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The laser-induced breakdown fields at 1.06 um of fused SiO,, single-crystal NaCl, and air
were measured as a function of focal volume and laser pulse width while keeping all other
parameters, including the specimen, constant. The laser pulse width was varied from 40 psec to
31 nsec, and the focal volume was varied by over two orders of magnitude. The dependence of
the breakdown field for NaCl and SiO; on the laser pulse width #, and the focal volume V was
empirically determined to be Eg =4 V"tp‘l/"-f-C and the dependence for air to be
Eg=(4V~! +C)rp“/4, where A4 and C are material-dependent constants. Current theories of
laser-induced breakdown are carefully compared with these present measurements and are

found to be inconsistent.

I. INTRODUCTION

The laser-induced breakdown thresholds at 1.06
um for fused SiO,, single-crystal NaCl, and air were
determined as a function of laser focal-spot size, for
pulse widths ranging from 40 psec to 31 nsec. These
experiments represent the first damage data, over a
range of three orders of magnitude in pulse width,
that clearly separate the temporal and spot size
dependences of damage thresholds by keeping all
parameters, including the specimen, constant. Re-
cent work has shown that in many cases laser-
induced breakdown thresholds vary greatly among
specimens of a given material.'~®> Thus, pulse-width
and focal-spot size-dependence data are difficult to
interpret, unless the same specimen is studied at all
pulse widths and all focal-spot sizes. The present
measurements demonstrate that the dependence on
focal volume observed previously for nsec optical
pulse widths also applies to the psec regime.! It is
observed, over the range of pulse widths, 1,, and
focal-spot sizes used in these experiments, that the
electric field, Eg, necessary to induce breakdown for
NaCl and SiO, varies as

Eg=A/(/*V)+C N
and the breakdown field for air varies as
Eg=(A/V+O)/t}* )

where 4 and C are material-dependent constants, and
V is the focal volume.* The depth of focus for a
Gaussian beam focused by an aberration-free lens is
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proportional to w}/A, where wq is the 1/e? radius of
the intensity and X is the laser wavelength. The focal
volume is proportional to the depth of focus times
the focal area; that is

Vaol/\ . 3)

The observed dependences of Egs. (1) and (2) may
explain many of the apparent discrepancies of pulse
width and spot size dependences found in the litera-
ture. For example, for large focal volumes the tem-
poral dependence of Eq. (1) is masked by the con-
stant term, whereas for small focal volumes, where
the first term dominates, the breakdown field would
appear to scale as 7,7'/4. Identical empirical fits for
NaCl and SiO, imply that damage mechanism are
similar in bulk samples of these two materials. For
air, the pulse width dependence is quite different.
The observed dependences on focal volume and
pulse width, as well as the difference between the
solid samples and air, are not explained by current
theories of laser-induced breakdown. However, while
the quantitative behavior cannot be explained, quali-
tatively the empirical fits presented above are con-
sistent with the recently proposed multiphoton-
initiated avalanche breakdown model presented in
Refs. 1 and 2 and described in Sec. IV.

II. EXPERIMENT

The laser source for the psec studies was a passive-
ly mode-locked, microprocessor-controlled’ Nd:YAG
laser system operating at 1.06 um. A single pulse of
measured Gaussian spatial and temporal intensity dis-
tribution was switched from the mode-locked train
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and amplified. The temporal pulse width was vari-
able between 30 and 200 psec [full width at half max-
imum (FWHM)] by selecting various etalons as the
output coupler. The width of each pulse was moni-
tored by measuring the ratio, R, of the square of the
energy in the fundamental (1.06 wm) to the energy
in the second harmonic, produced in a LilO; crystal.
This ratio is directly proportional to the laser pulse
width as long as the spatial profile remains un-
changed.® The ratio was calibrated by measuring the
pulse width using type-I second-harmonic autocorre-
lation scans. The observed three-to-one signal-to-
background ratios indicated clean mode locking.” To
ensure that the ratio, R, is proportional to the ‘pulse
width and provides a valid pulse width monitor, scans
were performed for all three output coupler etalons.

The laser half-angle beam divergence was 0.38
mrad. The beam divergence and the position of the
beam waist were determined by pinhole scans of the
spatial profile at six positions along the propagation
direction. Two lenses of focal lengths 5.0 and 8.0 cm
were used at various distances from the beam waist
to produce the focal-spot radii for these experiments.
The lowest f~-number condition used in these experi-
ments was f/7.4. Spherical aberrations were deter-
mined to be negligible for this worst-case situation
using the procedure suggested by Ireland er al.?
Computation of spherical aberrations caused by a
singlet lens indicated that errors in the field were less
than 4% for the worst case. The lenses used however
were doublets corrected for spherical aberration.
Aberrations caused by focusing through the planar
surfaces of the samples was calculated to cause an er-
ror in the field of less than 0.1% for the worst case.
Diffraction limited performance of the 5.0-cm focal-
length lens was verified by knife edge scans of the
6.1-um radius spot.! The calculated 5.0-um radius
spot was subsequently scanned and verified to be dif-
fraction limited to within the experimental uncertain-
ty of +0.4 um. The energy on target was varied by
changing the angle between a calibrated pair of Glan
polarizers that were arranged to keep the direction of
polarization at the sample surface constant. The out-
put energy of the laser and the energy transmitted
through the sample were continuously monitored by
sensitive photodiode peak-and-hold detectors. These
detectors were determined to be linear over their
range of use and were absolutely calibrated with
respect to a pyroelectric energy monitor. The py-
roelectric detector was in turn checked with a ther-
mopile calorimeter.

The nsec data were taken on the same bulk samples
using a Q-switched Nd:glass laser operated in the
TEMg, mode.! The same focusing lenses were used,
and the same procedures for determining the beam
divergence (0.7 mrad) and beam waist were em-
ployed as for the psec measurements. Again, a cali-
brated pair of Glan polarizers were used to vary the

energy on target. The laser output was monitored
directly by a pyroelectric detector which was calibrat-
ed with the same calorimeter used for the psec exper-
iments. The nsec pulse widths were determined
directly from oscilloscope traces taken with a fast
photodiode (rise time <500 psec).

The breakdown threshold at a given pulse width
was taken to be that intensity which produced dam-
age 50% of the time. Each site was irradiated only
once. Damage was defined as the appearance of a
visible flash or as the observation of scattered light
from a coaxial HeNe laser as viewed through a 20 X,
long-working-distance microscope in accord with the
methods used by previous investigators. The micro-
scope was also used to verify that damage had oc-
curred at the beam focus and was not due to inclu-
sions. For psec damage to NaCl, there was a small
range of incident energies where damage had oc-
curred as determined from the scattered HeNe beam,
but no flash was observed.

In addition to the 1-on-1 experiments, where each
site was irradiated only once, an n-on-1 experiment
was performed at the largest spot size (19.3 um) for
the solid samples. This was done by irradiating the
same spot with one or more pulses of insufficient in-
tensity to damage prior to irradiating with a damaging
pulse. No measurable change in threshold was ob-
served.

III. RESULTS

The results of these damage experiments are
displayed in Fig. 1. All values quoted for electric
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FIG. 1. Experimentally determined breakdown electric
field, Eg, (rms), for air, SiO,, and NaCl are tabulated for
focused spot sizes (1/e? radius in intensity) of 5.0, 6.1, 10.3,
and 19.3 um and various optical pulse widths (FWHM) in
psec, as indicated within or adjacent to the bars.
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FIG. 2. rms breakdown electric field data for Harshaw single-crystal laser-grade NaCl and for General Electric high-purity
water-free fused quartz is plotted as a function of tp"/"wo“‘ where 1, is the laser pulse width (FWHM) in psec and wy is the
focal-spot radius at the 1/e? point in intensity in wm. The solid lines are least-squares fits of the data to straight lines.

field are rms fields corresponding to the peak on axis Table I gives least-squares fits to straight lines for the
intensity. The error bars are relative errors deter- data displayed in Figs. 2 and 3. From these fits it is
mined by how well the threshold for damage is de- seen that the breakdown field for air varies as rp""‘
fined and the reproducibility of the data. The abso- independent of the focal volume, whereas the break-
lute errors include relative errors as well as errors in down fields in the solid materials appears nearly in-
the measurement of the energy, focal-spot radius, dependent of pulse width for large focal volumes.
and pulse width. These errors are estimated to be In addition we include previously unpublished data
20% for the breakdown electric fields. taken from the work of Ref. 1 in Table II. There the
The breakdown fields for NaCl and SiO, are plotted damage thresholds of a total of 13 different NaCl
as a function of #,7/*¥~! in Fig. 2. Figure 3 is a plot samples are given for three different focal-spot radii.
of the product #,”*Ej as a function of ¥~! for air. All the data presented in Table II used 31-nsec
m a
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FIG. 3. Product Egt,/ for air is plotted as a function of wg*. The rms breakdown field is Ep in MV/cm. 1, is the laser pulse
width (FWHM) in psec and wy is the focal-spot size (1/e2 radius in intensity) in um. The solid curve is a least-squares fit of the
data to a straight line. The open triangles correspond to the 31-nsec data. The systematic deviation of the 31-nseé¢ data from
the fit is eliminated if the 7, dependence is changed to 7 rather than 2%,



23 PULSE-WIDTH AND FOCAL-VOLUME DEPENDENCE OF . .. 2147

TABLE 1. Empirical fits for the rms breakdown electric
field (MV/cm) for the three materials studied, where A is
the laser pulse width in psec (FWHM) and wj in um is the
focused beam radius at the 1/e2 point in intensity. The
NaCl is Harshaw (Harshaw Chemical Co., 6801 Cochron
Road, Salon, Ohio 44139 ) single-crystal laser grade. The
SiO, is high-purity, water-free fused quartz obtained from
General Electric (General Electric No. 125, high-purity,
water-free fused SiO, acquired from Mark Optics, 1510 East
Street, Gertrude Road, Santa Anna, Calif. 92705).
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(FWHM) pulses. Table III gives the least-squares
fits of the data of Table II to Eq. (1). Good fits are
obtained for all the samples tested.

In the nsec experiments, the transmitted pulse was
sharply terminated near the peak by the laser-induced
plasma, resulting in approximately 50% transmission.
This is in contrast to the greater than 80% transmis-
sion observed for the psec pulses. In addition, a
slight trend toward higher transmission at the shor-
test pulse widths was evident. Thus, either break-
down takes place near the end of the pulse, or the

TABLE II. The rms breakdown electric field (MV/cm)
for NaCl samples using 31-nsec (FWHM) 1.06-um pulses of
focal spot radius wy (1/e? radius in intensity) as indicated.
Sample 6 is the sample used for the psec data.

o (}Lm)

Sample 6.1 10.3 19.3
1 4.17 3.18 2.92
2 4.24 345 3.13
3 4.12 3.39 2.68
4 3.05 1.89 1.97
5 1.44 1.18 0.99
6 3.10 2.57 2.14
7 5.46 4.03 3.67
8 6.67 3.85 3.90
9 4.86 4.13 3.03

10 4.81 393 3.89
11 5.36 3.58 3.54
12 4.64 4.13 3.78
13 5.20 3.81 3.59

TABLE III. Empirical fits for the rms breakdown electric
field (MV/cm) to Eq. (1) of the text for the samples of
NaCl of Table II. The laser pulse width is 7, which is in all
cases 31000 psec (FWHM), and wy in uwm is the focused
beam radius at the 1/e2 point in intensity. R? is the coeffi-
cient of determination which is a measure of how closely the
equations fit the experimental data. The closer R? is to one,
the better the fit.

Sample A4(10%) C R2
1 2.31 2.96 0.996
2 1.98 3.21 0.985
3 2.32 2.93 0.918
4 2.27 1.84 0.988
5 0.751 1.05 0.948
6 1.58 2.28 0.938
7 3.31 3.72 0.997
8 5.62 3.68 0.992
9 2.79 345 0.862

10 1.82 3.85 0.998
11 3.63 3.43 0.996
12 1.45 3.89 0.953
13 3.06 3.59 0.999

breakdown process takes place on a time scale of the
order of the pulse width. A third possibility that ap-
pears inconsistent with our nsec measurements but
consistent with the psec data is that the plasma blocks
transmission for a period short compared to the psec
pulses used. Anthes and Bass,’ using psec pulses,
have made streak camera recordings of the transmit-
ted damaging pulses in fused quartz at 0.53 um.
They found that the avalanche blocked transmission
near the peak of the pulse in a time shorter than the
6-psec streak camera resolution. However, they also
noted that the transmission recovered on a psec time
scale. In point of fact, they observed approximately
80% transmission similar to the psec studies reported
here.

IV. DISCUSSION

The problem of laser-induced breakdown of highly
transparent materials has been studied by many work-
ers!? and has been the subject of at least three review
papers.''"!3 Laser-induced breakdown in NaCl was
first studied in 1966 by Olness!* and in 1968 by
Yasojima et al.'> and has been extensively studied
since that time. However, direct comparison of the
results of this work with prior data is difficult since in
many cases exact experimental parameters (such as
focal-spot radius) are unknown for much of the pub-
lished work. In some publications, the data have been
reduced using focal radii scaled to correct for self-
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focusing, making direct comparison with these results
impossible.'® In the few cases for which direct com-
parison can be made, agreement with this work is
mixed. For example, Fradin er al.'” measured the
breakdown threshold of NaCl for pulse widths of 10.3
and 4.7 nsec and focal-spot radii of 8.8 to 24 um.
They found a breakdown threshold field of Ez=2.1
MV/cm which had little or no dependence on pulse
width or spot size, which is in excellent agreement
with our results over the same range of focal volume.
In a later work, Fradin et al.'® measured Ep for NaCl
over the 15-psec to 10.3-nsec range with focal-spot
radii of 8.8 to 15.3 um. They observed a dependence
of the breakdown electric field on pulse width con-
sistent with a 1,/* dependence and no focal radius
dependence. The weak focal-spot radius dependence
we observed over the same range of focal radii is
consistent with their results. As shown in Table I,
we found a much weaker pulse width dependence for
comparable focal radii. However, for smaller focal-
spot radii, we did observe a 7,"'/* dependence for the
breakdown fields.

The NaCl specimen used in this work was 1 of 13
NaCl crystals tested at 1.06 um with 31-nsec
pulses.”2 (See Tables II and II1.) The breakdown
fields among these 13 specimens varied by a factor of
4.6 for a given focal-spot radius and pulse width.
Such sample to sample variations indicate that ma-
terial defects affect the breakdown measurements and
thus make direct comparison with other results ques-
tionable. Manenkov® reported 1.06-um measure-
ments for what he claimed was intrinsic NaCl. He
reported £z =5.4 Mv/cm for nsec pulse widths and
focal-spot radii equal to either 3.25 or 8.49 um (both
focal radii are called out in the paper but it is not
specified which corresponds to the breakdown field
given). If the Ep corresponds to the smaller radius,
then Table I gives a value 2.8 times larger than the
breakdown field reported by Manenkov. If the Ep
given corresponds to the larger radius then Table I
gives a value 0.6 times smaller than the Manenkov
value.

Various physical mechanisms and sources of sys-
tematic error have been suggested to explain experi-
mentally observed focal-spot size and pulse-width
dependences of laser-induced breakdown. Some
workers claim that the observed dependence of Ez on
focal radius is due to self-focusing,'*~2! and they scale
their results in accordance with the technique sug-
gested by Zverev and Pashkov.!® Zverev and Pash-
kov!? predict that a plot of P! (Pg is the power at
which breakdown occurs) versus wg? yields a straight
line given by

1 2 |
—= += €
Py 137”0(2) P

where P, is the critical power for self-focusing and I
is the breakdown intensity. The basic assumption of

this procedure is that /5 is the intrinsic breakdown in-
tensity and is independent of the focal-spot radius.

It is clearly seen from Fig. 4 that this scaling tech-
nique cannot be used for our experiments. Figure 4
is a plot of P5! vs wy? for SiO, for pulse widths of 44
psec. All of the data for the different pulse widths
follow a similar pattern. Our data cannot be fitted to a
straight line for any of the specimens examined.
Other workers?! have reported deviations from the
straight-line fit for large spot sizes similar to that
shown in Fig. 4. These workers?! disregarded.the
large spot size data by arguing that, for large focal ra-
dii and powers near P, the constant shape solution
to the nonlinear wave equation (on which the Zverev
and Pashkov'? procedure is based) is no longer valid.
However, this argument cannot explain the small fo-
cal radii data shown in Fig. 4.

It has been clearly established that, with the possi-
ble exception of a small number of specimens tested
by Manenkov,’ the laser-induced breakdown fields
are not intrinsic and vary greatly even for specimens
of a given material from the same supplier."">'* This
violation of the basic assumption that the damage is
intrinsic casts doubt on previously published data
where the Zverev and Pashkov'® scaling was used to
interpret breakdown thresholds.

Another test of the role of self-focusing in laser-
damage experiments is the apparent pulse-width
dependence due to the transient nature of electro-
striction.?? The extent of the electrostrictive contri-
bution to #,, the nonlinear index of refraction, de-
creases as the dimensionless quantity X increases.
The quantity X is given by?

X=w0/vt s (5)

Pl Mw1)
by
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FIG. 4. Representative plot of the inverse of the power,
Py, needed to induce breakdown vs wy?, where w, is the
1/¢2 radius in intensity at the laser focus calculated using
linear Gaussian optics. Here data for SiO, using 44-psec
(FWHM) pulses are presented.
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where v is the speed of sound in the medium. Kerr®
has shown that for X < 1 electrostriction is the dom-
inant self-focusing mechanism and for X > 1 the
contribution due to electrostriction is inversely pro-
portional to X. Consider the case where the focal
spot radius is 19.3 um. For this case Py is the largest
and the effect of self-focusing should be the greatest.
For this focal spot size in NaCl and the longest pulse
width (31 nsec) used in this work, X is 0.16 and elec-
trostriction dominates. For the 19.3-um focal spot
radius and a 100-psec pulse width, X is 50, and elec-
trostriction is negligible. Therefore, if self-focusing
were significantly contributing to these experimental
results, there would be a large pulse-width depen-
dence of Eg for the 19.3-um focal-spot radius. As
can be seen from Table I, the pulse-width-dependent
term in the expression for Ejp is negligible for a
19.3-um focal-spot radius for both SiO, and NaCl.

A possible explanation of this apparent discrepancy
with self-focusing theory is given by including the ef-
fects of plasma defocusing.’* Yablonovitch and
Bloembergen?’ showed that the negative n, caused by
free electrons in a preplasma limits the self-focal ra-
dius. Experiments in semiconductors demonstrating
these self-defocusing effects are discussed in Refs. 26
and 27. In our experiments the focal radius deter-
mined from linear optics is smaller than the limiting
self-focal radius calculated using the procedure in
Ref. 25. In Ref. 1 it was argued that when these con-
ditions are satisfied the effects of self-focusing can be
neglected in calculating focal plane peak intensities.
One might ask how self-focusing effects can be com-
pensated by plasma defocusing prior to reaching the
breakdown or plasma threshold. For input powers of
the order of P (the critical power for self-focusing)
self-focusing affects the beam diameter significantly
only near the geometric focus and the index changes
are small. For example, the index change in NaCl
for intensities near the breakdown threshold is of the
order of 10™*. The index change due to the free-
electron plasma is

n"=wlaw® , (9]

where w, is the plasma frequency and o is the laser
frequency.”® Equation (6) implies that negative index
changes on the order of 10~ can be achieved for pre-
breakdown plasma densities 1072 times smaller than
the critical density required for the plasma frequency
to be resonant with the laser. It is therefore possible
for plasma defocusing to negate the effects of self-
focusing well before damage occurs. A more defini-
tive explanation of the combined role of self-focusing
and plasma defocusing will require careful analysis of
the nonlinear wave equation including both effects.
We have included all the focal parameters used to
compute the breakdown fields so that these data can
be corrected for self-action effects if future studies
show that corrections are needed. Because of the

several reasons given above, the data presented in
this paper do not include any self-focusing correc-
tions (even though Pz exceeds many estimates of
Pcr)‘

Ireland er al.® pointed out that spherical aberrations
due to low f-number focusing optics can give an ap-
parent dependence of breakdown intensity on com-
puted focal-spot radii. Analysis of worst-case aberra-
tions and focal plane scans both confirm that the ob-
served dependence of laser-induced breakdown on
focal volume was not due to systematic errors in the
determination of focal-spot size.

Bettis ef al.?® proposed a model for laser-induced
breakdown in solids which incorporated both spot
size and pulse-width dependences. Their model,
which is based on the dynamics of laser-induced plas-
ma formation, predicts that the bulk breakdown field
scales as

Ep o ;7 Map" . 7

The pulse-width dependence predicted is similar to
that observed for small focal volumes in this work
but is inconsistent with the observed focal-spot radius
dependence and the lack of pulse-width dependence
measured for large focal volumes.

Diffusion of energetic electrons out of the region
of high electric field is a possible mechanism for the
observed focal volume dependence. The model for
laser-induced gas breakdown proposed by Kroll and
Watson®® predicts that electron diffusion gives rise to
increased breakdown thresholds for small focal
volumes. The results of our work for air as shown in
Table I and Fig. 3 and prior work"3"32 at 1.06, 2.7,
3.8, and 10.6 um are in reasonable agreement with
the predictions of their model if only spot radius
dependence is considered. However, diffusion is in-
consistent with the observed temporal dependence
measured in this work. Diffusion would result in de-
creased thresholds at short pulse widths since it
represents an electron-loss mechanism.

The electron avalanche breakdown model also
predicts a pulse-width dependence of laser-induced
breakdown.!! The pulse-width dependence is deter-
mined by the ionization rate in the exponential build-
up of the free-electron plasma. The observed pulse-
width dependence of the breakdown field in NaCl for
a 5-um focal-spot radius is in reasonable agreement
with the predictions of the recent theory due to
Sparks et al. 3} which predicts a #,"/* dependence for
all focal volumes. Again, agreement is good for
small focal volumes, however, the breakdown field
for NaCl for the 19.3-um focal radius is nearly in-
dependent of pulse width over the 40- to 31 000-psec
region. From the results of Refs. 1 and 2, we know
that selected high-purity specimens have breakdown
field thresholds at 1.06 wm as high as two to three
times greater than the specimen reported in this
work. The theory of Sparks et al.?? is for intrinsic
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breakdown and does not predict a focal volume
dependence and, thus, should not be applied to a de-

fect dominated process.
The focal volume and temporal dependence found

in this work is qualitatively consistent with the
multiphoton-initiated avalanche breakdown model
given in Refs. 1 and 2. That model assumes that for
large focal volumes avalanche breakdown is initiated
by the conduction-band electrons which are initially
present. These starter electrons can be present from
thermal ionization of shallow traps, thermionic emis-
sion from impurities, etc., therefore the large focal
volume damage data will not represent ‘‘intrinsic’’
damage. Table II lists the 1.06-um, 31-nsec pulse-
width, damage thresholds for various NaCl specimens
at several focal-spot radii. These data are for the
same specimens used in Refs. 1 and 2. The least-
squares fit to Eq. (1) for each specimen is also shown
in Table III. Note that the constant term C in Eq.

(1) is sample dependent and varies by nearly a factor
of 4 for the several NaCl samples shown.

For small focal volumes (focal volumes smaller
than the inverse of the zero-field free-electron density)
the “‘starter’’ electrons for the avalanche must be
generated by multiphoton ionization of defect states
within the gap. -The increased thresholds at small fo-
cal volumes are then a direct consequence of having
to initiate the avalanche by a higher-order multipho-
ton process. The rate of increase of the free electron
density, N, is then given by

%}:i=a(E,t)N+W,,(E,t)n , (8)

where a(E,t) is the ionization rate for the cascade
process, 7 is the density of defects of ionization ener-
gy &p, and n is the integer part of &p/&;, where &,
is the laser photon energy. W, (E,r) is the n-photon
ionization rate. The solution to this equation is

N () =Noexp|[] atE.) ar]
t
+J:) nW,(E1")

’ 1]
X exp{—j;' a(E,t")dt" _I; a(E,t") dr”]dt’
9

where Ny is the density of free electrons initially
present. For large focal volumes the buildup of the
free-electron plasma, which leads to breakdown, is
dominated by the simple cascade process described by
the first term in the above equation and breakdown
occurs when N () reaches a critical value. For this
case the temporal dependence will be determined by
the cascade ionization rate a(E,t). For focal volumes
smaller than the inverse of the zero-field free-
electron density there will be no free electrons within
the focal volume, and breakdown is initiated by the
second term. The first term of Eq. (8) dominates as
soon as starter electrons are available. Bratinlich

et al.>* have predicted a time dependence for laser-
induced damage caused by multiphoton processes.
The time dependence is then given by the rate at
which the n-photon processes produce starter elec-
trons for the avalanche. However, more information
about the n-photon rate is needed in order to deter-
mine if this model gives the small focal volume tem-
poral dependence measured in this work.

We have argued that the prebreakdown plasma
results in a negative change in the nonlinear index
and counters the effects of self-focusing. The model
outlined above assumes that for small focal volumes
no free electrons are present until they are generated
by multiphoton processes. The question of whether
or not self-focusing would contribute to the multi-
photon processes which initiate breakdown remains
unanswered. At what point in time for a psec pulse
multiphoton absorption of defects is great enough to
cause a carrier density sufficient to negate the effects
of self-focusing is now known. However, the effects
of self-focusing on the intensity are clearly not in ac-
cord with previous theories. The resolution of this
question is the subject of our current theoretical and
experimental investigations.

V. SUMMARY

The laser-induced breakdown field, Eg, at 1.06
wum, was measured for various focal volumes and
laser pulse widths on the same samples. The results
of these measurements for solid materials were fitted
to a simple linear dependence of Ep on the product
4,74V~ where 1, is the laser pulse width (FWHM)
and V is the focal volume. For air the product 1,/*E,
was linearly dependent on ¥~!. The essential differ-
ence between the results on air and solid materials
was that the temporal dependence of Ep for air varies
as 1,/ for all focal volumes whereas for large focal
volumes in the bulk materials the 7,”/* temporal
dependence is masked by the constant term as given
in Eq. (1) or Table I. This constant term in Eq. (1)
destroys the scaling with £,"'/# as predicted by
avalanche breakdown theory and requires the experi-
menter to perform damage experiments at several
pulse widths, as was done in this work. These results
presented here are consistent with a qualitative model
for defect dominated laser-induced breakdown which
incorporates avalanche breakdown as well as multi-
photon ionization of defect levels. Other current
models are either inadequate or inconsistent with the
results presented here.
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