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Abstract 

Background  Laser corneal reshaping is a successful treatment of many refraction disorders. However, some physical 
demonstrations for the laser interaction with cornea are not fully explained. In the current paper, we present a modi-
fied model to precisely investigate the ablation threshold, the ablation rate and the physical/chemical mechanisms 
in that action.

Results  The model discusses the possible photochemical reaction between the incident photons and various com-
ponents of the cornea. Such photochemical reaction may end by photo-ablation or just molecular electronic excita-
tion. The ablation threshold is also produced by other chemical reaction. Finally another chemical reaction creates 
out-site fragments. Moreover, the effect of applying different laser wavelengths, namely the common excimer-laser 
(193-nm), and the solid-state lasers (213-nm & 266-nm) has been investigated.

Conclusion  Despite the success and ubiquity of the Argon Fluoride “ArF” laser, our results reveal that a carefully 
designed 213-nm laser gives the same outcomes with the potential of possible lower operational drawbacks related 
with heat generation and diffusion.
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1 � Background
Recently, scientists have focused their attention on com-
prehending the intricate dynamics of numerous physi-
ological behaviors in different medical conditions and 
treatment procedures [1, 2]. By modeling it and attempt-
ing to discover approximate solutions, mathematics 
played a significant role in understanding the mechanism 
of the transmission of various infectious diseases (e.g. 

COVID-19) [3] and cancer [4]. Lasers have been utilized 
in corneal reshaping for refractive correction since sev-
eral decades [5–7]. The practice of the procedure has 
been much advanced than the theoretical explanation. 
Due to the presence of many chemical and physical pro-
cesses, an exact set of equation governing the procedure 
seemed out of reach or out of interest. The presence of 
several tissues with slightly and/or significantly differ-
ent parameters, and individual differences complicates 
reaching an exact simulation. Different authors devel-
oped models adapted to certain experimental results on 
phantom, ex vivo and in vivo subjects. However, in most 
of the mathematical models of biological systems, find-
ing appropriate parameter values presents a problem [8]. 
Additionally, phytochemical analysis has shown great 
importance in multiple techniques for the study of treat-
ments and image cases in different scientific problems 
related to medicine [9, 10].
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Models of heat transport in the eye have previously 
been presented in the literature. Taflove et. al. [11] 
assumed that the eye is homogeneous and used a finite 
difference model to study the temperature distribution 
due to absorption of microwave. While AI-Badwaihy et. 
al. [12] presented a simple heat transport model to exam-
ine the thermal effects of microwave radiation on the 
human eye. They used simplified eye structure to per-
mit a steady-state analytical solution which cannot be 
extended to simulate time varying solution. Moreover, 
applying the finite element method of solution on the 
rabbit eye was employed in [13].. The iris and ciliary body 
were included as part of the boundary of the domain. 
The model was used to calculate the initial temperature 
distribution in the normal unexposed rabbit eye and the 
temperature rises induced by exposure to microwave 
radiation. In 1982, Lagendijk [14] developed model that 
used a simple explicit forward-difference heat balance 
technique. Both transient and steady-state calculations 
were performed.

When material is removed from a solid (or occasion-
ally liquid) surface by being exposed to a laser beam, 
the process is known as laser ablation or photoabla-
tion. Low laser flux causes the substance to heat up and 
evaporate or sublimate as a result of the absorbed laser 
energy. The substance usually turns into plasma at high 
laser flux levels. Additionally, the covalent bonds in the 
polymer chains are broken by the energy of the UV pho-
tons, which causes photochemical ablation [15]. Corneal 
ablation using ultraviolet (UV) short pulsed lasers doesn’t 
rise the temperature of the eye to significant values [16]. 
The later feature makes the UV-laser wavelengths with 
nano-second or shorter pulse duration more suitable for 
ablation. Therefore, models for polymeric materials and 
for corneal tissue have been developed. Pettit et. al [17] 
developed a model that included the effects of chromo-
phore saturation and multiphoton absorption. While, 
Fisher et. al. [18] excluded experimentally the formation 
of plasma during the photoablation process by direct flu-
orescence measurement. Tokarev et. al. [19] presented a 
model based on the thermal effect that evaporates tissues 
and its resulting chemical decomposition. The evapo-
ration may not be a basic step for the chemical decom-
position. However any model should consider the heat 
generated in the chemical process; this heat is not suffi-
cient for the molecular decomposition.

Sutcliffe et. al. [20] proposed a model based on the abla-
tive photodecomposition, in which a critical density of 
broken bonds results from an incident photon flux above 
a certain threshold density (i.e., ablation threshold). The 
novel concepts of the ablation threshold and the ablative 
absorption coefficient that is larger than the preablative 
(i.e., static) value have been deeply illustrated in [21]. 

However, the transient changes in absorption coefficient 
within layers of material caused by the photo decomposi-
tion of long-chain molecules and chromophores prior to 
reaching the ablation threshold were neglected. However, 
the best-fit parameters for 193-nm ablation led to unreal-
istic values, which the authors concluded to be indicative 
of a significant change in ablation mechanism at the short 
ArF laser wavelength.

Many aspects of the primary processes and secondary 
effects of UV corneal photoablation are still not com-
pletely understood.

At first look, the success of Photorefractive keratec-
tomy (PRK)  and Laser-assisted in  situ keratomileusis 
(LASIK) indicates that the missing information is not a 
critical issue with current delivery systems that aim at 
correcting mainly spherical refraction with an accuracy 
of approximately ± 0.50 diopters. Current state-of-the-art 
systems attempt to correct both spherical equivalent and 
astigmatism with significant attempts to correct higher 
order aberrations. Typically, ultrasonography, Pentacam, 
and noncontact devices such as the Visante anterior seg-
ment optical coherence tomographer (ASoptical coher-
ence tomography (OCT)) are becoming more common 
to evaluate ocular parameters [22]. However, a better 
understanding of the ablation process could improve the 
precision of higher aberration correction. Additionally, 
exploring of the healing process is likely also needed for 
best results.

The current work consequently proposes a modified 
model that offers new insights regarding the ablation 
threshold, the ablation rate, and the physical and chemi-
cal mechanisms underlying that action. The model shows 
the potential photochemical and chemical interactions 
between incident photons and different corneal compo-
nents after using various UV lasers, such as the conven-
tional ArF excimer (193  nm) and substitute solid-state 
lasers at 213 and 266 nm. We here present a model to try 
to accommodate many results in our lab and some other 
published results.

2 � Model description
2.1 � constructing the eye model
The human eye is usually approximated geometrically as 
a set of arcs with different radii, rotated around the axis 
of symmetry (optical axis). This axis is defined by the 
center of the eye and the lens [23]. The geometry of the 
eye structure utilized in this model and all the mathemat-
ical computations were created under the environment 
of MATLAB R2022b platform. The cornea represents 
more than 65% of the focusing power of the eye; con-
sequently, any alteration in the cornea’s curvature leads 
to significant eye refraction error. Moreover, individual 
differences in corneal characteristics, such as thickness, 
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composition, and hydration, can undoubtedly affect how 
the cornea reacts to laser irradiation. However, it is dif-
ficult to include these inter-individual variances in a 
mathematical model. As a result, the suggested model is 
independent of biological variability. However, the exper-
imental research must take this aspect into account.

A preliminary simulation of laser heating of the eye is 
performed with laser pulse energy 1 J and pulse duration 
5 ns. This simulation revealed that the temperature of 
parts of eye beyond a radial distance of 5 mm still have 
the initial temperature (Figure 1(a)).

Accordingly, in our proposed model, to increase the 
mesh accuracy and while keeping reasonable processing 
time, we concentrated on a part of cornea inside a cylin-
der of radius 3 mm coaxial with the laser axis and height 
1400 um as presented in Figure 1(b). The increment in r 
and z coordinates dr=dz=0.8 um. The increment in time 
dt for the photochemical reaction is 6.6×10−17 sec. The 
region investigated r = − 3:3 mm z=0 – 1.4 mm. The vol-
ume is 39.58 mm3. Volume of one cell= 0.512 um3.

2.2 � The physical parameters
The physical parameters of normal human cornea are 
summarized in Table 1 [24, 25].

Our developed algorithm have been verified with the 
thermal effect of corneal tissue produced using some 
commercial laser ophthalmic devices for eye micro-
surgery including Zeiss Mel 90, Pulzar Z1, Katana laser 
soft and Medilex. Table 2 illustrates the main technical 
specifications for the equipment assuming the initial 
temperature of the cornea is 26.9° C [16]. The values of 
the parameters in Table 2 correspond to the operational 

Fig. 1  The implemented eye-model a the whole structure of the eye, b the cornea

Table 1  The physical parameters of human cornea

Rate of 
blood 
perfusion 
(1/s)

Metabolic 
flux (W/
m3)

Thermal 
conductivity 
(w/m °C)

Specific 
heat (J/Kg 
°C)

Density ( kg/
m3)

0 0 0.580 4178 1050
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parameters of the current commercial systems. The UV 
absorption coefficient was measured in the UVA region 
by Kolozsva et al [26].

Because the refraction index of the cornea in the far 
UV region is unknown, the reflection loss contribu-
tion to the measured absorbance cannot be calculated 
accurately. However, it is estimated from the refraction 
index of water so reflection is estimated smaller than 
0.1 in this spectral region. The linear absorption coef-
ficient “a” has been determined to be 2300 ± 330  cm−1 
at 210  nm and 2410 ± 370  cm−1 at 193  nm from 23 
samples of 18 porcine corneas. Similar results for 
human corneas are 2320 ± 470  cm−1 at 210-nm and 
2340 ± 450  cm−1 at 193  nm from 11 samples of six 
human corneas [26]. It can be mentioned here that 
the absorption cross section are usually determined by 
applying Beer’s law via measuring the incident inten-
sity and transmitted intensity after passing a defined 
thickness. The losses of intensity in the UV spectrum 
are due to thermal absorption (energy converted to 
heat), multiple internal scattering and photochemical 
reactions. The last one is significant in this region of 
wavelengths. That is why when using the heat equa-
tion we should use only the value of thermal absorp-
tion cross section (i.e. thermal absorption coefficient 
of corneal tissue).

Reduced thermal absorption means that the cor-
nea absorbs less heat from the laser energy. Conse-
quently, when the cornea has low thermal absorption 
properties, it requires less laser energy to achieve the 
desired ablation depth. This means that each laser 
pulse removes more corneal tissue, resulting in a higher 
rate of change of ablation per pulse. In contrast, when 
the cornea has high thermal absorption properties, 
it absorbs more heat from the laser energy, requir-
ing more laser pulses to achieve the same ablation 
depth. This leads to a lower rate of change of ablation 
per pulse [28]. In our model we consider the thermal 
absorption cross section as one of the parameters to be 
determined. So this value is expected to be smaller than 
the published absorption cross section.

Fundamentally, laser pulses can have a very wide range 
of fluxes and durations (from milliseconds to femtosec-
onds) with the ability to be precisely controlled. However, 
in high frequency pulses there will be accumulation of 
fragments and also temperature rises, which may affect 
the consequential ablation rate [29]. In this model we 
didn’t consider these effects as we focused on the chemi-
cal reactions.

2.3 � Reactions
The proposed model is slightly different from Fisher’s 
model [18], we considered one photochemical reaction 
and two chemical reactions.

2.3.1 � The photochemical reaction
The ablation may occur as a two-step reactions as 
described by Fisher et. al. [18]. The photochemical reac-
tion converts collagen molecules to some transient 
products.

where Col represents the collagen molecular density, Ph 
represents the photon number density and Tr represents 
the density of transient products. Then these transient 
molecules will undergo a chemical reaction with water 
to produce final fragmented molecules that is dispersed 
away. The rate of the 1st reaction is given by a linear reac-
tion coefficient as follows:

where, K1 is the photochemical reaction constant [m3s−1].

2.3.2 � The chemical reactions
The chemical reaction is classified to two reactions. The 
1st chemical reaction produces molecular fragments. 
While the second chemical reaction is a reverse reac-
tion in the opposite direction intended to explain the 
observed ablation threshold.

(1)Col
(

x, y, z, t
)

+ Ph
(

x, y, z, t
)

→ Tr
(

x, y, z, t
)

(2)
∂y

∂x
Tr x, y, z, t = −K1.Col x, y, z, t .Ph x, y, z, t

Table 2  Technical specifications of common laser eye-surgery devices [27]

Device Wavelength 
(nm)

Active medium Pulse 
duration 
(ns)

Beam type Energy (mJ) Spot size (mm) Absorption 
coefficient 
(m−1)

Medilex 222
248

KrCl
KrF

15
15

Broad beam
Gaussian

250
250

0.2–5
0.2–0.5

208,366
48,277

Zeiss Mel 90 193 Arf 4–7 Flying Spot Gaussian 1 0.7 270,000

Pulzar Z1 213 Nd:YAG fifth harmonic 10–12 Flying Spot Gaussian 1 0.6 230,300

katana laser soft 210 Ti_sapphire fourth harmonic  > 5 Flying Spot
Near Gaussian

 < 0.1 0.2 232,000
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2.3.2.1  The forward reaction  The first chemical reac-
tion (the forward reaction) is defined as:

 where Wtr is the number density of water molecules, F is 
the number density of final fragmented products. Some 
species of the products may accumulate in the hole pro-
duced by ablation, while others leave the place. These 
accumulated molecules could be CO2 molecules that can 
absorb incident photons and thus reduce the rate of abla-
tion as the number of pulses increase. This may explain 
the observed reduction of ablation rate for higher num-
ber of pulses. This effect was not considered here. The 
rate of the 2nd reaction (the chemical reaction that pro-
duces the ablation products “forward reaction”) is also 
linear [m3s−1]:

where, K2 is the rate of the reaction. The absorption coef-
ficient α [m−1] is defined as:

where, αair, αcor, αTr, αFl and αWtr are the molecular absorp-
tion cross sections [m2] and ρair, ρcor, ρTr, ρFl and ρWtr. are 
the concentration in [m−3] of air, corneal tissue, tran-
sients, final products and water respectively.

2.3.2.2  Backward reaction  It was necessary to assume 
another reaction that may take place. This reaction is 
the second chemical reaction introduced in 2.3.2. Such 
reaction is common in many similar situations, where 
molecules that have just been broken to two smaller 
molecules by bond breaking, may recombine again. This 
recombination is a function of the transient molecules, 
and independent on the photon density. So for low pho-
ton density the transient molecules that will continue 
to react with water to produce final fragments would be 
very little or null. However for higher photon density 
the production of transient molecules can overcome 
recombination and so ablation can be observed. The 
rate of recombination reaction can be determined by fit-
ting experimental results. This recombination reaction 
strongly explains the observed ablation threshold.

where, Kr is the rate of the (backward) reverse reaction. 
Since this reaction is a doubly chemical reaction that 
recombines two molecules of the transient products, the 
rate depends on the square of the molecular density.

(3)Wtr
(

x, y, z, t
)

+ Tr
(

x, y, z, t
)

→ Fr
(

x, y, z, t
)

(4)
∂y

∂x
Fr
(

x, y, z, t
)

= K2Tr
(

x, y, z, t
)

.Wtr
(

x, y, z, t
)

(5)
a =sair × rair + scor × rcor + sTr × rTr + sFl × rFl

+ sWtr × rWtr

(6)
∂

∂t
Fr
(

x, y, z, t
)

= Kr

(

Tr
(

x, y, z, t
))2

2.4 � Temperature rise
There are two types of energy absorbed by the tissues 
and result in temperature rise. The first is the photons 
that do not break the bond. The second source comes 
from the difference between the bond energy and the 
photon energy. The model shows that not all the inci-
dent photons energy is used to break the bond. So the 
rest of photon energy is absorbed as heat. This differ-
ence in energy is absorbed by the transient molecules 
using their high absorption coefficient. The heat diffu-
sion equation is used to estimate the temperature rise 
in eye tissues. This is an added source of heating, pre-
vious models didn’t consider this effect. So a key con-
tribution of this model is considering this source of 
energy.

Due to the inhomogeneity and the presence of differ-
ent species the physical parameters can vary from one 
point to another. So the heat equation for the considered 
region can be expressed in cylindrical coordinates as:

where k is the material thermal conductivity [Wm−1 K−1], 
ρ is material density [m3], cp is the material specific heat 
at constant pressure [J Kg K−1], qv is the rate of energy 
generated due to photon absorption per unit volume 
[Wm−3] and T  is the absolute temperature as function of 
z, r and t. The laser intensity is I defined by:

where F is laser fluence [Jm−2], S is the standard devia-
tion of the time pulse profile (assumed to be Gaussian) 
and w is the radius of the Gaussian beam [m]. α is the 
total extinction coefficient [m−1].

The boundary condition is assumed to be radiative and 
convective on the surface of the cornea and constant To 
at the bottom. While for the upper surface of the cornea, 
the rate is:

where n is the normal to the boundary layer, h is the 
convective heat transfer coefficient between corneal 
surface and air (10W/m2 K), σB Boltzmann constant 
(5.67 × 10−8  Wm−2  K−4), ε is the emissivity of the cor-
neal surface (0.975), To is the initial temperature of the 
eye assumed to be 27  °C (300  K) and Ta is the ambi-
ent temperature assumed to be 25  °C (298  K). In clini-
cal practices, To at the bottom of the cornea may be 

(7)

ρcp
∂T

∂t
=

1

r

∂

∂r

(

kr
∂T

∂r

)

+
1

r2
∂

∂ϕ

(

kr
∂T

∂ϕ

)

+
∂

∂z

(

∂T

∂z

)

+ qv

(8)

I(z, r, t) =
F

√
2πS

exp

(

−
t2

2S2

)

exp

(

−
r2

2w2

)

exp(−α.z)

(9)k
∂T

∂n
= σBε(T− Ta) + h(T− To)
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non-constant. However, in our model we study the abla-
tion effect mainly on the corneal surface. Accordingly, To 
was assumed to be constant.

2.5 � Experimental verification
Previously published data for corneal ablation using 
193 nm, 213 nm and 266 nm have been used in verifica-
tion of the proposed model [18]. Additionally, results for 
PMMA ablation by 266 nm solid state laser were utilized. 
The details of the experimental setup and results can be 
found elsewhere [30].

The photochemical reaction takes place in extremely 
short time. Fisher et. al. [18] estimated the photochemical 
reaction rate to be k1 = 7.1 × 10–10 cm3s−1, and a chemical 
reaction rate k2 = 3.7 × 10–17 cm3s−1. They assumed a one 
photon reaction with collagen to produce intermediate 
products and one chemical reaction between water and 
these products to produce final debris that is removed 
from the cornea. They used an estimation of the num-
ber of peptide molecules to be 1.354 × 1021  cm−3; also 
they used absorption cross section of peptide at 193 nm 
as 1.19 × 10–17 cm2 and that of transient components 
4.5 × 10–15 cm2 and the absorption cross section of end 
products to be 4.5 × 10–24 cm2. From here onward we are 
going to use the standard metric system MKS of units. So 
we consider the peptide density to be 2.0256 × 1027 m−3.

First, we considered the absorption cross section 
of peptide to be 1.19 × 10–21 m2 and that of transient 
4.5 × 10–19 m2. This leads to absorption coefficient 
2.4097 × 106  m−1. Then after establishing the relation of 
the ablation rate w.r.t absorption coefficient we showed 
the value of the absorption cross section that gives the 
best fit to the experimental data.

The assumptions in [18] are quite simple and straight-
forward. We have tried to use these findings to fit the 
results of photo ablation of cornea by 266  nm laser to 
achieve results that are close to the experimental results.

The ablation rate (ablation depth per pulse) increases at 
the beginning and then stabilizes with tendency to very 
little decrease. The startup increase can be attributed to 
the accumulation of transient species which is converted 
to fragmented species. After some pulses another accu-
mulation of fragment species reduces the light intensity 
absorbed by corneal tissues as shown in Fig. 2. This ten-
dency agrees with the experimental results [30].

Our model considers the case of pulse train incident 
on a single spot. We do not believe that the currently 
systems using flying spot may have nearly similar abla-
tion rates, although they should have lower temperature 
rise. Still our model is correct as a comparison between 
different systems. Ablation rate is affected by three 
main parameters, we have to estimate these parameters 
by fitting our model to the published results, and then 

we compare our experimental results using 266 nm to 
the proposed model. These parameters have a com-
bined effect on the resulting ablation.

2.5.1 � Thermal absorption
There are several estimated values of the absorption 
cross section of corneal tissues. However the decom-
posed molecules are not very well identified and little 
is known about its absorption cross section. To under-
stand the effect of the absorption cross section of tran-
sient products we used three different values α  1> α2>  
α3. Figure  3 shows the rate of change of ablation per 
pulse increases with decreasing the thermal absorption 
(keeping other parameters constant) this is shown by 
the curves G11, G12 and G13 respectively.

Fig. 2  Behaviour of Ablation rate with number of laser pulses

Fig. 3  Ablation rate vs. Fluence for different absorption cross section



Page 7 of 14Abdelhalim et al. Beni-Suef Univ J Basic Appl Sci          (2023) 12:101 	

2.5.2 � Photochemical reaction K1
The photochemical rate of reaction is a very important 
parameter. To understand its effect we examined many 
values of K1. Figure  4 shows the relation between abla-
tion rate and number of pulses near the threshold condi-
tion for different values of K1.

2.5.3 � The chemical reaction K2
The chemical rate of the second reaction which produces 
the final products is another important parameter. We 
started by the published values and improve them gradu-
ally to fit the published results.

2.5.4 � The chemical reverse reaction Kr
We assumed that this parameter have a role in defin-
ing a threshold for the ablation process. It also varies in 
the case of laser at 266 nm than that of 193 nm since the 
decomposed molecules could be different.

The implementation steps of our proposed model can 
be summarized as follows:

1.	 We find an ensemble of absorption coefficients that 
produces ablation curve with the nearest slope to the 
experimental results.

2.	 Using the absorption coefficients obtained in the pre-
vious step, we find triplets (K1, Kr and absorption 
coefficients) that mimic the threshold and the maxi-
mum value of ablation.

3.	 The least square function of the selected triplets has 
been optimized to get the model with minimum least 
square deviation from the experimental published 
results.

4.	 We tried to keep Kr and K2 the same values for 
both 193 nm and 266 nm. This assumption that the 
decomposed molecules could be the same can’t rule 
out the possibility of having different molecules when 
using different wavelengths. This assumption can 
only be verified through time resolved Raman spec-
troscopy.

5.	 We constructed a 3-valued function (f ) that maps any 
set of combinations of K1, Kr and α to a value repre-
senting the least square error of the calculated ablation 
rate using this set and the actual measured values. The 
optimum set should satisfy the following conditions:

6.	 Obtaining minimum least square error
7.	 Satisfying the threshold value
8.	 No ablation can be measured for fluence less than the 

threshold value.

2.6 � Minimum value of the function f (K1, Kr,α )
Assuming that f (K1, Kr, α is continuous and differenti-
able then the necessary condition for the minimum point 
(actually it is local minimum) is that the gradient of the 
function vanishes at every local minimum ∇f (K1m, Krm, 
sm) = 0. That is all partial derivatives vanish at that point. 
We get several local minimums then we choose the abso-
lute minimum of the function.

2.7 � Effect of the spatial and temporal steps
The spatial step dz and temporal step dt was found to sat-
isfy the stability and convergence of the solution. In the 
same time we tried to minimize the computational time 
as much as we can. Here are some values. All of them sat-
isfy the stability condition we fixed the error due to con-
version to about 1% or less. Spatial increment in r and z 
coordinates dr = dz = 0.8  nm. The increment in time dt 
for the photochemical reaction is 6.6 × 10–17 s. These are 
the optimum choice in view of the reaction rates. Table 3 
shows the effect of temporal and spatial increments for 
5  s of 10  Hz laser and pulse duration Taw = 5  ns, and 
Gaussian beam of diameter 1.3 mm.

3 � Results
3.1 � Parameters for 193‑nm ablation
The obtained results have been presented as a group 
of sub-plots for each case. For example for the case of 
213  nm laser ablation (Fig.  5) with fluence 250  mJ/cm2, 
and using the following parameters K1 = 0.6 10–19 m3s−1, 
Kr = 10–19 m3s−1 and K2 = 3.7e−23 m3s−1. The subplot (A) 
shows the temperature profile after 50 pulses along the 
laser axis. The portion of absorption coefficient due to 
photo-chemical reaction is in heading of subplot (B) in 
m−1. The relative concentration of peptide molecules 
along the laser axis after 50 pulses is shown in subplot 
(C). While the variation in the thermal absorption coef-
ficient with time is presented in subplot (D). Subplots 
(E), (F), (G) and (H) show the spatial distribution of tem-
perature, peptide molecules density, transient products 
density and fragment density respectively. Transients’ life 
time is too short so it didn’t appear in the plot.

Fig. 4  Ablation rate for different values of (K1) at the same fluence
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When applying the model to experiments using ArF 
laser we used the ablation rate data given by Munnerlyn 
et. al [31]. Several triplet parameters have been studied; 
we present here some samples as in Table 4. We postu-
lated that a reverse reaction takes place on the transient 
products and recombine them to peptides. The effect of 
the reverse reaction doesn’t depend on the laser fluence 
but depends on the transient compounds densities. We 

Table 3  The effect of the temporal and spatial increments on the resultant parameters

The deviation between the ablation results is not significant. We choose dz = 0.1um and dt = Taw/100 as compromise between execution speed and precision

dz [um] dt Temp.[K] Fragments density 
[Kgm−3]

Ablation depth [um] Calculation time

0.001 Taw/9.9 × 105 5087 h

0.01 Taw/10 5.5 h

0.01 Taw/100

0.01 Taw/1000

0.1 Taw/10 325.9 1.06 1027 34.5 10 min

0.1 Taw/100 326.2 1.06 1027 34.1

0.1 Taw/1000 325.3 1.06 1027 34.1

Fig. 5  Results of laser ablation using 193 nm, A the temperature profile after 50 pulses along the laser axis, B The portion of absorption due 
to photo-chemical reaction, C the ablation profile along the laser axis, D the variation in the thermal absorption coefficient with time, E the spatial 
distribution of temperature, F peptide molecules density, G transient products density, H fragment density

Table 4  Parameters for 193 nm

K1 × 10–20 
m3s−1

Kr × 10–19 
m3s−1

Thermal 
absorption 
[m−1]

Least square 
error × 10–4

F40 8 1 24,307 1.87

F41 15 1 24,307 0.143

F31 6 1 15,800 2.815

F34 5.5 1 17,015 2.665
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start by choosing the Kr to give the observed threshold, 
then using the least square to find the best fit. Plotting the 
slope of the curve with respect to coefficient of absorp-
tion shows clearly the inverse relation between them, 
i.e. the high absorption results in slow ablation and vice 
versa. The plot of ablation rate versus the fluence is pre-
sented in Fig. 6. Additionally, Table 5 illustrates some of 
the combinations between ablation rate and the fluence.

The optimum triplet was reverse reaction chemical 
rate 1 × 10–19 m3/s, photochemical reaction rate 8 × 10–16 
m3s−1 and absorption coefficient 255.8 m−1.

The best fit is estimated for the triplet K1 = 1.5 × 10–19 
m3s−1, Kr = 1 × 10–19 m3s−1 and absorption coefficient 
24,307 m−1. The ablation curve can be fitted by an exponen-
tial function with adjusted R-squared 0.9935 as: Ab = 17.91 
exp (0.002276Fl)-1049 exp(-0.03186Fl), where Ab the abla-
tion rate and Fl is the fluence all values in MKS units.

3.2 � Parameters for 213 nm ablation
To find the best fit with the experimental results we cal-
culated the least square errors and find the best combi-
nation of parameters. Table 4 shows only 4 combinations 
and Fig.  7 show the experimental results (small circles) 
according to Dair et. al. [32] and the calculated Ablation 

rate versus fluence. Table 5 shows some of the parameters 
used to find the best fit.

The best fit parameters are K1 = 6 × 10–20 m3s−1, 
Kr = 1 × 10–19 m3s−1 and absorption coefficient = 17,015 m−1. 
The ablation curve can be fitted by an exponential func-
tion with an adjusted R-squared 0.9981 as: Ab = 17.91 exp 
(0.002276 × Fl) -1049 exp (-0.03186 × Fl), where Ab the abla-
tion rate and Fl is the fluence all values in MKS units.

3.3 � Parameters for 266 nm ablation
Using the ablation rate data measured by Soderberg et. al. 
[33]. Figure 8 illustrates some of the triplets in Table 6 in the 
case of 266  nm ablation. The following table summarizes 
the triplet parameters for each case. As the photon energy 
is lower than the 193 nm photon, the photonic flux is higher 
but the probability of photochemical reaction is lower. This 
explains the higher ablation threshold. From the experi-
mental curve the rate of ablation is 6.3 × 10–3 [um/(mJ/cm2]: 
Ab = -2.8 × 107 F12 + 0.01084xFL -47.8, where Ab the abla-
tion rate and Fl is the fluence all values in MKS units.

3.4 � Thermal effect during UV laser ablation
The maximum temperature depends on the wavelength, 
fluence and no of pulses. Figure 9 (a), (b), and (c) show 
the dependence of maximum temperature versus fluence 
for 50 pulses at 193 nm, 213 nm and 266 nm respectively.

Using the 193  nm laser, the temperature dependence 
on fluence can be fitted as: T = 0.1368 F1 + 296.789. 
While at 213 nm and 266 nm, the temperature is approxi-
mately linearly dependent on laser fluence in this flu-
ence range, where T = 0.1094 FL + 297, for 213  nm and 
T = 516.3 + 0.0625 FL for 266 nm. Table 7 summarizes the 
parameters of different laser corneal interaction showing 
the fluence to obtain 25 um ablation depth and the cor-
responding maximum temperature.

Fig. 6  a Ablation versus fluence after 50 pulses laser at 193 nm, b The least square error

Table 5  Parameters for 213 nm

K1 × 10–20 
m3s−1

Kr × 10–19 
m3s−1

Thermal 
absorption 
[m−1]

Least square 
error × 10–4

F40 8 1 24,307 3.423

F41 10 1 24,307 2.824

F31 6 1 17,015 1.25

F34 5.5 1 15,800 1.761
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The low ablation efficiency of the 266-nm system would 
require the use of high fluence that is not reasonable for 
clinical work. On the other hand the use of solid state 
213 nm produced as 5th harmonic of YAG lasers is much 
better than the 193-nm excimer.

3.5 � Threshold analysis
To study in more detail the parameters affect the startup 
of ablation. For 193 nm laser at 10 Hz repetition rate, we 
kept constant the fluence at 1000 mJ/cm2 and varied the 
pulse duration. For pulse duration shorter than 1 ns, the 
start of ablation occurs at the third pulse. Then it starts to 
increase as the pulse duration increases. Where for flu-
ence 100 mJ/cm2 ablation starts at the 23rd pulsed until 
1 ns pulses then it starts to increase. Reducing the fluence 
to 10  mJ/cm2 delayed the ablation to the pulse number 
221st until pulse duration 10 picosecond then it increases 
with increasing pulse duration.

For each Intensity, the interplay of the photochemi-
cal reaction and the reverse reaction leads to inhibition 

Fig. 7  a Ablation rate versus fluence for different combinations of reaction rates using 213 nm laser b the least square error

Fig. 8  a Ablation rate versus fluence for different combinations of reaction rates at 266 nm, b the least square error

Table 6  Parameters for 266 nm

K1 × 10–22 
m3s−1

Kr × 10–19 
m3s−1

Thermal 
absorption 
[m−1]

Least square 
error × 10–4

F61 6 1 2180 9.19

F62 5 1 9723 5.5

F63 7 1 11,667 3.39

F64 6 1 10,930 0.36
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of ablation until the accumulation of fragments domi-
nates. We start to realize the ablation after (N) pulses 
depending on the fluence (F [Jm−2]) as demon-
strated in Fig.  10 according to the empirical relation: 
F × N0.891 = 1.521 × 104 J/m2.

3.6 � Predictions for UV ultrashort pulses with fluence
Considering a picosecond mode locked laser at 213  nm. 
The model predicts its behavior as follows. For a flu-
ence 10 mJcm−2, pulse duration 10 picoseconds and rep-
etition rate 10 kHz the ablation starts after 313 pulses with 

ablation rate of 0.084um/pulse. Increasing the fluence 
to 100 mJ cm−2 the ablation starts at pulse #32 with abla-
tion rate of 0.46 µm/pulse the temperature rise to achieve 
40 µm ablation is 324.6 K (51.6 °C) as shown in Fig. 11.

We studied some possible effects of a femtosecond 
laser with Fluence = 10 Mj cm−2; pulse duration 10  fs 
and repetition rate 10 kHz. Ablation starts after 0.034 s 
i.e. after 340 pulses. The temperature is 308.5 K (35.5 °C) 
for 100  mJ  cm−2 ablation starts after the 32 pulse with 
ablation rate 0.407 um/pulse and temperature 324  K 
(51.5 °C).

Fig. 9  Temperature versus fluence after 50 pulses using a 193 nm laser, b 213 nm laser, c 266 nm laser

Table 7  Parameters of different laser corneal interaction the corresponding maximum temperature

λ [nm] K1 [m3s−1] a [m−1] Fluence [mJcm−2] Spot size (mm) Pulse width (ns) Max Temp. [k]

193 1 × 10–19 24,307 180 0.7 4–7 324.4 (51.4 °C)

213 6 × 10–20 17,015 182 0.6 10–12 317.5 (44.5 °C)

266 6 × 10–22 10,938 9000 0.7 3–5 800.2 (527.2 °C)
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4 � Discussion
In our calculations, we distinguish between absorption 
coefficient which describes the total absorption includ-
ing energy absorbed during photochemical reaction and 
energy converted to heat (thermal absorption part). The 
latter one is small fraction of the first. When using low 

light fluence the temperature rise is relatively small. We 
didn’t take into consideration the cooling which is clearly 
very important as our calculations showed. However, 
we considered a system where the spot is fixed; this is 
not the case of practical systems which use flying spots 
that reduce very much the temperature in addition to 
cooling the eye. Additionally, the proposed model used 
a Gaussian beam but a 15-µm mask is placed in front of 
the cornea. Therefore the shape in results may sometimes 
appear similar to the top hat pulses (see Fig.  5(F) and 
(H)).

The measured values of the absorption coefficient in 
the literature are mostly due to the absorbed photons 
during the photochemical reaction, the contributed por-
tion to thermal effect is smaller than this measured val-
ues. The onset of ablation is the balance between the 
rate of bond dissociation and recombination processes. 
We estimated these rates in our proposed model for the 
wavelengths 193  nm, 213 and 266  nm. These rates also 
have an effect on the temperature rise during ablation. 
The use of femtosecond laser pulses at the UV is pre-
dicted to have a negligible temperature rise.

In order to verify our model we used the data given by 
Krueger et. al. [34]. They stated that threshold for several 
pulse repetition rates and laser wavelength are not con-
stant. We present a part of their data in the Table 8.

Fig. 10  Ablation starts at pulse N for different Fluence

Fig. 11  Expected results of femtosecond laser ablation, A the temperature profile after 50 pulses along the laser axis, B the variation in the thermal 
absorption coefficient with time, C the spatial distribution of temperature, D at corneal tissue E Transient and final components, E transient and final 
components, F peptide molecules density, G transient products density, H final components
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For laser at 193  nm the error in the threshold makes 
it difficult to find the trend. However for 249  nm and 
308  nm it is clear that the threshold decreases with 
increasing the pulse rate. This means that when decreas-
ing the fluence ablation starts after more pulses and so 
for a fixed exposure time we need higher pulse rate.

It is crucial to recognize that the suggested model 
might not fully capture the complexities and biological 
processes involved in corneal photochemical reactions 
since mathematical models are frequently simplifica-
tions of complicated biological systems. This constraint 
results from the model’s assumptions and simplifications. 
Additionally, mathematical models rely on input param-
eters, such as reaction rates, cross-sections, and absorp-
tion coefficients. These parameters may have inherent 
uncertainty or may be obtained from experimental stud-
ies with their own limitations. As more experimental 
data becomes available, it would be beneficial to refine 
the parameters used in the mathematical model. By fit-
ting the model to experimental results, you can improve 
the accuracy of the model’s predictions and reduce the 
uncertainty associated with the input parameters. This 
parameter refinement process would contribute to the 
robustness of the methodology and its applicability to 
different measuring problems.

5 � Conclusions
In the current study, we presented a model for corneal 
ablation using non-moving laser spot with three different 
laser wavelengths 193 nm, 213 nm and 266 nm. The model 
didn’t attempt to calculate the temperature rise when 
using flying spot systems but it aimed to compare these 
systems under the same conditions. Moreover, the model 
introduces the concept of reverse chemical reaction which 
makes clear the very well observed phenomena of ablation 
threshold. An absolute requirement is that the ablation 
per pulse is small enough to allow high precision ablation 
(< 0.5 um) but large enough to make the total ablation time 
reasonable. The laser ablation with wavelength 266  nm 
results in an elevated temperature of the tissues. This may 
lead in turn to thermal damage of the tissues. So our rec-
ommendation is to use 213 nm solid state nanosecond and 
femtosecond lasers. The temperature in the three cases is 
nearly linearly dependent on the fluence of the laser.

Currently, our study is just to compare the effect of 
different wavelengths on the ablation model. Introduc-
ing cooling and flying spot techniques will be the next 
step in the model. Moreover, the suggested methodology 
would benefit greatly from experimental research validat-
ing the results of the mathematical model. The cornea’s 
photochemical reactions and ablation thresholds can be 
measured in  vitro or in  vivo, which could yield useful 
information for model validation. The model’s depend-
ability and accuracy would increase as a result, and its 
applicability to other measurement issues would be 
strengthened. Furthermore, combining the mathematical 
model with imaging techniques, such as optical coher-
ence tomography (OCT) or confocal microscopy, could 
provide real-time feedback during laser procedures. This 
integration would enable the model to account for vari-
ations in corneal geometry and monitor the progress of 
the photochemical reactions. By incorporating imag-
ing techniques, the methodology could be extended to 
address measuring problems that require precise moni-
toring and control. While this manuscript focuses on 
corneal reshaping, the methodology could be adapted 
and applied to other tissues or materials. Considering the 
specific properties and photochemical reactions of differ-
ent tissues would allow the methodology to be utilized in 
a broader range of measuring problems beyond corneal 
reshaping.
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Table 8  The threshold values

Laser wavelength Pulse repetition rate

1 Hz 10 Hz 25 Hz

193 nm 50 ± 13 50 ± 10 55 ± 10

249 nm 185 ± 20 120 ± 20 80 ± 25

308 nm 540 ± 80 500 ± 50 420 ± 40
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