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Laser-Induced Damage in Dielectrics with Nanosecond to Subpicosecond Pulses
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We report extensive measurements of damage thresholds for fused silica and calcium fluoride at 1053
and 526 nm for pulse durations r ranging from 270 fs to I ns. Qualitative differences in the morphology
of damage and a departure from the diffusion-dominated ~'/ scaling indicate that damage results from
plasma formation and ablation for ~ ~ 10 ps and from conventional melting and boiling for v- ~ 100 ps.
A theoretical model based on electron production via multiphoton ionization, Joule heating, and
collisional (avalanche) ionization is in good agreement with experimental results.

PACS nornbers: 61.80.Ba, 42.70.—a, 71.38.+i

Laser-induced damage has been observed in transparent
solids since the advent of powerful lasers and has been the
subject of numerous studies over many years [1—5]. For
pulses longer than a few tens of picoseconds, the generally
accepted picture of bulk damage to defect-free dielectrics
involves the heating of conduction band electrons by
the incident radiation and transfer of this energy to the
lattice. Damage occurs via conventional heat deposition
resulting in the melting and boiling of the dielectric
material. Because the controlling rate is that of thermal
conduction through the lattice, this model predicts a 7-'l'

dependence of the threshold lluence (energy/area) upon
pulse duration r [6], in reasonably good agreement with
numerous experiments which have observed a 7- scaling
with 0.4 & n ( 0.5 in a variety of dielectric materials
from 100 ps to 10 ns [7].

Recently, the application of chirped-pulse amplifica-
tion (CPA) [8] to solid-state lasers has enabled terawatt
class systems producing subpicosecond pulses. Further
increase in the peak power available from such systems
[9] is now limited by damage to optical surfaces due to the
intense short pulses. This duration is significantly shorter
than the time scale for electron energy transfer to the lat-
tice. As a result, damage caused by subpicosecond pulses
is characterized by ablation, with essentially no collat-
eral damage. Many applications, ranging from materials
processing to biomedical technologies, could potentially
benefit from the more localized energy deposition of
short-pulse lasers.

In this Letter, we report extensive measurements of
laser-induced damage thresholds for fused silica and
calcium fIuoride for pulses ranging from 270 fs to 1 ns.
In each of these large-band-gap materials we observe
a change in the damage mechanism and morphology
for pulses shorter than 20 ps. Although we observe a
deviation from r'l2 scaling as reported by Du et al. [10],
we find no evidence for an increase in damage threshold
with decreasing pulse width. Instead, we observe a
decreasing threshold 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 general theoretical
model of laser interaction with dielectrics, based on
multiphoton ionization, Joule heating, and collisional
(avalanche) ionization, is shown to be in good agreement
with the data in this short-pulse regime and over a broad
range of laser wavelength. This model is consistent with
the observations [11]of critical density plasmas produced
by ultrashort pulses.

Experimentally, we utilized laser pulses generated by
a 1053 nm Ti:sapphire CPA system [12]. Seed pulses
of 100 fs from a Kerr-lens mode-locked oscillator were
stretched to 1 ns and then amplified up to 60 m J
in a linear regenerative amplifier followed by a ring
regenerative amplifier, both producing TEMoo Gaussian
modes. The rms energy stability of the laser system was
3%%uo. By changing the dispersive path length of our single-
grating compressor, we obtained pulses of continuously
adjustable duration from 0.4 to 900 ps. We performed
damage measurements with laser spot sizes adjustable
from 0.3 to 1.0 mm diameter. Light at 526 nm was
generated by frequency doubling the compressed pulses
in a thin (4 mm) KD*P crystal.

The results presented here for fused silica were obtained
with 1 cm thick "superpolished" samples exhibiting less
than 1 nm rms surface roughness. We measured similar
damage thresholds for a 200 p, m thick fused-silica etalon,
which was tested to examine any differences between thick
and thin samples. The presence of surface cracks, nodules,
or voids is known to increase the local field intensity by
a factor of ri4, where zl is the refractive index [2]. This
increase takes place over a region comparable to the feature
scale length a and is offset by convection of electrons
away from the region. A simple estimate of convection
shows that for picosecond pulses the local enhancement
is insignificant for a ~ 40 nm. We thus believe our
measurements are representative of a uniform fused silica
surface. The surface quality of the relatively soft Auorides
was much poorer than the fused silica samples.

We define damage to be any visible permanent modifi-
cation to the surface observable with a Nomarski micro-
scope. The smallest damage spots we could observe were
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approximately 0.5 p, m in diameter, an area 10 smaller
than the laser spot size and nearly impossible to observe
by other methods (e.g. , degradation of transmission, scat-
tered light, etc.). To avoid the complications of spatial
and temporal distortion caused by self-focusing, group ve-
locity dispersion, and self-phase modulation when propa-
gating pulses through optical materials, we considered only
front-surface damage. When it occurred, we were careful
not to let rear-surface damage propagate to the front sur-
face. Initial damage, at threshold, may have many forms:
ablation of a few atomic layers; formation of a color center,
shallow traps, or lattice defects; or melting of a very small
volume. These weak effects are very difficult to detect.
In order the "amplify" this damage to an easily observable
size, and to minimize statistical uncertainty, we conducted
our damage testing with multiple pulses of a given fluence
on each site. This is in contrast to single-shot measure-
ments reported by Du et al. [10],which required detection
of a decrease in transmission or plasma emission caused
by the single pulse. Many Iluence levels (15—30) were ex-
amined above and below the damage threshold for a given
pulsewidth in order to establish the threshold value.

Our measurements of the threshold damage fluence
of fused silica and CaF2 at 1053 nm as a function of
laser pulse length (FWHM) are shown in Fig. 1. In
the long-pulse regime (~ ) 20 ps), the data fit well

by a ~'~ dependence, characteristic of the transfer of
electron kinetic energy to the lattice and diffusion during
the laser pulse. The damage is thermal in nature and
characterized by the melting and boiling of the surface
[Fig. 2(a)]. The damage occurs over the entire area
irradiated. For long pulses, heating of the lattice and
subsequent thermal damage can occur without significant
collisional ionization [13]. For pulses shorter than 20 ps,

the damage fluence no longer follows the ~'~ dependence
and exhibits a morphology dramatically different from
that observed with long pulses. The damage appears as
a shallow fractured and pitted crater characteristic of a
thin layer of material removed by ablation [Fig. 2(b)].
Furthermore, short-pulse damage is confined to a small
region at the peak of the Gaussian irradiance distribution,
where the intensity is sufficient to produce multiphoton
ionization. With insufficient time for lattice coupling,
there is no collateral damage. As a result, the damaged
area can be many orders of magnitude smaller with short
(r ~ 10 ps) pulses than with long pulses. For the case of
fused silica shown in Fig. 2, the damage area produced by
the 500 fs pulse was 2 orders of magnitude smaller than
that produced by the 900 ps pulse.

Although the absolute damage fluence varies from ma-
terial to material, all pure dielectrics (e.g. , fluorides) and
even multilayer mirrors we tested show a similar depen-
dence on pulse width as observed for Si02. This behavior
is to be expected, since all transparent dielectrics share the
same general properties of slow thermal diffusion, rapid
Joule heating, and fast electron-phonon scattering.

The theoretical description of damage with short pulses
is simplified relative to that of long-pulse physics by two
factors. First, the high intensities involved mean there is
no need to invoke some arbitrary number of initial "seed"
electrons [1—5, 10,11,13]. Field-induced multiphoton ion-
ization produces free electrons which are then heated
rapidly by the pulse, resulting in further ionization due to
collisions. Second, for these very short, intense pulses,
conduction-band electrons gain energy from the laser field
much faster than they transfer energy to the lattice. The
actual damage occurs after the pulse has passed, when this
electron energy is coupled into the lattice.
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FIG. 1. Observed values of damage threshold at 1053 nm for
fused silica (~) and CaF2 (+). Solid lines are r'i~2 fits to
long pulse results. Estimated uncertainty in the absolute fluence
is ~15%.

FIG. 2. Scanning electron micrograph of front-surface dam-
age of fused silica produced by 1053 nm pulses of duration
(a) 900 ps, showing melting, and (b) 500 fs, showing ablation
and fracture.
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Our model is based on a kinetic equation describing
the time dependence of the electron energy distribution
function. Since the impact ionization rate, like the
other electron collision rates, is energy dependent, the
actual absorption rate of laser energy requires integrating
over the electron energy distribution. When the electrons

are strongly driven, the energy distribution can differ
substantially from a Maxwellian distribution.

For insulators or other materials with large band-

gap energies (Ut » hew), the heating and collisional
ionization of conduction electrons can be described by a
Fokker-Planck equation [5,14] for the electron distribution

!

function N(e, t),

BN(e, i) B BN(e, i)+ —R (e, t)N(e, t) —y (e)E„N(e,t) —D(e, t)
Bt 88

= 5(e, t),

where e is the electron kinetic energy. The square
bracket in Eq. (1) represents the change in the elec-
tron distribution due to Joule heating, the inelastic scat-
tering of phonons, and electron energy diffusion. The
heating rate of the electrons is taken as RJ(e, t) =
3 tT(e)E, , (t)2, where E, ,(t) is the electric field and
o.(e) = e r (e)/m*[1 + tu r (e)z] is the ac conductiv-
ity of a conduction-band electron. Here, 1/7 (e) is
the energy-dependent, electron-phonon transport (momen-
tum) scattering rate. The rate of energy transfer from the
electrons to the lattice is given by E„y(e)N(e,t), where

E„is the energy of a typical phonon (0.03 ev) and y (e) is
the rate of electron-phonon energy transfer to the lattice.
The scattering rates and effective mass (m* = m, ) were
taken from Arnold, Cartier, and DiMaria [16]. For fused
silica 1/r = 10'4 —10' s ' and y = 10' —10' s ' The
term D(e, t)BN/Be represents electron energy diffusion
with D(e, t) = 2eRJ(e, t).

The final term S(e, t) represents sources and sinks of
electrons. Electrons reaching energies above the gap UI
cause impact ionization at a rate described by the Keldysh
impact formula [15] Rt(e) = ~(e/Ut —1)2, with the re-
maining energy equally divided between the newly born
electrons. For fused silica, the proportionality constant is

g = 1.5 X 10's s ' [16]. Including multiphoton ioniza-
tion R~(t), we write the source as [14]

S(e, i) = R„(i)—R, (e)N(e, i)

+ 4Rt(2e + Ut)N(2e + Ui, t) . (2)
At 1053 nm, we use the strong-field Keldysh ioniza-
tion formula for eight-photon absorption [17], while at
526 nm, we use the measured four-photon absorption
cross section ITt4) = 2 X 10 "4 cm /s [1].

Numerical solutions of Eq. (1) for a constant laser
intensity (&100 GW/cm ) and no multiphoton ionization
show that after a few tens of femtoseconds the electron
distribution grows exponentially in magnitude without
changing shape, N(e, t) = g(e) exp[pt]. The distribution
g(e) is non-Maxwellian. Note that for pulses at the
damage threshold observed in Fig. 1, and durations less
than 10 ps, the intensity is sufficiently high that the
Joule heating rate RJ is much greater than the rate of
energy transfer to the lattice yE~. This results in an
average collisional ionization rate p which is proportional
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FIG. 3. Calculated evolution of free electron density for a
100 fs, 1053 nm pulse (dashed curve) of peak intensity
11.7 TW/cm~ in fused silica. Multiphoton ionization (dotted
curve) starts the avalanche; solid curve is total electron density
including impact ionization.

to the laser intensity p = nI. In this limit, free electron
generation reduces to a simple rate equation dN(t)/dt =
uI(t)N(t) + R„(t).The constant a = 0.01 cm ps '/GW
is found by numerically solving Eq. (1).

Figure 3 shows the evolution of electron density for
a 11.7 TW/cm, 100 fs pulse. The pulse intensity and
the electron density produced by multiphoton ionization
alone are included for reference. Because multiphoton
ionization is strongly intensity dependent, the electron
production takes place principally at the peak of the pulse.
For this 100 fs duration, multiphoton ionization produces
a substantial amount of free electrons with only a small
collisional avalanche required to achieve critical density.
Critical density (=102' cm ) is not produced until late
in the pulse. Only this last part of the laser pulse will
experience any strong absorption or reflection.

In Fig. 4, we compare our measured and calculated
damage thresholds at both 526 and 1053 nm from 10 fs
to over 10 ps. We chose the plasma critical density (i.e.,

strongly absorptive regime) as the theoretical indicator of
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FIG. 4. Experimental and theoretical damage thresholds for
fused silica at 1053 nm (Q) and 526 nm (+). The theoretical
damage thresholds (solid curves) correspond to the formation of
a critical density plasma (=102' cm '), as discussed in the text.
Relative errors in the experimental data are shown, estimated
absolute error is ~15%.

macroscopic damage. The calculated threshold is not sen-
sitive to this choice, decreasing by =20% for an electron
density of 10' cm at which the energy density of con-
duction electrons equals the lattice binding energy. In
addition to the good agreement between the model calcu-
lations and the measurements presented here, experiments
by Daguzan et al. [18] and van der Linde and Schuler
[19] with 620 nm, =100 fs pulses are also in goad agree-
ment with our calculations. For pulses less than 100 fs,
the predicted damage threshold asymptotically approaches
the multiphoton limit.

In conclusion, we observe a strong deviation from the
long-pulse 7'I scaling of laser damage fluence for pulses
below 20 ps in several transparent dielectric materials.
The damage threshold continues to decrease with decreas-
ing pulsewidth, but at a rate slower than ~'I' in the range
0.1 to 20 ps. This departure is accompanied by a quali-
tative change in the damage morphology indicative of
rapid plasma formation and surface ablation. The dam-
age site is limited to only a small region where the laser
intensity is sufficient to produce a plasma with essen-
tially no collateral damage. A theoretical model, in which
initial electrons provided by multiphoton ionization are
further heated resulting in callisianal (avalanche) ioniza-
tion, predicts short-pulse damage thresholds in excellent
agreement with our measurements. For extremely short
pulses (r ( 30 fs), multiphoton ionization alone provides
the critical density of electrons.
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