E~ on frequency, mhich one
obtains in NaCl on closer examination of the prob-
ability for free electrons to be accelerated to the
ionization limit in a sequence of electron-photon-
phonon collisions is, however, characterized by a
rapid decrease with increasing +. Therefore, as
Sparks pointed out, avalanche formation by that
mechanism in NaCl may well. be, impossible at op-
tical or near-ir frequencies. An electron mill,
on the average, just oscillate in an ac field rather
than continuously gain energy unless it suffers
backscattering collisions during the short time in-
terval in which the E vector changes direction.
The very same electron which has aeeelerated mith
the aid of such a baekscattering collision must re-
peat this proces@ until its energy is sufficient to
generate a second one by impact ionization. Such
a sequence of reversing collisions is so unlikely
at optical frequencies4 that the theory has been ap-
propriately named "lucky reversing electron theo-

''&13 j.5

The lucky electron theory was thought to be the
logical explanation for the observed statistical
nature of damage by Q-switched lasers"'"; since
the interva, l between the start of the laser pulse
and the initiation of avalanche by at least one
"lucky electron" will not be constant, the avalanche
may or may not have sufficient time left during the
remaining duration of the pulse to reach break-
domn proportions. Thus, for constant laser peak
power and otherwise identical experimental con-
ditions, some shots will result in damage and
others will not. Recently, however, experimental
artifacts and several prebreakdomn material modi-
fications have been shomn to be responsible for
some features of the observed laser damage sta-
tistics. "" Careful experimentation does indeed,
yield a distinct threshold behavior of the break-
down field strength. "'" Therefore, at the present
time, it appea. rs that the lucky electron theory is

not valid for optical breakdown.
Sparks' introduced the Holstein process and var-

ious vertical intraconduction-band transitions to
amend the avalanche idea at optical frequencies.
These processes let the electron absorb a quan-
tum Av with reasonably high probabOity that it may
reach the ionization limit in one or more Holstein
steps or intraconduction-band transitions or com-
binations of both. This theory, mhile still in a very
preliminary state, appears to explain the main fea-
tures of avalanche breakdown at photon frequencies
up to the far uv, although its prediction of break-
down field frequency dependence has recently been
shown by Smith et al."to contradict experimental
flnd lngs.

A fundamental concept, first pointed out by Hell-
warth, "mas widely overlooked during the debate
about the physical processes involved in break-
down. Instead of concentrating on hom a few for-
tunate "hot" electrons may be generated during the
interaction, he suggested that attention be focused
on all the other electrons that absorb energy:
which energy, being insufficient for impact ioniza-
tion, is nevertheless dumped into the lattice. The
resulting increase in temperature may cause ir-
reversible lattice modifications (breakdown) before
the onset of an avalanche. The absorbed energy
can be transferred by the photoearriers via Joule
heating of the lattice in a time much shorter than
the laser pulse length. This notion of almost in-
stantaneous energy deposition into the lattice seems
particularly persuasive in viem of the fact that
electrons in ionic crysta, ls interact strongly with
the lattice via the electrostatic coupling.

In the present paper, the Hellmarth picture of
optical breakdown in dielectrics is adopted in a.n
attempt to compare its features with experimen-
tal laser breakdown data as a function of laser
frequency and pulse length for representative al-
kali halides. An important aspect of such a break-
down model is the generation of a sufficient density
of charge carriers, in the absence of impact ioni-
zation. Single- and multiphoton photocarrier gen-
eration are obvious mechanisms. The present
theory can therefore be viewed as an attempt to
deal with multiphoton a.bsorption as a damage.
mechanism as was first suggested by Bloember-
gen. ' Without going into specific detail, he argued
that at laser frequencies e-E /28(E is the band-'
gap energy), multiphoton absorption, instead of
just providing starting electrons for the ava-
lanche, "begins to dominate impact ionization as
the more effective mechanism for charge carrier
production. In this context the frequency depen-
dence of the multiphoton breakdown theory pre-
sented in this paper is of particular interest. Ac-
cording to Bloembergen and his eo-workers, "me
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should expect it to fail for &o & E /2h or, in other
words, whenever a multiphoton process of order
X& 2 is required for the transition across the for-
bidden gap. In the following, we will attempt to
test this expectation for order N= 2 up to the or-
der N= 8 required for band-to-band transitions in
NaCl at the Nd wavelength.

The criteria for breakdown are not well defined.
However, it has proven quite useful to assume that
breakdown occurs as soon as the material melting
point has been reached. ' We maintain this criter-
ion for the following discussion in which laser
breakdown of dielectries is treated on the basis of
multiphoton-generated charge carriers which,
"dressed" as polarons (instead of as free carriers
as before), absorb energy from the field and heat
the lattice. Such a system of electrons coupled
electrostatically to the lattice and moving under
an external field together with their induced lattice
distortion is well known from polaron theory.

II. MULTIPHOTON POLARON ABSORPTION

MECHANISM

The theory of laser-induced damage presented
here is based on (i) polaron generation via single-
or multiphoton absorption whereby valence elec-
trons are excited into 'the conduction band and (1!)
single- or multiphoton absorption in polaron-pho-
ton-phonon collision processes. This approach
differs from the one used by Sparks' mainly in not
requiring that the electrons be accelerated to the
ionization limit. A prio', therefore, avalanche
is ruled out and damage is assumed to occur only
by polaron Joule heating. As stated before, the
incentive for such an investigation was given by the
difficulties in explaining avalanche at photon fre-
quencies in the visible and the realization that, with

increasing photon energy, multiphoton photocar-
rier generation is expected to somehow take over
as the dominant breakdown mechanism. '

The analytical formalism we use is a set of dif-
ferential equations for the concentration of polar-
ons and for the lattice temperature. The required
multiphoton cross sections o'"' for carrier gener-
ation are taken from the literature. Though well
known for lower orders, the cross sections for
higher orders are uncertain. We will try to take
account of this fact by discussing results obtained
for a range of cross sections. The absorption coef-
ficient E, for photons in the polaron-photon-pho-
non collision process, which in turn is responsible
for the temperature increase, requires some fur-
ther discussion.

The computational methods employed to obtain
K were originally derived by Feynman et al. ,

"to
calculate the mobility of low-energy electrons in
polar crystals. This method has proven very
powerful for all problems in which moving elec-
trons interact simultaneously w'ith many phonons
such that the individual collisions cannot be se-
parated in time. Based on a path-integral method, "
the polaron conductivity tensor with" and without"
a magnetic field present, the optical absorption
of polarons, "and the polaron conductivity tensor
in the presence of an intense laser field have all
been studied. Recently Pokatilov and Fomin" ap-
plied this technique to the problem of multiphoton
absorption by polarons for different types of in-
teraction mechanisms between the polaron and the
surrounding lattice. With the variables V and p
defined by the respective electron-phonon scatter-
ing mechanism they arrive at the following ex-
pression for the N-photon polaron absorption coef-
ficient as a functionof the local laser fie$d strength
Eo

2vzn, 2vm '" h "-' V(0 5p)" (-1) (2p) (0 5+&)'
F(t)h RENT 2m') (R!)'(2!V+1)~ (P!)(1+%)~(i+2K) (1.5+%)~

where a=km/ksT, P = e'E'/2mkro', K„[ ] is the
MacDonald function, Sjg the laser photon energy,
m the polaron mass, k~ the Boltzmann constant,
n, the polaron density, A~0 the respective phonon
energy, and « = v, /ro. For acoustical-phonon scat-
tering, p=O and V=ksT8,'/4v'tfu2t3, while for opti-
cal-phonon scattering, p, =1 and

n(K(u, ) '~'

v'(2m)'" sinh(ku), /2k~T)
'

Here u, is the speed of sound, o, the optical cou-
pling constant, p the mass density, and h, the de-
formation-potential constant. The total absorption
coefficient K is given by

The method used to obtain Eg. (3) contains sever-
al simplifications. Firstly, the electrons' disper-
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sion is assumed quadratic. Secondly, the interac-
tion between electrons and lattice vibration modes
is such that only one particular mode (either the
op'ticR1 ox' tile Rcoust1cR1) Is selected 111 8Rcll 111-

stance and, for the chosen mode, dispersion is
neglected. Furthermore, all parameters are con-
sidered temperatux'e independent. In the ease of
optical-phonon scattering the coupling, constant e
is chosen to represent weak or intermediate cou-
pling. Thirdly, no crystallographic anisotropy is
taken into account and the laser field is assumed
linearly polarized. Consequently, with all these
assumptions, the calculations presented below are
not expected to exactly reproduce obsex'ved break-
down data. However, we do expect them to indicate
trends and provide long-wavelength limits for the
validity of the multiphoton-polaron mechanism.

The variables n, and T in E(I. (3) are obtained
from the appropriately modified differential equa-
tions used in our previous bx'eakdown studies. ' As
before, the change in conduction carrier density
n, as a function of photon flux E (and of time for
pulsed laser fields) is assumed to result from
multiphoton earx'ier generation:

, ())=n„(0) 1 —exp(-rr'"' i (""((')d('), (4)

where M is the order of the multiphoton process,
o(d' the generaliied cross section, and n„(0) the
density of valence electrons in a given material at
time t= O. The laser pulse shape is assumed to be
E(t) =A» Sin'(vt/f2). A» is the peak flux and f& the
total pulse duration.

The increase in tempel'ature T is calculated from

dT EKSQP

-dt coP

where eo is the speeifie heat of the dielectric,
Fox' the RcoustlcRl- Rnd optlcRl-phonon scRttex'-

ing modes it is necessary to correct for the change
in the refractive index as a function of polaron den-
sity when calculating K and converting optical flux-
es into rms field strengths. In the case of optical
phonons the phonon contribution to the polaron part
of the permittivity as opposed to the pure lattice
part hRs. been analyzed by Gurevlch et Ql. ln the
limit of small o'. , resulting in the relation

E&((d):—6&x+ 1 &&2
——4WIO'((d)/(d1

where o((d) is the conductivity. In this case the
real part of the conductivity becomes, for 8((d
—Qpo) && kgTq

Following similar procedures and replacing the
matrix element for free-electron-optical-phonon

interaction by that for the deformation potential
fox' free-electl on-acoustic-phonon lQtex'Rctlon

i C, i'= Sx'IxaT/2qVxx, ',
(V is bere an integration volume), we arrive at
the following relation again, with )2((d —(d,)» 128T:

82 S,2(ks T)I/2nx'/2n,

a'~'"(d pu', (0

exp + I

( )
(dx —(d —2(d'r

QP& —QP —t(dP

((dx and (d, represent longitudinal and transverse
optical vibration frequencies, and y acts as a
damping pRl ameter fox' optlcRl vlbx'RtloQs Rnd wRs
considered negligibly small in our calculations,
y «(d, ). Substituting EII. (7) or Exls. (8) and (9)
in Exls. (6) and (10), one easily derives the real
and imaginary parts of the total permittivity and
in turn the linear refractive index n2, defined by

1
[~ (e2+ e2 }1/2] 1/2 (12)

To allow for the responS6 of the nonlinear lattice
polarization to very intense fields the nonlinear
refractive index n, is included as well. Thus the
total refractive index n is given by

and no is identical with the usual linear refractive
index in the absence of free carriers.

Having obtained all the necessary formalism, we
will Qow proceed to study breakdown flMes for
different laser wavelengths and pulse durations.
From our previous calculations we retain the tem-
poral laser pulse shape as E=A» sin2(xxt/t2), with
+ being the momentary Rnd A. the peRk photon
flux and t2 the total pulse length. "'"" Furtber-

As has been explained already, our calculations
presume the polarons not to acquire sufficient en-
ergy from the radiation field to enter into an ener-
gy range where the deformation-potential scatter-
ing occurs predominantly with zero-point lattice
oscillations. " Thus, the real part of the conduc-
tivity as expressed by E(ls. (7} and (8) is valid over
the whole energy range of interest hexe. An addi-
tional term Imo((d), re(luired to calculate the polar-
on permittivity, has been derived":

Imo'((d) = n, e2/m(d.

The total permittivity can be separated into the
polaron portion and the lattice portion:

&((d) = &()((d)+ 81((d) = &I+2~XX'

with
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more, we retain the condition that breakdown oc-
curs at a time &t~ when the local temperature at
that time is the melting point of the material under
study. These conditions have been discussed at
length. ' The polaron density n, =0 at t=0 and
7=300 K.

It is intuitively satisfying to study breakdown
within two limits: (i) the polaron should be allowed
to absorb just as many photons as necessary to
gain energy sufficient for cascade ionization, thus
allowing for "hot" polarons, and (ii) the polaron
absorption mechanism should be limited to "low'-
order multiphoton absorption" so as to avoid im-
pact ionization. Either one of these pictures will
pxovide a criterion for determining whether an
avalanche assumption in optical breakdown is in-
dispensable at all or only for a limited frequency
range. In effect, this distinction within one model
either'stresses the existence and necessity of "hot"
carriers on the one hand, or concentrates solely on
the contribution of all the other carx'iers to pro-
duce breakdown on the other. However, calcula-
tions of a complete polaron avalanche pose a ser-
ious problem, since no cascade ionization rates or
cross sections consistent with the present forma-
lism are known up to now. Results presented in
the following apply therefore only to the", low-or-
der multiphoton absorption" limit. The question
of what constitutes "low order" was decided by re-
quiring that our results (breakdown fluxes at ,'t~)—
maintain a precision of' a.bout 1' for consecutive
stepwise increases in the order of polaron multi-
photon absorption. In all examined cases of both
scattering mechanisms for different wavelengths
and laser pulse lengths only %= 1 contributed to
E with sufficient precision. As a consequence,
all our results represent damage events due to
single-photon absorption by polarons and instan-
taneous energy transfer to the lattice.

1V. RESULTS AND DISCUSSION

A. Beam deformation

The purpose of this section is to briefly discuss
the present calculations in the light of very recent
expexirnents on optical-breakdown morphology in
alkali halides, as well as to establish a link be-
tween the formalism at hand and the problems of
beam deformation via self-focusing and self-de-
focusing. Actual breakdown experiments inevitably
are difficult to perform and to interpret because
of the intricate role beam deformation plays in'de-
termining the effective local breakdown field
strength. Measured breakdown field strengths nor-
mally must be corrected for self-focusing, '0 "
which results from the increase in refractive index
due to the nonlinear term n,&'. Yablonovitch and

Bloembergen, ' however, have pointed out that this
local increase in refractive index can be counter-
balanced by a decrease due to the presence of an
increasing number of free carriers. These may
be generated either by an avalanche or by other
mechanisms. In principle, then, corrections to
measured breakdown fields should take into account
both contributions to the refractive index. However,
the actual density of free carriers at breakdown
has never been measured in optical-breakdown ex-
periments. The time evolution and the value at
breakdown of the decreasing part of the refractive
index are in general unknown. It might be for this
reason that self-focusing corrections to break-
down data have attracted far greater attention than
self-defocusing corrections. The latter are never-
theless required because of the sharp increase in
the free carrier concentration prior to and at
breakdown. Calculations of the refractive index
based on Eqs. (12) and (13) show, for different
laser wavelengths and pulse lengths, a consistent
slight increase in total refractive index during the
early stages of a damaging pulse. This is followed
by a sharp decrease, still early in the pulse, once
the photon flux is sufficiently high to efficiently
pump carriers from the valence band via the re-
spective multiphoton absorption processes.

Figure 1 illustrates a typical case of this be-
havior for NaCl for a 30-psee ruby pulse. In this
figure as in all other figures pxesented herein,
calculations were performed for the acoustical-
phonon scattering mechanism using the param-
eters listed in Table I. Breakdown occurs at the
center of the pulse (15 psec) with a flux of 8.4
&& 10"photons/cm' sec. Obviously, the onset of
drastic changes in the local refractive index oc-
curs far below these breakdown fluxes (see inset).
However, the density of absorbing polarons mono-
tonically increases up to breakdown. As a result,
the competing effect of n, is completely overpow-
ered above a certain threshold field strength, in
agreement with earlier expectations. ' In view of
this result the contribution of polarons to the total
local refractive index within the breakdown volume
cannot be neglected, and local field corrections to
breakdown data cannot be limited to self-focusing
alone. One must deal with beam deformation
caused by initial self-focusing, followed by de-
focusing as soon as the free caxrier density is
large enough (-10" cm ').

Consider a laser beam, having a peak flux I' just
sufficient to damage at 2t~, being focused into a
dielectric. Early in the pulse the focal waist will
be reduced in diameter owing to the dominance of
n,E' over the negative free carrier contribution n~ to
the total refractive index. As soon as the free-car-
rier density exceeds about 10"cm ', defocusing will
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occur because now ~n~~ &n,E'. This in turn will
reduce I' and, therefore, n just behind the loca-
tion of this initial focal waist reduction. At some
point, n, will again be small enough to make self-
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FIG. l. (a) Time evolution of the refractive index
n, the density of polarons n, , and the temperature AT
=T- 300 K during a 30-psec laser pulse of the form
5'=8.4x10 csin (7it/t ) (photons cm sec ) for whichP
breakdown occurs at t= ~t&=15 psec. The inset shows
details of the initial increase of the refractive index
due to the nonlinear refractive index n2. (b) Time evolu-
tion of the photon flux I"' and the local rms field strength
E under the same conditions as in {a). The breakdown
field strength is E~=E(~t&)=9.2 lcm '. These and
all subsequent figures are based on calculations using
the acoustical-phonon-scattering mechanism in NaC1
for which the parameters are listed in Table I.

focusing possible, leading to increased concentra-
tions n, an&, as a consequence, to self-defocus-
ing, etc. Thus, one can speculate that, owing to
the interplay of the two competing beam-forming
mechanisms, a spatially periodic sequence of
zones with alternating high magnitudes in carrier
densities is generated. Extending this speculation
a bit further, it may well be that the breakdown
morphology observed for peak powers just above
the laser damage threshold is a manifestation of
periodic changes in total n, ."

B. Acoustical-phonon scattering

For the reason discussed in the previous sec-
tion, local breakdown fields are meaningful only
if corrections for the nonlinear refractive index
as well as those for the breakdown carrier density
are considered. We therefore will abandon the
custom of investigating breakdown fields as a func-
tion of laser pulse length in favor of local break-
down photon fluxes. This does not rule out esti-
mations of properly corrected breakdown fields.
In order to determine the value of local breakdown
fields corresponding to our breakdown fluxes, we
first calculate the effect of polarons on the local
refractive index and convert, in a subsequent step,
the photon fluxes to rms field strengths by making
use of this local refractive index. Thus, we ascer-
tain a master-slave relationship between the driv-
ing photon flux which- can be measured experimen-
tally and the induced local rms electric field which
is experimentally inaccessible. If under certain
conditions, as will be shown below, e.g. , in the
nanosecond regime, the polaron density at break-
down does not exceed 10"cm ', its influence on
the total refractive index remains minor and a
comparison between experimentally found break-
down fields and the ones estimated here will be
possible. Note in passing that this polaron density
agrees well with the 10"-cm ' electrons chosen in
earlier laser breakdown work as a damage criter-
ion" for nanosecond pulses as well as with pre-
breakdown electron density measurements in
borosilicate crown glass (BSC-2)." This situation
changes drastically in the picosecond regime where
polaron densities larger by two orders of magni-
tude are calculated at the time of breakdown.
Again, a similarly high density in free carriers
has been shown' to be necessary for avalanche
breakdown, although later experimental determin-
ations of picosecond breakdown fields have not
taken into account the consequences resulting from
it."'" Thus, a comparison of the present results
with experimental data remains confined to the
nanosecond regime. We shall demonstrate the
importance of this distinction between breakdown
field and flux by plotting for a 30-psec pulse the
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TABLE I. Parameters for NaCl.

Symbol Meaning Value

Multiphoton
cross sections cr M'

(cm2M secM-i)

P
Cp

E'0

k(di

ji~~
S(d p

us
m

n2

nv

TM

Eg

mass density
specific heat
coupling constant
high-frequency permittivity
static perm ittivity
longitudinal optical phonon
transverse optical phonon
16ngitudinal acoustic phonon
velocity of sound
polaron mass
deformation-potential constant
nonlinear refractive index
initial valence electron density
melting point
band-gap energy

2.165 g cm
ib2.0 calg 'K '

3.50
2.35
5.62
3.25 x 1p 2 eVd
2.p5 x1p 2 eV'
1.61 x 10 eV '
4.67 x 10 cm sec
0.75m~ (free mass)
8.9 eV
6.4 x 10 3 esu
2.24 x 10 cm
1074 K
8.6 eV I

Initial refractive
index np"

1.0642
0.6943
0.5321
0.3471
0.1720

1.53
1.54
1.55
1.58
1.90

~(2) 4 x 1p 48h

(3) 1 x 10-80
(4) ] 45 x 1p iii

~(5) 5 x 1p-i4i &

&(8) 1 5 x 1p-225

From Ref. 34.
From Handbook of Chemistry and Physics

(Chemical Rubber Co. , Cleveland, 1973).' See Ref. 35 ~

"See Ref. 36.' See Ref. 37.

I

~ From Ref. 11.
~ From Ref. 33.
"See Ref. 38.

See Ref. 39.
j From Ref. 31~

"See Ref. 40 ~

local refractive index and the local rms field as
a function of time up to breakdown at ~t&. Figure
1 shows an initial increase of n due to the absence
of any free carriers or polarons simply as a re-
sult of the additive effect of the nonlrnear term
n,E': The importance of this increase to self-fo-
cusing is evident. We note, however, that with in-
creasing flux and, as a consequence, with increas-
ing probability for band-to-band excitation the pop-
ulation of the conduction band begins first to
counterbalance and later to completely overpower
this positive contribution to the refractive index.
As can also be seen in Fig. 1, this occurs early
in the damaging pulse. Once the refractive index
has started to dwindle, there is no reason to ex-
pect a reversal trend before breakdown, since
both the photon flux and the band-to-band excita-
tions continue to increase monotonically. The
rapidly falling refractive index then forces the lo-
cal electric field up according to E~n ' '. There-
fore, the rms field strength at breakdown depends
on the refractive index and the number of polarons
necessary for breakdown at a particular. laser
wavelength and pulse length. Without knowledge of
this polaron density the exact value of the local
breakdown field strength cannot be determined.

After having established that the polaron density
is a crucial quantity in optical breakdown, the po-
laron generation rate attains significance as well.
Cross sections for multiphoton band-to-band ex-

citation, particularly those of higher orders, are
not widely investigated in solids. The present cal-
culations attempt to accommodate this fact by using
a range of plausible cross sections. However, all
cross sections used here (Table I) are the smallest
published in the literature, with the exception of
that for Nd photons. In this case, an eight-photon
process is necessary to bridge the band gap of
NaCl. No values for o"' in solids are available
from the literature, and therefore a trial cross
section was taken from multiphoton ionization ex-
periments on Kr." This value was arbitrarily
modified so that a reasonable value of E~ was ob-
tained for a 30-nsec pulse and this cross section
was used henceforth. In case of the ruby frequen-
cy, reasonable agreement with measured data'"'
for nanosecond laser pulses was obtained with the
cross section 0"'= 5 && 10 "' used in previous cal-
culations. ' In order to demonstrate the dependence
of the breakdown parameters on this cross section
we also arbitrarily increased its value by one or-
der of magnitude (Table I). This was also done for
the doubled frequency of ruby. As we will see lat-
er, the cross sections significantly control general
breakdown behavior and, as one would expect, are
crucial in the present theory. The remaining pa-
rameters employed in the breakdown flux calcula-
tions, e.g. , acoustical-phonon frequency and de-
formation-potential constant, are listed in Table
I as well.
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If one rearranges the calculated data as in Fig.
3, such that for a set of identical pulse lengths the
breakdown flux is plotted against the photon ener-
gy, a breakdown frequency dependence appears
which qualitatively resembles the frequency de-
pendence expected from the avalanche model in the
region between the Nd and double Nd laser fre-
quencies. Note that lack of a considerable fre-
quency dependence in this range seems to rule out
multiphoton processes as the dominant mode of op-
tical breakdown in dielectrics. "'" By exclusively
considering the vast difference in cross sections
(see Table I) one would expect a steep decline in
breakdown fluxes with increasing laser frequency
if multiphoton processes were to play a significant
role. This decline was never observed experimen-
tally, nor is it corroborated by our present calcu-
lations.

In Fig. 4 we compare experimental breakdown
field strengths for a t~= 60 nsec pulse" with our
wavelength-dependent data. Unfortunately, other
published experimental data ' down to 0.34 p.m
cannot be strictly compared for reasons stated
above. As is evident from Figs. 3 and 4, damage
field thresholds decrease markedly only for laser
photon energies larger than 3 eV in NaCl. How-
ever, the decrease is not as dramatic as expected
solely on the basis of multiphoton band-to-band ex-
citation cross sections. The reason for that be-
comes evident upon examination of the normalized

) 030

)07
.I .2 .5

In Fig. 2(a) we display breakdown fluxes As~ as
a function of inverse pulse length for various laser
frequencies. We observe a straight-line depen-
dence on a double logarithmic scale. Indeed, the
relation t~'~ (As)'""'~' is easily derived from Eqs.
(4) and (5). In Fig. 2(b), we display the breakdown
field strength Es as a function of the reciprocal
pulse length, in order to illustrate the effect of the
changing refractive index on the conversion of flux
to field strength.

I I 1 I I

I 2 5 )0 20 50
EB INV cm-I

FIG. 2. (a) Breakdown photon flux Az in NaC1 vs
inverse laser pulse length. t&

~ calculated for different
laser frequencies: Nd, neodymium laser frequency;
2Nd, doubled frequency of neodymium laser; Rb, ruby
laser frequency; 2Rb, doubled frequency of ruby laser;
Xe, xenon laser frequency. (b) Breakdown field strengths
EJ3 under the same conditions as in (a).
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FIG. 3. Breakdown Quxgz in NaC1 vs the energy of
the laser photons for different pulse length t&.
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FIG. 5. Polaron photon absorption coefficient K
divided by polaron density n~ in NaCl at breakdown (t
= ~t&) vs photon energy for a 30-nsec and a 300-psec
pulse. X/p in units of 10 ~~ (cxn2).

polaron absorption coefficient and its wavelength
dependence. This is shown in Fig. 5, where the
ratio of K/n, is plotted versus laser photon energy
at breakdown. In effect, the influence of increasing
probability for free carrier generation with in-
creasing photon energy on the breakdown flux is
weakened by a sharp decrease in the polaron ab-
sorption coefficient.

FIG. 6. Polaron photon absorption coefficient E' of
NaCl at breakdown (t= ~t&) vs laser pulse length for
different laser photon energies.

The calculated polaron absorption coefficient at
breakdown as a function of pulse length and wave-
length is illustrated in Fig. 6. Of particular in-
terest at this point is the large absorption coeffi-
cient at breakdown for a 30-psec Nd pulse. It
should be possible to observe beam depletion by
polaron absorption in this particular case at peak
powers at or. slightly below breakdown. Such an
experiment would test the validity of the polaron
optical-breakdown model at the Nd frequency. On
the other hand, it seems very unlikely to observe
beam depletion in commonly found experimental
arrangements (tightly focused beams) for all the
other frequencies discussed here.

Beam depletion or attenuation should be consid-
ered carefully. Two mechanisms are responsible:
(i) the removal of photons due to carrier genera-
tion and (ii) photon absorption by the generated
carriers in heating the lattice. I et us consider
first the former, which is simply a consequence of
the creation of a large density of charge carriers.
This density assumes its highest value right at the
moment of damage and, as previous calculations
have shown, ' this peak density increases from
around 1Q" cm ' for nanosecond pulses to over
1Q" cm ' for picosecond pulses. Thus we expect
that beam depletion, if it exists, will be most pro-
nounced for extremely short pulses. Attenuation
due to charge carrier generation may be charac-
terized by an absorption coefficient n(Ass) at stp
of a just damaging pulse: for pure avalanche,

u„(Ass) ~ E,tt, Wt(A ps)/Fk&u;
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for multiphoton polaron generation,

Some simple calculations show that n(A) may in-
deed reach large values. Consider a 15-psec full
width at half maximum (FWHM) Nd-laser pulse.
For pure avalanche breakdown, according to cal-
culations by Kelly et al. ,"A~= 10"photons cm '
sec ' at the damage threshold, and n, = 1.3
x 10" cm '. For this case W,.(As) = 10" sec ' is
obtained from the work of Fradin and co-work-
ers."" The resulting value for the free carrier
generation absorption coefficient is a~=110 cm '.

Another example is multiphoton polaron genera-
tion at the ruby frequency for, the same 15-psec
FWHM pulse. With" o"'n„= 1.12 x 10 "' cm" sec'
and A~ = 1.44 x 10", for which damage occurs again
at 2t&, we obtain 0t, =75 cm '. Remembering that
o" is known only within an order of magnitude, we
have again obtained an absorption coefficient for
this case that is comparable to &„.

This peak absorption coefficient increases with
decreasing order of the multiphoton excitation pro-
cess somewhat, but even for a three-photon pro-
cess it remains at values comparable to those
above. On first sight, then, beam attenuation due
to charge carrier generation alone appears to be
a real problem in the picosecond regime, irre-
spective of the damage mechanism. Note that the
energy absorbed in this process remains almost
completely in the crystal in the form of electronic
excitation during the duration of the pulse. The
excited states (electrons in the conduction band)
relax during a time that is much larger than t~ via
radiative and nonradiative transitions and thus do
not contribute to lattice heating for t —pt&.

Let us now turn bi.iefly to the absorption coeffi-
cient associated with heating of the lattice. It is
widely agreed' that energy transfer to the lattice
from absorbing carriers happens via Joule heat-
ing. This can simply be expressed as the rate of
increase of energy per unit volume4:

I.8- Xe

~ ~ ~ ~ ~ ~ ~ ~

x 2Rb

2Nd

(c is the speed of light, n the refractive index). As
long as &7, is not very much larger than 1 and v,
—10 "sec, we find at the damage threshold for a
reasonable n, - 10"cm ' and n 1.5 that

@~~1.1x 104 cm '.
As we can see from Fig. 6, with the exception of
the 1.0642-, p.m line, the absorption coefficient K
at breakdown consistently remains smaller than
10'. In view of possible beam attenuation the com-
parison of absorption coefficients for (i) genera-
tion of carriers and (ii) heating of the lattice by
those absorbers leads us to conclude that neither
model —inverse-bremsstrahlung avalanche or
multiphoton-generated polarons —will a Priori pre-
vent or enhance beam attenuation as argued pre-
viously. " We therefore do not believe that even-
tual beam attenuation will offer a means of dis-
tinguishing between the two models. The only time
this might become possible would occur for very
short pulses at the Nd frequency.

Figure 7 shows the refractive indices at break-
down for different frequencies as a function of
pulse length. For a given laser frequency the re-
fractive index decreases with decreasing pulse
length owing to the increase in polaron density as
shown in Fig. 8. & We reemphasize in this connec-
tion the necessity to properly account for the
changing refractive index when transforming laser
fluxes to local rms electric field strengths. Ob-
viously this becomes more important the larger
the relative change, . e.g. , at the longer wavelengths,
where most of the experiments have been per-
formed up to now.

= oE'n, = —v,(1+(o'v,') '&'n, ,m
(14)

where the conductivity o is written in terms of pa-
rameters used previously in Eqs. (1) and (2). Bal-
ancing this energy density increase per unit time
by the corresponding absorption term from the
photon field,

'I.O-
l

�i
X

1Nd

'Rb

n =—v(1+(u r) n-e'
2 2 y 4'

m cn
(16)

de = co~F5(g),

we arrive at an expression for the Joule heating
absorption coefficient n&..

.5 I I I I

30 3 0.3 0.03
tp nsec

FIG. '7. Total refractive index of NaCl at breakdown
(t= ~t&) vs laser pulse length for different laser photon
energies.
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well. The parameters used are also listed in Table
I. It turned out that the polaron density at break-
down in the optical case is consistently higher, and
breakdown under otherwise identical conditions oc-
curs at significantly higher fluxes or local rms
field strengths as compared to the acoustical case.
We therefore believe that acoustical-phonon scat-
tering dominates optical breakdown in dielectrics
for the frequency range pertinent to this paper and
that a future theory which allows for both phonon-
scattering modes simultaneously would not yield
results that are significantly different from those
presented in the previous section.

2Nd

Rb
D. Extension to NaBr

io'8
30

I

fp IlSOC

I

0.3 0.03

FIG. 8. Density of polarons in NaCl at breakdown
(t = ~t&) vs laser pulse length for different laser photon
energies.

Beam attenuation, self-focusing, and self-de-
focusing determine the local photon flux or the lo-
cal rms field strength in a lax gely unknown and
complicated fashion that has never been completely
appreciated in experimental or theoretical laser
breakdown work. For a pulse having a peak power
right at the damage threshold we can conceive that
damaging concentrations of charge carriers exist
in a few very small zones of the self-focusing-
self-defocusing pattern, located along the axis in
the focal volume of the beam such that the total
length of highly absoi. bing vestiges is very small
(a few microns, as indicated by the damage mor-
phology observed by Smith ef al."). Since the di-
ameter of these areas is very small as well (e.g. ,
a fraction of the beam waist diameter), rather
small depletion of a beam with a flux that corre-
sponds to the damage threshold will occur and then
only at the maximum of the TEM» laser intensity
profile. This will remain largely unnoticed using
conventional beam diagnostic techniques which
measure the temporal pulse behavior and its total
energy. Of course, right after damage occurs, the
usual beam depletion is observed caused by hot
plasma formation. "

C. Optical-phonon scattering

Since it is not immediately evident which of the
bvo polaron-scattering mechanisms, the optical
or acoustical, would result in breakdown data that
are in better agreement with experimental ones,
we recalculated all steps outlined in the previous
section for the optical-scattering mechanism as

In Sec. IVB we discussed the pulse length depen-
dence of the breakdown peak flux A.~ and found it
to obey the relation t~'o-(Ae)'""'~'. We then tested
the theory against the dependence of the breakdown
field strngths on the laser frequency which were
not found to decrease as rapidly as one would ex-
pect on first sight from a pure multiphoton mech-
anism. This behavior is in remarkable agreement
with measured data for nanosecond pulses in the
wavelength region 0.5321—X —1.0642 p, m. These
data had previously been taken as a strong indica-
tion for avalanche breakdown in NaCl and other
alkali halides.

In this section we describe results of yet another
test, of our breakdown theory by considering ma-
terials other than Na Cl with the goal of investi-
gating the influence of different band gaps on the
breakdown flux. We chose again alkali halides for
this comparison because in this way the effect of
parameters such as specific heat, mass density,
phonon energy, etc. , other than the band gap will
be minimized and because there are experimental
data available in the nanosecond regime. Com-
parison with materials of different band gap is
complicated by the uncertainties in high-order
multiphoton absorption cross sections. As stated
in Sec. IV B, the value of 0' ' is of considerable
influence on the breakdown peak flux and, there-
fore, accurate values for A.~ or E~ cannot be cal-
culated. But not only are the cross sections fairly
unreliable, but also exact band-gap data are not
always available.

To reduce the 0'"' uncertainty somewhat, we
chose NaBr, a material with a smaller band gap
than that of NaCl. In this way, the multiphoton
order M is lowered to 7 at the Nd. wavelength and
4 at the ruby wavelength. An additional problem
in this connection is, of course, the absolute value
of the band gap, which is stated in the literature as
low as 7.1 eV,"and as high as 7.7 eV." The pa-
rameters used in the calculation of breakdown data
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TABLE II. Values of the constants of NaBr used in the calculations.

Symbol

P

Cp

Cp

AM)

k~,
g(dp

us

n2

n Q

TM

Meaning

mass density
specific heat
high-frequency permittivity
static permittivity
longitudinal optical phonon
transverse optical phonon
longitudinal acoustical phonon
velocity of sound
polaron mass
deformation-potential constant
nonlinear refractive index
initial valence electron density
melting point

Value

4.64 x 10 cm sec
3.2 gem
1.19 cal g K
2.64
5.78
2.7 x 1Q-' eV"
1.82 x 10 eV
1.57 x 1p-2 eV '
4.3 x 10 cm sec
0.87m~ {free mass)
7.92 eV
9.6 x 10 esu
1.882 x 10 cm
1028 K

Initial refractive index at 1.0642 j(Lm = 1.62
Initial refractive index at 0.6943 pm =-1.63

See Ref. 35.
See Ref. 36.

See Ref 41
See Ref. 12.

in Naar are listed in Table II. Again, for the case
of acoustical-phonon scattering, we find for ruby
that the ratio Ee(NaBr)/Ee(Nacl) = 0.87, which
compares with the measured value" of 0.82. And

then using the Nd ratio of O.V from experiment, "
we obtain a reasonable value of 0"' as shown in

Table II.

E. Discussion of parameters

In order to investigate the influence on the calcu-
lated breakdown data of several parameters listed
in Tables I and II, particularly of those whose val-
ues are known with less certainty, test runs were
performed in which their values were changed.
Aside from principle consideratiops, it is impor-
tant to evaluate whether or not the agreement be-
tween computed results and experiments is merely
fortuitous.

In the case of acoustical scattering the parame-
ter least certain in value in alkali halides is the
deformation-potential constant 8,. In all initial
calculations a value of 8,= 8.9 eV for NaCl was
used which is close to the value of 9.95 eV sug-
gested by Evseev and Tolpygo" for NaCl. Sparks'
derived a value of 4.5 eV from the theory of mono-
valent metals. In view of this smaller value we
performed all calculations with 3 ' '8, . The re-
sults are compared with the original results in
Table III for a selection of representative pulse
lengths. Breakdown fields consistently increase
by around 20%, whereby the increase appears
somewhat more pronounced for damage at the
shorter wavelengths than in the red and ir. Al-
together the changes solely due to 8, are not spec-
tacular for any of the other breakdown variables,
and one can safely assume that within the uncer-

TABLE III. Dependence of breakdown values for NaCl on choice of deformation-potential constant gi. For each wave-
length values are given for t&

——30 psec (top line) and t=30 nsec (bottom line). The left column for each variable refers
to $&

——8.9 eV and the right column to gi ——8.9%3 eV.

A. (p,m)

1.0642

0.6943

0.5321

0.3471

0.1720

1.9 x 1p29

5 1xlp28
8.4 x 10
8.7 x1P
1.0 x 1080

6.5 x 1p
5.9 x 10
1.9 x 1028

1.2 x 10"
1.2 x 1027

1.9 x 1028

5.8 x 1028

9.4x 10
Q x 1p29

1.2 x 1030

8 ~ 1 x 1p28

7.6 x 1028

2.5 x 10
1 7X 1029

1.7 x 10

1.4 X 1p20

4.3 x 1018

1.7 x 1020

2.0 x 10'8
1.4 x 10
24x10
4.1 x 1p"
6.9 x 10
7.1 x 102'
1.3 x 10'~

nc

5 x 1Q20

1.1 x 10~8

] x 1p20

5.1 x 1018

3.1 x 1020
018

4.5 x 10
1.6 x 10
1.4 x 102'
1.5 x 1p20

33.0
1.54
9.2
2.47

10.4
2.44
9.3
1.6
5.35
0.53

39.0
1.66

16.6
2.71

12.9
2.77

11.2
1.84
6.57
0.63

S.px 105
1.4x 10
4.9 x 10
4.1x 10'
2.5 x 10
3.7x 10
2.3 x 10
7.0x 10
3.6 x 10'
3.5 x 10

5.88 x 105
1.23 x 102

6.86 x 10
3.41 x 10
2.31 x 108

2.97 x 10
1.83 x 10
5.29 x 10
2.53 x 10'
2.44 x 10
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tainty ranges still common to both experimental
and theoretical work on laser damage, the present
model suffers no serious deficiency because of
lacking precision in 8,.

As stated in Sec. II, one of the most serious
simplifications of our model is neglect of phonon
dispersion. It seems therefore indispensable to
analyze to what extent the proper choice of phonon
energy influences our breakdown results. Assum-
ing that our averaged phonon energies were in er-
ror by +20k for both cases, we recalculated all
our results outlined in Sec. IVB.

For a 20Vo increase in phonon energy the largest
relative change observed is a change of breakdown
field of +7' for a 30-nsec pulse at 0.5321 p, m a,nd

acoustical scattering. The largest relative change
for a, 20Vo decrease in phonon energy occurs for a.

30-psec pulse at 0.5321 p.m and acoustical scatter-
ing where the breakdown field decreases by almost
10%. This then is an indication of the accuracy of
the calculated breakdown data presented here. Im-
provements are, of course, only possible by con-
sidering the phonon spectrum, and by exact know-
ledge of cr' ' as well as 8,.

V. CONCLUSIONS

In conclusion, we find that optical dielectric
breakdown at wavelengths between 1.06 and 0.172
pm can be explained quite successfully by the the-
ory outlined above. This is achieved by assuming
multiphoton band-to-band excitations to be the only
charge-carrier-generation mechanism in NaCl and
NaBr. Transfer of energy from the photon field to
the lattice occurs exclusively via a polaron-photon
absorption mechanism, whereby single-photon ab-
sorption by the polarons proves sufficient to ex-
plain NaC1 measured breakdown behavior within a
factor of 2. Thus, no lattice ionization process
has to be involved. The concept of an electron

avalanche damage started by a few hot electrons
is replaced here by the concept of damage by many
electrons, none of which has sufficient energy for
lattice ionization but which collectively produce
irreversible material changes.

We readily admit that many of the above con-
siderations remain speculation as long as the
breakdown event is not modeled in a complete
space- and time-dependent manner. It should be
appreciated that the breakdown model described
herein cannot, in its present form, provide the
necessary quantitative beam-forming and attenua-
tion corrections. It simply assumes a local flux
to be present irrespective of whether it is the re-
sult of self-focusing or any other beam-forming
and attenuating mechanism. What in essence we
have done, then, is to simply restrict the calcu-
lations to a crystal volume that was sufficiently
small so as to neglect all these effects. We re-
tained only the correction of the refractive index
for the conversion of photon flux into rms optical
field strength and vice versa.

As a consequence, direct comparison of present-
ly available experimental and calculated break-
down data was somewhat problematic. Additional
uncertainties arose from the fact that our model
made use of a number of simplifying assumptions
(see Sec. II); nevertheless, the polaron breakdown
model appears to provide a genuine alternative to
avalanche breakdown. In fact, the success of the
present formalism, aside from indicating that the
experimental determination of breakdown fields
will have now to take into account the change in
refractive index, also justifies its extension (i) to
space- and time-dependent laser-beam profile
analysis and (ii) to the CO, wavelength region. It
is our intent to proceed in these areas and simply
note in conclusion that the present work contains
no reference to X & 1 pm because of the uncertainty
in the multiphoton generation rates.
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