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Abstract

Extensive numerical simulations are conducted to investigate the characteristics of ultra-short pulse laser-induced breakdowns of
fused silica at different wavelengths of 526, 780, and 1053 nm. The Fokker–Planck (F–P) equation is applied to describe the transient
behaviors of electron densities and to predict the damage threshold fluences for various laser pulse widths ranging from 10 fs to
10 ps, including the effects of electron avalanche and multiphoton ionization (MPI) on the generation of electrons. The predicted damage
threshold fluences are in good agreements with experimental observations. The damage threshold fluences increase with laser pulse dura-
tions and laser wavelengths, and for longer pulses the impact ionization becomes more effective in increasing the electron number density
than the MPI. In addition, the damage fluences have been calculated when both alternating current electric fields and ultra-short pulse
lasers are simultaneously applied to the dielectric materials. As the electric field intensities increase, the damage threshold fluences
decrease considerably, especially for longer pulse durations.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Even if conventional lasers, diamond saws, and water jets
are used commercially as a variety of cutting and machining
utilities, none of them can achieve the precision of the fem-
tosecond laser machine tool. In particular, industrial lasers
that melt and boil material to remove it can cause substan-
tial heat- and shock-induced damage to a circumference of
the surrounding the cut, which ranges from deformations
in the grain structure to global cracking. The damage may
extend from a few micrometers to several millimeters from
the cut, depending on material properties, laser pulse dura-
tions, and cooling mechanisms. Furthermore, even the
slightest thermal stress or shock may create intolerable col-
lateral damage, since very tiny structures only a few tens of
micrometers in size, such as biological tissue or semiconduc-
tor devices, are extremely fragile. Contrary to these conven-
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tional ways, ultra-short pulse lasers represent a major
advance in cutting technology and offer a great opportunity
to machine materials with high precision that are difficult to
achieve with conventional or nanosecond laser pulses.

It is known that laser-induced breakdowns are caused
by three consequent mechanisms [1]: (i) the excitation of
electrons in the conduction band by impact and multipho-
ton ionization (MPI), (ii) radiation-induced heating of the
conduction-band electrons, and (iii) transfer of the plasma
energy to the lattice. The key benefit of ultra-short femto-
second laser pulses lies in their ability to deposit energy in
materials in a very short time interval. Heat diffusion is fro-
zen during the interaction and the shocklike energy deposi-
tion leads to ablation for ultra-short pulses. This is because
the pulse deposits its energy so quickly that it does not
interact at all with the plume of vaporized material, which
would distort and bend the incoming beam and produce a
rough-edged cut. When ultra-short pulse lasers are used,
the cut surfaces become very smooth and do not require
subsequent cleanup, because only a very thin layer of

mailto:jslee123@snu.ac.kr


Nomenclature

D diffusion coefficient, eV s�1

E electric field intensity, V m�1

e electron charge, C
F normal distribution function for photo-gener-

ated electrons
Fcr damage threshold fluence, J m�2

f electron distribution function, eV�1 m�3, or the
frequency of ac electric field, Hz

I laser intensity, W m�2

Icr critical laser intensity, W m�2

I0 maximum laser intensity, W m�2

Ip photon flux, m�2 s�1

J current, W m�5

m* electron effective mass, kg
Ns solid atom density, m�3

n electron number density, m�3

nc plasma critical density, m�3

P multiphoton ionization, m�3 s
R ionization source, eV�1 m�3 s�1

RJ Joule heating, eV s�1

S source, eV�1 m�3 s�1

t time, s
UI bandgap energy, eV
Up phonon energy, eV
V effective electron heating, eV s�1

Greek symbols

e electron energy, eV
�h Planck constant, eV s
c energy loss rate, s�1

k laser wavelength, m
mi Keldysh impact ionization rate, s�1

mm momentum scattering rate, s�1

r electrical conductivity, eV m2 s�1 V�2

r(K) multiphoton ionization cross-section, m2K sK�1

s pulse duration, s
sm moment scattering time, s
v Keldysh impact ionization rate constant, s�1

x angular frequency of applied electric field, Hz

Subscripts

c critical
el electric field
imp impact ionization
K number of photons required to ionize the atom
la laser
n arbitrary number
p photon
pi multiphoton ionization
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material is removed during each pulse irradiation of the
laser. Although previous breakdown experiments [2–4]
were recently extended to the sub-picosecond regime, the
characteristics of the avalanche and the role of MPI have
remained controversial even up to now.

Laser-induced damage can be regarded as one of the
limiting factors of the transmission and deposition of laser
energy on solids. The energy transfer mechanism of laser-
induced damage is of great importance to the development
of high-intensity lasers. Since several deterministic features
for short-pulse damage have been discovered, many practi-
cal applications of femtosecond lasers have been developed
in areas involving material removal with submicron preci-
sion, such as micromachining, ophthalmic surgery, elec-
tronics, data storage, and drug release. A large number
of theoretical and experimental studies [2–6] have been
conducted on laser-induced damage in dielectrics. Stuart
et al. [3] reported extensive laser-induced damage threshold
measurements on dielectric materials at wavelengths of
1053 and 526 nm for pulse durations ranging from 140 fs
to 1 ns. They found that a gradual transition existed from
the long-pulse, thermally dominated regime to an ablative
regime dominated by collisional and multiphoton ioniza-
tion (MPI), and plasma formation. In an investigation of
interactions between laser-induced photons and energy car-
riers, Holway and Fradin [6] conducted simulations using
the Fokker–Planck (F–P) equation. They took into consid-
eration the nonpolar deformation potential effects for the
electron–phonon interaction in defining the collision fre-
quencies for momentum. Lenzner et al. [1] measured the
damage threshold fluence and the ablation depth in dielec-
tric materials for laser pulse durations ranging from 5 ps to
5 fs. They demonstrated that sub-10-fs laser pulses opened
up a way to reversible nonperturbative nonlinear optics at
intensities greater than 1014 W cm�2 slightly below damage
threshold, and to nanometer-precision laser ablation in
dielectric materials.

The ultimate goal of this article lies on examining the
ultra-short pulse laser-induced damage characteristics in
fused silica using the F–P equation. Extensive simulations
are conducted to investigate the influence of laser pulse
width on the transient behavior of electrons and the damage
threshold fluence in SiO2 dielectric material, and also to dis-
cuss the role of the impact ionization and the MPI in laser-
induced damage. In addition, we have investigated the dam-
age characteristics when both alternating current electric
fields and ultra-short pulse lasers are applied simulta-
neously to the dielectric materials. This hybrid process is
planned to confirm the possibility that the laser fluence
required for breakdown would be lowered when a very high
electric field is imposed on the material, compared to that
without electric fields.
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Fig. 1. Electron generation during impact ionization process.
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2. Analysis

Radiative energy of ultra-short pulse lasers ranging
from pico to femtoseconds is absorbed much faster by
the newly excited electrons than it is delivered from the
electrons to the lattice. These electrons gain energy from
the laser field until they have sufficient energy to collision-
ally ionize neighboring atoms thereby producing more free
electrons. When laser is irradiated on materials, thermal
effects should be considered in general. In ultra-short pulse
laser applications, however, there would be no need to
track the energy flow into the lattice to account for thermal
and mechanical stresses, which is necessary for pulses
longer than typically 50 ps [3]. As a matter of fact, it is pos-
sible to describe the plasma formation quantitatively by
using the time dependence of the electron energy distribu-
tion function. Since the impact ionization rate depends
highly on energy, the absorption rate of laser energy
requires integrating over the electron energy distribution.
When the electrons are strongly driven by intense laser
pulses, the energy distribution can differ substantially from
a Maxwellian. For material having a band gap energy that
is much larger than the single photon energy, the heating
and collisional ionization of conduction electrons can be
described by the F–P equation, which is well known to
be able to effectively describe the electron avalanche phe-
nomena induced by an ultra-short pulse laser. For the esti-
mation of electron distribution function f(e, t), the present
work adopts the theoretical model of Stuart et al. [3] as
follows:

of ðe; tÞ
ot

þ o

oe
V ðe; tÞf ðe; tÞ � Dðe; tÞ of ðe; tÞ

oe

� �

¼ of ðe; tÞ
ot

þ oJðe; tÞ
oe

¼ Sðe; tÞ; ð1Þ

where e is the electron kinetic energy. The number density
of electrons with a kinetic energy between e and e + de at
time t is given by f(e, t)de. The square bracket in Eq. (1) rep-
resents the change in the electron distribution due to Joule
heating, inelastic scattering of phonons, and electron en-
ergy diffusion. In particular, V(e, t) consists of the Joule
heating RJ(e, t) and the electron energy dissipation to pho-
non, Upc(e), given as,

V ðe; tÞ ¼ RJðe; tÞ � UpcðeÞ; ð2Þ
where Up is the characteristic phonon energy. c(e) denotes
the rate at which electron energy is transferred to the lat-
tice, and it is determined from the experimental data of
Sparks et al. [7]. The Joule heating term RJ(e, t) can be de-
scribed by r(e)E2(t)/3, where E(t) is the electric field of the
laser and rðeÞ ¼ e2smðeÞ=ðm�½1þ x2s2mðeÞ�Þ is the ac electri-
cal conductivity of a conduction-band electron of effective
mass m*. Here, mm(e) = 1/sm(e) denotes the energy-depen-
dent, electron–phonon transport (momentum) scattering
rate, varying between 2 and 10 fs�1 from 1 to 10 eV for
SiO2 [8]. The diffusion coefficient D(e, t) [6] in Eq. (1) can
be obtained by

Dðe; tÞ ¼ 2rðeÞE2ðtÞe
3

¼ 2eRJ. ð3Þ

The last term in Eq. (1) denoting the total electron source is
given by

S ¼ Rpiðe; tÞ þ Rimpðe; tÞ; ð4Þ
where the first term on the right-hand side represents the
generation of free electrons due to the MPI and second
one due to the impact ionization. Generally, laser-induced
breakdown is understood in terms of an electron avalanche
in which conduction-band electrons, oscillating in response
to the laser field, transfer energy by scattering from pho-
nons [6]. If an electron can achieve the energy equal to
the band gap, subsequent impact ionization promotes an-
other valence electron into the conduction band. As shown
in Fig. 1, electrons accelerated above ionization potential
UI, typically equal to the band gap energy of an electron,
successively collide with neighboring atoms. An incident
electron with kinetic energy, e0 = 2e + UI, produces two
free electrons of energy, e, and an ion of potential energy
UI in the final state. Impact ionization occurs at a rate
described by the Keldysh impact formula [9], mi(e) =
1.5(e/UI � 1)2, which is valid for incident electrons of
energy smaller than 100 eV for fused silica [8]. The source
term for impact ionization can be written as [6]

Rimpðe; tÞ ¼ �miðeÞf ðe; tÞ þ 4mið2eþ U IÞf ð2eþ U I; tÞ. ð5Þ
The last term on the right-hand side of Eq. (5) implies the
electrons created by impact ionization. The term mi(e)f(e, t)
represents the electrons that have been at the levels of their
energies higher than the band gap energy before impact
ionization. During the impact ionization process, these
electrons transport their energies to other electrons in the
valence band through the collisions with each other. An-
other contribution from the MPI, Rpi(e, t), can be modeled
as P(I)F(e), where P(I) is the MPI rate and F(e) is the nor-
mal distribution function for photo-generated electrons, so
that

R
F ðeÞde ¼ 1. The MPI rate can be simplified as [10]

P ðIÞ ¼ CðKÞIK ; ð6Þ

where C(K) denotes the proportionality coefficient for
multiphoton ionization. The photon energy depends on
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its wavelength and the photoionization takes place when
Kh(c/k) becomes larger than UI. Here, K represents the
minimum number of photons required to ionize the atom.
For lasers of wavelength 526 nm, for instance, the number
of photons should be larger than about 3.81 for overcom-
ing the band gap energy. Four-photon absorption is there-
fore the relevant process for 526 nm light. From simply
calculation, it can be easily indicated that more photons
are needed for ionization as the wavelength becomes long-
er. The MPI rate for 526 nm becomes

P ðIÞ ¼ rð4Þ
I
�hx

� �4

N s; ð7Þ

where the quantity Ns is the solid atom density as listed in
Table 1, and I is the intensity in TW/cm2. For lack of infor-
mation on r(K) for fused silica, the present study uses the
cross-section r(4) = 2 · 10�114 cm8 s3 which is measured
for NaCl, as used by Stuart et al. [3] because other insula-
tors have nearly the same value [11]. Since eight-photon
absorption cross-section values are not available for
1053 nm light, the relationship P(I) = 9.52 · 1010I8 ob-
tained from the Keldysh expression [10] is used in the pres-
ent simulation. This relationship is valid up to intensities
on the order of 103 TW/cm2 [10]. For extremely short in-
tense pulses, tunneling ionization processes should be con-
sidered [3]. Since the maximum laser intensity considered in
the present study is 10 TW/cm2, the use of Keldysh expres-
sion may be appropriate. Calculated results are compared
with experimental data of Stuart et al. [3]. In addition to
the calculations for 1053 and 526 nm lights, the numerical
simulation is conducted for k = 780 nm and compared with
the measurements of Lenzner et al. [1]. From the compar-
isons, evaluation of the Keldysh formula gives the propor-
tionality coefficient C(6) = 6.0 · 108±0.9 cm�3 ps�1 (cm2/
TW)6 for multiphoton ionization on the basis of the
assumption that the six-photon absorption process occurs
at the wavelength 780 nm.

One-dimensional transient finite difference method is
applied in the fully implicit manner to solve the F–P equa-
tion given in Eq. (1). As shown in Fig. 2, the irradiated
pulse laser intensity is modeled by Gaussian with respect
to time as follows:

IðtÞ ¼ I0 exp �4ðln 2Þ t
2

s2

� �
; ð8Þ
Table 1
Physical properties of SiO2 used in this study

Parameter Definition Value

�hxp Phonon energy (eV) 0.0323 [7]
c Energy loss rate (ps�1) 200.0 [7]
m* Effective mass (kg) 9.109 · 10�31 [7]
e Electron charge (C) �1.602 · 10�19

UI Bandgap energy (eV) 9.0 [3]
�h Planck constant (J s) 1.054 · 10�34

Ns Solid atom density (cm�3) 1.401 · 1021 [11]
v Keldysh impact ionization rate (ps�1) 1500.0 [9]
where s denotes the pulse duration of irradiated laser beam
and I0 represents the maximum intensity of laser. Solving
the F–P equation allows us to directly obtain the electron
distribution function, f(e, t). The electron number density
is calculated by

n ¼
Z 1

0

f ðe; tÞde. ð9Þ

Initially, electron distribution functions are set to zero.
Two boundary conditions should be applied in solving
Eq. (1) and they are the current J = 0 at e = 0 and the elec-
tron distribution function f(e, t)! 0 as e ! 1. The latter
indicates that there is a bare possibility that the electrons
would appear at the energy levels much higher than the
conduction band. The present simulations are thus per-
formed only in the range from e = 0 to e = 3UI, where UI

is the band gap energy, 9 eV for SiO2, on the basis of the
assumption that the electron number distribution is negligi-
ble for e > 3UI [3]. Damage threshold fluence can be pre-
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dicted by postulating a threshold electron density associ-
ated with the onset of permanent damage. Formation of
the critical density plasma has an important effect in the
material processing with short pulse lasers. A plasma criti-
cal density of electrons, nc, is defined as the density at
which the energy density of conduction electrons equals
the binding energy of the lattice. When n > nc, laser-
induced damage are assumed to occur. In the present
study, the plasma critical density is assumed to be
nc � 1.11 · 1021/k2 cm�3 from the available experimental
results [9]. Damage threshold fluence can be written as
follows:

F cr ¼
Z þs

�s
IðtÞdt ¼

Z þs

�s
Icr exp �4ðln 2Þ t

2

s2

� �
dt; ð10Þ

where Icr means the critical laser intensity at which laser-in-
duced breakdown occurs. Generally, dielectrics are the
materials with no free electrons and low thermal/electrical
conductivity. Common material such as fused silica, sap-
phire, SiC, diamond, SiN, glass, heart tissue, and so on
would fall under this category. Fused silica SiO2 is used
in the present calculation and its physical properties are
listed in Table 1.

3. Results and discussion

Fig. 2(a) presents the predictions of electron number
density and laser intensity with respect to time when
k = 1053 nm, the pulse duration is 0.1 ps, and the maxi-
mum laser intensity is 10 TW/cm2. The electron number
density continues to increase with time, but its rate of
increase becomes gradually slower after laser intensity
passes through its maximum value. Rapid growth of elec-
tron number density is caused by the substantial ionization
owing to both impact ionization and MPI processes. The
predictions of electron distribution functions at three differ-
ent time locations are presented in Fig. 2(b) to show the
variations of electron distribution with the energy level of
electron. The electron distribution functions are found to
increase with time beyond their maximum points. The
number of electrons gradually decreases as the electron
energy increases and most of electrons are distributed over
the range from 0 to 9 eV that is equal to band gap energy.
At t = �0.05 ps, for instance, the number of electrons
occupying in the range of 0 < e < 9 eV is about 80% of
the total number of electrons, whereas it is about 85% at
t = 0.05 ps. The MPI process serves only for the produc-
tion of seed electrons for the avalanche at the early stage
of irradiation start, whereas the impact ionization process
becomes more dominant in generating electrons than the
MPI process as time goes on. If the impact ionization pro-
cess becomes dominant, the successive collisions with a
neighboring electron lead to the lost of much of electron
energy that is above the band gap energy. Thus, most of
the electrons participating in collisions are distributed
below the band gap energy.
Fig. 3 represents the effects of the MPI and the ava-
lanche (impact) ionization on the electron number density
at different laser pulse widths. As the pulse width decreases,
the electron number density increases obviously. The max-
imum electron density is about 1021 cm�3 at s = 0.01 ps
and the difference between the cases with and without con-
sidering the avalanche ionization effect is also very small.
For shorter pulse widths, it can be concluded that the
MPI alone generates sufficient electrons to cause damage
effectively. In strong contrast with short pulse width, as
the pulse width increases, the avalanche ionization process
has a large effect on the increase of electron number den-
sity, especially after t/s = 0. For pulse width of 1.0 ps, the
significant increase of electron number is especially
observed over time when both MPI and avalanche ioniza-
tions are considered. Meanwhile, the reason why the ava-
lanche ionization becomes dominant for longer pulse
durations is that the avalanche ionization highly depends
on the pulse duration. Contrary to the avalanche ioniza-
tion, the MPI is mainly affected by the laser characteristics
such as the laser wavelength and the pulse shape, in addi-
tion to laser intensity and duration. Thus, these basic
mechanisms need to be clarified for fundamental under-
standings of the laser-induced damage characteristics in
dielectrics.

Damage threshold fluence is defined as the critical laser
energy per unit area at which the plasma is formed. Some
investigators [1–4] reported that the damage threshold flu-
ence scales approximately as s1/2 in the long-pulse limit and
then changes to the short-pulse limit near 20 ps. They
observed a deviation from the s1/2 scaling of breakdown
threshold fluence and an increasingly deterministic charac-
ter of breakdown for s < 10–20 ps as opposed to longer
pulses. Fig. 4 implies that the calculated damage threshold
fluences are in fairly good agreements with experimental
observations of Stuart et al. [3] at k = 1053 nm, whereas
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they are slightly over-predicted at k = 526 nm. For pulses
shorter than 10 ps, we should note that the damage fluence
no longer follows the s1/2 dependence and there exists the
�frozen region� of heat diffusion or the nonthermal region
due to the nonequilibrium state between electrons and pho-
nons, unlike thermal damage in long-pulse limit. It is also
found in Fig. 4 that the damage fluence approaches to
the multiphoton ionization limit as the pulse width
decreases, as referred to by Perry et al. [10]. Generally, as
the damage threshold fluence becomes smaller in machin-
ing any material, the efficiency of that laser machining sys-
tem does higher. It is thus evident that the damage
threshold fluence would be one of the most important fac-
tors in fabricating the material with high precision and sav-
ing cost. It is also noted in Fig. 4 that the damage threshold
fluence decreases with reducing laser pulse width. As previ-
ously indicated in Fig. 3, it is because of the drastic growth
of electron number density with decreasing laser pulse
widths. Consequently, it suggests that laser fluence needed
to cause damage is smaller for shorter pulses.

Above discussions are limited to the pulse range from 0.3
to several tens of picoseconds because the measured damage
threshold fluences by Stuart et al. [3] are available for only
pulses longer than 0.3 ps. Lenzner et al. [1] used 800 nm
laser pulses ranging from 5 fs to 5 ps under 50 shots at
1 kHz to observe the laser damage nature in fused silica.
The measurements reported by several researchers [2,5]
have shown different dependence of damage threshold on
pulse duration in the subpico-to-femto second regime.
The present study uses the experimental data of Lenzner
et al. [1] to investigate the laser-induced damage character-
istics for a few femtosecond pulses. Fig. 5 compares the pre-
dicted damage threshold fluences using three different MPI
rates, P(I) = (6.0 · 107)I6, (6.0 · 108)I6, and (6.0 · 109)I6
which are obtained from the results of Lenzner et al. [1].
Unlike the observations in Fig. 4, the damage threshold flu-
ence becomes no longer lower than 1 J/cm2, even at a 20-fs
pulse. This is because theMPI rate at 780 nm is smaller than
that at 1053 and 526 nm. Moreover, the damage threshold
fluence rather increases for pulses shorter than nearly
100 fs. This feature is surprising at first because it is thought
that the enhancement of MPI or other nonlinear effects
reduce the damage threshold from the scaling rule for short
pulses. Similar phenomena have been observed by Du et al.
[2]. However, other measurements presented earlier have
shown totally different characteristics from those of Du
et al. [2] and the present calculations. Nevertheless, none
of the theoretical and experimental investigators obviously
explain this discrepancy in measurements and predictions.
As discussed by Tien et al. [5], these discrepancies are per-
haps thought to arise from different experimental condi-
tions. Another point to note is that the damage threshold
fluence decreases with increasing MPI rate. As indicated
previously, the MPI becomes one of dominant channels in
rapid increase of free electrons for ultra-short pulses that
are typically shorter than several tens of femtosecond to
sub-picosecond regimes. Therefore, when the pulse dura-
tion is very small, the decrease of MPI rate leads to suppress
the increasing rate of free electrons and consequently much
more laser fluence needs for the laser-induced damage in
solids. Numerical predictions show satisfactory agreements
with experimental data for both (6.0 · 107)I6 and
(6.0 · 108)I6 cases. In spite of some discrepancies between
predictions and measurements, it is thought that the numer-
ical predictions are acceptable, taking into consideration
the uncertainties of experimental data.

In what follows, the laser damage characteristics are dis-
cussed when both alternating current electric fields and
ultra-short pulse lasers are simultaneously applied to the
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dielectric materials as shown in Fig. 6. It is true that very
high electric fields may allow the electron to reach an
energy level sufficient to ionize, causing the impact ioniza-
tion. As discussed earlier, the damage threshold fluence is
closely associated with the efficiency of that laser machin-
ing system. This trial is thus planned to check whether
the high electric fields can play a supplementary role in
the generation of free electrons. In order to account for
the electric field effects, Joule heating term RJ(e, t) in Eq.
(2) is modified as,

RJðe; tÞ ¼ RJ laðe; tÞ þ RJ elðe; tÞ ¼
rlaðeÞE2

laðtÞ
3

þ relðeÞE2
elðtÞ

3
;

ð11Þ
where the first term on the right-hand side is Joule heating
term due to pulse laser irradiation and the second one due
to the applied electric field. The electrical conductivity may
be closely associated with the applied ac frequency. Since
the frequency induced by the ultra-short laser pulse is much
smaller than that of ac electric fields, however, the two
terms appearing in Eq. (11) are assumed to be independent
of each other, suggesting that the phase difference effects
between the ac electric field and the laser pulse would be
negligible. This assumption also comes from the fact that
the electrical conductivity is dominated mainly by the
momentum scattering rate of SiO2, rather than the ac fre-
quency. Fig. 7 shows the effects of applied electric fields
at a fixed frequency of 1 GHz on the damage threshold flu-
ence for different laser pulses at k = 1053 nm. For s > 3 ps,
the damage threshold fluence substantially decreases with
increasing electric fields. It results from the fact that the
amount of Joule heating due to the external electric field
is of nearly the same order as that by the laser irradiation.
This indicates that the excited electrons by external electric
fields partly serve to the production of seed electrons for
avalanche process. On the other hand, for pulses shorter
than 1 ps, the electric field does not affect the changes of
the damage threshold fluence at all. It means that the la-
ser-induced damage becomes dominant more than the elec-
tric field-induced damage, because the magnitude of Joule
heating by laser irradiation is much larger than that by
the electric fields. Through further calculations, we could
see that the electric field required to change the damage
threshold fluence became about 102–103 MV/cm when
s < 1 ps. This range of electric field is absolutely difficult
to be reached from a practical point of view. Thus, it seems
to be feasible for only sub-picosecond regimes that the elec-
tric fields can be used in accelerating the laser damage.

In addition, the frequency effects of electric ac fields
upon laser damage feature are presented in Fig. 8. The
relative changes of the damage threshold fluences are



1500 Y.M. Oh et al. / International Journal of Heat and Mass Transfer 49 (2006) 1493–1500
negligible with respect to field frequencies and furthermore,
it may be impractical to apply those very high frequencies
ranging from 104 to 107 GHz in order to reduce the thresh-
old. These results are likely to result from the numerical
simplicity because we assume in the present study that
Joule heating due to pulse laser irradiation is independent
of that due to applied electric ac field. Since there may exist
other influences of applied electric fields in accelerating the
electron generation process, however, further elaborate
studies are needed to be performed in order to clarify a
mechanism about the interactions between the applied elec-
tric ac field frequencies and the ionization of electrons.
4. Conclusions

The present article simulated the ultra-short pulse laser-
induced damage on fused silica by using the Fokker–
Planck equation. The following conclusions can be drawn.

Influence of laser pulses and wavelengths on laser dam-
age threshold fluences was first investigated. As the laser
pulse width decreases, the damage threshold intensity
decreases and the MPI effect becomes more dominant than
avalanche ionization effect. On the other hand, for longer
pulses of laser, the impact ionization, i.e. avalanche ioniza-
tion, becomes an important factor that contributes to the
damage threshold of the dielectric material.

Unlike a few hundreds of femtosecond laser pulses,
when the laser pulse duration is a few tens of femtoseconds,
the damage threshold fluence does not decrease rather than
1 J/cm2 or less. This limit seems to be persisted even with
decreasing pulse width. However, the damage threshold
may increase as the laser pulse decreases when the MPI
effect is negligible.

Additionally, a hybrid scheme applying a high electric
AC field simultaneously with the intense pulse laser was
investigated to reduce the damage threshold intensity. This
may reduce the damage threshold fluences considerably for
relatively longer pulses, whereas it becomes ineffective for
laser pulses shorter than 1.0 ps. The threshold fluences
are found to be independent of AC frequencies of the
applied electric fields except for very high frequencies.
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