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Abstract: A method to determine the optimum laser pa-
rameters for maximizing laser induced refractive index
change (LIRIC) while avoiding exceeding the damage
threshold for different materials with high water content (in
particular, polymers such as hydrogels or the human cornea)
is proposed. The model is based upon two previous inde-
pendent models for LIRIC and for laser induced optical
breakdown (LIOB) threshold combined in a simple manner.
This work provides qualitative and quantitative estimates for
the parameters leading to a maximum LIRIC effect below the
threshold of LIOB.
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1 Introduction

Since the introduction by Trokel [1] of the excimer laser
surgery of the cornea in 1983, more than 70 million treat-
ments have been successfully performed. As the prevalence
of myopic defects in western societies is about 30% and of
above 50% inAsian countries [2], thepotential of the surgical

techniques reaches more than 1 billion people (without
consideration of their economic means).

A number of authors have considered the problems
observed in refractive surgery, developing experimental
animal models for analyzing PRK [3], LASIK [4], LASEK,
CXL [5], corneal additive surgery [6], as well as the in-
vestigations of the corneal cauterization [7] and induction
of corneal haze [8, 9].

With recent advances to laser technologies [10, 11] for
refractive surgery [12], the change of the corneal curvature
to compensate in a controlled manner for refractive errors
of the eye [13] is more accurate than ever. The procedure is
now a successful technique, due to its submicron preci-
sion and the high predictability and repeatability of
corneal ablation [14] while minimizing side-effects [15].
Standard ablation profiles based on the removal of
convex–concave tissue lenticules with spherocylindrical
surfaces proved to be effective in the compensation of
primary refractive errors [16], however the quality of
vision deteriorated significantly, especially under mes-
opic and low-contrast conditions [17]. Furthermore, there
is still debate concerning the optimal technique for
corneal refractive procedures [18], and about in which
corneal layer to perform refractive procedures to maxi-
mize patients’ visual outcomes.

The introduction of femtosecond lasers in ophthal-
mology has provided a platform for the development of
many new refractive procedures and techniques in the last
decades. These techniques have been shown to provide
more reliability and cater to a wider spectrum of cases.

Femtosecond assisted LASIK [19] (FemtoLASIK): The
goal of this procedure is to correct any ametropia that may
be present in the eye, with the aim of retaining the epithe-
lium as undamaged as possible. For this procedure, a flap is
created and the stroma is exposed; the laser ablation is
applied directly on the stroma. After the procedure, the flap
is repositioned and allowed to heal naturally.
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The only difference between FemtoLASIK and regular
LASIK is the technique for making the corneal flap. Instead
of applyingmechanical ways, the corneal flap ismadewith
a femtosecond laser. This feature renders FemtoLASIK
procedures their industry jargon of “Bladeless technol-
ogy”. Sub Bowman Keratomileusis [20] (SBK) is essentially
similar to LASIK, only featuring a thinner flap created right
under the Bowman’s layer.

Femtosecond lenticule extraction [21] (FLEX): This
procedure consists of creating a corneal flap and a lenticule
with a femtosecond laser. This removed lenticule results in
refractive correction; the corneal flap is then placed back
and allowed to heal naturally. Small incision lenticule
extraction [22] (SMILE): This procedure is essentially
similar to FLEX, but no cornealflap is created in SMILE. The
lenticule is removed via a small incision created at the edge
of the treatment zone on the cornea.

In 1998 the use of the Nd:YLF picosecond laser as a non-
mechanical microkeratome was first demonstrated, and the
potential improvements of reducing laser pulse duration to
the femtosecond regime were discussed [19]. Results were
confirmed and applications expanded (Femto-LASIK, intra-
corneal ring segments, femtosecond laser keratomileusis,
and intrastromal ablation) [23]. Creating corneal cuts like
flaps for LASIK, lamellae for keratoplasty, pockets for corneal
rings, and lenses or tunnels for corneal rings by using a laser
device became more and more popular over the following
years. The types of laser devices used in these applications
came to be identified as “Femtosecond” (fs) lasers, for the
characteristic pulse duration of the laser source. Particularly
the quest for intrastromal lenticules was pursued since the
inception of femtosecond lasers [24]. The first company to
develop a commercial instrument realizing corneal flaps was
Intralase, with which more predictable flap thickness [25, 26]
and dimensions [27], better astigmatic neutrality [28], and
decreased epithelial injury was demonstrated compared to
two popular mechanical microkeratomes [29]. However,
some specific femtoLASIK complications have been also
discovered [30–33]. In general, it has been observed that by
increasing the repetition rate of the femtosecond lasers,
reducing pulse energies and using tighter spot spacing
produces smoother flap surfaces [34]. Finally, the different
optical and scanning configurations of the different femto-
second lasers systems seem to affect also the characteristics
of the flap and of the procedure in general [35, 36].

The wavelength and the pulse duration are important
parameters forboth suprathresholdplasma formationcreating
cavitation bubbles [37] and safety. The plateau-like region
observed between 100 fs and 1 ps for the corneal layers

indicate that for use in laser surgery, laser pulse durations
chosen within this range should give practically equivalent
results.

Diode pumped all-solid-state ultrafast lasers are now
widely used to perform minimally invasive refractive
surgery and keratoplasty procedures. From its first clin-
ical use in 2001 for LASIK flap creation, femtosecond
lasers have steadily made a place as the dominant flap-
making technology worldwide. Newer applications are
being evaluated and are increasing in their frequency of
use. Femtosecond laser technology is rapidly becoming
a heavily utilized tool in corneal refractive surgical
procedures due to its reproducibility, safety, precision,
and versatility [38].

Small incision lenticule extraction (SMILE) is a rela-
tively young technique, in use for more than 10 years [39].
It seems a very elegant technique to perform laser vision
correction (LVC) involving only a femtosecond laser sys-
tem [40]. While the origin of this technique dates back to
1995 (with the first patents filed by Escalon Medical) [41],
nowadays in 2021 there are three platforms commercially
available to perform these kind of treatments [42–44].

Several advantages have been put forward in favor of
SMILE treatments, including corneal sensation, dry eye, and
treatment duration [45]. But amongall of them, probably the
most interesting one would be the potential preservation of
corneal biomechanical integrity to a larger extent than
conventional LVC [46].

The major concern in LVC so far is the risk associated
with cutting and removing tissue from the eye, necessarily
severing to some extent corneal nerves, andweakening the
cornea by removing stromal tissue, thus making the cor-
neas thinner. Femtosecond lasers help reducing the impact
of some of these aspects, and so does the SMILE technique.
But a technique in which both these elements would be
eliminated would be advantageous.

Nowadays, PiXL [47] is the only available surgical
technique to perform refractive surgery without removing
tissue or performing corneal cuts. But PiXL is also based on
morphological modification of the corneal curvature and
has its own issues mainly due to the use of UV-A radiation.

In contrast, LIRIC is a noncommercially available novel
technique, allowing for the optical correction of refractive
defects using a femtosecond laser system, yet without the
need to remove tissue or producing corneal cuts [48]. Simi-
larly, this technique is not based on the morphological
modification of the corneal curvature, but on the inscribing
of a lens into the cornea, by means of a so-called LIRIC
which enables the local modification of the refractive index
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of the corneal stroma to produce optical phase-shifts, which
spatially combined, result in an optical correction. This
technique has been developed in the last 14 years [49].

One of the concerns of LIRIC remains as to whether
clinically meaningful phase-changes (a requirement for
clinical optical correction) can be consistently achieved
below the damage threshold of the materials, e.g., without
inducing laser induced optical breakdown (LIOB) thus,
without creating cavitation bubbles in the tissue. The aim of
the currentwork is topresent a simple theoretical framework
(in the formof a combinedmodel) to determine the optimum
laser parameters for maximizing the LIRIC efficiency below
the LIOB threshold.

2 Methods

2.1 LIRIC model

Todescribe the LIRICprocess andquantify the inducedphase-changes
we based on the works by the group of Knox [50, 51]. The induced
phase change after adequate laser irradiation can be given by

Δϕ = γ
Pavg

m ⋅ NA2(m−2) ⋅mm−2

υm−1 ⋅ τm−1 ⋅ λwrite2m−3 ⋅ λread ⋅ S ⋅ t

where Δϕ is the induced phase change for a given observer wave-
length, γ is amaterial constant, Pavg the average power applied to the
sample NA the numerical aperture of the optical system, m the order
of the multiphoton absorption, ν the repetition rate of the laser
irradiation, τ the pulse duration, λwrite the wavelength of the laser
radiation, λread the wavelength of the reading (i.e., the wavelength to
which the new [changed] refractive index applies [i.e.visible light]),
S is the scan speed, and t the line spacing. This detailed equation is
based on still unpublished data and modeling (work in progress).

The photochemical model is valid for multiphoton absorption
process in a small signal regime without inflicting optical damage or
material saturation. In real conditions, the presence of a saturation
factor is expected, of which the effect becomes dominant in a large
signal regime and prevents the phase change from increasing without
bound. As in the previous works [50, 51], in order to apply the photo-
chemical model to the large signal region, a phenomenological satu-
ration factor can effectively limit the maximum induced phase change.

Δϕ = Δϕo

1 + A/ASat

where Δϕ0 is the small signal induced change, and A represents the
parameter driving the saturation (e.g., the induced phase change, the
pulse energy, the average power, the irradiated dose).

From the seminal works [50, 51], the saturation phase change as
an intrinsic material property is found to decrease with the numerical
aperture. It is postulated that the saturated phase change per volume
is assumed to be invariant due to a fixed available polymer molecular
density or a constant refractive index difference (as result of the ration
of molecules and number of displaceable water molecules). As the NA
decreases, the interaction volume expands and thus the total satura-
tion phase change within the whole interaction volume increases.

ASat,Material ⋅ NA = constant

In a generalized form (confirmed by the empirical evidence), the
wavelength also plays a role in the interaction volume and thus the
total saturation phase change.

ASat,Material ⋅ NA ⋅ λwrite = constant

2.2 Laser induced optical breakdown threshold model

Different materials would have thresholds, and specific laser beam
characteristics would lead to a particular threshold for LIOB process.
Parameters like pulse duration, tissue properties are considered using
previous works [52]. In our simulations, we determine the threshold as
being proportional to

ETh ∝
̅̅
τ3 

√
⋅ λ ⋅

̅̅
m

√
⋅M22 ⋅ NA−2

where ETh is the pulse energy threshold for LIOB and M2 the beam
quality (please note that we consciously usedM2 for the beam quality,
and not the more formal notationM2. The use ofM2 as symbol for the
parameter aims to avoid confusion with “2” used as exponent (square)
in the equations). This detailed equation is a refinement of previous
works, based on still unpublished data and modeling (work in prog-
ress). The expression was obtained from individual simulations based
on the band-gap of water considered as a semiconductor. The values
determined for different sets of laser parameters were then fit into
unidimensional models, and then combined into a multidimensional
expression for the dependence of the LIOB threshold.

2.3 LIRIC at sub-LIOB model

The aim of this work is to present a simple theoretical framework (in the
form of a combinedmodel) to determine the optimum laser parameters
for maximizing the LIRIC efficiency while staying below the LIOB
threshold. Two models are available, one for LIRIC (determining the
phase change based on the parameters, and optical power or pulse
energy) and one for LIOB (determining the minimum energy necessary
to create cavitation bubbles). For both models, higher exponent means
more critical/important/decisive parameter. In order to combine them,
a qualitative analysis shows that the goal is to “have bothmodels high”.

In otherwords, we search for a parameter space (optical power and
pulse energy remain a degree of freedom) in which we can reach a high
phase change (large LIRIC) but at the same time enabling a high
threshold for opticalbreakdown, so that nocavitationbubbleswill occur
in the LIRIC regime (bubbles would only occur for higher energies). The
average power at which the LIOB is reached is defined below:

PTh = υ ⋅ ETh(τ, λ,M2,NA)
The rigorous approach is rather simple: the relevant metric is the

composite function of bothmodels, i.e., the phase change at a fraction
of the threshold energy. i.e., we have to determine the expression for
Δϕ[ν∙ETh(τ, λ,M2, NA)/F], where F is a factor (with F > 1) to ensure the
irradiation remains significantly below the LIOB threshold.

The semiquantitative optimization is based on the individual
relative effect that every parameter hason the induced phase change. By
inspecting the exponents, one can determine the relevance of the dif-
ference parameters in enhancing the attainable phase change, whereas
by evaluating the typical engineering ranges used for the different pa-
rameters, an estimate of the quantitative effects can be obtained.
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3 Results

3.1 LIRIC at sub-LIOB model

Thecomposite functionof bothmodels, i.e., thephase change
at a fractionof the threshold energycanbeexpressedbyusing
the threshold power (PTh) in the photochemical model:

ϕ = γ
PTh

m ⋅ NA2(m−2) ⋅mm−2

υm−1 ⋅ τm−1 ⋅ λwrite2m−3 ⋅ λread ⋅ S ⋅ t

Δϕ = γ
[υ⋅ETh(τ, λ,M2,NA)

F ]
m

⋅ NA2(m−2) ⋅mm−2

υm−1 ⋅ τm−1 ⋅ λwrite2m−3 ⋅ λread ⋅ S ⋅ t

Now substituting the expression for ETh into the photo-
chemical model:

Δϕ∝ γ
[υ⋅ τ̅3 

√
⋅λ⋅

̅̅
m

√
⋅M22 ⋅NA−2

F ]m ⋅ NA2(m−2) ⋅mm−2

υm−1 ⋅ τm−1 ⋅ λwrite2m−3 ⋅ λread ⋅ S ⋅ t

which reduces to:

Δϕ∝ γ
υ ⋅ τ−2m3 +1 ⋅ λwrite3−m ⋅m3m

2 −2 ⋅M22m

NA4 ⋅ λread ⋅ S ⋅ t ⋅ Fm

of those, ν (repetition rate), S (scan speed), and t (line
spacing) do not seem to affect the LIOB threshold (ETh) (at
least in this model, which does not incorporate any formal
damage accumulation effect built-in); whereas m (the or-
der of the multiphoton absorption) affects the LIOB
threshold (at least through the associated different wave-
length, λ), and M2 is not present in the LIRIC model
(although probably would behave inversely to NA). Thus,
for our purpose, we may simplify the expression to

Δϕ∝ γ
τ− 2m

3 +1 ⋅ λwrite 3−m ⋅m3m
2 −2 ⋅M24

NA4 ⋅ Fm

A higher exponent means more critical/important/deci-
sive parameter. The relevant range for the multiphoton ab-
sorption is fromm=2 tom=6. This comes from the laser tissue
interactions for most polymers (hydrogels, PMMA, or corneal

tissue) having a photochemical activation energy corre-
sponding to ∼200 nm [14, 50, 51], and 2-photon absorption in
the range∼400 nm [51]. This representsm = 5 orm = 6 for near
infrared (NIR) fs irradiations slightly above 1000 nm [52].

3.1.1 Qualitative LIRIC at sub-LIOB model results

The most interesting result is that the effect of NA and M2
(in a sense the focusability of the beam) does not depend on
the multiphoton order, and yet with an exponent of
four both represent a very important parameter. Table 1
summarizes the variables dependencies for different orders
of multiphoton absorption.

For two-photon absorption, the effect of the wave-
length is linear, shorter pulses help increase the attainable
phase change with a minor impact (cubic root of the
reciprocal pulse duration), andNA andM2 remain themost
relevant parameters. For three-photon absorption, the ef-
fect of the wavelength cancels out, the pulse duration
inversely affects the attainable phase change, and NA and
M2 remain the most relevant parameters. For four-photon
absorption, the pulse duration affects the attainable phase
change with a −1.67 exponent; whereas the effect of the
wavelength is inversely linear, and NA and M2 remain
the most relevant parameters. For five-photon absorption,
the pulse duration affects the attainable phase changewith
a −2.33 exponent; whereas the effect of the wavelength is
inversely quadratic, and NA and M2 remain the most
relevant parameters. For six-photon absorption, the pulse
duration affects the attainable phase change in an
inversely cubic manner; whereas the effect of the wave-
length is inversely cubic, with NA and M2 all show an
exponent of four.

According to the hydrogels experiences [51], the satu-
ration phase change as an intrinsic material property is
found to decrease with the numerical aperture, so that NA
(and probably M2) remains (by far) the most relevant
parameter to increase the LIRIC effect without entering the
LIOB regime.

Table : Multiphoton effects in the LIRIC at sub-LIOB model.

Multiphoton order Wavelength range (nm) for the human cornea Expression

 ∼ to ∼ Δϕ(m = )∝τ−/⋅λwrite⋅NA−⋅M
/F

 ∼ to ∼ Δϕ(m = )∝τ−⋅NA−⋅M
/F

 ∼ to ∼ Δϕ(m = )∝τ−/⋅λwrite−⋅NA−⋅M
/F

 ∼ to ∼ Δϕ(m = )∝τ−/⋅λwrite−⋅NA−⋅M
/F

 ∼ to ∼ Δϕ(m = )∝τ−⋅λwrite−⋅NA−⋅
M

/F
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3.1.2 Quantitative LIRIC at sub-LIOB model results

For hydrogels, it has been shown that 1035nmcorrespond to
a four-photon photochemical process (including saturation)
[50]. The same behavior has been confirmed by our group in
an independent experiment (involving a different laser
source and optical setup, but using the same hydrogel ma-
terial, sourcing, and metrology). The system used for the
writing process includes a Spark Lasers Altair laser, which
delivers femtosecond laser pulses with a pulse duration of
∼132 fs, a central wavelength at 1035 ± 5 nm. This laser
enables tuneable repetition rate ranging from 5 to 40 MHz
via theusage of a pulse picker. Thepulse repetition rate from
the oscillator is fixed at 40 MHz, and a pulse picker extracts
certain pulses from the fast pulse train with an identical
temporal separation, resulting in a different repetition rate
as selected after the oscillator. The available repetition rates
are 40/NMHz, where N is an integer number from 1 to 8. An
amplifier is employed after the pulse picker to amplify the
average power above 10 W and maximum pulse energies
above 125 nJ. The effective NA for writing the samples goes
up to 0.45 using a microscope objective (Thorlabs Inc.
LMH-50X-1064). A sample, soaked in saline solution to
maintain hydration, is placed between a microscope glass
slide and a cover slip. The sample is then mounted on a 2D
linear translation stage setup (Physik Instrumente) which
allows XY axial scanning with a speed up to 1 m/s in X
direction (stage V-417.056211E1) and a high resolution of
about 100 nm in Y (stage L-505.013212). A confocal sensor is
used to locate the writing depth which is usually set to be in
the middle of the polymer sample.

The samples used were plano hydrogels (Contaflex GM
Advance58, Contamac Inc.). Contaflex samples are formedby

“Acofilcon A”, a synonym for “2-Butenedioic acid (2Z)-, di-
2-propenyl ester, polymerwith 2,3-Dihydroxypropyl 2-methyl-
2-propenoate, 1-Ethenyl-2-pyrrolidinone, 2-Hydroxyethyl
2-methyl-2-propenoate and Methyl 2-methyl-2-propenoate”
[51]. The transmissivities of the samples at 1035 nm are
greater than 90% [51].

A series of phase bars were written as finely spaced
(thus “strong” overlapping) parallel lines. They were fabri-
cated using a raster scanningmethod. A composite of phase
bars of progressively changing pulse energy wasmeant as a
phase carpet. We used pulse energies from 5 to 100 nJ, NA
from 0.25 to 0.45 via adjusting the incident beam diameter,
repetition rates from 5 to 40 MHz, scan speeds from 100 to
1000 mm/s, and line spacing from 100 to 1000 nm. Each
phase bar consists of a total width of 150 μm. The length of
each grating is set to be 1.5 mm, for which is ensured that a
constant velocity inside the bar can be maintained by
compensating for the acceleration and deceleration travel
distances of the stage. The optical damage was indicated by
the formation of cavitation bubbles, or dark carbon spots at
higher pulse energies or material distortion with melting
traces and porosities localized along the phase bars.

Figure 1 shows a phase carpet consisting of individual
phase bars with increasing pulse energy from bottom to top.
On the left, the brightfield image is presentedwhile the right
trace shows an interferogram with coarse interference lines
to visually recognize the induced phase shift. In the top bar
written with the highest energy, coalescent cavitation bub-
bles are visible as a signof the reachedLIOB regime. This bar
would have been omitted for further analysis.

The resultswere verymuch comparable to the previous
findings, but we focus more on the sub-LIOB effects.
Overall, we generated and measured more than 350 phase

Figure 1: Phase bars with increasing pulse energy from bottom to top. Left: Bright field image. Right: Interferogram with coarse interference
lines. In the phase bar with highest pulse energy, coalescent cavitation bubbles are visible as a clear sign of LIOB.
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bars (resulting in 31 phase carpets) in different configura-
tions of pulse energy, NA, repetition rate, scan speed, and
line spacing.

Figure 2 shows themeasured data for the effect of pulse
energy on the LIRIC at sub-LIOB attainable effect.

For determining the fraction (factor F) below the LIOB
threshold we based our analysis on the provisions of the
standards on safety for laser products [53, 54]. They request
different levels of protective measures for energies
exceeding +20, +50, and +100% of the nominally set en-
ergy. Applied to our case, it would mean that in order to
remain below the LIOB regime, the maximum nominally
set energy should not exceed ETh/1.2, ETh/1.5, or ETh/2.0,
respectively. For the presentation of results, we select the
intermediate factor F = 1.5 (ETh/1.5).

With these reduced energies (below LIOB threshold)
we have determined the induced phase change (including
saturation effects) as a function of the individual parame-
ters governing the induced phase change. Figures 3 and 4
show those dependencies for the most relevant parameters
considered in the photochemical model.

Figure 3 shows themodeled andmeasured data for the
effect of NA on the attainable LIRIC effect at sub-LIOB.

In our experiments, we have neither modified the
pulse duration (which would have been possible within a
range towards longer pulses, which would further reduce
the measurable phase changes) nor the wavelength (fixed
in our system and laser source, reachable via harmonic
generators though). Recent published data for 405 nm
(m = 2) and 1035 nm (m = 4) wavelengths are available [50,
51]. These works provide the gains (material constants) for
the respective wavelengths. These reported gains (material
constants) have been used to estimate its value for the
intermediate case (m = 3) as the geometric mean of the 405

and 1035 nm constants. Further, the phenomenological
saturation factor incorporates both NA and wavelength
dependences, as stated under 2.1.

Figure 4 shows the modeled data for the effect of pulse
duration and wavelength on the LIRIC at sub-LIOB attain-
able effect. A shorter pulse duration is associatedwith lower
pulse energies, but a higher achieved phase change. This is
because the effect of the pulse duration in the LIOB
threshold only affects with the cubic root of τ, but with the
cubic power of the reciprocal of τ in the four-photon
photochemical model. This can be seen in the attenuated
gain in phase change for very short pulses, and the magni-
fied loss of phase change for long pulse durations. Longer
wavelengths are associated with higher pulse energies, but
less achieved phase change. The relationship with wave-
length is rather complex, involving changes in the material
constant (γ, a sort of gain of the process), the photon energy,
and theorder of themultiphotonabsorption. For both effects
(pulse duration and wavelength dependence), the number
of photons per space and time becomes essential. For higher
order processes it becomes increasingly important, that
m-photons (the order of the multiphoton absorption) reach
the region of interest (where laser-tissue interactions are
expected) at the “same” time to be quasi-simultaneously
absorbed. This provides a hint that for multiphoton pro-
cesses, shorter pulses (for the same pulse energy more
photons are available per unit of time, increasing the peak
power of the pulse) or shorter wavelengths (irradiating

Figure 2: The measured data for the effect of pulse energy on the
LIRIC at sub-LIOB attainable effect are presented. Larger pulse en-
ergies are associatedwith higher achieved phase change (scaling to
the fourth power in the photochemical process) but limited by a
saturation process. This can be seen in the attenuated gain in phase
change for high pulse energies.

Figure 3: Themodeled (solid lines) andmeasured data (data points)
for the effect of NA on the LIRIC at sub-LIOB attainable effect are
presented. For visualization purposes, a log2 scale has been used
for both axes. Both the used energies (determined as ETh/F) (orange
series) and achieved phase changes (blue series) match very well
the modeled values. Larger NA is associated with lower pulse en-
ergies, and less achieved phase change. This is actually 3-fold: due
to the use of lower pulse energies (scaling to the fourth power in the
photochemical process), the smaller focal volume (scaling with the
fourth power with the reciprocal of NA), and the lower material
saturation (inversely scaling with NA). This can be seen in the
attenuated gain in phase change for very lowNAs, and themagnified
loss of phase change for large NAs.
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photons of higher energy, reducing the number of photons
required to reach the region of interest at the “same” time)
become very important parameters for enhancing the effi-
ciency of the processes.

4 Discussion

We present here a simple method to determine the opti-
mum laser parameters for maximizing the LIRIC efficiency
for pulse energies below the LIOB threshold for different
materials (in particular, polymers such as hydrogels or the
human cornea) for which the multiphoton order of the
photochemical model is known or can be estimated. The
model combines two independent previous models in a
simple manner [51, 52]. The work provides qualitative and

quantitative estimates for the parameters leading to a
maximum LIRIC effect below the threshold of LIOB.

The photochemical model is valid for multiphoton
absorption process in a small signal regime without
creating optical damage or material saturation. For that
reason, approaches avoiding optical damage actually
legitimate the use of that photochemical model.

In the formulation of the photochemical model, a
correction for the readout laser wavelength has been taken
into account. In the general case, the writing wavelength is
different than the readout wavelength. However, for a fixed
readout wavelength (likely close to the center of the visible
spectrum for the human eye), this effect may change the
values of themeasured phase change, but not its dependence
on other parameters. In a sense, this correcting factor can be
incorporated into thegain (scaling) factorof theLIRICprocess.

Figure 4: The modeled data for the effect of pulse duration (left panel) and wavelength (right panel) on the LIRIC at sub-LIOB attainable effect
are presented. For visualization purposes, a log2 scale has been used for the phase change and the pulse energy. The used energies
(determined as ETh/F) (orange series) and achieved phase changes (blue series) are depicted for individual wavelengths. A shorter pulse
duration is associated with lower pulse energies (in orange in the left panel), but a higher achieved phase change (in blue in the left panel).
This is because the effect of the pulse duration in the LIOB threshold only affects with the cubic root of τ, but with the cubic power of the
reciprocal of τ in the 4-photon photochemical model. This can be seen in the attenuated gain in phase change for very short pulses, and the
magnified loss of phase change for long pulse durations. Longer wavelengths are associatedwith higher pulse energies (in orange in the right
panel), but less achieved phase change (in blue in the right panel). The relationship with wavelength is rather complex, involving changes in
the material constant (γ, a sort of gain of the process), the photon energy, and the order of the multiphoton absorption.
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We used the LIOBmodel as the main descriptor for the
optical damage, yet there may be other competing mech-
anisms (with onset at different power regimes, e.g., thermal
mechanisms)whichmay produce a different type of optical
damage for some of the tested conditions [55].

The used LIOB threshold model is by definition inde-
pendent of the laser repetition rate (i.e., LIOB is a per pulse
process). For some hydrogels (but not for the one used in
this work) [51], optical damages have been reported to
occur at lower energies for faster laser repetition rates but
this has not been elucidated for the human cornea.

The LIOB threshold model determined the single pulse
damage, thus it is not dependent on S scan speed or t line
spacing. We acknowledge as a limitation, that this “simple”
model does not include the effects of multipulse accumula-
tion on the pulse energy damage level. This complex process
has been experimentally explored for pulse energies well
above the LIOB threshold in previous works [56, 57].

We did not present results for different S (scan speed),
and t (line spacing) since they do not seem to affect the
LIOB threshold, and the effect of M2 was made analogous
toNA (but it has not been further investigated; potentially a
similar effect would be found for the Strehl Ratio of the
system since it also affects the focusability of the beam).

The most interesting result is that the effect of NA and
M2 (in a sense the focusability of the beam) does not depend
on the multiphoton order, and yet with an exponent of 4
both represent a very important parameter. For both effects
(NA and M2), the number of photons per space and time
becomes essential. For higher order processes it becomes
increasingly important that m-photons (the order of the
multiphoton absorption) reach the region of interest (where
laser-tissue interactions are expected) at the “same” time to
be quasi-simultaneously absorbed.

The presented results were obtained using a four-
photon model (consistent with the findings published for
hydrogels), but for the human corneamost probably a five-
photon model would be required (corresponding to lower
phase changes). For four-photon absorption (wavelength
range ∼670 to ∼860 nm for the cornea), the pulse duration
affects the attainable phase change with a −1.67 exponent;
whereas the effect of the wavelength is inversely linear,
andNA andM2 remain themost relevant parameters. On the
contrary, for five-photon absorption (wavelength range
∼860 to ∼1055 nm for the cornea), the pulse duration affects
the attainable phase changewith a−2.33 exponent;whereas
the effect of the wavelength is inversely quadratic, and NA
and M2 remain the most relevant parameters.

Essentially, the approach is to search for the parameters
leading to a higher LIOB threshold (in order to benefit from
themultiphoton scaling ofphase changewithpulse energy),

which are not detrimental to the LIRIC process. In real
conditions, thepresenceof a saturation factor is expected, of
which the effect becomes dominant in a large signal
regime and prevents the phase change from increasing
without bound. Based on our empiric data at 1035 nm, the
phenomenological saturation factor for the used hydrogel
was found to be 2.5 waves at NA of 0.25, 1.7 waves at NA of
0.38, and 1.4 waves at NA of 0.45.

Themeasured data for the effect of pulse energy on the
LIRIC at sub-LIOB attainable effect (Figure 2) shows that
larger pulse energies are associated with higher achieved
phase change (scaling to the fourth power in the photo-
chemical process) but limited by a saturation process or
other competing effects induced at higher energies, which
are not explicitly included in this model.

According to the hydrogels experiences [51] and the
presented findings, the saturation phase change as an
intrinsic material property is found to decrease with the
numerical aperture increases. As shown in the derivation of
the photochemical model, this is due to the larger volume
treated at lower numerical apertures. A larger affected vol-
ume subsequently induces a larger optical phase shift due to
the definition of optical phase (the product of refractive in-
dex and physical thickness). It remains unclear though
whether this effect can be extrapolated to corneal tissue.

For determining the fraction (factor F) below the LIOB
threshold we based on the provisions of the international
standards on safety for laser products [53, 54]. For the
presentation of results, we select the intermediate factor
F = 1.5. The numeric results would have been different for
other factors (higher for F = 1.2; lower for F = 2.0), but the
overall behavior would have been retained. Since the
phase change scales with the fourth power of the pulse
energy, working as close as possible (but below) the
threshold may be more beneficial. Although, due to the
presence of the saturation, the use of a factor F = 1.5 seems
sufficient (and reduces the imparted dose to the tissue).

Using a moderate NA between 0.2 and 0.3 seems to be
more adequate to maximize LIRIC efficiency (at the cost of
affecting a thicker layer of tissue). A reduction from 0.45 to
0.25NA produced a 3.3× fold increase in the attained phase
change (for a 3.0× increase in pulse energy).

Using pulse durations shorter than 175 fs seems to be
more adequate to maximize LIRIC efficiency (at the cost of
reducing pulse energy, thus requiring more accurate con-
trols of the pulse energy). A reduction from 175 to 50 fs
predicts a 1.3× increase in the attained phase change (for a
0.66× decrease in pulse energy). Using shorter wavelengths
seems to bemore adequate tomaximize LIRIC efficiencydue
to a lower and thus more efficient absorption order (at the
cost of reducing pulse energy, thus requiring more accurate
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controls of the pulse energy). A reduction from 1035 to
405nmpredicts a 2.4× increase in the attainedphase change
(for a 0.25× decrease in pulse energy). However, eye safety
imposes lower maximum permissible exposures at shorter
wavelengths [58].

5 Conclusions

In summary, we presented a method to determine the
adequate ranges for the most relevant parameters for
maximizing theLIRIC efficiency for pulse energies below the
LIOB threshold for different materials (in particular, poly-
mers such as hydrogels or the human cornea). Essentially,
the approach is to search for the parameters leading to a
higher LIOB threshold (in order to benefit from the multi-
photon scaling of phase change with pulse energy), which
are not detrimental to the LIRICprocess. Themodel suggests
that the use of a moderate NA ∼0.24, combined with pulse
durations shorter than 100 fs seems to be more adequate to
maximize LIRIC efficiency. Using shorter wavelengths still
in the NIR region (∼800 nm) may further enhance LIRIC
efficiency (by reducing the multiphoton order by one unit).
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