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We report extensive laser-induced damage threshold measurements on dielectric materials at wavelengths of
1053 and 526 nm for pulse durationsanging from 140 fs to 1 ns. Qualitative differences in the morphology
of damage and a departure from the diffusion-dominatét scaling of the damage fluence indicate that
damage occurs from ablation fex<10 ps and from conventional melting, boiling, and fracture #5150 ps.
We find a decreasing threshold fluence associated with a gradual transition from the long-pulse, thermally
dominated regime to an ablative regime dominated by collisional and multiphoton ionization, and plasma
formation. A theoretical model based on electron production via multiphoton ionization, Joule heating, and
collisional (avalanchgionization is in quantitative agreement with the experimental results.

[. INTRODUCTION width is decreased from 10 ps to 150 fs, as reported by Du
et al?® Instead, we obser¢® a continuously decreasing

Theoretical and experimental investigations of the pulsehreshold associated with a gradual transition from the long-
width and wavelength scaling of laser-induced damage impulse, thermally dominated regime, to an ablative regime
dielectrics have been the subject of numerous stddf@s. dominated by collisional and multiphoton ionization, and
For pulses longer than a few tens of picoseconds, the gengptasma formation.
ally accepted picture of bulk damage to defect-free dielec- Our theoretical picture of laser-induced damage to dielec-
trics involves the heating of conduction-band electrons bytrics is much simpler for pulse durations less than about 10
the incident radiation and transfer of this energy to the latps than for longer pulses. In this short-pulse regime, intensi-
tice. Damage occurs when the deposited heat is sufficient tiles corresponding to breakdown produce electrons via
melt, boil, or fracture the dielectric material. Because thephotoionization, and these electrons initiate the avalanche.
controlling rate is that of thermal conduction through thelndeed, as the femtosecond regime is reached, breakdown
lattice, this model predicté a 7> dependence of the thresh- intensities approach the limit in which multiphoton ioniza-
old damage fluence upon pulse duratiorThis is in reason- tion alone is capable of producing electron densities high
ably good agreement with numerous experiméfité*which  enough(plasma critical densityto cause damage. The strong
have observed & scaling with nominally 0.3x<0.6 in a  nonlinear dependence of multiphoton rates on intensity
variety of pure and multilayer dielectric materidiscluding  causes the threshold to become increasingly sharply defined
samples with defectdfrom 20 ps to over 100 ns. for shorter pulse durations. Because there are no statistical

Recently, the application of chirped-pulse amplification fluctuations in the number of starting electrons, we are able
(CPA) to solid-state lasers has enabled the construction ab define the intrinsic damage threshold of the material. More
multiterawatt class systems that produce subpicoseconichportantly, for very short laser pulses, energy is absorbed
pulses. These systems are used routinely for investigations bl the electrons much faster than it is transferred to the lat-
high peak-power laser-matter interactions, such as coheretite. Since the lattice does not heat appreciably during the
X-ray generation, relativistic plasma physics, and inertialpulse, there is no modification of electron-lattice scattering
confinement fusioR® Further increases in the peak power rates. There is also no need to track the flow of energy into
available from such systems are now limited by damage tdhe lattice to account for thermal and mechanical stresses, as
optical surfaces, due to the intense short pulses. is necessary with longr>50 p9 pulses.

A deviation from the long-pulse scaling of the breakdown A great deal of theoretical and empirical information ex-
threshold was first reported by SoileatialX® for pulses in  ists on electron scattering in fused silid&@®which we use in
the range of 4—10 ps, and more recently by @l with an empirically based model of the damage threshold. This
pulses down to 150 fs. Here, we report extensive measurenodel, with no adjustable parameters, is in good agreement
ments of laser-induced damage thresholds, for pulse duravith our measurements in the short-pulse regime and over a
tions ranging from 140 fs to 1 ns, for fused silica and alkalirange of laser wavelength. Our results are also consistent
fluorides. In each of these large-band-gap materials, we olwith the temporally and spatially resolved measurements of
serve a change in the damage mechanism and morphologurface plasmas in dielectrics by von der Linde and
for pulses shorter than 20 ps. Although we observe a deviaSchiler?® and the space-time observation of an electron gas
tion from the long-pulse*’? scaling, we find no evidence for produced by multiphoton absorption in Si@ported by Au-
the dramatic increase in damage threshold when the pulsgebertet al>°
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second-harmonic pulse. We measured our shortest 526-nm
pulses with a single-shot autocorrelator to be 275 fs. This
was in good agreement with the expect@dscaling from the
For damage testing, we used laser pulses generated byl@853-nm pulse width, so this scaling was used for the other
1053-nm Ti:sapphire CPA systéi(Fig. 1). Seed pulses of 526-nm pulse widths. Data was also taken at 825 nm and 140
100 fs from a Kerr-lens mode-locked, Ti:sapphire oscillatorfs, with a Cr:LISAF CPA systerf! to confirm the decreasing
were stretched to 1 ns in a four-pass, single-grating puls&rend in damage fluence with pulse width.
stretcher. Amplification by nearly £@o the 6-mJ range was The energy of each pulse was monitored with the leakage
achieved in a TEM, linear regenerative amplifier. We were through a 92% reflectivity mirror. We adjusted the energy
careful to limit the energy extraction from this stage in orderdelivered to the damage sample with a half-waveplate before
to avoid complications associated with self-phase modulacompression. The rms energy stability was typically less than
tion of the stretched, chirped pulde®?Further amplification 3%, and we report the average value here. We performed
to the 60-mJ level was achieved in a Ti:sapphire ring regendamage measurements with laser spot sizes adjustable from
erative amplifier, which supported a larger mode and reducefl.3- to 1.0-mm diametee” 2 intensity). The typical diameter
nonlinear effects. This system operated at 10 Hz. used was 0.5 mm, with 0.3 mm used to reach the higher
After amplification, we compressed the pulses in a fourthreshold fluences required by the longer pulse lengths. Laser
pass, single-grating compressor of variable lenggiy. 2). pulses were focused onto the damage sample by a 1-m focal
By varying the dispersive path length of the compressor, wdength lens, with a variable distance to the sample. The spot
obtained pulses of continuously adjustable duration from 0.4ize was measured on a charged coupled deé@&b) cam-
to 1 ns(all reported pulse widths are intensity full width at era. With the shortest pulses that we used, the intefigityo
half maximum. Pulse durations were measured with a4x10 W/cn? on samplg became high enough to cause
single-shot autocorrelatbr(0.4—1.5 p§ streak camerélO—  significant(10% effeci whole-beam self-focusing in the fo-
1000 p3, and fast photodiod€0.1-1 ng, and were cali- cusing lens and the air path leading to the sample. All beam
brated against the linear position of the fold mirrors. Thesize measurements were therefore performed with a 4:1 im-
temporal profile of the compressed pulses depends stronghge of the beam taken from a 4% reflection at the position of
on the spectral and temporal profile of the stretched pulséhe damage sample, and at or just below damage threshold.
The laser mode at the sample had a 98% or better fit to a
Gaussian, so the effective diameter, as measured on the cam-
variable era system, was combined with the measured energy to give
Cor'ﬁgr%tgsor f[he pulse energy fluence. Our_estimated absolute unc_ertainty
in fluence was 15%, but relative values when changing the
1-ns laser pulse width or spot size are accurate to 5%.
stretched After irradiation, Nomarski microscopy was used to in-
spect the sample for possible damage. We define damage to
be any visible permanent modification to the surface observ-
able with the Nomarski microscope. The smallest damage
spots that we could observe were approximately &5 in

»
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Il. EXPERIMENT
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| 1-m FL diameter, a factor of fosmaller in area than the laser spot
Q{F _ 0 fee e _ ” size and nearly impossible to observe by other metlieds,
< degradation of transmission, scattered light,)ef€o avoid
n [j==- 3I¢ sample, the Complica'Fions of spatial Qnd t_empor_al distortion caused
energy GCD - 41 image m’i\é?gjs%?gé by self—focusmg, group-velt_)uty dispersion, and self-phgse
meter  of beam on sample modulation when propagating laser pulses through optical

materials, we considered only front-surface damage. De-

FIG. 2. The 1-ns stretched pulses are compressed to 0.4—10¢¥ending on the focusing geometry and pulse duration, the

ps by a variable length compressor. A 1-m lens focuses the pulse di¢ar surface or bulk of the transparent samples would often

the sample and the spot size is measured with a 4:1 image. Frelamage before the front surface, so we were careful not to let
quency doubling creates 526-nm pulses down to 275 fs. this damage propagate to the front surface.



53 NANOSECOND-TO-FEMTOSECOND LASER-INDUCE. . . 1751

5 0T T
® 1053 nm
¢ 825 nm

201

Y
(=
T

Damage fluence (J/cm?)
(3,

1 PR {11 s el Lo eenl Lo sen
0.1 1 10 100 1000
Pulsewidth © (ps)

FIG. 3. Pulse width dependence of threshold damage fluence for
fused silica.

Initial damage, at threshold, may have many forms: abla-
tion of a very small amount of materigh few atomic lay-
erg; formation of a color center, shallow trap, or lattice de-
fect; or melting of a very small volume. These weak effects rig. 4. Laser damage spots on fused silica createtabjong
are very difficult to detect after a single laser pulse. In ordefise, 900-ps, 30gm diameter;(b) short pulse, 0.4-ps, 50Gm
to “amplify” this damage to an easily observable size, and togigmeter.
minimize statistical uncertainty, we conducted our damage

testing with multiple pulses of a given fluence on each site. o, measured threshold damage fluence for fused silica at
This is in contrast to the single-shot measurements of DYs3 nm as a function of laser pulse lengthll width at
et al,?® which required detection of plasma emission or Analf maxi’mum(FWHM)] and a single point at 825 nm, are

decrease in transmission caused by the single pulse. We typipqwn in Fig. 3. In the long-pulse regine>20 ps, the data
cally used 600 shots at 10 Hz. Many fluence 1ev@5-30 it \yel| to a 72 dependencéactual fit: 7259, characteristic

were examined above and below the damage threshold for & ransfer of electron kinetic energy to the lattice and diffu-
given pulse width in order to establish the threshold value. ;5 during the laser pulse. The damage occurs over the en-

0 60 um

I1l. DAMAGE RESULTS
A. Fused silica

The results presented here for fused silica were obtained
with 1-cm-thick “superpolished” sample$Corning 7940
exhibiting less than 1-nm rms surface roughness. We mea-
sured the same damage thresholds with a 200thick
fused-silica etalon, which was tested to examine any possible
differences between thick and thin samples. Some samples
were cleaned initially with acetone or methanol, and all were
cleaned when damage debris accumulated on the surface. No
difference in threshold was found between samples or areas
on a given sample that were or were not cleaned. Defects
visible through the microscope were avoided. With short
(0.4-p9 pulses, damage always occurred at the location cor-
responding to the peak of the Gaussian spatial profile, indi-
cating that defect sites did not contribute to our measured
thresholds. Ramping the fluence with short pulses, which
would remove any surface contamination with lower thresh-
old, gave the same damage threshold as our constant-fluence
measurements. These results indicate that our measurements
correspond to a uniform, defect-free surface and can be com-
pared to calculations based on the intrinsic properties of
fused silica. Further discussion of the role of defects and the
influence of multiple pulses is given toward the end of the FIG. 5. Edges of laser damage spots of Fig(a}:long pulse,
paper. 900 ps;(b) short pulse, 0.4 ps.

.
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low), and are in very good agreement with both thdse
width and wavelengthscaling of the measured data. In the
modeling, we chose the plasma critical densii0?* cm™3)

as the theoretical indicator of macroscopic damage. The cal-
tire area irradiated, as shown in the electron micrograph ofulated threshold is not sensitive to this choice; had we based

Fig. 4@). (All damage micrographs shown are the result ofour definition on an electron density of #a&m3, at which .
multiple pulses. The damage is thermal in nature and char-the energy density of conduction electrons equals the lattice

acterized by melting and boiling of the surface. This is morePinding energy, the threshold would decrease by approxi-
easily seen in Fig. @), which shows the edge of the long- mately 2_0%. As shown and discussed below, with c_iecreasmg
pulse damage spot. For pulses shorter than 20 ps, the damagjdSe width, the damage threshold will asymptotically ap-
fluence no longer follows the“? dependence and exhibits a progc_h the limit where _multlphoton ionization alone creates
morphology dramatically different from that observed with Sufficient electron density to cause damage.

long pulses. Short-pulse damage is confined to a small region

at the peak of the Gaussian irradiance distribuffeig. 4(b)]. B. Fluorides

Damage occurs only over an area with sufficient intensity to  The damage threshold of calcium fluoride exhibits a simi-
produce ionization. With insufficient time for lattice cou- |5r pulse width dependence as that of fused silfg. 7). In
pling, there is no collateral damage. As a result, the damageghe |ong-pulse limit, the threshold fluence also scales ap-
area can be many orders of magnitude smaller with Shocrﬁroximately asr™’?, and then changes to the short-pulse limit
(7<10 p9 pulses than with long pulses. For the case of fusethear 20 ps. For long pulses, the damage morphology is again
silica shown in Fig. 4, the damaged area produced by thgonsistent with melting. Figure(& shows the melting and
0.5-mm diameter, 500-fs pulse was two orders of magnitudeecrystalization of the calcium fluoride surface layers, which
smaller than that produced by the 0.3-mm diameter, 900-p§ccurred with no evidence of avalanche breakdown. This is
pulse. Short-pulse damage appears as a shallow fractured agghsistent with the measurements in the long-pulse regime
pitted crater characteristic of a thin layer of material removed 100 pg of Jones and co-workerd®® on wide-gap alkali ha-

by ablation[Fig. S(b)]. We found damage in the short-pulse jiges, Short-pulse damage clearly initiates on scratches left
limit to be deterministic, with only a couple percent fluencef;om the polishing procesdig. 8(b)], although as observed
range between damage and no damage. After determining th, pilam?® with 125-ps pulses, the damage threshold did not
threshold fluence and leaving all other parameters fixed, Wgppear to be greatly influenced by the polishing sleeks. Our
reduced the average energy delivered to the sample by 2%easured short-puls®.4 p§ damage thresholds of BaF
The fused silica was irradiated with 10 000 pulses at severgh g j/cnd), CaR, (2.0 J/cnf), MgF, (2.1 J/icnd), and LiF(2.6

locations and showed no evidence of damage with 0.4-p§/cn?) scale with band-gap energy, as expected from multi-
pulses. This shows experimentally, in the short-pulse limityhoton initiated avalanche ionization.

the lack of dependence of the damage threshold on defects or

FIG. 6. Measured and calculatégolid lineg damage fluence
for fused silica at 1053 and 526 nm. Dashed line indicates calcu
lated damage limit, due to multiphoton ionization alone.

acc_umulation effgcts and_ th_e extreme_ly sharp threshold re- IV THEORY OF ULTRASHORT-PULSE
sulting from multiphoton ionization. With long puls€800
. . DAMAGE THRESHOLD
ps), there was an approximately 15% range in the damage
threshold depending on position on the sample. Optical breakdown in transparent materials is generally

In Fig. 6, we concentrate on the short-pulse region andinderstood in terms of an electron avalarfchi@?13in
include our measured damage thresholds at 526 nm. The&hich conduction-band electrons, oscillating in response to
solid curves are the results of our theoretical modeling othe laser field, transfer energy by scattering from phonons. If
laser-induced damage in the short-pulse litdigscribed be- an electron can achieve an energy equal to the band gap,
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A. Kinetic equation

Our description of electron avalanche development is
based on the solution of a kinetic equation for the electron
distribution function. For insulators or other materials having
a band-gap energy, large compared to the photon energy
(U,>%hw), the number density(e,t)de of electrons with a
kinetic energy between ande+de at timet is described by
a Fokker-Planck equatioit®

If(et) d df(e,t)
pn +£ V(e)f(e,t)—D(e) 9o
If(e,t) dJ(e,b) W
€, €,
=Ta T e
where
o(e)EA(t)
V(s):RJ(Syt)_Uphon'y(S):T_Uphon')’(s)-
(2

The currentl(e,t) represents direct heating and loss, as well
as an energy diffusion with coefficiel(s), which is pro-
portional to both the conductivity and the laser intensity,

FIG. 8. Laser damage morphology of calcium fluoride far )
900-ps andb) 0.4-ps pulses. 20(e)E%e
D(e)=—75— 3

subsequent impact ionization promotes another valence eleﬁere,s is the electron energ¥ is the electric field oscillat-

tror_1 into the conduction band. For long DUIS@JO P9, a ing at frequencyw, U o, 1S the characteristic phonon energy,
delicate balance between electron energy gain and loss ratgg accounts for Joule heating of electrons in terms of the

determines the breakdoyvn threshplq. . . ~ conductivity per electromr(s),
An adequate theoretical description of dielectric optical
breakdown thresholds must answer three questions: First, e?r(€)
what are the sources of the seed electrons that initiate the o(e)=— 22 : (4)
m*[1+ w7 (e)]

avalanche? Second, what are the rates for conduction-
electron momentum and energy scattering? These rates d@ndy(e) is the rate at which electron energy is transferred to
termine the rate at which laser energy can be absorbed ant€ lattice. The quantity &/ (e) is the transportmomentum
thus, the avalanche rate. Third, to what extent does signifiscattering rate. Bothr,(e) and y(e) are energy dependent,
cant heating of the lattice itself modify the scattering rates?varying in fused silica by two orders of magnitude for ener-
We have developed a general theoretical model of lase§i€S in the conduction bar?_&.The final termS(e,t) in Eq.
interaction with dielectrics in which very short intense pulses\) includes sources and sinks of electrons,
produce initial conduction-band electrons by multiphoton
ionization. Because the pulses are so short, collisional heat-

ing of the electrons occurs before there is a significant trans- Impact ionization at rat&;,, was included assuming that

fer of energy from the electrons to the lattice. This heatingexcess kinetic energy is equally divided between the two
and energy diffusion, combined with impact ionization, re-resultant electron$,

sults in an electron avalanche, which is described by a ki-
netic equation. This is a classical approach, which in an av-  Rimg(e,t)=—vi(e)f(e) +4vi(2e+U)f(2e+U,). (6)

crage sense accounts.for multiple-photon absorption b¥he ionization ratey;(¢) was taken in the Keldysh impact
electrons in the conduction band. o ionization form?’ as 1.%¢/U,—1)? fs™1. The factor of 4 in the
We take the damage threshold to be indicated by the 0Gsgconq term of Eq(6) can be justified by integrating E¢6)
currem_:e_of a sufficiently high electron densalty. A reasonablg),qr energy. This shows that the net rate of electron produc-
lower limit would be on the order of $Bcm™3, roughly the  ion is simply [ de »,(¢)f(z). The source tern$(e,t) also
density at which the energy density of conduction electrongncludes multiphoton ionization at rat%pi(s,t). The bound-
equals the binding energy of the lattice. A more realisticary conditions for Eq(1) require the vanishing of the distri-
choice is the critical electron density at which the plasmapution ate=« and the current at=0.
becomes reflectivél0** cm™ for 1053 nm), since it is just Due to the rapid growth of the impact ionization rate for
below this density that the laser is strongly absorbed. Calcuenergies above the band gap, some resear@Hérs have
lations indicate the theoretical threshold is only logarithmi-replaced the source terRy,,(,t) in Eq. (6) by the boundary
cally dependent on this choice. conditions,

S(e,t)=Rimp(&,1) + Rpi(e,1). (5)
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f(U,)=0; J(0t)=2J(U,,1). (7

o0 (9 o
<0’>:f (a’(a)+§8 0(8))f(8)d8 /f f(e)de,
These conditions imply that every electron that reaches en- 0 de 0

ergyU, generates a second electron by impact ionization and (13
leads to two electrons at zero energy. The second of these is

known as the “flux-doubling” condition. This formulation is depend on averaging over the non-Maxwellian distribution
advantageous if we assume exponential growth @gpand  functionf(e), which is yet to be determined. Note that when
replacedf/at by Bf(e). The kinetic equation can then be €xponential avalanche growth occurs, the shapé(ef re-
replaced by an eigenvalue equation witlas the eigenvalue. mains unchanged an@,) is time independent.

We refer to this second formulation as the flux-doubling We can distinguish two different behavioral regimes. For
model. The equivalence of the two formulations depends ofPW-intensity long-duration pulses, it is possible to have bal-
the impact ionization rate being much larger than the rate aknce or near balance between the first two terms on the right-

which the band-gap energy is being absorbed. That is, hand side of Eq(12). In this case, the few initial electrons in
the conduction band cannot gain enough energy to initiate an

U,vi(2e +U))> 0maE? (8) avalanche. The energy absorbed by these electrons from the
external field is used not to create new electrons, but is trans-
ferred into the lattice. In this long-pulse regime, the source of
the initial seed electrons can be local defects or impurities.

. ) For damage to occur, the temperature near the local absorp-
TWi/cn'. Thus, the equivalence of the two formulations can-on “centers must be sufficiently high to cause fracture or

not be taken for granted, but must be checked. Further d&;oing The rate limiting process for temperature growth
velopmgnt of the qux-dpubllng model is given below gnd Mhas been interpreted to be lattice thermal diffusion, which is
Appendix A. We use this model to develop an analytic esti- 4 acterizet? by the threshold fluence for damage being
n_]ate of the avalanche rate, which we compare to numericaﬁroportional tor’2 (see Fig. 3
S|mulat!ons of the kmguc equation. At high laser intensity, the energy absorbed from the laser
. The important phyS|_caI quantmes(electron number_den- field cannot be transferred to the lattice as fast as it is depos-
sity) and(e) (average kinetic energy per electjare defined jio i the electrons. In this case, the absorbed energy is used
for the full kinetic equation by the moments, to feed the avalanche. The average energy per electron is
" high, but remains fixed. To estimate the bounding intensity,
n:f f(e)de, 9) Iy, between the long- and short-pulse regimes, we use Eq.
0 (12). Initially all electrons are concentrated near the bottom
of the conduction band. In this case, the derivative term in

for small e. For ultrashort intense pulses, this inequality no
longer holds. For example, in fused silica at 1053 nm
omaE2=U,7;(1.8U,) at an intensity on the order of 10

and Eqg. (12 is small ando(e) and y(¢) can be evaluated at zero
o energy. As a result, we have the condition for avalanche
n<s)=f ef(e)de. (10 dominated regimes:
0
Ignoring photoionization for now, we see from Eq#) and 0(0)E?>U pony(0). (19
(6) that
an - For parameters characteristic of fused silica, this gives
—=f vi(e)f(e)de=(v)n, (1)  1,~80 GWicnf. At 5 J/cnt, this corresponds to a pulse
gt Jo length 7,~60 ps, which is roughly the pulse width at which
and we observe a deviation from the long-putg€ scaling(Fig.
3). Our calculations treat optical damage in fused silica for
a(n(e)) o 2 90|, inten;@ties,l>lb, and pulse duration_s<7_-b. Under these
ot zf o+ 3850 E“—Upnory|f(e)de conditions energy transfer to the lattice is small, hence, we
0 & may treat the temperature of the lattice as a constant and
w consider the functions(s) and y(e) unchanged during the
—U,f vi(e)f(e)de pulse.
0
=((0)E*~Upnod v) —U(wi))N. (12 B. Solutions of the kinetic equation

The corresponding equations for the flux-doubling model are Electron scattering from various types of phonons deter-
similar, except for the impact ionization term, which is re- mines the transport scattering and loss rates appearing in Eq.
placed by the boundary conditions. Thus, we ex@é6) to  (1). It is currently not possible to construct a first-principles
be smaller for the full kinetic equation than for the flux- theoretical model of all these interactions. The best approach
doubling model. combines theoretical reasoning with experimental data about
Aside from the derivative ofr in Eq. (12), this equation interaction constants, deformation potential, etc., to construct
looks formally like the simple Drude theory used to describea semiempirical model. We used the results summarized by
electron energy gain by Joule heating and loss by transfer t&rnold, Cartier, and DiMari&® which give a good account
the lattice? However, the effective transport coefficients in- of electron scattering in fused silica. We assumeid=m,,
volved, such as U,=9 eV, and the characteristic phonon energy;,,, was
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FIG. 11. Intensity dependence of the avalanche @Btend av-
FIG. 9. Normalized conductivity andenergy diffusion for erage electron energy).
conduction-band electronbl, is the band-gap energy.

wherep is a numerical factor between 0.5 and 1.0, ané?
taken as 0.033 eV. The resulting conductivitfe) and en- s the light intensity. At 1053 nm, Eq16) predicts thatx has
ergy diffusivity D(e) are plotted in Fig. 9 as a function of 3 value between 0.0065 and 0.013 % GW in useful
electron energy. units. More conventionally, 3/ lies between 0.08 and 0.16

The numerical solution of the kinetic equation at Constan'g/cm?_ This sets the scale for the damage fluence, as seen

laser intensity and excluding multiphoton ionization showspelow. The linearity betweeg and intensity implied by Eq.
that an avalanche is established within a few femtosecondge) is borne out by our detailed calculations, as shown in
for an intensity of 1 TW/crh (see Fig. 10 During the ava- Fig. 11.

lanche, the electron distribution grows in magnitude without The shortness of the transient solution for constant laser

changing shape, i.e., intensity suggests that for a time-varying pulse shi(ig,
we may expect a solution for the electron distribution func-
f(e,t)=g(e)exp Bt). (15)  tion of the form f(e,t)=g(e)exd /B dt], with B=al(t).

This supposition is tested in Fig. 12, in which we plot the

The distributiong(e) is stationary, but non-Maxwellian. The electron density as a function of the instantaneous fluence,
length of the initial transient is weakly dependent on initial

conditions and decreases monotonically with increasing in- t
tensity. In the flux-doubling formulation, it can be shown CD(t)zf I(t")dt’, a7
(Appendix A) that forl>1, -

for the case of a Gaussian pulse. It is evident that the linear-

U; de . .
B=pE? /J ' s =al, (16) ity betweeng andl holds throughout nearly the entire pulse.
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FIG. 10. Time dependence of the electron densignd average FIG. 12. With a time-varying({Gaussiah pulse, after a short

kinetic energy(e) when subjected to a constant laser intensity. Thetransient the electron growth rate is proportional to the laser inten-
electron density grows exponentially after a very short transient. sity. From this, we find the value af.
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FIG. 13. Dependence of the current densig) on electron

energy resulting from a numerical solution to the kinetic equation. FIG. 14. Comparison of solutions of full kinetic equation and

corresponding rate equation for generation of critical density

. . . C . I ith d elect .
Strictly speaking, the scaling of the distribution function plasma with no seed electrons

f(e) and currentl(¢) with intensity as well as the proportion- | \4

ality B=al are assured only if the flux-doubling boundary p(|)=0-4(_) N. (19)
conditions are valid. In addition, the average electron energy hw

(e) is independent of intensity under these conditions. Theye ysed the cross sectim=2><10‘114 e sed. This was

impact ionization terms in Ed6) formally spoil the scaling.  measyred for NaCl, but other insulators have nearly the same
However, the number of electrons with energy abbyere-  yajel3 The quantityN, is the solid atom density. In any

mains relatively small and there does not appear to be muctse our results are not very sensitive to the exact numerical
effect ong. With impact ionization explicitly accounted for, \51ue of these rates.

<s>_ increases with i_ncreasing intensity. Ou_r numerical_calcu- For 1053-nm light, eight-photon absorption cross-section
lations, shown in Fig. 11, display the near linearity®biwith  y51yes were not available, so we used the strong-field
respect tol as expected from Eq16). From the figure, ke|gysh formuld® for P(1). Evaluation of the Keldysh ex-

@=0.011 cri/ps GW, which is close to the flux-doubling hression leads to a result that is fit very well by the eight-
value found earlier. The increase in average energy with iNbhoton absorption form® We used the fit,

creasing intensity is also evident.
As remarked above, both the distribution functibfz) P(1)=9.52<10"%8 cm3ps?, (20)
and the current densit}(e) would maintain invariant shapes,

if exact scaling pertained. The intensity dependenc(sj/ where the intensity is in TW/cn?. This expression should

nl for the full kinetic equation is not extremely strong, as is be valid up to intensities on the order of“TOW/cn’. For

shown in Fig. 13. Note also the tail in the electron energyEXtremely short intense pulses, wiesl, tunneling through

distribution, which extends well beyond the band-gap en_the binding barrier takes place during a time shorter than the

ergy. The size of this tail depends on the relative rates oﬁsler period. Idn thlf casﬁ’,(l)A(I:Da£ be ttakenl_as th? Ammt‘?so"*
energy absorption and collisional ionization. With the pro- elone, — an rainov ( ) tunneling ionization

: 0
ortionality betweerB andl, and the exponential growth of expressiorf L o
Eq (15) t)r/1e evolurtf)n of the electronpdensity cgan be de- The presence of photoionization perturbs the distribution
scr.ibed ’by function. However, if the transient time of Eq41) and(12)

is small in comparison with the typical time for electron
density increase due to photoionization, the distribution

d_n:Bn:al(t)n. (18)  function will remain close tay(e). Under these conditions,
dt the avalanche development can be described by a simple rate
equation,

We now reintroduce multiphoton ionizatidRy(e,t) in the
source termS(e,t) of Eq. (1). This term is of the form an
P(1)F(e). Here,P(l) is the multiphoton ionization rate and E:'B(I)r” P). (21
F(e) is the distribution function of the photoelectrons nor-
malized, so thaf F(e)de =1. The photoionization process is  Even for high photoionization rates, the rate equation can
sensitive to the Keldysh parametérz=w(2muU,)¥%eE. be justified as follows: The photoionization is strongly
For z>1, which is the case here, the electron has time fopeaked at the center of the pulse. After the peak passes,
many oscillations in the binding potential before being ion-photoionization becomes unimportant. The electrons pro-
ized. duced at the peak serve as seed electrons for the avalanche.
For 526-nm light, four-photon absorption is the relevantHence, Eqg.(21) can be considered as an interpolation
process, and scheme, which smoothly describes the transition between the
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two extremes. Our numerical calculations confirm this pic- 1 02 T ———————— 12
ture. Figure 14 compares solutions of E¢h.and(21) for a . // \\
1053-nm 1-ps Gaussian pulse with a peak intensity of 3.5 102% / +m:|\}iaplgr?::?12_- 10
TWi/cn?. The close agreement between the two solutions jus- “‘; 3 / ]
tifies using the rate equation E®1). S laser [/ /A 1: =
>.1 o 8§r pulse — ~ N multiphoton] 8 g
= o ionization »
C. Determination of damage threshold §1 016; \\ only 6 C1
We will first present an analytic estimate of damage 2 r \ g
thresholds and scaling of thresholds by assuming that the two £ 4 o' f \\ 44 &
processes of multiphoton and avalanche ionization can be 8 . \ ] 3»
separated. Since multiphoton ionization is strongly peaked w 10% \ P
near the pulse maximum, the total number of electrons pro- £/ \ N ]
duced by a Gaussian pulse of duratio(FWHM), 10 frl b, I 1>,
-0.1 o 0.1
1(t)=1oexp(— 4 In2t%/ %), (22) Time (ps)

is given approximately by

f‘” q algr [ ™ vz
n=ngex 0,3 t|=ngex 2 iz

Whereno=f°foo_P(l)dt is the total number of electrons pro-  Returning now to solutions of the full time-dependent ki-
duced by multiphoton ionization. The avalanche is assumeedetic equation, Fig. 15 illustrates the evolution of electron
to start at the peak of the pulse. For example, at 526 nm, weensity produced by a 100-fs, 12-TW/gpulse incident on

FIG. 15. Total(solid) and multiphoton produce(totted elec-
tron densities are plotted along with the Gaussian pulse shape. Seed
(23) electrons are produced by multiphoton ionization at the pulse peak
after which an avalanche produces a critical density.

have fused silica. The pulse intensity and the electron density pro-
B 4 4 1 duced by photoionization alone are included for reference.

=N f o ﬂ 0 '_0 1) T Because photoionization is extremely intensity dependent,
0] LN e S hw) \INn2) 4 the electron production takes place principally at the peak of

(24)  the pulse. After these “seed” electrons are produced, a small
electron avalanche achieves a critical density plasma. It is
important to note that the dense plasma is not produced until
late in the pulse. Only this last part of the pulse experiences

The threshold fluencE,, corresponding to the density, is
then given by

lor [ 7 12 9 n strong absorption or.r.eflection. Note that we expect thresh-
Fo=— (_) =" In _”) . (25) olds to be more sensitive to the pulse shape for longer pulses,
2 \In2 @ \No where the avalanche is relatively more significant.
The scale fluence @/is 0.2 J/cr for fused silica. The re- The above numerical values all pertain to the wavelength
sulting threshold fluence is only logarithmically sensitive to 1053 nm. At first glance, one would expect a strong fre-
the multiphoton cross section and the critical density. quency dependence in the avalanche rate, because of the de-

One can also see from the form of E@3), that if the pominator of Eq(4). The maximum value ob7, at 526 nm
number of seed electrons were independent of intensity, e.dS @0ut 1.4. However, this value occurs at low energy which,
due to defects, the breakdown threshBld would be inde- 85 remarked earlier, is relatively ineffective at determining
pendent of pulse duration. In the present caggincreases the value ofg. Instead, according to E@16), it is _the mini-
rapidly with intensity, so thaF ., decreases as the pulse du- mal values ofa{(e), the bpttleneckz, tha}t determlne the ava-
ration decreases, because the avalanche becomes less impi8Rche rate. The denominat(i+w®s) in Eq. (4) is nearly
tant. It is clear from Eq(23) that avalanche ionization is not equal to unity at these values, so that we do not expect a
significant if the threshold fluence is such thaE/2 is  Stong frequency dependence. Indeed, our numerical calcula-
small, i.e.,F, of order 0.2 J/crh Below this fluence, photo- tions lead to the value=0.013 cni/ps GW and a scale flu-
ionization is almost completely responsible for dielectric @Nce(2/a) of 0.15 Jjenf for fused silica at 526 nm.
breakdown. Indeed, since photoionization produces an ever Figure 6 compares our theoretical values for short-pulse
increasing share of electrons for shorter pulse lengths, thdamage thresholds in fused silica with our measured values
short-pulse damage threshold must asymptotically approachf 1053 and 526 nm. The agreement of bothphtse width
the fluence at which photoionization alone produces the ele@ndwavelengttscaling is excellent, and is an indication that
tron critical densityn,,. The threshold fluence for such short W€ aré indeed measuring the intrinsic damage threshold of

pulses will scale as our fused silica samples.
n val - \38 4 D. Propagation
d =34 _ _ (26) . .
o o 4Ng In2 v2' In order to ascertain where in the sample the plasma for-

_ mation and short-pulse laser damage actually occurs, we next
for four-photon absorption, and more generally, asconsider the amount of plasma created during damage and
Am=D/mp M \whenm-photon ionization is the dominant pro- the depth of penetration of the laser pulse. Pulse propagation

cess. into the medium is governed by the continuity equation,
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(9W9+a|_0 5 L LA B B
where W,/ dt is the rate per unit volume of energy deposi- [
tion from the laser pulse into the electrons given by the Joule *E 0.8
heating rate, & -
g I
OW. = 0.6
®—(o)nE2. (28) 2 |
at = L
. g o.ar
Rearranging Eq(12), we see that s [
[= A
5 0 0.2[
(oE*=— (n[{&)+ U]+ (%) Upno. (29) [

Duri lanche, th lect 6 ti 0~
uring an avalanche, the average electron enérjis time %3 02 04 0o 041 02 03

independent and the electron density grows exponentially as
described by Eq(18). Thus, Eq.(29) can be written as

(a)n E2= (al[(e)+U,] +<7>Uph0r)n, (30) FIG. 16._ Effect of reflection {_alt_t_he electron_plasma boundary on
the transmitted pulse shape of initially Gaussian 166-fs pulses. The
which expresses the fact that energy absorbed by the elegulse fluences are 1(5olid), 2.8 (dotted, and 3.5 J/crh(dashed]
trons is used either to create more electrons via impact iornespectively. The highest fluence is more than twice the threshold
ization or is passed to the lattice. Combining E@S), (28),  value.
and (30) with

Time (ps)

The imaginary part ot(w) determines the absorption coef-
ficient and corresponds to E@33), i.e., the absorption by
electrons is proportional to the conductivity. The intensity
transmission at the plasma boundary can then be found from
the Fresnel formulas as

A I 31
5_ a l ( )

we identify the intensity absorption coefficient as given by
the expression,

2
al=(al[(s)+ U, ]+ (y)Ugpo. (32 T=|2ReE(@) (35

For sufficiently high intensitiegshort-pulse limif, this sim- 1+Ve(w)

plifies to the result, Figure 16 illustrates the effect of this interfacial reflection
_ on the pulse shape just inside the plasma boundary. The ini-
a=anf(s)+ U], (33 tial pulse width is 166 fs and the curves have been normal-
which is directly proportional to the avalanche coefficient ized to their peak intensities for ease of comparison. Near
of Eq. (18) and the electron density. The absorption de- threshold(1.5 J/cnd), very little reflection occurs since high
pends on intensity througke), but the proportionality to electron densities are not reached until very late in the pulse.
electron number density is far more significant. Above threshold, however, there is a strong effect as the
We can estimate the absorption coefficient at 1053 nm, bplasma reflects a significant fraction of the incident pulse.
taking o '=0.1 Jlcnd and (¢)+U,=15 eV. This gives Note that the transmission does not vanish for the dense
a=2.4n/n,) um !, wheren is the critical density, 18  plasma, becauser,<1 in Eq.(34), i.e., the plasma is col-
cm 3. That is, near the critical density, the absorption lengthlisional.
is on the order of a wavelength. This implies that for a pulse Once full ionization is reached at the surface, further en-
just above the damage threshold, a thin layer of dense plasnesigy absorption heats a very thin layer of electrons. In Fig.
will be formed at the tail end of the pulse. 17, the cumulative energy deposited in fused silica is shown
This layer will be even thinner as the material fully ion- for the three pulses of Fig. 16, as a function of depth from
izes at intensities above threshold. To treat this case, we negide surface. Near breakdown threshelds J/cnd), the laser-
to make two generalizations of the above description. Firstpulse energy absorbed by the plasma is distributed over
since dense plasmas can strongly reflect laser light, this efnany wavelengths, the deeper deposition corresponding to
fect has to be accounted for when breakdown occurs beforearlier parts of the pulse. On a molecular scale, energy depo-
the end of the pulse. Second, once full ionization is reachedsition takes place well into the bulk and thus the breakdown
the absorbed energy of ER8) is no longer used to colli- corresponds to intrinsic properties of the material. The en-
sionally ionize further electrons, but rather is used to increasergy deposition is not so deep, however, that we have to

the average energy per electron. worry about self-focusing or self-phase modulation over this
The optical response of the electron plasma is given byhort distance. At intensities above threshold, once high elec-
the complex Drude dielectric function, tron density is reached, all further deposition occurs in a thin
skin depth. Considering that approximately one quarter of
_ (o) . _ n 1 the 3.5-J/crhinput pulse energy is reflected, the deposition
s(@)=1=n == (i+om)=1- Ne (I+ilory) of 62% of this energy within the first micrometer is quite

(39 striking. Looking at the propagation in another way, Fig. 18
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P P
n(t)=(—+n0)exp(,8t)— (36)

B B’
whereng is the initial electron concentration. Equati36)
shows that the multiphoton ionization ra®eis equivalent to
an initial electron density. When multiphoton ionization con-
tributes substantially more electrons than initially present
(P/B>ny), the growth of the electron density during the
laser pulse becomes independent of the initial electron con-
centration. Since then-photon ionization rate scales with
intensity asl™, and the avalanche rai@ scales ad, the
effective initial concentration scales & ! and is quite
large for our short intense pulses. For example, at an inten-
sity of 10 TW/cnf, an initial electron concentration less than
about 16’ cm ™3 is unimportant. Similarly, a concentration of
1068 cm 2 (used as the “lucky electrons” in some avalanche
theorie$ in fused silica will be important only for pulses

FIG. 17. Cumulative laser energy initially deposited in the elec-longer than approximately 5 ps, otherwise the electron con-
trons for the three pulses of Fig. 16. Above threshold, a significantribution from multiphoton ionization will dominate. We,
fraction of the input pulse energy is deposited in a skin depth muchherefore, believe that our measurements in the short-pulse

thinner than a wavelength.

regime(<10 p9 correspond to the intrinsic properties of the
material, whereas thresholds measured with longer pulses are

shows the electron density near the surface at fluences difluenced by the presence of defects.

approximately half, one, and two times breakdown threshold This independence of initial electron concentration for
for the 166-fs pulse. Formation of a thin skin depth is evidenshort-pulse damage means that moderate production of de-
in the above-threshold curve. The huge decrease in density #cts in multiple-pulse measurements does not change the
only half threshold shows the dramatic contribution of mul-monopulse evolution or breakdown threshold. Instead, the
tiphoton ionization, which leads to our observation of andamage due to a single pulse is simply scaled to a more

extremely sharp threshold.

In relatively pure dielectrics, the importance of initial
concentrations of defect or impurity provided electrons for
long-pulse damage is eliminated for short pulses. To see thi
consider the simplified model of electron density groy&k.
(21)] in the case of a temporally flat pulse, so that the coef
ficients are independent of time. The exact solution for thi

E. Influence of defects and multiple pulses

S

visible size by the succeeding pulses. As we have shown, the
critical density plasma at threshold is reached only at the tail
end of the laser pulse. This plasma, because of its initiation
by multiphoton ionization, is highly localized. The localiza-
tion implies faster cooling of the plasma for shorter pulse
lengths. This makes the determination of damage threshold
from plasma effectédecrease in pulse transmission, plasma
€mission, etg.from a single shor{<1 p9 pulse increasingly
difficult. When the pulse width is increased, the mechanism

of damage changes as initial defects and coupling of energy

Yo the lattice during the pulse play increasingly important

equation is roles. The use of multiple pulsésucceeding pulses become
part of the diagnosticserves to amplify single-pulse damage
10T T a to a easily observable size. These sensitivity effects may ac-
F ™~ o twice threshold count for the observed apparent increase in breakdown
102% S. o : threshold with a decreasing pulse width of Bual?
o S T~ ] Another important practical issue is the presence of sur-
'g 10°'F threshold \\\\- face cracks, nodules, or voids, since such features are known
- ; to increase the local-field intensity by a factorsff wherey
-‘é 10°%F 3 is the refractive index.This increase takes place over a re-
3 i gion comparable to the feature scale length, and is offset by
e 10°°F E convection of electrons away from the region. A simple es-
% i timate of convection shows that for picosecond pulses the
2 10 “;- 3 local enhancement is insignificant for feature scale lengths
i ] less than 40 nm. Our super-polished fused silica sample ex-
10" half threshold 3 hibited less than 1-nm rms surface roughness.
101='....| N il
0.01 0.1 1 V. SUMMARY AND CONCLUSIONS
Depth (um)

We have investigated the pulse width dependence of laser-

FIG. 18. Calculation of the electron density as a function ofinduced damage in pure and multilayer dielectrics over the
depth from the fused silica surface at fluences of roughly half, onetange 0.1-1000 ps. We observe a strong deviation of laser
and two times the threshold for a 166-fs pulse.

damage fluence from the long-puls¥ scaling. This devia-
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tion occurs for pulses shorter than 20 ps, below which eleclimit. Moreover, the calculation assuming smgllused per-
trons have insufficient time to couple to the lattice during theturbation theory based on the solution of the steady-state
laser pulse. The damage threshold continues to decrease withyuationdJ/de=0, which violates the flux-doubling bound-
decreasing pulse width, but at a rate slower thdfin the  ary condition J(0)=2J(U,). Hence, the applicability of this
range 0.1—20 ps. This departure is accompanied by a qualiesult® is not clear.

tative change in the damage morphology indicative of rapid To evaluates, we will employ the equation for the current
plasma formation and surface ablation. Due to the strong found by differentiating the eigenvalue equation,

intensity dependence of multiphoton ionization, we find that

damage caused by subpicosecond pulses is characterized by J By(e) (A1)

localized ablation, with essentially no collateral damage. de
Many applications, ranging from materials processing to bio- . . ' . ,
medical technologies, will benefit from the more IocalizedW.Ith respect to energy. Herg(s) is defined in Eq(15). This
energy deposition of short-pulse lasers, as compared to Iong-lves
pulse lasers. d2J

A theoretical model with no adjustable parameters, in D(e) gz—V(e) g, =B, (A2)
which initial electrons provided by multiphoton ionization
are further heated resulting in collision@valanchgioniza-  with D andV, as defined in Eq(1) and with boundary con-
tion, predicts short-pulse damage thresholds in excellerditions
guantitative agreement with both the pulse width and wave-
Iength dependence of our measurements for fus_ed sili_ca. The J(0)=2J(U,) and ﬂzo at s=U,. (A3)
ablation takes place from a thin layer at the dielectric sur- de
face, but still well within the bulk material, so that we are . .
measuring the intrinsic properties of the material. This is From Eq.(Al), one can conclude that is a monotoni-
further justified by the relative insignificance of defects inCally decreasing .fu.nctlon of the_ energy, changmg from
the short-pulse limit. For extremely short pulges40 fg), .ZJ(U'? t0 J(U,) within the conduptlon band. qu high laser
multiphoton ionization alone can provide the critical density'mens'ty’ when losses to the lattice are negligible, &)
of electrons to cause damage. Our theoretical analysis gan be rewritten as
laser-induced breakdown in the short-pulse regime can be d23 1 .dJ BJ
extended to any dielectric material for which the complex 32 2 de m (A4)
index of refraction, band gap, electron-scattering rates, and

photoionization cross section are known. Multiplying Eq. (A4) by ¢ integrating over energy, and
applying the boundary conditions of EGA3), we have
ACKNOWLEDGMENTS
3 Ui J(e)e de

We would like to thank M. Kozlowski, F. Rainer, C. Stolz, > J(U|):f3’f “De) (A5)
R. Chow, I. Thomas, J. Britten, J. Campbell, and L. J. Ather- 0
ton for advice, equipment, and samples, and E. Lindsay foSubstituting the maximum and minimum values for the flux
assistance with electron microscopy. This work was perd into Eq. (A5) gives
formed under the auspices of the U.S. Department of Energy
by Lawrence Livermore National Laboratory under Contract B=
No. W-7405-ENG-48.

pE’
fUI de '’
o o(e)
wherep=0.5 or 1, corresponding to the limiting valuesbf
The flux-doubling model consists of Eql), with  Our numerical calculations indicate a valuem$0.85. We
S(e,t) =0 together with the flux-doubling boundary condi- see in Fig. 13 that realistic treatment of impact ionization
tions of Eq.(7). We wish to evaluate the electron avalanchemodifies the structure af(g) near the bottom of the conduc-
rate 8. Previous theoretical estimatédhave been made for tion band. Fortunately, the weighting of the numerator in

constant scattering rates, or by assuming vanishingly smathe integral of Eq.(A5) means that low-energy values are
B. Neither of these assumptions is valid in the short-pulseelatively unimportant in determining.

(A6)
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