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Background and Objective: The goal of the present
work is to assess whether bovine corneal ablations
generated at laser repetition rates of up to 400 Hz are
comparable to ablations performed at rates consistent with
current clinical laser systems.
Study Design/Materials and Methods: A combination
of experiments was used to assess a comprehensive range of
ablation parameters, including ablation plume dynamics
via imaging and transmission, corneal ablation profiles via
scanning interferometry, and high-resolution electron
microscopy of collagen structure following ablation.
Results: Using white-light interferometry analysis, no
statistical difference was found between corneal ablation
profiles created at 60 and 400 Hz, with an average rate of
0.94 mm/pulse at 60 Hz versus 0.92 mm/pulse at 400 Hz. In
addition, based on plume imaging and transmission
studies, the bulk ablation plume was found to dissipate on
a time-scale less than the pulse-to-pulse separation for a
laser repetition rate up to about 400 Hz. A persistent,
diffuse gas-phase component of the ablation products was
observed and concluded to be comparable at both repetition
rates. Finally, SEM and TEM analysis revealed no signs of
differential thermal tissue damage, including collagen
fibril analysis, for laser repetition rates up to 400 Hz.
Conclusions: In summary, investigation of the relative
effects of excimer laser repetition rate on the overall corneal
ablation metrics revealed no measurable difference under
conditions typical of clinical refractive procedures. This
study suggests that increases in ArF laser repetition rates
for clinical applications (up to �400 Hz) appear feasible.
Lasers Surg. Med. 40:483–493, 2008.
� 2008 Wiley-Liss, Inc.
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INTRODUCTION

Excimer laser refractive surgery is a very popular option
for vision correction. As demand for the procedure has
increased, the surgical procedures and devices have
evolved, although laser photorefractive surgery continues
to be studied for ways to improve clinical outcome and
convenience. Accordingly, both accuracy and precision, as
well as patient comfort, must be considered. Toward these
ends, increases in laser repetition rate, and the correspond-
ing reduction in procedure time, are of practical interest,

notably with greater diopter corrections. The goal of the
present work is to assess whether corneal ablations
generated at a laser repetition rate of up to 400 Hz are
equivalent to ablations performed at current surgical laser
repetition rates. A review of current FDA-approved LASIK
laser systems indicates that surgeries using a 193-nm ArF
excimer laser are performed between 1.5 and 250 Hz,
depending on the manufacturer and model of the system
[1]. This is an extensive range of operation, especially when
one considers that there are several other conditions that
vary as well, including laser spot size, average and peak
laser fluence, and the overall beam steering algorithms
(e.g., wide field vs. flying spot approach) [2].

A thorough understanding of the physics and mecha-
nisms of corneal ablation and the potential role of laser
repetition rate remains a topic of research [3–9]. As the
exact mechanisms of photoablation remain unidentified, it
is critical to show that increasing the laser repetition rate
does not reveal any differences in surgical outcome or
underlying corneal pathology. The laser–tissue interaction
may be generalized as a dynamic process during which the
corneal optical properties are perturbed by the laser beam
during the time-course of the ablating laser pulse. Photo-
cleavage of collagen fibrils and proteoglycans leads to
subsurface expansion of the corneal tissue matrix and
subsequent stress that drives the ablated tissue from the
surface in the form of the well-known ablation plume [10–
14]. Critical questions regarding potential laser rate effects
include the possibility of changes in laser–plume inter-
actions, differences in the kinetics of laser–tissue coupling
resulting in different ablation rates, and potential damage
to the tissue underlying the ablation zone.

With each laser pulse, the ablated corneal material is
ejected from the eye surface as the ablation plume. It is
essential to examine the dynamics of this plume to
determine if the physical removal of tissue during
ablation is altered as the laser pulse rate is increased to
values higher than current clinical rates. Excess material
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lingering over the surgical plane could alter the ablation
process, notably by attenuating the laser pulse energy and
thereby decreasing the amount of corneal tissue removed.
Also, the excess material may settle back down onto the
corneal surface, also resulting in under-ablation of the
cornea [15,16]. Accordingly, it is desirable that the ablation
rate provide adequate time for the ablation plume from one
shot to sufficiently dissipate before the next laser shot
occurs.

To ensure successful clinical outcome, it is crucial that
the overall ablation profiles generated at the relevant
laser repetition rates are statistically identical for a given
refractive correction. The ablation depth generated by a
particular system is a function of the incident laser fluence,
with higher fluences producing deeper ablation depths.
A wide range of reported experimental data has been
summarized and plotted by Fisher et al., and indicates
laser fluences ranging from about 25 to 700 mJ/cm2

with corresponding ablation rates from threshold to
about 1.4 mm/pulse [10,17–25]. A review of current FDA-
approved LASIK systems reveals a wide variety of average
laser fluences on the market, ranging from about 100 to
250 mJ/cm2, although the peak fluence with Gaussian
beams may be in excess of 500 mJ/cm2 [1].

The corneal stroma is made up of approximately 75%
water and about 20% collagen and proteoglycans (derma-
tan and keratan sulfates). The collagen structure consists
of regularly spaced collagen fibrils which are of approx-
imately equal diameter, arranged in layers of parallel
lamellae. The stroma ranges in thickness from about 0.5 to
0.7 mm, based on the distance from the center of the eye.
The corneal stroma is made up of about 300–500 lamellae
(bundles) of parallel fibrils, with each bundle of fibrils
arranged parallel to the adjacent bundle [26–28]. The
reported values of the diameter of the fibrils ranges
considerably, namely from 20 to 34 nm, and in the central
region of the cornea, the diameter is considered independ-
ent of corneal hydration [26–29].

When ablated, the immediate corneal stroma becomes
disrupted and may become thermally damaged. Notably,
at temperatures above approximately 608C, coagulation
and denaturing of collagen can occur. These effects can be
observed using microscopy, showing disruptions in the
collagen structure and an aggregation of fibrils. This would
cause the interfibriller distance at the ablation surface to
shorten, and thus the density and cross-sectional area of
collagen fibrils would be expected to increase [30,31]. The
level of disorganization and fiber densification observed
with high-resolution microscopy may therefore be consid-
ered a measure of thermal damage to the underlying tissue
[31]. Venugopalan et al. [32] attempted to model the effect
of various laser parameters, including pulse duration and
laser irradiance, to determine the zone of thermal energy as
a function of the Péclet number. Unfortunately, a lack of
knowledge of the ablation mechanism limited the model, as
acknowledged by the authors. A model of thermal damage
induced by 193-nm irradiation that takes into account
current understandings, including dynamic optical pro-
perties and Beer–Lambert law deviation, still remains

unavailable. Nonetheless, thermal damage should be
considered in the context of higher laser repetition rates,
as less time is available between laser shots for energy to
dissipate via conduction within the corneal stroma.

These issues form the basis of the present investigation
into laser repetition rates effects on laser refractive
surgery. In addition, differences in healing response fol-
lowing refractive surgery may result from changes in
ablation rates. Such effects are beyond the scope of the
present study, but rather are suggested as follow-up
studies.

MATERIALS AND METHODS

In all experiments, whole bovine eye globes were
extracted immediately following sacrifice (less than
20 minutes) and placed in sealed, buffered saline solution-
filled plastic bags and kept at room temperature. Experi-
ments were always performed within several hours follow-
ing animal sacrifice. Prior to all ablations, the corneal
surface was mechanically de-epithelialized using a scalpel
edge.

For all experiments, the 193-nm ArF excimer laser
(Coherent TuiLaser, Santa Clara, CA) was used for the
corneal ablations. The laser output energy was set to 2.7 mJ
per pulse at the corneal eye plane and the spot size was
approximately 1 mm. A comparable laser platform is
currently used in FDA-approved clinical systems at rates
between 60 and 100 Hz utilizing an identical treatment
algorithm. The laser is capable of producing laser repletion
rates from 1 Hz to above 400 Hz. Alcon proprietary software
controlled the delivery of a specified refractive correction
over a 6-mm treatment zone. Essentially, the laser beam is
rastered over the cornea surface using a series of over-
lapping, spiraling arcs. As in clinical settings, the laser
beam was oriented downward onto the bovine eye. The
surgical 193-nm ArF excimer laser beam (denoted Laser 1)
passes through a beam homogenizer, a focusing lens and a
pinhole before entering the scan cube, as shown in Figure 1.
The scan cube contains two orthogonal mirrors that move in
concert to generate a correction profile at the corneal plane.
After exiting the scan cube, the beam then passes through
a second focusing lens and two mirrors and is projected
downward onto the corneal surface. The bovine eye
globe was held in a specially designed holder to keep it
static and taut during the procedure. The intraocular
pressure was not measured in this set of experiments but
is considered comparable to normal physiological pres-
sures. The eye holder was specifically designed to keep a
consistent, minimal pressure on all eyes. The purpose of
keeping the eye surface taut was to prevent aberrations in
the ablation profile due to distortion of the bovine eyes,
which naturally occurs following excision. It is noted that
enucleated eyes tend to wrinkle and/or sag on the corneal
surface; hence the eye holder restores the corneal surface of
the whole globes to a more natural state.

Ablation Plume Imaging

To assess the ablation plume dynamics, planar laser light
scattering measurements were performed. An Andor iStar
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CCD camera (1,024�1,024 pixels) was used to record
images of the plume. For imaging, an Nd:YAG pulsed
solid-state laser (Laser 2) at 532 nm was used to illuminate
the plume, as shown in Figure 1. A cylindrical lens was used
to create a vertical sheet of light which passed above the
corneal surface normal to the camera. Using digital delay
generators, the pulsed Nd:YAG light was synchronized
to the ablating excimer laser pulse. By adjusting the
delay between the two lasers, the temporal evolution of
the ablation plume was imaged for delays ranging from
120 microseconds to 40 milliseconds following the excimer
laser pulse, noting that a delay time of zero corresponds to
coincident laser pulses. The method of using scattered light
to image an ablation plume is well documented and dates
back to the pioneering work of Puliafito and coworkers
[16,33,34].

Transmission

To further analyze the ablation plume evolution, a second
193-nm ArF laser beam was used to probe the ablation
plume, including interactions with solid phase (i.e.,
particulate) and gas phase components.

The path of the surgical ArF laser (Laser 1) for these
studies was identical to that described above for the
imaging studies. The transmission probe ArF excimer laser
beam (GAM Laser, Inc., Orlando, FL), labeled as Laser 3,
was split into two paths, considered the incident and
transmitted, using a glass quartz flat as a beam splitter, as
shown in Figure 2. The incident beam path passes through
the quartz flat, then through a set of neutral density filters

to ensure signal linearity, a pin hole to minimize stray light,
a 193-nm line filter to eliminate any laser-induced
fluorescence signal, and finally into the detector (200-
picoseconds rise-time photodiode). The transmitted beam
path follows a similar path of optics but is passed through
the center of the ablation plume at a height of 2 mm above
the corneal surface. Figure 2 demonstrates the configura-
tion used for this set of experiments. This general method
has been successfully implemented in the analysis of
ablation plume dynamics [34].

The incident probe signal was compared to the trans-
mitted signal to determine the transmission. The ratio of
the integrated transmitted signal to the integrated incident
signal normalized to the ratio with no plume present
defines the transmission. The transmission of light through
the ejected plume may be coupled with the plume images to
assess whether the material removal mechanism is affected
by residual plume material from previous laser shots. In
general terms, the transmission is defined as

t ¼ Ið‘Þ
I0

ð1Þ

where I(‘) is the intensity of the laser light after passing
through the plume path length, ‘, and I0 is the incident
laser intensity. Thus, the normalized ratio (i.e., plume/no
plume) is the transmission through the ablation plume.
Using digital delay generators, the transmission of the
plume was determined as a function of time with respect to
Laser 1, as in the plume dynamics study above, for delays
ranging from 0 microseconds to 1 milliseconds.

Fig. 1. Schematic of the experimental configuration for measuring ablation plume dynamics.
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Ablation Profile

In order to assess any variations in the ablation profiles
generated by varying the laser repetition rate, corneal
tissue ablation craters were analyzed. Ablation craters
were generated by interdispersing a 25-shot sequence
(evenly dispersed throughout the treatment algorithm)
onto the center of a 3-diopter, 6-mm zone ablation treat-
ment, as shown in Figure 3. The 3-diopter, 6-mm zone
ablation treatment is representative of a typical moderate
correction for this surgical laser system. These ablations
were performed with the laser operating at either 60 Hz
(based on existing clinical rates) or 400 Hz using paired eyes
from each bovine. Hence, one eye received the treatment at
60 Hz, and the second eye received the treatment at 400 Hz.
Using interdispersed shots on a standard profile provided
a more clinical representation than a simple static laser

beam because in clinical applications the time between
laser pulses at a given location is significantly greater than
the pulse-to-pulse firing time due to the scanning algorithm
employed by the laser system. Immediately following
completion of the ablation, impressions of the craters were
prepared using single drops of paraffin wax as previously
documented [35]. Once the wax was thoroughly solidified,
the impression was inverted and transferred to a micro-
scope slide. A Zygo NewView white-light interferometer
was used to obtain three-dimensional surface profiles of
the full craters. The interferometer was outfitted with a
5� Michelson objective with a 0.5� magnification setting
resulting in a net 2.5� surface view. Five eyes were
analyzed at each laser repetition rate (10 eyes total).

In order to process the images, six two-dimensional cross-
sections were extracted from each three-dimensional
interferogram using a star pattern such that each cross-
section bisected the center of the ablation crater. Parabolic
trend lines, which provided good approximations of the
corneal surface near the ablation site, were used to subtract
the overall corneal surface curvature from each cross-
section, yielding the ablation profiles. The six cross-sections
were then averaged to yield the final 2D ablation profile for
each treated cornea.

Histology

To assess any histological changes to the underlying
stroma caused by varying the laser repetition rate, corneal

Fig. 2. Schematic of the experimental configuration for the plume transmission study.

Fig. 3. Schematic cross-sections of the ablation patterns

generated by the straight-bore and scanning algorithms. The

scanning algorithm shows the additional 25-shot pulse

sequence superimposed on a 3-diopter profile.
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ablations were performed over a 6-mm zone with a stand-
ard 9-diopter correction, the maximum correction typically
applied for this surgical system, using laser repetition rates
of 60 and 400 Hz. This 9-diopter correction is considered a
worst case from a histological perspective, as it produces
the maximum number of laser pulses, and therefore, the
maximum possible potential for tissue damage. For these
experiments, no additional laser shots were added in
the center as was done in the ablation profile study
described above.

For assessment of rate effects, conventional microscopy,
scanning electron microscopy (SEM), and transmission
electron microscopy (TEM) were performed on corneal
buttons, which were immediately harvested using 8-mm
biopsy punches. For conventional microscopy, the buttons
were dehydrated in a graded series of alcohol solutions.
They were then cleared with xylene solution and fixed into
a paraffin block. Corneal samples of 4-mm thickness
were sectioned and stained with hematoxylin and eosin
(H&E). Light microscopy images were processed and stored
for each sample. For TEM and SEM analysis, corneal
buttons (four for each rate) were harvested and fixed in
2.5% glutarlaldehyde in 0.1 M cacodylate buffer and
prepared for analysis. The cornea buttons were bisected
and postfixed in 2% osmium tetroxide for 2 hours. Small
pieces of the cornea were embedded in low-viscosity epoxy
medium, thin sectioned, stained with uranyl acetate and
lead citrate, and viewed with a JEOL 100 CX transmission
electron microscope. The other half of the cornea was
prepared for SEM by critical point drying. The tissue was
glued to stubs, sputter coated with gold palladium, and
viewed with a JEOL 25 CF scanning electron microscope.
SEM and TEM images were then processed and stored for
each sample.

RESULTS

Ablation Plume Dynamics

The time evolution of the ablation plume is pictured in
Figure 4. Each image is a single capture from the CCD
camera. The reported time scale represents the delay
of the image with respect to the surgical laser (Laser 1)
pulse. Qualitatively, the bulk of the plume is observed
to dissipate in less than 500 microseconds, and is
essentially fully dissipated (98%) on a time-scale of about
3 milliseconds. To quantify the plume evolution, the
intensity of each pixel was averaged across the entire
image (1,024�1,024 pixels) and the background was
subtracted for each time step, with the results plotted in
Figure 5. This plot correlates well with the conclusions
drawn from the images themselves and indicates a thresh-
old of about 2–3 milliseconds, below which one would
anticipate negligible interaction of the incident laser beam
with the ablation plume from the previous pulse. At 400 Hz
laser repetition rate, the pulse-to-pulse spacing is 2.5 milli-
seconds, which is consistent for this time scale, hence no
significant effects are expected from interactions of the
laser pulse with the bulk ablation plume for laser repetition
rates up to 400 Hz.

To further corroborate the imaging studies in a more
quantitative manner, transmission measurements were
performed to ensure that the laser energy of the ablation
beam is not attenuated by excess plume material lingering
in the beam path. The transmission of the 193-nm
probe laser is plotted in Figure 6 as a function of
delay time following the ablating laser pulse (delay time
of zero), hence the time axis represents the delay of the
probe excimer beam (Laser 3) with respect to the ablation
pulse (Laser 1). The transmission through the ablation
plume was measured a minimum of three times for each
delay using multiple eyes, with standard deviations
included in Figure 6. The transmission profile shows
a minimum of about 91% at a delay time between 120 and
250 microseconds, which corresponds to the passage of the
bulk ablation debris through the probe beam at the probe
beam height of 2 mm above the corneal surface, as shown in
the plume imaging study (see Fig. 4). After the bulk of the
plume evolves away, the transmission steadily climbs to
98.4%, rather than 100%. Examination of Figure 6 reveals
that the transmission value of about 98.4% is persistent
at the earliest delay times as well, namely between 1 and
10 microseconds. It is noted that these early times are well
before the arrival of the bulk ablation plume. Additional
measurements revealed that this decrease in transmission
of the probe laser at early and late times is due to the build-
up of a diffuse (presumably gaseous or very fine particulate)
component of the ablation plume that persists over a time
scale of tens of milliseconds. This diffuse component
was observed at comparable levels (i.e., �98% trans-
mission) for both 60 and 400 Hz. To further explore this
effect, additional measurements were performed using a
cross-flow purge at a fixed delay time of 1.25 milliseconds.

It was observed that adding a cross flow of dry nitrogen to
purge the beam path allowed the transmission to reach
unity at a time scale of 1.25 milliseconds. Transmission
measurements were recorded for both laser repetition
rates (60 and 400 Hz) with cross-flow added. The results
are shown in Figure 7, for both 60 and 400 Hz. With
the nitrogen purge flow, the transmission is increased to
1.00 (s¼ 0.002) and 1.00 (s¼ 0.005) for the 60- and 400-Hz
experiments, respectively. Together, the data suggest that
a diffuse, gas-phase component accumulates above the
ablation surface and slightly attenuates the incoming laser
pulse. However, no significant laser repetition rate effect is
observed for this diffuse plume component. Clinically, this
diffuse component is most likely diminished by the exhaust
systems (i.e., plume extractors) that are present on
commercial refractive systems, although the degree to
which it might exist is difficult to predict. Given the small
effect (1–2% attenuation) and the current findings, no rate
dependence is expected over the range of 60–400 Hz
examined here.

Ablation Profile

Representative ablation profiles extracted from the
white-light interferometry of the ablation craters are
presented in Figure 8. For both laser repetition rates
(60 and 400 Hz), five corneas were examined. As observed in
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the figure, there is no obvious change in the ablation crater
geometry across the entire profile with laser repetition rate.
Specifically, the edges of the ablation zone profile line up
with each other for the two treatment rates, as do the
bottoms of the crater in the corneal bed, showing similarity
in ablation rates at both the maximum fluence (i.e., center)
and the near-threshold fluence (i.e., edge). The ablation
profile as defined here corresponds to the 25-shot crater
superimposed on the overall treatment; hence the scanning
approach depicted in Figure 3. The average ablation full-
depth is defined by the maximum depth of the ablation

profile, and the ablation rate is defined as the ablation
full-depth divided by the number of pulses used to create
the profile.

The average ablation full-depth at 60 Hz is 23.6 mm
(s¼ 1.98 mm), and the average ablation full-depth at 400 Hz
is 23.1 mm (s¼ 2.93 mm), as shown in Figure 9, which
corresponds to ablation rates of 0.944 and 0.924 mm/pulse at
crater center, respectively. For a 95% confidence value
using the Student’s t-test, there is no statistical difference
in ablation depths for the 60 and 400 Hz rates. In summary,
both the depth and overall shape of the ablation craters are

Fig. 4. Ablation plume images as a function of time following the ablating laser pulse. All

images have the same intensity scale.
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unaltered with changes in the laser repetition rate, leading
to the conclusion of no measurable repetition rate effect on
the resulting profiles.

The peak fluence of the surgical laser in these experi-
ments is approximately 600 mJ/cm2, while the average

fluence (full-width) is approximately 200 mJ/cm2. The
corresponding ablation rates for 60- and 400-Hz ablations,
namely 0.94 and 0.92 mm/pulse, agree very well with
previously published values in the range of approximately
0.8–1.3 mm/pulse over this fluence range [10,17–25].

Fig. 5. Average scattering intensity (full-image) of the abla-

tion plume images as a function of time following the ablating

laser pulse.

Fig. 6. One hundred ninety-three nanometer ArF probe laser

transmission through the ablation plume as a function of time

following ablation. Transmission was recorded at a fixed height

of 2 mm above cornea surface.

Fig. 7. Average transmission of the ArF probe laser at a fixed

delay of 1.25 ms and fixed height of 2 mm. Data were recorded

in quiescent air, and in the presence of a nitrogen cross flow

oriented orthogonal to the probe laser beam.

Fig. 8. Representative ablation crater profiles recorded using a

25-shot sequence superimposed over a standard 3-diopter

correction at 60 and 400 Hz. Profiles were recorded from wax

impressions made immediately following the ablation. Note

that the width is in millimeters, while the depth is in

micrometers.
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Histology

Conventional light microscopy images from the extracted
corneal buttons are shown in Figure 10. Qualitatively, no
differences are observed between the samples generated at
60 Hz and those generated at 400 Hz.

To provide higher magnification, SEM images of the
extracted corneas ablated at 60 and 400 Hz were generated
and are shown in Figure 11 at various magnifications.
When comparing comparable conditions for the image
pairs, both ablation conditions (60- and 400-Hz laser
repetition rate) appear to present similar features, suggest-
ing that no differential response exists between the two
ablation conditions within the ablation bed. The only
notable difference is a slightly greater roughness in the
60 Hz ablations images. This difference was not further

investigated in a quantitative manner, nor was a similar
trend noted in the TEM analysis.

In order to quantitatively assess any ablation rate effects,
TEM analysis was performed to directly image the collagen
fibrils. As with the SEM microscopy, TEM was performed at
the sides and bottoms of the ablation craters. TEM images
of corneas ablated at 60 and 400 Hz are shown in Figure 12
at the same magnification for direct comparison. Just as
with the SEM images, no additional tissue damage is
visually noticeable, including no visually observable con-
densing or distortion of collagen fibrils. As shown by the
scale bars in Figure 12, the collagen fibers are characterized
by an average diameter of about 30 nm, as consistent with
the literature values. The TEM analysis revealed no
differential damage between the two ablation rates based
on the observed structures. As observed in the inset of
Figure 12, the individual fibrils appear cleanly severed at
the ablation surface. One interesting feature of the TEM
images is the appearance of a diffuse, ‘‘dust like’’ layer on
the ablation zone surface. This layer has a thickness on the
order of 100 nm, and was persistent on all ablated surfaces.
The exact nature of this layer remains undetermined, but
most likely consists of collagen debris.

In order to quantify information that may be represented
in the TEM images, the configuration of collagen fibrils at
the ablation surface was examined more closely. The TEM
images (three eyes for each rate) were broken into squares
normal to the ablated crater surface, and the number of
collagen fibrils (i.e., dots) in each square was counted. The
counts (corrected for varying magnifications) were then
compared. At 60 Hz, an average of 221 fibrils/mm2

(s¼ 36 fibrils/mm2) were observed adjacent to the ablation
surface. At 400 Hz, an average of 263 fibrils/mm2

(s¼ 22 fibrils/mm2) were observed. For a 95% confidence
value (Student’s t-test), there is no statistical difference in
collagen fibril density near the ablation surface between
60 and 400 Hz ablation rates. Additionally, no measurable
difference in fiber diameter (size) was found. Overall, the
collagen fibrils do not show any signs of disorganization,
size changes or coagulation. Based on the SEM and TEM
analysis, it is concluded that no thermal damage or
differential thermal damage (i.e., 60 Hz vs. 400 Hz) is
observed under these ablation conditions.

DISCUSSION

The current experiments have examined the potential
effects of laser repetition rate on corneal ablation over a
range of clinically relevant conditions. Experiments have
assessed a comprehensive range of parameters, including
plume dynamics, corneal ablation profiles, and high-
resolution microscopy of collagen structure, which in
aggregate lead to the conclusion that no observable effects
of laser repetition rate are present for the comparison of 60
and 400 Hz.

Direct comparisons with previous plume dynamics
studies are difficult, as each study uses a specific set of
experimental conditions, namely fluence, wavelength and
laser beam diameter (spot size). However, the trends noted

Fig. 9. Average ablation crater full-depths (N¼ 5) recorded

using a 25-shot sequence superimposed over a standard

3-diopter correction. Ablations were performed at 60 and

400 Hz repetition rates.

Fig. 10. High magnification microscopy images of the ablation

crater for laser ablations created at 60 Hz (left) and 400 Hz

(right). The upper surface (as indicated by the arrows)

indicates the treatment (i.e., ablation) surface.
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here are consistent with the literature. The early images of
Puliafito et al. [33] show a similar plume evolution scheme
with quicker dissipation than was noted here, which is
expected due to the higher laser fluence used. The time-
scales are also very consistent with the plume velocities on
the order of 10 m/seconds reported by Hahn et al. [36] for an

average (full-beam) fluence of 100 mJ/pulse. Noack et al.
[16] reported that laser shielding by build-up of plume
material is significant for large beams, noting that plumes
generated by smaller diameter laser beams (e.g., �1 mm)
dissipate much quicker than their large diameter counter-
parts. The current study has found that laser shielding is
insignificant for ablation with a 1-mm spot size at rates up
to approximately 400 Hz. Pettit and Ediger found that the
transmission through the ablation plume and excised
cornea combined was minimized at 30 microseconds at a
value of 40% [37]. It is not expected that the reported
transmission values match those determined here, as their
probe wavelength was 355 nm and the pathlength included
the actual cornea itself, which is highly absorbing in the UV
region. However, the evolution of transmission over time is
consistent with the current findings. From their data, it
appears that they also observed the lack of resolution of
transmission to 100% at longer time scales.

In addition to plume considerations, the measured
ablation profiles, overall ablation depths and ablation
rates were statistically identical for ablations generated
with laser repetition rates 60 Hz and 400 Hz. Additionally,
the ablation rates determined in this study (0.94 and
0.92 mm/pulse) are consistent with those previously
reported values (0.8–1.3 mm/pulse) for the 600 mJ/cm2

fluence range [10,17–25] further corroborating the current
values.

Fig. 11. SEM images of the overall ablation crater (top row), the ablation crater sides (middle

row¼A), and the floor of the ablation crater (bottom row¼B), for ablations recorded at 60 Hz

(left) and 400 Hz (right). Scale bars are included in each frame, with the actual scale length

listed below in microns.

Fig. 12. TEM images of bovine cornea cross-sections following

laser ablation at 60 Hz (left) and 400 Hz (right). The upper

surface is the ablation surface, and the individual collagen

fibrils are visible in cross-section. The scale bar is 280 nm.

Panel A shows a representative grid used for collagen fiber

counting. The insert in Panel B shows a transverse section of

collagen fibrils at the surface.
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The exact mechanism of photoablation remains a topic of
research [6,38]. Several interesting findings in the current
study are relevant and provide insight as to the overall
process of excimer laser ablation of corneal tissue, namely
the TEM analysis and the transmission experiments.
First the finding of a persistent, diffuse component of
the ablation plume (see Fig. 6), as measured by 193-nm
absorption, suggests molecular fragments from the abla-
tion process itself. This finding is supportive of a photo-
chemical mechanism, in which amino acid fragments are
created within the tissue matrix and subsequently ejected
with the plume. Second, the lack of any noticeable damage
or perturbation to the collagen fibrils immediately under-
lying the ablation zone, as seen in the TEM histology
experiments, speaks to the precision of excimer laser tissue
etching. The lack of any indication of thermal damage in
the microscopy images is consistent with a photochemical
process. Together, such results are in agreement with a
photochemical model of ArF laser ablation of corneal
stromal tissue, in which the high excimer laser photon
energy (6.4 eV) can directly cleave protein strands (i.e.,
peptide bonds), forming transient species, in a very
dynamic laser–tissue interaction process [10].

Ishihara et al. have studied the surface temperature
of cornea during ablation, and found that the peak surface
temperature increases with laser fluence [39,40]. At
180 mJ/cm2, they reported a value of 2408C surface tem-
perature, and at fluences near 300 mJ/cm2, the tempera-
ture is as high as approximately 3258C. These results
suggest a photothermal component to the ablation mech-
anism. However, additional measurements by this group
determined that the increase in temperature decreases
rapidly on a time scale of a few hundred microseconds for
193-nm irradiation. This quick dissipation of surface
temperature supports the current findings of no differential
thermal damage, as the pulse-pulse time scale is on the
order of several ms. Thusly, the thermal energy is expected
to dissipate on a time scale much less than that of the laser
repetition rate. Ishihara and coworkers also found that the
surface temperature relaxes more quickly for 193-nm ir-
radiation as compared to 248-nm irradiation [40], conclud-
ing that the thermal component of ablation is considered to
increase with increasing wavelength, notably so in the
infrared spectral region. Overall, the reduced surface tem-
perature observed with 193-nm irradiation seems to indi-
cate a mechanism that is less reliant on thermal excitation.

Additional insight into the present findings may be
gained by contrasting the results with a previous study of
laser repetition rate effects of CO2 lasers on tissue. The
ablation mechanism of CO2 laser–tissue interaction is
considered a purely thermal process. For this type of
ablation, thermal damage and the resulting ablation rate
have been found to significantly increase with laser
repetition rate [41,42]. This is in stark contrast to the
results of the current study, which do not indicate any
differential tissue damage or a change in ablation depth
with repetition rate. This difference may be explained in
part in the context of thermal relaxation times. The
relaxation time is on the order of tens of ms for the case of

CO2 ablation [32], and may be estimated to be on the order
of tens of microseconds for 193-nm ablation based on
the increased absorption coefficient. Thus, based on the
thermal relaxation criterion, one may estimate a critical
laser repetition rate for 193-nm excimer laser ablation that
is in the range of kilohertz, much greater than the range
examined in the current study. This is consistent with the
current findings of no differential thermal tissue damage,
although the exact partitioning between photochemical
and photothermal processes remains uncertain for the deep
UV wavelength region (e.g., 193 nm). The TEM analysis
and the well-defined nature of the ablation craters (includ-
ing thresholds) are also consistent with a significant
photochemical ablation component with the 193-nm
excimer, which is in agreement with the recent compre-
hensive review by Vogel and Venugopalan [6].

In summary, investigation of the relative effects of
excimer laser repetition rate on the overall corneal ablation
processes (i.e., plume dynamics, ablation rates and corneal
pathology) revealed no measurable difference under con-
ditions typical of refractive procedures. This study suggests
that increases in ArF laser repetition rates for clinical
applications (up to �400 Hz) appear feasible, and therefore
justify the pursuit of additional clinical studies.
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