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Self-Focusing During Femtosecond Micromachining
of Silicate Glasses

Lawrence Shah, Jess Tawney, Martin Richardson, and Kathleen Richardson

Abstract—Many recent investigations of micromachining
with lasers, in vacuum and in ambient air environments, have
demonstrated the improvements possible when using fem-
tosecond-duration laser pulses compared with long laser pulses.
There are obvious practical advantages for rapid micromachining
in ambient air conditions. However, the maximum laser intensity
and repetition rate are then eventually limited by the avalanche
breakdown and nonlinear effects in the air through which the
focused laser beam must propagate both outside the work piece
and within the structure that is being machined. This paper inves-
tigates these limits in femtosecond deep hole drilling at high laser
intensities in silicate glasses. In particular, it shows how nonlinear
optical effects, particularly self-focusing, can dramatically affect
hole shape and the rate of penetration during deep hole drilling.
The experiments described here demonstrate how nonlinear Kerr
focusing of femtosecond laser pulses occurs during propagation of
intense femtosecond laser pulses through the atmosphere within
the machined channel at powers levels significantly below the
critical power for self-focusing in ambient air.

Index Terms—Ablation, glass, laser, micromachining, optical
self-focusing, plasma properties, ultrafast optics.

I. INTRODUCTION

I T is known that femtosecond lasers have several advantages
over conventional laser systems for materials processing

applications. These include the reduction of collateral damage
in dielectrics [1], smaller heat-affected zones (HAZ) [2], a
deterministic [3] rather than statistically distributed ablation
threshold [4]–[6], and the ability to ablate subdiffraction-limit
target regions [7]–[10]. This has encouraged increasing interest
in the use of femtosecond lasers for precise micro-structuring
of a wide range of materials for applications in medicine,
aerospace, microelectronics, photonics, and other industries.
The range of applications includes the writing of three-di-
mensional (3-D) waveguides in bulk glasses [11]–[13] etching
quasi-phase-matched (QPM) crystals to improve nonlinear
properties [9], processing fiber composites [14], polymer-pro-
cessing [15], [16] micro-structuring of silica aerogels [17],
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ablation of biological tissue [18]–[20], and the machining of
high explosives [20].

For most applications, it is desirable to perform processing
at atmospheric pressures in order to minimize production costs
and time. However, for 100-fs laser pulses at the 1-mJ level,
processing in air can lead to complications for focused spot
sizes of m in diameter as the instantaneous laser power
can be greater than 10 W and the intensity can exceed 10
W/cm . At such powers, the nonlinear index of refraction of air
affects beam propagation and ionization of the ambient atmos-
phere must be considered.

In this paper, we describe how the penetration depth and rate
of ablation of femtosecond laser pulses in silicate glasses at at-
mospheric pressure are affected by drilling parameters such as
laser intensity, target material, and repetition rate. We demon-
strate that femtosecond laser pulses are capable of drilling deep
holes ( mm depth) with high aspect ratios [21].
Most interestingly, our results show that there is a critical depth,
which depends on the laser intensity and the composition of the
target material, beyond which the process of self-focusing limits
the effectiveness of deep hole drilling.

II. ABLATION MECHANICS

To understand the differences between ultrashort- (fem-
tosecond) and long- (nanosecond) pulse laser ablation, it
is necessary to review the fundamental differences in laser
material interactions on these time scales. These differences
are most evident during the ablation of transparent media.
Since linear absorption is negligible, the transfer of energy
from the laser beam to the target material is predominantly
a laser plasma process where the laser plasma is formed
by the two-step process of seeded avalanche ionization. For
picosecond or longer laser pulses, free-electron seeds are
generated by the ionization of surface carriers (typically defects
or impurities) [4]–[6]. Due to the nonuniform distribution of
surface carriers in transparent media, no precisely defined
optical damage threshold exists so long as the ionization
bandgap of the material is greater than the energy/photon
[4]–[6], [22]. By contrast, ultrashort laser pulses ( ps) with
intensities in excess of W/cm are capable producing
seeds by freeing bound electrons via multi-photon ionization
(MPI) [1], [3], eliminating the reliance on surface carriers,
resulting in a deterministic optical damage threshold [3]. In
a process known as inverse Bremsstrahlung absorption, or
joule heating, the seed electrons described above oscillate in
the electric field of the laser pulse and absorb laser energy
through dephasing collisions with bound electrons [3], [4],
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Fig. 1. Experimental setup.

[23]. Sufficiently energetic dephasing collisions cause the
ionization of additional electrons, resulting in a chain reaction
or “avalanche,” producing a dense laser plasma.

For laser pulses longer than several picoseconds, energy is
transferred from the laser pulse to the lattice by carrier-phonon
coupling while the laser illuminates the target. Carrier-phonon
coupling, with typical relaxation times from hundreds of
femtoseconds to picoseconds, provides sufficient time for
laser-induced damage to occur via thermal mechanisms, such
as melting, boiling, and/or phase explosion (also known as
explosive boiling [24], [25]), depending upon the degree
of heating. Conversely, there is insufficient time for lattice
heating by carrier-phonon collisions during the incidence of a
femtosecond laser pulse. In this case, the absorption of laser
energy causes the rapid generation of a dense electron plasma
via carrier–carrier collisions while the lattice remains at room
temperature. After the impact of the laser pulse, energy is con-
ducted from the electron plasma to the lattice by carrier-phonon
coupling. Thus, the transition from long-pulse laser ablation to
ultrashort-pulse laser ablation can be defined in terms of the
carrier-phonon coupling relaxation time of the target material
[26]–[28].

Due to the time lag between laser absorption and bulk mate-
rial heating, ultrashort laser irradiation typically causes a highly
nonequilibrium plasma temperature distribution. During high-
fluence ( J/cm ) femtosecond laser processing, the abla-
tion process is essentially a phase explosion in which the target
region is superheated, resulting in a direct solid-to-gas phase
transition. Although we are not currently aware of any exper-
iments to quantitatively characterize the size and/or temporal
evolution of the ablated particles, the research of Sokolowshi-
Tinten et al. and Cavalleri et al. demonstrates that, during fem-
tosecond laser irradiation of semiconductors and metals, ablated
material forms a smooth layer of expanding vaporized material
[29]–[32]. These studies reveal that, although this vaporized ma-
terial remains at nearly solid density for some time after being
ejected from the target, the layer is transparent, indicating the

absence of large particles ( m) that would scatter or absorb
the probe light ( nm).

III. FEMTOSECOND LASER DRILLING ABOVE AND BELOW THE

AIR-IONIZATION THRESHOLD

Most femtosecond laser machining experiments so far have
been conducted at peak laser intensities below the air-ioniza-
tion threshold ( W/cm ) or under vacuum conditions [8],
[9], [11], [13], [28]–[35]. There would seem to be little reason
for exceeding this intensity, since air ionization can rob energy
from the laser pulse and/or distort the beam in space and time
prior to the interaction with the target. In the present investi-
gation, we set out to characterize the influence of the ambient
air on the mechanics of femtosecond laser ablation as a func-
tion of the number of laser pulses incident during drilling of
transparent glasses at intensities that are above and below the
threshold for air ionization. In order to gauge the influence of
the ionization bandgap on ablation, experiments were conducted
using soda-lime silicate glass and 45% mol. PbO silicate glass
(the ionization bandgap is eV for soda-lime silicate glass
and eV for 45% mol. PbO silicate glass [36]).

The laser system used for these experiments consisted of a
mode-locked Ti:sapphire oscillator and a flashlamp-pumped
Cr:LiSAF regenerative amplifier, producing 110-fs [full-width
at half-maximum (FWHM)] laser pulses with a maximum
energy/pulse of 1.6 mJ at 845 nm and a repetition rate of 5
Hz [21]. The pulse-to-pulse variance of the laser energy was

%. Prior to focusing by a convex/plano 20-cm-focal-length
fused silica lens, the beam was expanded using a 4:1 telescope
(Fig. 1). The focal beam waist was determined by measuring
the beam profile with a knife-edge at three points beyond
the focus of the lens and solving the appropriate Gaussian
beam propagation equations. In earlier experiments comparing
femtosecond and nanosecond laser machining of silicate glass
[21], an iris was placed prior to the focusing lens was used to
adjust its effective numerical aperture to the wavelength and
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beam divergence of the three different lasers so as to produce a
100- m (FW1/e M) beam diameter on focus. With this setup,
no air ionization was observed at the maximum energy that
could be delivered to target at 110-fs, 1.5-mJ/pulse (intensity,

W/cm ; fluence, J/cm ) [21].
Since it was not possible to increase the output power of the
laser, the laser intensity on target was increased by removing
the constricting iris (Fig. 1). The larger beam waist at the
focusing lens reduced the focal spot size on the target to 75 m
(FW1/e M) from 100 m (FW1/e M). Due to the change in
focusing conditions, the value of the laser beam increased
to 1.55 and the Rayleigh range ( , where is the
laser wavelength, and is the laser focal radius) decreased
to 5.2 mm (compared to and mm, for

m). To compensate for the reduced focal diameter,
the laser output power was reduced slightly so that the incident
laser energy on target remained 1.5-mJ/pulse. As such, the laser
intensity increased to W/cm from
W/cm and the fluence increased to 33.9 J/cm from 19.1
J/cm . At this intensity, ionization of the air at the focal spot (no
target) produced a visible and audible plasma spark. Drilling
experiments were conducted with the target surfaces of the
two types of glasses in contact with the air spark. Since the
air-ionization experiments were performed virtually at the air
ionization threshold, the center of the air spark was used to
indicate the location of the focal plane to within a precision of

m.

Hole-drilling experiments were conducted with the focus
and the glass target position fixed while a set number of laser
pulses impacted each sample. The incident beam was linearly
polarized, with the polarization axis parallel to the plane of
the image in the figures. Optical micrographs taken after laser
processing revealed that the relatively small difference in the
incident femtosecond laser intensity resulted in a significant
change in the holes produced. Holes produced by the impact
of 10 laser pulses, in soda-lime silicate glass and in 45%
mol. PbO silicate glass, are shown in Fig. 2. These results
have been previously reported in greater detail [21]. The holes
are similar in shape, in that they are smooth, with no sign of
collateral damage to the surrounding material, and the entrance
diameter is only slightly larger than the measured FW1/e M
of the beam. Thus, it is possible to machine silicate glasses
precisely, with negligible HAZ at intensities both above and
below the threshold for air ionization. However, it is clear that
the increase in laser intensity causes significant changes in the
maximum laser penetration depth and leads to bending of the
machined hole deep inside the bulk material for both silicate
glass and PbO silicate glass.

It is at first difficult to understand how this modest increase
in laser intensity causes the maximum penetration depth to de-
crease in soda-lime silicate glass, but to increase in lead silicate
glass. A plot of the penetration depth of the laser versus the
number of incident pulses helps to provide some insight. Fig. 3
shows that, in the lower intensity case, the penetration rate is
constant throughout the experimental range for both glasses
at m/pulse (solid lines). However, during drilling at
the higher laser intensity, there is a dramatic change in the
penetration rate (dotted lines). In both glasses, the penetration

(a)

(b)

Fig. 2. Profile of femtosecond laser machined holes after 10 pulses in
soda-lime silicate glass (left) and 45% mol. PbO silicate glass (right) for: (a)
I = 1:74�10 W/cm , d = 100�m (FW1/e M) and (b) I = 3:08�10

W/cm , d = 75 �m (FW1/e M).

rate initially starts at a very high value ( m/pulse) but
then, quite abruptly, decreases by an order of magnitude to

m/pulse. The point at which rollover occurs is different
in the two glasses, occurring after pulses in lead silicate
and after pulses in soda lime silicate; however, the
initial and final penetration rates are independent of the target
material.

IV. OPTICAL PROBE RESULTS

In order to gain a better understanding of the mechanics of
material removal as a function of the number of laser pulses
during ablation above the air-ionization threshold, we simulta-
neously captured profile images of the hole and images of the
laser produced plasma using a time-shuttered film plate (Fig. 1).
A small portion of the laser pulse % was converted to

nm using a KD*P frequency-doubling crystal, pro-
viding a synchronized visible illumination source. This blue
light was used to backlight the hole, allowing us to obtain op-
tical micrographs of the depth versus the number of laser pulses
during the drilling of a single hole. Photos were taken with a
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Fig. 3. Femtosecond laser penetration depth as a function of number of
incident laser pulses in soda-lime (circles) and in 45% mol. PbO silicate
(squares) glasses, for: I = 1:74 � 10 W/cm , d = 100 �m (FW1/e M)
(solid lines) and I = 3:08 � 10 W/cm , d = 75 �m (FW1/e M) (dotted
lines).

shutter speed of 1/125 s, collecting both the blue backlight and
the visible emission of the laser-induced plasma spark. The im-
ages permitted the observation of the plasma spark and the shape
of laser drilled hole relative to depth.

With the shutter speed of the film stop set at 1/125 s, each
photo corresponds to the impact of a single pulse from the 5-Hz
laser system. Figs. 4 and 5 are “movies” showing the results of
two such experiments, performed at different laser intensities in
soda-lime silicate glass, where each frame is separated by 30
s, laser pulses. In this set of experiments, the beam focal
diameter was 75 m (FW1/e M), with: mJ/pulse and

W/cm (Fig. 4) and mJ/pulse and
W/cm (Fig. 5). Given the relatively small

focal spot, the laser intensity was sufficient at both intensities
to produce a plasma spark in air when no target was present.
These movies demonstrate that there is a clear change in the
uniformity of the laser-produced plasma in the channel as the
number of laser pulses increases.

A graph of the femtosecond laser penetration rate in
soda-lime silicate glass, plotted from the data obtained from
time-lapse photographs of drilling runs at the two laser inten-
sities (Fig. 6), further illustrates the rollover in the ablation
rate observed in Fig. 3 during drilling above the air ionization
threshold. Despite the identical focal beam diameter and
the associated Rayleigh range in Figs. 4–6, the less intense
femtosecond laser pulses penetrated more deeply into the
sample. At the higher powers in Fig. 6 the penetration rate
rapidly reduces from the initial rate of 0.50 m/pulse to a
near flat-line value of m/pulse. The case is similar for

mJ/pulse and W/cm , however
the rollover is more gradual and occurs later allowing the
femtosecond laser pulses at this lower intensity to penetrate
more deeply into the sample. Fig. 6 also shows that the rollover
in penetration depth is repeatable, suggesting that the point of
the rollover is intensity dependent. The repeatability of this
data suggests that the change in the ablation mechanism is not
sensitive to experimental instabilities. The initial penetration
rate was m/pulse for both intensities. However in the

Fig. 4. Time-lapse images (one frame every 30 s, corresponding to the impact
of 150 laser pulses) of drilling of soda-lime silicate glass, for: E = 1:5 mJ,
I = 3:08� 10 W/cm , d = 75 �m, andt = 110 fs.

lower intensity case, the penetration rate reduced slightly at
pulses to a rate of m/pulse, then flattened out

after pulses; whereas there was a single sudden drop in
penetration rate at pulses for the higher intensity case.

A closer look at the in-situ photographic data illustrates the
change in the laser-produced plasma distribution before and
after the rollover points indicated by Fig. 6 and provides clues
about the mechanism causing the change in processing condi-
tions. In frames 3–6 of Fig. 4 and in frames 2–10 of Fig. 5, the
plasma fills the channel uniformly. The larger images in Fig. 7
show almost no sign of hole tapering at this stage. As such, the
diameter of the hole and the ablation rate remain nearly con-
stant, indicating that each laser pulse ablates a disk of material

m in diameter and m thick (ablated volume is
cm ). The situation changes in frames 7–10 of Fig. 4

and in frames 11–14 of Fig. 5. At this point, the laser plasma
no longer uniformly fills the hole, and the ablating tip is much
narrower. Furthermore, these frames clearly demonstrate that
the plasma cools before it can completely escape from the hole,
therefore it is likely that a significant amount of the ablated ma-
terial remains trapped inside the channel until the impact of the
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Fig. 5. Time-lapse images (one frame every 30 s, corresponding to the impact
of 150 laser pulses) of drilling of soda-lime silicate glass, for: E = 1:0 mJ,
I = 2:06� 10 W/cm , d = 75 �m, andt = 110 fs.

subsequent laser pulse despite the relatively long time between
pulses ( ms). Finally, by frame 17 in Figs. 4 and 5, the
plasma has broken into two main sections consisting of a bright
area about half way down the hole and a smaller bright spot at
the deepest part of the hole. Although the laser-produced plasma
is brightest in the middle of the hole, subsequent photos indicate
that there is no appreciable widening of the laser channel asso-
ciated with this area. Rather, ablation is restricted to the deep
end of the hole where the tip of the plasma is in contact with the
bulk material.

Thus, we have broken the evolution of femtosecond-laser-
pulse deep drilling of soda-lime silicate glass into three phases.
Initially, the laser plasma is a uniform cylinder of m in di-
ameter, filling the channel to a maximum depth of m. At
this stage, a portion of the laser-produced plasma is visible es-
caping from the hole (Fig. 7). During the transition phase asso-
ciated with the intensity-dependent rollover points, the plasma
distribution becomes nonuniform and no luminous plasma can
be seen escaping from the hole (Fig. 8). In the final stage, there
is a dramatic reduction in ablation rate (Fig. 6) and ablation is

Fig. 6. Femtosecond laser penetration depth in soda-lime silicate glass vs. the
number laser pulses, for: E = 1:0 mJ/pulse, I = 2:06 � 10 W/cm ,
F = 22:4 J/cm , d = 75 �m (solid lines) and E = 1:5 mJ/pulse, I =

3:08� 10 W/cm , F = 33:9 J/cm , d = 75 �m (dotted lines).

(a)

(b)

Fig. 7. Enlargements of (a) frame 4 from Fig. 4 and (b) frame 3 from Fig. 5
showing the early stages of the hole development. The laser propagated from
right to left, and the target surface is indicated by the dotted line.

associated with a small plasma tip at the deepest point of the
laser machined hole (Figs. 9–11).

Since the rollover in ablation rate is more gradual for
mJ/pulse and W/cm than in the highest in-

tensity case (Fig. 6), Fig. 5 provides a great deal of information
about changes in the ablation mechanics. Frames 14–17 show
a gradual transition from the initial stage, in which the plasma
is uniform, to the final stage, where the plasma breaks apart.
In particular, these frames show that a narrow plasma filament,
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(a)

(b)

Fig. 8. Enlargements of (a) frame 8 from Fig. 4 and (b) frame 13 from
Fig. 5 demonstrating changes in the laser produced plasma profile. The laser
propagated from right to left, and the target surface is indicated by the dotted
line.

(a)

(b)

Fig. 9. Enlargement of (a) frame 17 from Fig. 4 and (b) frame 17 from Fig. 5
showing the final stage in the evolution of the laser produced plasma. The laser
propagated from right to left, and the target surface is indicated by the dotted
line.

m in diameter, connects the regions of plasma as they
begin to separate and forms a tip associated with ablation at the
hole bottom (Fig. 11). Fig. 11 also demonstrates that the ab-
lating plasma tip moves from pulse to pulse. In frame 17, the
plasma tip is ablating material toward the lower portion of the
hole while the plasma filament bends slightly deep inside the
hole. However, by frame 22 the plasma filaments have straight-
ened out and ablate material from the region slightly above the
region ablated in frame 17. The jitter associated with the plasma
filament deep inside the channel helps to explain the rollover in
Figs. 3 and 6, in that although each shot ablates additional mate-
rial there is negligible increase in the depth of the hole because

Fig. 10. Enlargements of frames 14–16 of Fig. 5 illustrating the separation
of the plasma into two pieces connected by a narrow (�10 �m in diameter)
filament. The laser propagated from right to left, and the target surface is
indicated by the dotted line

Fig. 11. Enlargements of frames 17 and 22 from Fig. 5 showing the wander
of the ablating plasma tip. The laser propagated from right to left, and the target
surface is indicated by the dotted line.

each pulse hits a different spot. Finally, the process of plasma
filamentation also helps to explain the bending of the holes ma-
chined in soda-lime and PbO silicate glasses [Fig. 2(b)].

It is important to note here that there is no evidence of air
ionization significantly disturbing the beam propagation until a
critical depth is reached. Figs. 3 and 6 show that femtosecond
laser ablation above the air-ionization threshold initially leads
to larger penetration rates, and Figs. 4 and 5 demonstrate that
the beam could penetrate over 500 m without a reduction in
ablation rate. Although the independence of the initial rate of
ablation on the incident laser fluence/intensity, shown in Fig. 6,
suggests that the ablation rate has been saturated. Figs. 4–6 illus-
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trate that the situation is dramatically different in soda-lime sil-
icate after 1000 laser pulses. Figs. 4–11 show that the plasma
became nonuniform at a depth of 800–1200 m, corresponding
to the rollover points in Figs. 3 and 6. It is not until the rollover
point, determined by the target material (Fig. 3) and incident
laser intensity (Fig. 6), that laser interaction with the air in the
channel appears to significantly reduce the ablation rate. It is
unlikely that the hole geometry is the determining factor is this
process, since the diameter and taper of the holes does not vary
greatly between soda-lime and PbO silicate glasses (Fig. 2).
Rather, the intensity and material dependence of self-focusing
suggests that it is the result of the nonlinear phenomenon inside
the channel.

We believe the change in ablation characteristics shown in
Figs. 2–11 corresponds to unstable beam steering induced by
self-focusing of the femtosecond laser during its propagation
down the hole. The fact that the onset of self-focusing is dif-
ferent for the silicate glasses studied here (Fig. 3) does not ap-
pear to be a consequence of laser-induced ionization of the am-
bient atmosphere. Furthermore, the maximum penetration depth
in soda-lime silicate glass appears to be dependent upon laser
fluence/intensity (Fig. 6) rather than the Rayleigh range. We
also believe the cumulative effect of self-focusing, over hun-
dreds and thousands of shots, is responsible for the bends ob-
served in the holes produced using laser pulses in Fig. 2(b).
Although these results leave several questions unanswered, such
as the influence of laser polarization and the shape of the hole
in the plane perpendicular to the images in Figs. 2, 4, 5, and
7–13, they suggest that beam prointing changes more or less
randomly from pulse to pulse as a result of beam filamentation
while drilling deep holes above the threshold for air ionization.
Thus, the shape of the hole beyond a depth of m repre-
sents the statistical summation of the more-or-less random beam
deflection associated with the aiming stability of the plasma fil-
ament.

V. NONLINEAR INTERACTIONS WITH THE ATMOSPHERE

A. Kerr Lensing

It is well known that nonlinear self-focusing is initiated by
the positive lens created by the intensity-dependent modifica-
tion of the index of refraction induced by an intense Gaussian
laser beam profile via the Kerr effect. The intensity-dependent
index of refraction is defined as [37]

(1)

where the nonlinear index of refraction is given by

(2)

(3)

Above a certain critical power, the positive Kerr lens is sufficient
to overcome diffraction and will produce a “new” beam waist at
a distance from the original focus point [37]

(4)

Fig. 12. Micrograph of hole drilled into 45% PbO glass after 10 laser pulses
(100 exposures of 1 s each), for t = 150 fs, � = 775 nm, I = 1:25 �

10 W/cm , and R = 1 kHz.

Fig. 13. Optical micrograph of a hole drilled into soda-lime silicate glass after
3200 laser pulses (400 exposure of 0.008 seconds each), for t = 150 fs, � =

775 nm, I = 1:25� 10 W/cm , and R = 1 kHz.

where the critical power for this self-focusing is [37]

(5)

Thus, it is necessary to know the value of the nonlinear index
of refraction or the third-order susceptibility in order to
determine the strength of nonlinear self-focusing.

Table I provides the published values for and/or and
the corresponding values calculated using (2) and (3) (taking
into account the different units used). It shows that the published
values for range through a full order of magnitude from

[38] to cm /W [39], depending upon the
specifics of the experimental technique and/or the theoretical
assumptions made.

Experiments on the propagation of femtosecond laser pulses
in air have demonstrated that diffraction is balanced by self-
focusing at a critical power of GW for a 200-fs laser
pulse with a center wavelength of 775 nm [43], which implies
that is cm /W. Using this value for the critical
power of self-focusing in (4), the minimum self-focusing length
given the experimental conditions described in Sections III and
IV ( m, nm, and W) would
be mm. Even if were taken to be cm /W,
implying a critical power for self-focusing of 1.8 GW [38], the
self-focusing length is 1.9 mm. However, the optical probe
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TABLE I
SELF-FOCUSING DATA IN AIR ( ORIGINAL VALUES)

experiments shown in Fig. 4 demonstrate beam filamentation
within 0.800 m.

B. Plasma Defocusing

As the incident laser power increases, Kerr lensing results in
ever tighter beam focusing. This effect is countered by plasma
defocusing. A theoretical model of the nonlinear modification
to the refractive index induced by strong electromagnetic waves
was first proposed by Max et al. [44], based upon plasma dy-
namics. In this case, the incident laser field is linearly polarized,
thus the electric field is

(6)

where

(7)

and the maximum incident electric field amplitude is , the
oscillation frequency is , and the wavenumber is [45].

For a sufficiently intense laser pulse, the instantaneous elec-
tric field can cause the formation of critically dense plasmas
( cm for nm) within tens of fem-
toseconds [28] (see Section II). The interaction of ultrahigh-in-
tensity laser beams with dense electron plasmas requires con-
sideration of the influence of the plasma and the motion of the
electrons in the plasma (in response to the Lorentz force and
relativistic plasma dynamics) on the propagation in the incident
laser pulse.

The Lorentz force associated with the electric and magnetic
fields of the incident laser beam is given by

(8)

where and and the incident electromagnetic fields and is
the velocity of the electrons in the laser produced plasma [45].
In intense fields, free electrons will also acquire a relativistic
Lorentz factor according to

(9)

where the driving frequency is given by (7) and is the wave
amplitude which results from the amplitude-dependent mass re-
sponse of the electrons in the plasma to the incident laser field,
given by [44]

(10)

where is the electron charge, is the magnitude of the elec-
tric field, is the electron mass, is the speed of light in
vacuum, and is the laser frequency.

For modest laser intensities ( W/cm ), the plasma-in-
duced refractive index can be written in the form

(11)

where is the amplitude of the normalized vector potential
in terms of the peak incident electric field (here , since
relativistic electron motion is negligible [46]). is the plasma
frequency shown as

(12)

where is the electron density [46].
At the intensities examined in our research (10 W/cm ), the

relativistic self-focusing [third term in (11)] is negligible. Thus,
an electron plasma induces a reduction in refractive index which
is proportional to the density of electrons in the plasma.

VI. DISCUSSION OF SELF-FOCUSING

Self-focusing of intense laser pulses occurs when the Kerr
lens is sufficiently strong to overcome diffraction. If the laser
intensity exceeds the ionization threshold, plasma defocusing
will also affect beam propagation. Under some conditions,
Kerr lensing will counteract diffraction and plasma defocusing,
forming beam filaments which can propagate over several
Rayleigh ranges. Such behavior has been observed in gases
[43], [47]–[49] and solid transparent media [50]–[53]. Ultra-
short pulse laser propagation is further complicated during hole
drilling. Particularly during deep hole drilling, the ejection of
ablated material is restricted by the geometry of the laser-ma-
chined channel. Any residual material remaining in the air
within this channel will interact with subsequent laser pulses.

The results of Sections II and III indicate the existence of
an intermediate regime (between solid and gas), in which the
propagation medium is a suspension of ablated debris in air. Al-
though it is not currently possible to do a constituent analysis or
numerical simulation of the particles in the atmosphere of the
laser drilled channel given our test conditions, it is likely that,
as the depth to width ratio of the hole increases, a portion of
the ablated material will remain suspended in the air during the
time between laser pulses (0.2 s). The rate of material removal
during deep hole drilling above the air ionization threshold re-
duced from to cm /pulse, while the ma-
terial removal rate was essentially constant at
cm /pulse (the penetration rate is m/pulse, the hole di-
ameter varies from 75 to 40 m, the area of the hole is between
5 and 1 cm ) throughout the test range below the air
breakdown threshold. We believe that this difference is the result
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of laser interaction with the mixture of air and ablation residue
similar to that observed by Klimentov et al. [54] and Ashkenasi
et al. [55]. For example, Ashkenasi et al. reported that, during
hole drilling in fused silica, the ablation rate remained essen-
tially constant until a sudden saturation was reached [55]. This
saturation depth was similar within a range of vacuum pressures
from 10 to 1 mbar; but was much less at atmospheric pres-
sure [55]. Klimentov et al. found that for laser pulses longer than
several picoseconds atmospheric deep hole drilling was domi-
nated by plasma screening effects; however, femtosecond deep
hole drilling was strongly influenced by the nonlinear optical
properties of the air/dust in the beam path [54]. For example,
during deep hole drilling of steel in air with 100 fs laser pulses
[54], no plasma screening was observed at fluences below 200
J/cm . However, 50%–60% of the incident beam was disturbed
by nonlinear interactions for laser fluences from 30 to 60 J/cm .
Beam disturbance was accompanied by conical emission [56]
causing the formation of a shallow trench surrounding the main
hole [54]. Some evidence of conical emission during our exper-
iments can be seen surrounding the entrance holes in Fig. 2 (left
images) and Fig. 13.

As described in Section IV, our results suggest a nonlinear in-
teraction between the incident laser pulse and the air/dust in the
machined channel, where the laser intensity is above the crit-
ical power for self-focusing but the laser fluence is below the
threshold for the generation of dense electron plasma. This in-
teraction passes through three stages as the hole penetrates into
the material. In the first stage (before rollover), ablation occurs
at a constant rate of m/pulse (assuming that the diameter
of the hole is m, the area of the hole is cm ,
and the ablated volume is cm /pulse), and the laser-
produced plasma forms a uniform cylinder with a diameter of

m. In the transition stage (during rollover), the rate of ab-
lation reduces rapidly, the laser plasma brakes apart, and the hole
taper increases. In the final stage (after rollover), laser plasma
filamentation produces a wandering plasma tip ( m in di-
ameter) which penetrates at a constant rate of m/pulse
(assuming that the diameter of the hole is m, the area of
the hole is cm , and the ablated volume is

cm /pulse). Figs. 4–11 suggest that Kerr lensing and
plasma defocusing compete with one another, causing beam fil-
amentation when the hole reaches some critical depth which de-
pends upon the target material (Fig. 3) and the incident laser in-
tensity (Fig. 6).

Quantitative estimates of the absolute strength of the positive
Kerr lens or the electron density in the channel are not possible;
however, it is possible to make several qualitative statements
about the mechanics of the self-focusing process. According to
(5), the observed self-focusing length of 1 mm (Figs. 4 and
5) indicates that the critical power for self-focusing is less than

W and the nonlinear index of refraction is greater than
cm /W. Clearly, such a large value for the nonlinear

refractive index of the atmosphere within the laser-machined
channel cannot be explained simply in terms of typical values
for the of air (Table I). Rather, the strength of the nonlinear
lens suggests that the ablation residue has significantly modified
the atmosphere within the channel. Since self-focusing depends
upon the relative strengths of diffraction and nonlinear effects

(Kerr lensing and plasma defocusing), the sudden reduction in
the penetration rate shown in Figs. 3 and 6 corresponds to the
point at which self-focusing significantly affects pointing sta-
bility (as indicated by the optical probe photos shown in Figs. 4,
5, and 7–11). The fact that femtosecond laser pulses penetrate
more deeply in Fig. 5, when the incident laser intensity is

W/cm , indicates that the weaker Kerr lens is more easily
counteracted by diffraction and plasma defocusing than when

W/cm (Fig. 4), while the observation that fem-
tosecond laser pulses ( W/cm ) penetrate more
deeply into PbO silicate glass than into soda-lime silicate glass,
as shown in Figs. 2 and 3, suggests that the Kerr lens is coun-
tered more effectively in PbO than in soda-lime silicate glass.
Since the beam parameters were the same for the two glasses
in Figs. 2(b) and 3, this behavior is independent of diffraction.
Thus, it is likely that the increase in the penetration depth cor-
responds to an increase in the strength of plasma defocusing.
Such an increase in the strength of plasma defocusing can be
attributed to the presence of lead atoms trapped in the laser-ma-
chined channel after the impact of previous ablating laser pulses.
The presence of lead atoms increases the amount of electrons
available for, and lowers the threshold of, electron plasma gen-
eration.

VII. FEMTOSECOND LASER DRILLING AT 1 KHz

As described in Section VI, the effects of self-focusing ob-
served in Sections III and IV can be attributed to the presence
of ablated material trapped inside the laser-machined channel.
Therefore, these effects should be magnified if the laser repeti-
tion rate is increased, since there is less time for the ablated ma-
terial to escape before the impact of subsequent laser pulses. To
test this hypothesis, we conducted a set of femtosecond ablation
experiments using a 1-kHz femtosecond laser system. This laser
produced 150-fs laser pulses at 775 nm with 850 J/pulse. The
focusing conditions were made to match the experiments de-
scribed earlier. Thus, the maximum laser intensity that could be
delivered to thetarget was W/cm . Although this
intensity was lower than the observed air-ionization threshold
for laser pulses at 845 nm and 5 Hz, it was sufficient to induce
air ionization at 775 nm and 1 kHz.

Due to the high average power on target ( mW) and the
associated thermal load, attempts at hole drilling with long ex-
posures ( s) at 1 kHz were unsuccessful. Therefore, a me-
chanical shutter was inserted into the experimental setup before
the focal lens. During initial experiments, soda-lime and 45%
PbO silicate glass samples were machined with 100 exposures
with the shutter speed set at 1 s. A micrograph of the hole pro-
duced in PbO silicate glass is shown below in Fig. 12. This
figure demonstrates evidence of self-focusing as indicated by
the bristling of the tip of the hole.

In an attempt to decouple the thermal effects from the effects
of self-focusing, holes were drilled into soda-lime silicate glass
with the exposure period reduced to s, such that laser
pulses per exposure impacted the target surface. Therefore, the
localized temperature of the target was not significantly changed
during the experimental period. A micrograph of the hole pro-
duced in soda-lime silicate glass after 400 shutter exposures is
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Fig. 14. Comparison the penetration depth in soda-lime silicate glass versus
the number of laser pulses at 1 kHz and 5 Hz. For 1 kHz: t = 150 fs; � = 775

nm;E = 0:85mJ/pulse; I = 1:25�10 W/cm . For 5 Hz higher intensity:
t = 110 fs; � = 845 nm; E = 1:5 mJ/pulse, I = 3:08� 10 W/cm
for 5 Hz Lower Intensity: t = 110 fs; � = 845 nm; E = 1:0 mJ/pulse;
I = 2:06 � 10 W/cm .

shown below in Fig. 13. In order to compare the penetration rate
at 1 kHz versus 5 Hz, the depth of this hole was measured peri-
odically during drilling. The penetration rate versus the number
of incident laser pulses at 1 kHz is plotted in Fig. 14, along with
the data obtained from the optical probe experiments at 5 Hz
shown in Fig. 6.

Fig. 14 shows that the initial penetration rate in the 1-kHz
case is m/pulse, similar to the low-repetition-rate exper-
iments, despite significant differences in the experimental laser
parameters. The 1-kHz data also exhibits a sudden rollover in
the penetration rate which occurs at an earlier point than was
observed at 5 Hz. The results of the latter experiments at inten-
sities above the threshold for air ionization have been attributed
to the interplay of nonlinear self-focusing phenomenon and the
influence of residual ablated material within the laser-machined
channel. These experiments at 1 kHz support this concept both
in terms of increased beam steering (as shown in Figs. 12 and
13) and in the reduction in laser penetration rate (Fig. 14).

VIII. SUMMARY

This study provides convincing evidence that residual
ablated material remaining in the atmosphere of the channel
during femtosecond-laser deep hole drilling affects the optical
properties of the laser-machined channel. The presence of
ablation residue can lead to nonlinear interactions between
laser pulses and the atmosphere within the channel over a
wide range of experimental conditions depending on the laser
parameters: pulse duration, intensity, fluence, and repetition
rate; and process parameters: atmospheric pressure, target
material, and desired hole diameter. Furthermore, the results
described in Section IV indicate that the processing mechanics
can change during the course of hole drilling. Initially there are
no adverse affects to drilling above the air ionization threshold;
however after a critical depth there is a rollover in ablation and
noticeable beam filamentation. This study demonstrates the
interplay between hole drilling, beam propagation, and non-
linear beam interactions and helps to establish a link between

self-focusing experiments [43], [47]–[53] and ablation rollover
during femtosecond laser deep hole drilling [21], [54], [55].
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