translational vision science & technology

tvst

Optical Vortex Beam for Gentle and Ultraprecise
Intrastromal Corneal Dissection in Refractive Surgery

Sebastian Freidank’, Alfred Vogel', and Norbert Linz'

! Institute of Biomedical Optics, University of Luebeck, Luebeck, Germany

Correspondence: Norbert Linz,
Institute of Biomedical Optics,
University of Luebeck, Peter-Monnik
Weg 4, Luebeck, 23562, Germany.
e-mail: norbert.linz@uni-luebeck.de

Received: April 28, 2020
Accepted: August 20, 2020
Published: September 23, 2020

Keywords: refractive surgery; laser
dissection; flap cutting; lenticule
dissection; focus shaping

Citation: Freidank S, Vogel A, Linz N.
Optical vortex beam for gentle and
ultraprecise intrastromal corneal
dissection in refractive surgery. Trans
Vis Sci Tech. 2020;9(10):22,
https://doi.org/10.1167/tvst.9.10.22

Introduction

Femtosecond laser-assisted in situ keratomileusis

Purpose: We introduce a novel focus shaping concept for intrastromal corneal dissec-
tion that facilitates cleavage along corneal lamellae, and we analyze laser—tissue inter-
actions governing cutting effectiveness and mechanical side effects.

Methods: Focus shaping was achieved by a spiral phase plate that converts an incident
Gaussian beam into a Laguerre-Gaussian beam with a helical phase. Such vortex beams
have zero intensity at their center, are propagation invariant, and possess a ring focus
equal in length to the Gaussian focus but with a larger diameter. Cutting precision and
the required absorbed energy for flap dissection were compared for Gaussian and vortex
beams on ex vivo porcine corneal specimens at pulse durations between 480 fs and
9 ps. Cutting quality and bubble formation were characterized by scanning electron
microscopy and macro photography.

Results: With the vortex beam, the cuts were much smoother. Bubble formation was
markedly reduced because cutting can be performed close to the bubble threshold,
whereas with the Gaussian beam energies well above threshold are needed. Although
the incident energy at the flap dissection threshold was slightly larger for the vortex
beam, the absorbed energy was much smaller and contributed more effectively to
cutting. This reduced plasma-induced pressure more than sevenfold.

Conclusions: The vortex beam approach for corneal dissection is a simple, versatile,
and cost-effective way of improving the precision of refractive surgery while reducing
bubble formation and pressure-related mechanical side effects.

Translational Relevance: Phase plates for propagation invariant vortex beams are
easily implemented in the beam path of next-generation clinical devices.

effects in refractive surgery.'’"!> It can be performed
with one laser system, whereas in LASIK flap dissec-
tion is followed by application of excimer laser pulses
for ablative reshaping of the corneal stroma. Recently,

(LASIK) was introduced in the 1990s! 3 and is a well-
established method to correct refractive errors such as
hyperopia, myopia, or astigmatism in the human eye;
more than 18 million operations have been reported
worldwide.®® A decade ago, small incision lenticule
extraction (SMILE) was introduced.'® Here, a small
lenticule is dissected within the corneal stroma and
removed through a small side cut to correct the refrac-
tive error in one step using only the infrared (IR)
femtosecond (fs) laser system. This flapless approach
improves the postsurgical structural stability of the
cornea and has been shown to reduce some of the side
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a novel approach for hyperopia correction based on
dissection of an intrastromal pocket followed by the
injection of a biocompatible filler material has been
introduced.' !4

Despite more than 20 years of experience with
LASIK and SMILE, there is still room for improve-
ment with regard to efficiency, precision, and safety.
Significant improvements can be achieved by address-
ing the key step of the refractive laser procedure:
intrastromal dissection. In most clinical systems, IR fs
laser pulses with pulse energies between 0.3 and 1.6 uJ
are focused into the corneal stroma at a numerical
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Figure 1.

Schematic drawing of the elongated laser plasma of a Gaussian beam in side view, roughly indicating the direction of mechanical

forces leading to cavity formation within the corneal lamellae (A). To improve cutting precision, it would be ideal to have a disk-like plasma
orientated parallel to the corneal surface along the cutting direction and the cleavage lines given by corneal lamellae (B). This feature can
be approximated by introducing a spiral phase mask with 27 phase shift (C) into the beam path that converts the linear polarized Gaussian
beam exiting the laser into a vortex beam with helical phase (D). The foci of the Gaussian and vortex beam are presented in (E), with the
vortex beam focus shown in the top view. It has a ring shape, with the same length in the axial direction as the focus of the Gaussian beam,

but with a diameter two times larger.?

aperture (NA) of 0.3 to 0.4 in a raster pattern with
3 to 6.5 um spot separation.!> Dissection is based on
laser-induced plasma formation followed by a rapidly
expanding shock wave and cavitation bubble.'®!° The
creation of an intrastromal cut relies only partly on
tissue vaporization but mainly on the thermomechan-
ical interaction of the plasma shock wave and cavita-
tion bubble with the layered corneal tissue that leads to
a cleavage of corneal lamellae.* !

However, cutting precision is compromised by the
elongated shape of the laser plasma, which is oriented
along the optical axis, perpendicular to the desired
cutting direction. The diameter (d) and length (/) of
the elongated focus are given by Abbe’s equations:
d = A/NA and / = 4 (\/NA?).?° The ratio //d for param-
eters used in clinical systems for flap cutting is approxi-
mately 10.5. To improve the dissection process, it would
be ideal to be able to rotate the “laser knife” such
that the blade is oriented in cutting direction as shown
schematically in Figures 1A and 1B. Unfortunately, the
fundamental laws of optics do not allow this, but one
can try to come as close as possible to achieving this
simple concept.

In this paper, we introduce a new concept of focus
shaping for gentle and ultraprecise intrastromal dissec-
tion in refractive surgery that is based on the idea
presented in Figure 1. A spiral phase plate with phase
shift of 27 is used to convert the Gaussian beam into a
helically phased vortex beam. The helical phase results
in destructive interference at the center, where the phase

difference between beam parts from opposite sides of
the beam is always 7 (i.e., half of the wavelength of
light). This feature is propagation invariant; therefore,
the laser focus has a ring shape. The focus length in
axial direction remains the same as for the Gaussian
beam, but the diameter is two times larger.’>>* The
larger aspect ratio between plasma diameter and length
facilitates cleavage along the corneal lamellae and
enables dissection with lower plasma energy density
and less bubble formation, resulting in smoother cuts.*
A detailed analysis of the underlying laser tissue inter-
actions shows that this goes along with a significant
reduction of mechanical side effects. Gentler dissec-
tion and reduced intrastromal deformation by residual
bubbles may improve the safety and precision of both
LASIK and SMILE.

Experiments were performed in ex vivo porcine
eyes. We have taken flap cutting as an example for
an intrastromal dissection procedure that is relevant
for both LASIK and SMILE, because the dissec-
tion quality can be readily assessed by evaluating the
ease of flap lifting. We first determined the energy
required for flap cutting for IR Gaussian and vortex
beams. Pulse durations were varied from 480 fs to
9 ps to evaluate the influence of pulse length on
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cutting energy and precision for the novel approach
(vortex beam) compared with the established technique
(Gaussian beam). Second, the cutting quality was
characterized by microscopic imaging and scanning
electron microscopy. Finally, transmission measure-
ments during flap cutting were employed to demon-
strate that the plasma energy density can be signifi-
cantly reduced by focus shaping.

Cornea Specimens

The study was performed on ex vivo corneas
obtained from fresh (<4 hours postmortem) porcine
eyes. After enucleation, the eyes were stored at 8°C
in nutrient solution (Dulbecco’s Modified Eagle’s
Medium-low glucose; Sigma-Aldrich, St. Louis, MO).
Immediately before the experiment, the epithelial layer
of the cornea was removed, the cornea was excised by
a cut close to the corneal limbus, and an 8-mm biopsy
punch (BP-80F; KAI Medical Laboratory, Dallas, TX)
was used to prepare the circular specimen. The cornea
specimen was then transferred into a custom-designed
holder with exchangeable cover glasses on the front and
back sides that flattened the cornea during dissection.

Laser System and Beam Delivery

We used a fiber-laser-based chirped pulse ampli-
fication system with 1030-nm wavelength and a
tunable pulse duration for dissection of the corneal
flap (Cazadero; Calmar Laser, Palo Alto, CA). We
employed pulse durations of 480 fs, 3 ps, and 8.8 ps.
The beam quality parameter of the fiber laser system
was specified by the manufacturer as M”> < 1.2. The
laser pulse shape and laser pulse duration were charac-
terized by use of an autocorrelator (pulseCheck; APE,
Berlin, Germany). A schematic drawing of the experi-
mental setup is shown in Figure 2.

To convert the linear polarized Gaussian beam
into a helically phased Laguerre—Gaussian vortex
beam, a fused-silica spiral phase plate with maximum
phase shift Ap = 27 (VL-209-I-Y-A, vortex grade A;
HOLO/OR Ltd., Ness Ziona, Israel) was inserted into
the beam path. Because the phase plate is produced
by etching, it consists of 16 segments with stepwise
increasing Ag. By passing the phase plate, the laser
beam is converted into a Laguerre—Gaussian vortex
beam of order m = 1. The focus has a ring shape, with
the same length in the axial direction as the focus of the
Gaussian beam but a diameter that is two times larger,
as shown in Figures 1C to 1E.??

Laser pulses with Gaussian and Laguerre-Gaussian
shapes were focused through a microscope objective
(Objective LD Plan-Neofluar, 63 x, NA 0.75; Carl Zeiss
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Figure 2. Experimental setup for the investigation of intrastromal
laser dissection.

Microscopy, White Plains, NY) into the cornea. The
numerical aperture was reduced to 0.38 by means of
an aperture in the rear entrance pupil to mimic focus-
ing conditions in clinical flap and lenticule dissection.
Assuming M? = 1.1, the corresponding focus diame-
ters are dgu,ss = 3.0 um for the clipped Gaussian beam
and d,,; = 6.0 um for the vortex beam (factor 2).20-%2
Pulses were applied in a raster pattern with 6-um spot
separation. For this purpose, the laser was run at a
5-kHz repetition rate, and the porcine cornea was
continuously moved by means of a three-dimensional
translation stage at 30 mm/s translation velocity
adjusted to the repetition rate. The flap bed was cut at
150-um depth within a circular area 6 mm in diameter.
The side cut for opening the flap was made by stepwise
moving the laser focus in a circular arc of 345°, with
2-um vertical separation between the lines. A part of
the circle (15°) was left out from cutting to produce a
hinge for folding the flap.

Imaging of Corneal Dissections

The cutting plane was imaged onto a charge-
coupled device camera (Nikon D5100; Nikon, Tokyo,
Japan) by combining the Zeiss microscope objective
used for focusing the laser pulses into the corneal
stroma with a Zeiss tube lens. The dissection zone
was illuminated through a second microscope objective
(Objective LD Plan-Neofluar 20x, NA 0.5; Carl Zeiss
Microscopy) with light from a white light-emitting
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diode placed below the cornea holder. Immediately
(<1 minute) after the flap was cut, photographs of
the cutting area were taken to determine the amount
of gas bubble formation during the dissection process.
In addition, an overview picture of the entire cornea
after flap cutting and removing the cornea holder from
the stage was photographed using a stereo microscope
(Zeiss OPMI 1) and a digital camera (LEGRIA HF
R18; Canon, Tokyo, Japan).

Determination of Laser Pulse Energy
Required for Flap Cutting

The laser pulse energy at the laser focus was
measured during each cut using an Ophir PD10-
V2 energy meter (Ophir Optronics, Jerusalem, Israel).
It was precalibrated without a microscope objective
behind the aperture and taking into consideration
the transmittance (7)) of the Zeiss objective at 1030
nm (7 = 40%). To determine the laser pulse energy
required for flap cutting, the pulse energy was, in a
first step, adjusted to a level at which bubble forma-
tion in the corneal stroma became visible. The side
cut was always performed at higher pulse energies to
ensure a smooth cut. After flap cutting, the speci-
men was removed from the holder, and the flap was
opened by an experienced surgeon using a hockey
knife. The quality of the dissection was judged subjec-
tively and classified into one of the three categories:
(1) no flap lifting, (2) hard flap lifting, or (3) easy flap
lifting. Depending on this classification, the laser pulse
energy was then either increased or decreased to deter-
mine the minimum value required for easy flap lifting.
This procedure was, at every laser pulse duration,
repeated in 10 different corneas for both the Gaussian
and the vortex beam (total number of investigated
corneas = 60).

The irradiance threshold for plasma-induced bubble
formation (also called laser-induced breakdown thresh-
old) is known to be similar for water and ocular
media.?>>?° Therefore, we use the threshold for plasma-
induced bubble formation in water as a benchmark
to assess the strength of mechanical effects in corneal
dissection. A larger ratio between flap cutting threshold
and bubble threshold implies more vigorous mechan-
ical effects. Bubble thresholds in water at NA = 0.4
were determined in a different setup using a scattering
technique described previously.?’ -’

Characterization of Cutting Quality

After successful flap dissection and lifting, the
corneal specimens were fixated for 48 hours in
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fixing solution following the protocol of Graziadei
et al.’® The cornea was then prepared for scanning
electron microscopy (SEM, Philips SEM 505; Philips,
Amsterdam, Netherlands) by critical point drying
and gold sputtering. The intrastromal cutting quality
was characterized by the SEM images of the flap
beds. The surface roughness in the SEM images
was assessed using software designed for roughness
analysis. We used the SurfChar plugin for Image]
(National Institutes of Health, Bethesda, MD), which
was designed according to ISO 25178 standard.’!
The software was originally designed to evaluate
topographical information obtained through stereo-
SEM, where picture pairs are taken under differ-
ent angles; however, it is useful also for the analysis
of individual SEM pictures.’> Brightness contrast in
SEM relies on the fact that the secondary electrons
are detected under an oblique angle such that height
variations are transformed into brightness varia-
tions.”’ Analysis of the local brightness fluctuations
thus provides information on the roughness but in
arbitrary units (AU) rather than on an absolute length
scale.

Determination of Absorbed Laser Energy

For determining the laser pulse energy absorbed
during intrastromal cutting, the transmitted laser light
was collected with a second Zeiss microscope objective
(NA 0.5) that was confocally and collinearly aligned
to the focusing objective (NA 0.38). The larger NA
of the second objective ensured that forward scattered
light was also collected. The transmitted laser light
was reflected by a dichroic mirror onto an energy
meter (Ophir PE10 or PD10, depending on transmit-
ted energy). To account for light losses by reflections
at optical surfaces and absorption in the cornea, the
energy meter behind the cornea was calibrated against
the reference energy meter in the initial beam path
(Fig. 2), and it was assumed that well below the energy
required for flap cutting 100% of the incident light is
transmitted through the laser focus. The incident laser
pulse energy was stepwise increased from subthresh-
old values to higher energies leading to strong bubble
formation. A large spot distance of 250 x 200 pm
in the raster pattern was used to avoid interactions
with larger bubbles from previous laser pulses at large
pulse energies well above the bubble threshold. For this
purpose, the translation stage was moved with 1 mm/s
at a low laser repetition rate of 4 Hz. The absorbed
energy (E,»s) was calculated from the measured values
of incident energy (E;,) and the transmitted energy (E7)
by Eups = Ein — ET.
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Figure 3. Classification of flap cuts at different laser pulse energies for Gaussian (dots) and vortex (circles) beams at laser pulse durations of

(A) 480 fs, (B) 3 ps, and (C) 8.8 ps. Cutting attempts where no flap lifting was possible are marked in red, hard flap lifting in orange, and easy
flap lifting in green. For each measurement series, the lowest energy value for which easy flap lifting could be achieved is indicated next to

the corresponding data point.

Laser Pulse Energy Required for Intrastromal
Flap Cutting

Figure 3 summarizes the results of the measurement
series performed to determine the laser pulse energy
required for intrastromal flap cutting with Gaussian
and vortex beams at different pulse durations. At all
investigated pulse durations, the pulse energies required
for flap cutting were a factor of 1.6 to 1.8 higher
with the larger ring focus of the vortex beam than
with the Gaussian beam. The threshold energy for flap
cutting (Ey;. ) decreased significantly with decreas-
ing pulse duration. For Gaussian beams it dropped

from 759 nJ at 8.8 ps to 187 nJ at 480 fs, and for
vortex beams it decreased from 1.4 pJ at 8.8 ps to
303 nJ at 480 fs. The highest cutting quality with least
disruptive side effects is expected at the lowest E .
values; therefore, a detailed characterization of the

cutting quality was performed for the pulse duration
of 480 fs.

SEM Images

Figure 4 shows representative SEM images of the
flap beds in porcine corneas produced with 480-fs
pulses at energies slightly above Ej; ... At low magni-
fication (Fig. 4A), the entire flap bed and a part of
the flap are clearly visible. The edge of the flap bed
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Figure 4. SEM images of 6-mm flaps in porcine cornea that were cut using Gaussian (left column) and vortex (right column) beams with
1030-nm wavelength and 480-fs laser pulse duration. Pulse energies were slightly above the threshold for easy flap lifting.

shows some imperfections due to the higher laser pulse  Bubble Layer After Flap Cutting

energy used for the side cut. The quality of the flap

cuts can be determined by the surface roughness of the Figure 5 shows the bubble layer after flap cutting
flap beds, visible at higher magnification (Figs. 4B, 4C). with 480-fs, 1030-nm laser pulses, applied at a spot
For the vortex beam, the flap bed is much smoother, separation of 6 x 6 um. Hardly any gas bubble forma-
with fewer irregularities along the lamellar structure tion was observed with the vortex beam, although the
of the cornea, than for the Gaussian beam. Average flap could be easily lifted. At high magnification, only
surface roughness is characterized by the arithmetic the raster pattern of the laser foci was visible. By
mean height deviation (S,), which amounted to 14.90 contrast, the Gaussian pulses produced a dense bubble
versus 9.97 AU for the Gaussian and vortex beams layer. Already 1 minute after dissection small bubbles
in Figure 4B, and 29.25 versus 18.31 AU in Figure 4C, had coalesced; therefore, individual bubbles are visible
respectively. also at low magnification under the stereo microscope.

translational vision science & technology
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Vortex 303 nJ

Figure 5.

Photographs of the laser-induced gas bubble layer after flap dissection with Gaussian (left column) and vortex (right column)

beams with 1030-nm wavelength and 480-fs laser pulse duration. Photographs in the upper row were taken through the focusing objective
less than 1 minute after flap cutting. Photographs in the lower row were taken 10 minutes after flap cutting using a stereo microscope.

Dissection Thresholds in Comparison to
Bubble Thresholds in Water

Figure 6 shows the thresholds for flap cutting in
cornea in comparison to bubble thresholds in water
for Gaussian and vortex beams of different pulse
durations. For the Gaussian beam, the energy required
for flap cutting was always significantly higher than
the bubble threshold in water (4+76% at 480 fs, +56%
at 3 ps, and +48% at 8.8 ps). In contrast, the vortex
beam achieved cutting with energies very close to
the bubble threshold (4+1.0% at 480 fs, +8.6% at
3 ps, and +2.9% at 8.8 ps).

Absorbed Laser Energy During Intrastromal
Flap Cutting

Figure 7 shows the dependence of laser
energy transmission during intrastromal cutting
on the incident laser pulse energy, and Figure 8
presents the absorbed energy at E, ... Below the
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Figure 6. Thresholds for flap cutting (green) and bubble forma-
tion in water (blue) for Gaussian (dots) and vortex (circles) beams at
1030-nm wavelength and pulse durations of 480 fs, 3 ps, and 8.8 ps.
NA = 0.38 in cornea; NA = 0.4 in water.

threshold for visible bubble formation in cornea, the
transmission through the porcine cornea stayed
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Figure 8. Absorbed laser pulse energy at Ey,  during flap cutting
in porcine cornea with Gaussian (dots) and vortex (circles) beams.

Figure 7. Laser energy transmission during intrastromal flap cutting for Gaussian and vortex beams at laser pulse durations of (A) 480 fs,
(B) 3 ps, and (C) 8.8 ps. For each parameter set, two different porcine corneas were investigated (red and black dots). The thresholds for visible
bubble formation in cornea are shown as gray dots (Gaussian) and gray circles (vortex). The energy values required for flap cutting are marked
with green arrows, and the corresponding transmission values are indicated.

constant at 100%. After bubble formation sets in,
the transmission decreased with increasing laser
pulse energy, because ever more laser energy was
absorbed and converted into mechanical energy
of the bubbles and acoustic transients. At E .,
the transmission for the Gaussian beam was
72.2% at 480 fs, 64.0% at 3 ps, and 62.5% at
8.8 ps, corresponding to absorbed energy fractions
of 27.8%, 36.0%, and 37.5%. For the vortex beam, the
energy for flap cutting was higher than for the Gaussian
beam, but the percentage of absorbed energy was
much lower. We found transmission values of 98.0% at
480 fs, 93.5% at 3 ps, and 86.0% at 8.8 ps, correspond-
ing to absorbed fractions of only 2.0%, 6.5%, and 14%.
Figure 8 shows that the absolute values for E,,, were
also lower for the vortex beam. The difference became
larger with decreasing pulse duration, and at 480 fs the
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absorbed energy values were 6 nJ for the vortex beam
versus 52 nJ for the Gaussian beam.

Cutting Efficiency and Precision

Our results show that focus shaping using vortex
laser beams is a promising approach for gentle
and ultraprecise intrastromal flap cutting in refrac-
tive surgery. Dissection of the transparent cornea
is based on plasma formation by nonlinear energy
deposition, also called laser-induced optical break-
down (LIOB).*!3:33 Scanning the corneal stroma in a
raster pattern at the same cutting depth produces many
individual micro-explosions and cavitation bubbles,
and their combined action finally leads to a cleavage
plane. Tissue bridges arise where bubbles from neigh-
boring plasmas do not meet. At equal spot distance
within the 6-um raster pattern, the part of the cleave
plane covered by laser plasmas is larger for the vortex
beam than for the Gaussian beam, and the reduced
distance between the periphery of individual plasmas
makes it easier for cleavage lines from neighboring foci
to meet.>* This reduces the number of tissue bridges
arising from collagen fiber branching in the anterior
cornea,** enhances the cutting efficiency, and improves
the smoothness and precision of the cut (Fig. 4).

Although many researchers use a scoring system
to support the subjective assessment of the surface
properties of intrastromal dissections,*> 37 we followed
the approach by Sarayba et al.,*> who employed
specialized software designed for roughness analysis.
The results of the automated methodology confirmed
the subjective impression gained from the SEM images,
which favors cuts by the vortex beam.

For all investigated pulse durations, the incident
energy (E;,) required for flap cutting was larger for
the vortex beam than for the Gaussian beam (Fig. 3)
because LIOB is an irradiance-dependent process, and
the area of the ring-shaped focus is four times larger
than the Gaussian focus. However, the real parame-
ter governing both the efficiency and disruptiveness of
dissection is the absorbed energy E,;, rather than Ej,.
The value of this parameter was dramatically reduced
by using the ring-shaped focus (Fig. 7). At 480-fs pulse
duration, E, at the flap cutting threshold was only 6 nJ
energy per pulse with the vortex beam but was 52 nJ
(8.7 times higher) for the Gaussian beam.

For a better assessment of the cutting efficiency, we
compared the energy needed to mechanically separate
corneal lamellae with the energy required for corneal
dissection at different irradiation parameters. Smolek
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and McCarey?® determined the tearing force required
to separate corneal lamellae at 50% stromal depth in
16 human eye bank corneas. Traction was applied
perpendicular to the orientation of the lamellae, which
minimizes the tearing work. The mean force needed to
separate a 1-cm-wide strip was 0.142 kp = 1.39 N. The
corresponding tearing work for a strip of 1- cm length
was 1.39 - 1072 J, and the separation energy per unit
area was E,, = 1.39 - 102 J/cm?. In our study, 6 nJ
deposited energy per laser pulse was necessary for flap
cutting with the vortex beam at 480-fs pulse duration
and 6 um x 6 um spot separation. The corresponding
energy per unit area was Eryp yorrex = 1.67 - 102 J/em?,
just 20% above the separation energy by tearing. Hence,
corneal dissection using a vortex beam and appropri-
ate spot separation is energetically close to the value
achievable with mechanical tearing. With a Gaussian
beam, the deposited energy per unit area required for
flap dissection was Erp Gaussian = 14.5 - 102 J/em?
and therefore 10.4 times larger compared to mechani-
cal tearing, which is much less efficient than flap cutting
using the vortex approach and may cause more disrup-
tion and mechanical side effects.

Mechanical Side Effects

Cutting energies are always well above the bubble
threshold with Gaussian beams but close to the bubble
threshold with vortex beams (Figs. 5, 6). This suggests
that not only E,,; but also the plasma energy density
are significantly lower for vortex beams. For ultrashort
laser pulses, energy deposition is stress confined, and
thermoelastic stress lowers the bubble threshold well
below the superheat limit.'%-** We conclude that the
ring-shaped focus of the vortex beam facilitates cleav-
age along the corneal lamellae to such a degree that
an explosive vaporization is not necessary for dissec-
tion but the thermoelastic stress produced at the bubble
threshold is sufficient. As a consequence, cutting is
less disruptive and mechanical side effects will be
smaller.

In the following, we assess the mechanical stress
on keratocytes close to the cut and on epithelial cells
approximately 100 um from the dissection plane (as
often used clinically) for the shortest investigated pulse
duration, 480 fs, which produced the smoothest cuts
with least energy. For femtosecond breakdown at the
bubble threshold, Vogel and coworkers!® obtained a
theoretical prediction of 42 MPa for the amplitude of
the thermoelastic stress wave at the plasma rim and
experimental values between 56 and 61 MPa by back-
extrapolation of far-field hydrophone measurements.
With a vortex beam, flap dissections are performed
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Figure9. Temperature (A) and pressure (B) as a function of internal energy for a mass density oo = 1000 kg m~3, according to the IAPWS-95

formulation of the EOS of water.”!

very close to the bubble threshold (Figs. 6, 7), and
we can thus assume peak pressures of about 50 MPa
in the immediate vicinity of the cut. The pressure
decays with scaling law p o ", with n = 1.12,'840
which results in a pressure of 0.57 MPa at a distance
of 100 um when considering a plasma radius of 1.83
um, which is smaller than the ring focus radius of 3.0
um because of the sixth-order multiphoton ionization
process involved in the plasma formation process.'®

With a Gaussian beam of 480-fs pulses, the pressure
at the plasma rim is much higher. The incident energy
required for flap cutting was 76% larger than the
bubble threshold Ej; puspe, but the absorbed energy
was even 8.7 times larger than for the vortex beam.
The ratio of plasma energy densities (U) depends on
the ratio of absorbed energies and on the respec-
tive plasma volumes. The focal diameter is smaller
for the Gaussian beam, but the plasma length at
1.76 x Ey puppie 1s larger than for flap cutting with
the vortex beam occurring close to Ej; pusp.. Because
a precise quantification of the plasma volumes is diffi-
cult, we roughly estimated a plasma energy density
ratio (Ugaussian! Uvorrex) Of 10 to 15. Energy deposition
in femtosecond breakdown is isochoric!® (i.e., volume
and mass density remain constant during heating),
and the relations among internal energy, temperature,
and pressure are unambiguously determined by the
equation of state (EOS) of the material. Because tissue
consists mostly of water, we used the International
Association for the Properties of Water and Steam
1995 (IAPWS-95) formulation of the water EOS*' to
determine the peak plasma pressure for the Gaussian
beam at the flap cutting threshold (Fig. 9).

Our calculations are based on the finding from Vogel
et al.'® that at the bubble threshold the temperature at
the focus center rises by 131.5°C, corresponding to an
internal energy gain of 0.50 kJ/cm?. We assume that the
same holds for the bubble and flap cutting threshold of
the vortex beam. With the Gaussian beam, the internal
energy at the cutting threshold is 10 to 15 times larger
than at the bubble threshold and amounts to 5.0 to 7.5
kJ/ecm?. This results in peak temperatures of 2000°C
to 2850°C and peak pressures of 3000 to 4200 MPa.
The pressure at the plasma rim is approximately 25%
of the maximum compressive amplitude at the focus
center (see figure 14 in Vogel et al.'®) and amounts to
750 to 1050 MPa. The corresponding pressure at the
epithelium obtained using the scaling law p o " with
n=1.12 and a plasma radius of 1.0 um (value assumed
for 1.76 x E, pussie) fall within the range of 4.3 to
6.0 MPa, more than 7.6 to 10.6 times larger than with
the vortex beam.

Corneal cells are exposed not just to compressive
stress but to a bipolar wave in which the compres-
sive part is followed by tensile stress. This is partly
a feature of the thermoelastic stress wave produced
by isochoric energy deposition with ultrashort laser
pulses,'®#> but in corneal tissue it is also a general
feature arising from the elastic tissue response that
is relevant also for longer (ns) pulses.*> The thresh-
old for cell death after exposure to individual shock
waves is ~50 MPa,** but the damage threshold for
bipolar stress waves was found to be smaller, around
10 MPa for the peak tensile stress amplitude 46
because cells are more susceptible to tensile than to
compressive stress.*’ These damage threshold data
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suggest that, with a vortex beam, when the cutting
threshold of the compressive pressure of the bipolar
stress wave at the plasma rim is ~50 MPa, damage
is produced only in the immediate vicinity of the
dissection plane. The corneal epithelium and also the
endothelium, which is >300 um away from the cut, are
safe because the pressure amplitude at a distance of
100 um is only ~0.6 MPa. By contrast, the range
of damage is much larger for the Gaussian beam,
for which the pressure at the plasma rim is approxi-
mately 750 to 1050 MPa. Even in the epithelial layer,
pressure amplitudes of approximately 4.3 to 6.0 MPa
are reached, and each epithelial cell is exposed to about
50 pressure waves of similar amplitude because the
laser pulses are applied in a raster pattern with a spot
separation of only a few micrometers. Thus, there is
a certain potential for epithelial damage induced by
acoustic transient waves that may become relevant if
combined with other stress factors.

In addition to the laser-induced stress transients,
shear stress arising from cavitation bubble oscilla-
tions is another mechanical stress factor.!®-40:43:48 Tt
is relevant in a zone reaching approximately up to
the maximum bubble radius, which extends a few
micrometers beyond the cutting plane (<10 pm for
E e < 1 pJ with a Gaussian beam!”). Beyond this
range, stress-wave-induced damage will dominate.

The above assessment of the range of damage
due to mechanical stress is corroborated by inves-
tigations on cell viability after flap dissections in
rabbit eyes with a Gaussian beam that were based
on ultrastructural analysis, detection of apoptosis by
means of the TUNEL assay, and immunocytochem-
istry.*>° The width of the apoptotic zone was found
to be ~20 um for E, . = 0.5 pJ and increased to
~60 um for E, = 2.7 nJ.>° We hypothesize that the
pronounced reduction of mechanical stress due to the
lower pressure amplitudes and the diminished cavita-
tion will markedly reduce early keratocyte apoptosis
and necrosis. This could lead to diminished kerato-
cyte proliferation and myofibroblast generation later in
the wound-healing process,’! which would improve the
clinical outcome and predictability of refractive proce-
dures and may further reduce haze.

Bubble Layer After Dissection

Cutting with vortex beam occurs close to the
bubble threshold. Because in ultrashort-pulse
optical breakdown, the phase transition at bubble
threshold is facilitated by thermoelastic tensile stress,
the threshold temperature is lowered to ~150°C
compared to ~300°C for explosive vaporization
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without stress confinement.'®?° As a consequence,
relatively little liquid is vaporized at threshold, and
the amount of non-condensable gas resulting from
free-electron-mediated molecular fragmentation is also
small. This explains the lack of long-lived gas bubbles
in dissections produced with the vortex beam (Fig. 5,
right column).

With a Gaussian beam, the absorbed energy is
1.45 times (t;, = 8.8 ps) to 8.7 times (r, = 480 fs)
higher than with the vortex beam, and the focal
volume is much smaller. Therefore, the plasma density
and temperature rise in the focal volume are much
greater, as discussed above, and peak temperatures
can well exceed 1000°C. This favors free-electron-
mediated molecular disintegration as well as pyrolysis
and explains the large amount of non-condensable gas
that forms the layer of long-lived gas bubbles!8->>33
(Fig. 5, left column).

Pulse Duration Dependence of Cutting
Energy

A decrease of the pulse duration from 8.8 ps to
480 fs results in a reduction of the absorbed laser
pulse energy required for flap cutting by a factor of
5.5 for the Gaussian beam and by a factor of 32
for the vortex beam (Fig. 8). This result is remark-
able and not easy to understand. A possible explana-
tion for the higher dissection efficiency of femtosec-
ond breakdown could be linked to an increasing
degree of stress confinement with decreasing pulse
duration. Plasma-mediated heating occurs by thermal-
ization of the energy of the free electrons via colli-
sions and recombinations. At plasma densities leading
to bubble formation, this process is completed within
10 to 20 ps,*®>® which is comparable to the longest
laser pulse duration investigated in this study. Thermal
expansion of the focal volume takes much longer and is
completed when the expansion wave traveling at sound
velocity has propagated through the heat source, which
takes 660 ps for a plasma with 1-um diameter (sound
velocity ¢, = 1480 m/s). Thus, energy deposition is
isochoric and compressive thermoelastic stress builds
up during heating.'3-3* However, because the energy
deposition was “stress confined” for all pulse durations
investigated in this study, different degrees of stress
confinement cannot explain the observed dependence
of cutting energy on pulse duration.

We hypothesize that the variations of cutting
efficiency are related to differences in the plasma
absorption coefficient leading to different peak
pressures at the same absorbed energy. This conjec-
ture is supported by transmission measurements,
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which showed a peak of plasma transmission at pulse
durations of a few picoseconds and a decrease of trans-
mission when the pulse duration t; was shortened into
the femtosecond range.”’ Numerical simulations of
Noack and Vogel®® revealed that the time-averaged
plasma absorption coefficient during a laser pulse
first decreases when t; drops below 1 ns, assumes a
minimum for pulse durations of a few picoseconds,
and increases again for femtosecond breakdown. The
calculations showed that, for the picosecond pulses, a
high electron density is reached only late during the
laser pulse, after its irradiance maximum is surpassed,
which diminishes absorption. The absorption coeffi-
cient grows in the femtosecond domain, because the
increasingly strong generation of free electrons by
multiphoton absorption results in an early rise of
the free electron density, which is then amplified by
avalanche ionization o p x I. As a consequence of
the higher time-averaged absorption coefficient at
7, = 480 fs, the plasma volume into which a given
amount of laser energy is absorbed is smaller than for
the picosecond pulses; therefore, the energy density
and plasma pressure are higher for a given laser pulse
energy. This implies that the pressure values required
for disruptive tissue dissection are reached at lower
pulse energies for the shorter pulse durations. Future
spatiotemporal simulations of plasma growth and
plasma energy density distribution will be needed to
confirm this hypothesis.>® ¢

Potential Improvements of Refractive
Surgery by Focus Shaping

An opaque bubble layer in the anterior stroma
during LASIK® is a well-known intraoperative finding
seen with all clinical femtosecond laser systems.” An
excessive opaque bubble layer can lead to compli-
cations during flap creation, and bubble remnants
remaining in the corneal stroma after flap lifting may
compromise residual stromal thickness measurements
and the reliability of pupil tracking systems.®% In
rare cases, vertical gas breakthrough can occur when
cavitation bubbles cleave lamella toward Bowman’s
layer and disrupt the epithelium. A vertical channel,
a so-called buttonhole, is then created, and compli-
cations such as epithelial ingrowth and scarring can
affect the outcome of the procedure.”-%* Reduction
of the opaque bubble layer when using a vortex
beam can, therefore, greatly improve the dissection
process.

The increased precision and reduction in mechani-
cal side effects in intrastromal cutting by the use of a
vortex beam make this a promising approach for flap
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cutting in LASIK* and intrastromal pocket dissection
for hyperopia correction!®!4 and offers even greater
potential for improving SMILE.!® In SMILE, a small
lenticule is dissected and removed through a small
side cut to achieve refractive correction in one step.
Formation of an opaque bubble layer is a known
complication in SMILE.%>~%7 Mechanical deformation
of the corneal stroma by bubble formation during the
lower cut may induce undesired local variations of the
lenticule thickness, because the mechanical distortions
of the corneal lamellae by cavitation affect a signifi-
cantly larger volume than the plasma-induced tissue
vaporization.®®%® The decrease in bubble formation
and mechanical stress enabled by the vortex approach,
along with the improved cutting quality, could enhance
the precision and predictability of SMILE.

Implementation of Focus Shaping into
Clinical Systems

Like Gaussian beams, Laguerre—-Gaussian vortex
beams are propagation invariant; that is, after the phase
plate the beam retains its vortex characteristics along
the entire beam path. This feature enables easy imple-
mentation of the phase plate into a beam delivery
system and is compatible with beam scanning after the
plate. The phase plate can be easily swung in and out of
the laser beam to switch between Gaussian and vortex
beams.?* Although the vortex beam is advantageous for
lenticule cutting in SMILE and the flap bed in LASIK,
the Gaussian beam, with its more elongated plasma
shape, may be better suited for the vertical side cuts of
the LASIK flap.

Alternative approaches for creating a ring focus do
not have these advantages. A lens—axicon combination
provides a ring focus at the focal plane of the lens,”
but the z-location of the optical elements is critical,
combining this technique with beam scanning is diffi-
cult, and the ring focus is longer than the Gaussian
focus without an axicon because the effective NA in
the optical system is halved by the use of an axicon.
By contrast, the ring focus of a vortex beam has
the same length as the Gaussian focus produced at
equal NA. Beam shaping by diffractive or refractive
optics can produce arbitrary intensity distributions in
a plane of interest, which can also be the focal plane
of a laser.”! However, the z-location of the optical
elements is again critical, and combining this technique
with beam scanning is impossible. Moreover, inten-
sity peaks (“hot spots”) are usually located in front or
behind of the plane with the desired intensity distribu-
tion, which compromises plasma-mediated cutting in a
well-defined plane. In contrast, the creation of vortex
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beams by insertion of a spiral phase plate is a simple,
versatile, and cost-effective way of improving the
efficiency and precision of intrastromal corneal dissec-
tions for LASIK and SMILE.

Conclusions

In an ex vivo study on porcine eyes, we explored
possible improvements of intrastromal dissection by
focus shaping using a helical phase plate. The result-
ing vortex beam had a ring focus with the same length
as a Gaussian beam of equal NA but four times larger
cross-section. The use of a vortex beam was found to
improve the precision and efficiency of cuts and to
reduce bubble formation in the cutting plane. These
features are of interest for both LASIK and SMILE.
Cutting with the vortex beam is less disruptive, and
mechanical side effects are less severe than with conven-
tional Gaussian beams. A reduction in early keratocyte
apoptosis and necrosis could lead to diminished kerato-
cyte proliferation and myofibroblast generation in the
wound-healing process and may lower the incidence
of diffuse lamellar keratitis. In SMILE, the refrac-
tive outcome largely relies on the precision of lentic-
ule dissection. Bubble formation distorts the stromal
morphology during cutting and compromises preci-
sion; thus, reduced bubble formation would improve
the predictability of the surgical procedure. Because the
phase plate for creating a helical phase can be imple-
mented into the delivery systems of existing clinical
device, the vortex beam approach can be ecasily tested
in animal experiments and clinical trials. This could
enable its use in the next generation of refractive laser
systems.
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