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Abstract  
The goal of this work was to study different microscopic and macroscopic effects that 

will ultimately help us to improve procedures in eye surgery assisted by ultrashort pulse lasers 

and most notably keratoplasty (corneal grafting), which requires laser systems which are op-

erational in pathological and therefore strongly light scattering tissue. Previously, the Optique 

Photonique Santé (OPS) group at the Laboratoire d'Optique Appliquée (LOA) had identified 

1650 nm as an optimum wavelength at which light scattering processes inside the pathological 

cornea are minimised. 

 During the present thesis, three main tasks have been addressed. 

  An ultrashort pulse laser system based on non-linear optical crystals has been devel-

oped, optimised with respect to the requirements of laser eye surgery, and fully char-

acterised. The finished set-up is compact, robust, simple and potentially qualified for 

clinical use. 

 

 In collaboration with a group at IESL-FORTH (Iraklion, Greece) and with the partici-

pation of a previous PhD student of the group we have studied the interaction of ul-

trashort pulses with water, collagen (type I) solution and porcine cornea. Data on la-

ser-tissue-interaction is precious because the interaction dynamics is usually only 

documented for water; our results will help to develop a tissue-specific model for the 

interaction process. 

 

 We have investigated the interaction of the laser pulses and the effects it causes with 

live cells in the corneal endothelium. The preservation of endothelial cell viability is 

crucial notably for specific keratoplasty routines which require incisions close to the 

endothelium; compromised endothelial cell viability – which is likely caused by the 

effects of shock waves generated by optical breakdown and bubble formation – may 

lead to a failure of the surgical intervention. “Safe” sets of parameters concerning 

pulse energy and incision geometry need to be defined. We explored the maximum 

permitted pulse energy values at any given distance to the endothelial cells and mini-

mal distances for given pulse energies and estimated the associated shock wave ampli-

tudes. 
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Résumé 
Le but de ce travail a été d'étudier les différents effets microscopiques et macrosco-

piques susceptibles de nous aider à améliorer les procédures de chirurgie oculaire assistée par 

les lasers à impulsions ultra-courtes ; plus particulièrement en kératoplastie (greffe de cornée), 

qui nécessite des systèmes lasers opérationnels dans les tissus pathologiques et donc de diffu-

sant fortement la lumière. Antérieurement, le groupe Optique Photonique Santé (OPS) du 

Laboratoire d'Optique Appliquée (LOA) a identifié 1650 nm comme étant une longueur  

d'onde optimale à laquelle les processus de diffusion de la lumière à l'intérieur de la cornée 

pathologique sont minimisés. 

 Au cours de cette thèse, trois tâches principales ont été abordées. 

 Un système laser à impulsions ultra-courtes à base de cristaux optiques non linéaires a 

été mis au point, optimisée par rapport aux exigences de chirurgie oculaire au laser, et 

entièrement caractérisé. Le montage achevé est compact, robuste, simple et potentiel-

lement apte à un usage en clinique. 

 

 En collaboration avec un groupe de l’IESL- FORTH (Iraklion, Grèce) et avec la parti-

cipation d'un ancien doctorant du groupe, nous avons étudié l'interaction des impul-

sions ultra-brèves avec de l'eau, une solution de collagène (type I) et des cornées de 

porcs. Les données sur les interactions laser-tissu sont précieuses car la dynamique 

d'interaction est habituellement uniquement documentée pour l'eau; nos résultats aide-

ront à élaborer un modèle spécifique de tissu pour le processus d'interaction. 

 

  Nous avons étudié l'interaction entre les impulsions laser et les effets causés sur des 

cellules vivantes de l'endothélium cornéen. La préservation de la viabilité des cellules 

endothéliales est cruciale, notamment pour les routines de kératoplastie spécifiques 

exigeant des incisions à proximité de l'endothélium ; la viabilité des cellules endothé-

liales compromise – probablement causée par les effets des ondes de choc générées 

par claquage optique et la formation de bulles – peut conduire à un échec de l'interven-

tion chirurgicale. Des jeux de paramètres « saufs » concernant l'énergie d'impulsion et 

de la géométrie de l'incision doivent être définis. Nous avons ainsi exploré les valeurs 

maximales autorisées de l'énergie de l'impulsion à une quelconque distance donnée 

des cellules endothéliales et les distances minimales pour les énergies d'impulsions 

données, et estimé les amplitudes des ondes de choc associées. 
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Introduction 
The eye is the sense organ of the body that allows us to see the world around us. Like other 

organs of the human body, the eye can encounter various diseases and injuries, some of which 

may be treated by surgery. Surgical techniques have been evolved with time. In today’s era, 

the use of ultrashort laser pulses (time duration less than 10
-12

 sec) is becoming common for 

the surgery of the anterior segment of the eye [Pla10] [Hks09]. When ultrashort laser pulses 

are focused into the tissue they create free electrons through non-linear ionisation processes 

which result in the formation of a strongly localised plasma. The threshold in radiant exposure 

necessary to create this plasma is of the order of 1-3 J/cm
2 

[Nob10][Vog05]. The plasma 

communicates energy to the tissue, which results in optical breakdown, the creation of a 

shock wave and the subsequent formation of a bubble. The gas forming the bubble is reab-

sorbed by the tissue leaving a narrow incision. By placing these incisions next to each other it 

is possible to induce surgical cuts in three dimensions. The main difference between the use 

of ultrashort pulses and lasers emitting longer pulses or cw radiation for surgery is the con-

finement of unwanted thermal effects which in the case of ultrashort laser do not affects the 

neighbouring tissue [Vog05].  

 The first ultrashort laser systems for eye surgery were realised in the early years 2000, 

when they were first used to create corneal flaps as part of the LASIK
1
 procedure for refrac-

tive surgery. Several systems are now available of which some also offer routines for corneal 

grafting. In parallel, systems have been developed for cataract surgery; studies have also ad-

dressed the use of ultrashort pulse lasers for glaucoma surgery and the treatment of presbyo-

pia.  

In recent years, the group Optique Photonique Santé at the Laboratoire d’Optique Ap-

pliquée has worked on several studies concerning the optimisation of the performance of sur-

gical lasers. The group has studied the tissue optics of the cornea in order to minimise light 

scattering effects compromising the laser beam quality. The group has identified a window of 

relative optical transparency centred at 1650 nm and has developed appropriate laser sources. 

The present thesis continues and completes several of these earlier studies. 

                                                           
1
 Laser In Situ Keratomileusis 
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Scientific objectives 

Three main subjects have been covered in this thesis. 

 In the first project we have developed, optimised and fully characterised a compact 

laser system based on nonlinear wavelength conversion that is able to produce laser 

pulses at wavelengths in the short wavelength infra red range. In particular, this sys-

tem can produce laser pulses at 1650 nm which previously had been identified as the 

optimum wavelength for corneal surgery; pulses at 1300 nm may be used to optimise 

the laser performance in the crystalline lens. This system can also be used to study the 

incision quality for different wavelengths. 

 

 In the second project we have studied the effect of ultashort pulses on the viability of 

endothelial cells as a function of pulse energy and the distance of the incisions to the 

cells. For this project two different sets of experiment were conducted at constant en-

ergy and constant depth. In this experiment for high pulse energies (~17J) and short 

distances to the endothelial cells we have observed cell death. The exact mechanism 

of cell death still needs to be identified with certainty. We have confronted our results 

to estimated values of the amplitude of the shock waves which are the likely cause for 

cell death. 

 

 In the third project we have studied the dynamics of the interaction of femtosecond 

laser pulses with water, a collagen type I solution and cornea. This study has been 

performed at and in collaboration with the Institute of Electron Structure & Laser and 

with the implication of another PhD student of the group. The aim of this study was 

to explore the plasma creation dynamics of the focal region after the interaction with 

the ultrashort laser pulse. Particular attention was addressed to the identification of 

potential differences between the behaviour of water, often used as a “model” me-

dium for tissue, a model collagen solution, and actual corneal tissue. It was found that 

the interaction dynamics of water are very different from that of cornea whereas the 

dynamics observed in the collagen solution were very similar to those in cornea. In 

light of our findings we suggest to use collagen type I solution as a model solution to 

study the dynamics inside the cornea instead of water. 
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Thesis plan 

The thesis consists of six chapters. 

The first chapter gives an introduction to the anatomy of the cornea and its optical prop-

erties. The properties and functions of the different layers of cornea are briefly described in 

this chapter. At the end of the chapter we have described different surgical routines for which 

ultrashort laser pulses can be used. 

In the second chapter we give an introduction to the theory of ultrashort pulses and dis-

cuss the main principles of their practical generation. We then give an introduction into non-

linear optics and non-linear parametric processes. 

In the third chapter we first describe the interaction of ultrashort laser pulses with tissue. 

The main phenomena discussed are plasma creation, the formation of bubbles and the associ-

ated creation of shock waves. 

The fourth chapter explains in detail the characteristic of the optical parametric genera-

tor and amplifier based on periodically poled lithium niobate crystals which has been devel-

oped and characterised in this thesis. 

In the fifth chapter we present our study of the effect of ultrashort pulse lasers on the vi-

ability of endothelial cells. 

In the sixth chapter we present the results of our study of the interaction dynamics of ul-

trashort laser pulses inside water, collagen and cornea. 

At the end of the thesis we provide a conclusion of thesis and outlines possible future 

developments or studies in the field. 
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Chapter I 
Anatomy and optical properties of the 
cornea 

 

The main elements of the human eye, from front to back, are: the cornea, the aqueous 

humour, the iris, the crystalline lens, the vitreous humour and the retina. All these are held 

together by a white body call sclera. The eye has an ablate spheroid shape. The cornea and 

the crystalline lens focus the incoming light onto the retina. The cornea contributes about 

two-thirds to the total optical of the eye, the rest being contributed by the crystalline lens. The 

retina contains light sensitive rods and cones which transform incoming photons into nerve 

signals which are sent to the brain through the optical nerve.  

The anatomy of cornea and its optical properties of the cornea such as refractive index, 

birefringence, transmission, and scattering are presented in detail in this chapter. We also 

discuss the anatomical differences of between human porcine eyes, the latter having been 

used as a model for the former during the present thesis. We then present different surgical 

routines of the anterior segment of the eye.  
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1.1 The human eye  

The human eye is a complex sense organ which allows us to see the world around us. Its 

development starts at around the 22
nd

 day of gestation from the neural cells that extend from 

the brain. The eye takes almost nine months to fully develop; complete visual acuity is 

achieved at 4-6 months of age [Akk07]. The eye is covered by an eyelid and a tear film. The 

eyelid is a thin and foldable skin presenting eyelashes. The function of the eyelid is to protect 

the eye from the environment whereas the lacrimal gland produces and renews the tear film; 

the tear duct evacuates excess amount of tear. In some conditions such as “dry eye” the tear 

duct needs to be closed in order to maintain humidification. Behind the eyelid the eye has an 

ablate spheroid shape. The typical dimensions of the eyeball are as follows [Akk07]. 

Anteroposterior diameter 24 mm 

Horizontal diameter 23.5 mm 

Vertical diameter 23 mm 

Circumference 75 mm 

Volume 6.5 ml 

Weight 7 g 

Table 1.1: Dimensions of the adult human eyeball [Akk07].  

Each eye takes one-fifth of a second to look from extreme left to right. The eye is 

moved by extraocular muscles. Figure 1.1 shows two of these muscles. The eyeball consists 

of three different coats which are fibrous, vascular and nervous. The fibrous coat protects the 

eye from the environment. 1/6 of the fibrous coat corresponds to the transparent cornea 

whereas the remaining opaque part is called sclera, which is the white part of the eye. The 

expression ‘sclera’ has a Greek root meaning ‘hard’ [Rba06]. The sclera is thicker at the back 

of the eye with an average thickness of around 1 to 1.35 mm; its thickness gradually dimin-

ishes towards the front until it becomes 0.4 to 0.6 mm at the equator [Djj06]. The cornea (root 

word meaning ‘like an animal horn’) is the transparent anterior part of the fibrous coat, it is 

connected to the sclera through the limbus. The healthy cornea has an average thickness of 

550 µm and is curved slightly outward. The transparency of the cornea is very important for 

vision as light passes through this tissue. The cornea is one of the tissues which were studied 

extensively in this work; it will be described in more detail in the following [Rba06].  

http://en.wikipedia.org/wiki/Eyelash
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Fig. 1. 1: Cross sectional and en face view of the human eye [Mus]. 

The vascular coat provides nutrition to the eyeball. It consists of three parts which are 

iris, ciliary body and choroid. The choroid is a spongy and pigmented structure with a thick-

ness of around 0.2 mm. It consists of blood vessels, the primary function of which is to pro-

vide nourishment to the photoreceptors that convert light into neural signals. Due to its high 

pigmentation, the choroid also absorbs the light that is not absorbed by the retina, thus reduc-

ing backscattering and subsequent multiple reflections of the light. From the posterior to the 

anterior side the choroid starts to curl and becomes parallel to the cornea. This structure is 

called ciliary body. The ciliary body produces aqueous humour – which is the main source of 

nutrients and oxygen to the cornea and lens – and evacuates excess liquid. The production of 

aqueous humour and its drainage needs to be balanced. In case of overproduction or reduced 

drainage, the pressure starts to build inside the aqueous humour. In case of extreme pressure 

this can affect vision by compromising the function of the retina, a condition commonly 

known as glaucoma. This ciliary body is connected to the iris (from the Greek word for ‘rain-
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bow’). The iris is located behind the cornea and can have different colours such as brown, 

gray, blue (in fig.1.1) and so forth. The black region at the centre of the iris is called pupil. 

The iris is attached to the dilator muscle that controls the diameter of the pupil and controls 

the amount of light which reaches the posterior parts of the eye that can be detected by the 

photoreceptors. Located behind the iris, the crystalline lens is one of the two focusing optical 

elements of the eye. The crystalline lens is a biconvex transparent lens enclosed within the 

lens capsule, which itself is attached to the ciliary muscle by the ciliary zonules. The capsule 

is transparent and permeable and provides nutriment to the lens through the aqueous humour. 

The ciliary muscle controls the shape of the crystalline lens and works against its elasticity. 

Changing the shape of the crystalline lens by constraining or relaxing the ciliary muscle per-

mits to modulate the optical power of the lens and thus allows us to focus the image of near 

and far objects onto the retina. This process is called accommodation (see Appendix 1 for a 

detailed discussion of the lens and its transparency). The vitreous humour constitutes about 

two-thirds of the total volume of the eye. This chamber is filled with a gel like substance 

called vitreous. The vitreous is enclosed within a thin membrane that is anchored in the wall 

of the eyeball. Unlike the aqueous humour, the vitreous humour is not regularly renewed and 

may consequently lightly degenerate over time by the deposition of tissular debris. This debris 

can affect the light propagation through the vitreous and may cause artefacts resulting in small 

black spots in the visual field. Due to gravity these debris usually settle in the lower part of 

the eyeball. Big pieces of debris which hamper vision more strongly may be broken up into 

small pieces with the help of a laser. At the posterior extremity of the eyeball, the retina con-

stitutes the final layer of the visual system. It contains three different layers that include layers 

for neurons, rods, and cones. The retina converts the light waves into neural signals that send 

the signal to the brain through the optic nerve. In case of damage to the optic nerve the eye is 

no longer capable to form images. [Rba06] 

In the following sections we will present the structure of the cornea and its optical prop-

erties in detail. 

1.2 The anatomy of the cornea 

The cornea is the first transparent layer of the eye and contributes about two thirds (2/3) 

to total optical power of the eye. Its formation starts around 9 weeks of gestation by mesen-

chyme (a fibrous layer) and ectoderm cells [Akk07]. It is connected to the sclera through the 

limbus and protects the eye against the environment. Human cornea consists of six layers, 
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namely the epithelium, Bowman’s layer, the stroma, Dua’s layer, Descemet’s membrane and 

the endothelium (Fig. 1.2A). It typically has a diameter of around 11.5 mm in the horizontal 

direction and 10.5 mm in the vertical direction (Fig. 1.2B) [Cew10]. For a clear healthy cor-

nea the thickness varies from 550μm at the centre and 700μm at the periphery.  

 

Fig. 1. 2: (A) Histology of human cornea (scale bar = 30 μm) (B) human cornea. (Michèle 

Savoldelli, Hôpital Hôtel Dieu de Paris) [Pla10]. 

 

1.2.1 Epithelium 

The epithelium consists of five to six cell layers and has a thickness of about 50 μm. 

The primary function of this layer is to protect the eye from the exterior environment and to 

provide nutrition through the tear film which is then transported to the rest of the cornea by 

passive diffusion. The epithelium has the ability to regenerate itself by the proliferation of the 

epithelial cells. Since this layer is in direct contact to the atmosphere, any irregularity or dam-

age will result in reduced visual acuity [Wsv06].  

 

1.2.2 Bowman’s layer  

The following layer is Bowman’s layer which is connected to the epithelium at the 

basement membrane. In the adult eye, Bowman’s layer has a typical thickness of 8 to 12 μm 

[MjH71] and consists of collagen fibrils (type I and III). Bowman’s layer is present in pri-
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mates, humans and other animals like birds, however in some animals like pigs it is absent. At 

the posterior side, Bowman’s layer forms a contiguous with the stroma; consequently, Bow-

man’s layer cannot be stripped easily from the stroma like Descemet’s membrane [Mks06] 

[Lja08] (see below). 

 

1.2.3 Stroma 

The corneal stroma is the thickest layer of the cornea with an average central thickness 

of about 450 μm [Mks06]. The corneal stroma contains small numbers of cells known as kera-

tocytes which are scattered inside the volume of the stroma. They are formed during the de-

velopment of the cornea and remain in it as a modified fibrocytes (Fig. 1.3) [Dgd06]. The rest 

of the stromal volume is composed of extracellular matrix (ECM) [Vog03]. 

 

 

Fig. 1. 3: Presence of keratocyte inside thr stroma scale bar 10 μm (Modified from [Ssa06]). 

 

The extracellular matrix (ECM) is mostly composed of water, collagen, elastin, glyco-

saminoglycans, glycoproteins, and proteins. For the case of corneal stroma it is composed of 

water (78%), while the dry weight of human corneal stroma was found to consist of collagen 

(68%), keratocytes (10%), proteoglycans (9%), and salts, glycoproteins, or other substances 

[Dmm84]. Collagen, which is the largest by weight, is a hydrophilic protein and composed of 

three alpha chains. Theses alpha chains are held together in a right handed triple helical struc-

ture and form the basic entity of the tropocollagen (TC) molecule shown in Fig 1.4A.  
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Fig. 1. 4: Representation of the tropocollagen (TC) molecule (A), Different architectural lev-

els of the collagen structure of the sclera (B) (Modified from [Vog03]). 

Six TC molecules are linked by covalent cross-links around a common centre to form a 

microfibril. Within the fibril, these molecules are staggered approximately by one quarter of 

their length, which give rise to a periodical structure with regions of overlap and regions of 

gaps. These fibrils are immersed in a background substance which mainly consists of proteins 

and glycoprotiens. In the next level of the stromal architecture, these collagen fibrils then 

form lamellar sheets having a usual thickness of 1-2µm (Fig. 1.4B) [Vog03]. They run unin-

terrupted in nasal-temporal and inferior-superior directions, making different angles with ad-

jacent lamellae whose values lie between 0 and 90° (Fig.1.5) [Cbo05].  
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Fig. 1. 5: Lamellar orientation inside corneal stroma (A) [Cbo05], Cross section of cornea 

which represent orientation of corneal lamellar (B) (Scale Bar1µm) [Car]. 

1.2.4 Dua’s layer  

Dua’s layer is a layer which has been discovered only recently by Harminder Dua, in 

2013. Its thickness is about 15 µm; it contains type VI collagen [Hsd13] [Hsd14]. Its function 

is currently under investigation. 

 

1.2.5 Descemet’s membrane  

Descemet’s membrane is the second last layer of the system sandwiched between Dua’s 

layer and the endothelium. It consist of several layers whose combined thickness in adults is 

usually 8 to 10 μm; it is mostly composed of collagen of type (VI, VIII). It can be stripped off 

from the stroma relatively easily during a surgical routine [Mks06].  

 

1.2.6 Endothelium  

The posterior layer of the cornea is formed by a monolayer of cells with a relatively 

regular polygonal mosaic structure. The cells have an average diameter of about 20 µm, a 

thickness of about 5 µm and each covers an area of about 250 µm
2
 [Mjh71] [Hfe00]. Depend-

ing upon the age [Rwy85] and location on the endothelium, the density of these cells can vary 

[Dgd06], however, in the centre of a typical healthy adult human cornea their density is about 

~ 2500-3500 cells/mm
2
 [Pip11] and about 10% more in the peripheral regions [Jam03]. Their 
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intercellular space contains apical tight junctions and lateral gap junctions. These junctions 

permit the diffusion and active pumping of small molecules through them (Fig.1.6) [Dgd06]. 

 

Fig. 1. 6: Endothelial cells and their pump and leak mechanism [Nid] [Gow82]. 

By means of these transport processes, the endothelial cells keep the hydration of the 

cornea at a constant level (78%) [NcJ03][Dmm72]. Endothelial cells do not proliferate in hu-

mans. However, in case of the death of individual cells, neighbouring cells expand and cover 

the void area. In case of endothelial dysfunction and the loss of the liquid transport properties 

of the endothelium [Aly04], the corneal hydration increases and the cornea develops an oe-

dema. The average distance between the collagen fibrils in the stroma then becomes higher 

than normal and the corneal stroma loses its regular nanostructure. Corneal oedema is associ-

ated with a loss of transparency (see below).  

1.3 Optical properties of cornea 

1.3.1. Refractive index  

As has been described above, most of the corneal volume is occupied by the stroma 

which mainly contains background substance and collagen fibrils. The refractive index of 

cornea (  ) may be calculated as 

                         , (Eq. 1. 1) 

where      is the refractive index of the fibrils and     is the refractive index of the back-

ground substance.     and     are the volume fraction of both components (     +       1) 
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[Ylk04]. As the refractive index depends upon the volume of ground substance and its refrac-

tive index, change in hydration will result in a change in the refractive index of the cornea. 

(The associated structural changes making it also less transparent will be discussed below). 

The refractive index can be measured with the help of a refractrometer. The local refractive 

indices of different layers and their corresponding values are given in the following table. 

Layer Refractive index 

Epithelium 1.401 

stromal anterior 1.380 

posterior surface 1.373 

Table 1. 2: Refractive index of different corneal layers [Spa95]. 

1.3.2. Birefringence  

The corneal birefringence has been known since the early 19
th

 century and has been 

studied extensively since [Dbr15] [Ljb91] [Ckh06]. This property is closely linked to the 

stromal architecture which is organised in lamellae of collagen fibrils (see above). Each la-

mella acts as a birefringent layer with its slow axis along the collagen fibril direction 

[Mgd99]. As already described, lamellas run along from nasal-temporal and inferior-superior 

directions. Therefore, to a first approximation the overall contribution of orthogonal lamellas 

will cancel the contribution of each other [Rhn98]. X- ray studies show that 60% percent of 

lamellas are orientated within 45° sectors of inferior-superior and nasal-temporal preferred 

directions whereas 40% are oriented in oblique sectors that will result in a net birefringence 

[Ada97] [Rhn98] [Ckh06]. As the birefringence is associated with the orientation of collagen 

inside stroma, birefringence measurements used to detect perturbations in the volume of the 

stroma. For example, by using polarisation-sensitive optical coherence tomography (PS-OCT) 

it is possible to detect keratoconus [Egö07]. 

1.3.3. Transmission and scattering  

On the nanometric level, the corneal stroma is composed of collagen fibrils with a 

refractive index higher than the surrounding medium [Pla10]. In 1957 David Maurice 

calculated the scattering cross section of an indiviual fibril. He concluded that the total 

scattering cross section of the cornea would result in an opaque tissue, when summing up the 

contributions of all collagen fibrils while assuming that their distribution is random. He 

concluded that the distribution of the collagen fibrils must exhibit a certain regularity or even, 
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as Maurice postulated, a crystal-like periodicity. In this case, interference is destructive in all 

directions except the forward direction, which explains corneal transparency. The absence of 

transparency in a pathological cornea may then be explained by the loss in structural 

regularity (Fig 1.7). 

  

Fig. 1. 7: Difference between clear and oedematous cornea [Pla10]. 

This argument was later challenged by various researchers because the electron micro-

graphs did not reveal a crystalline structure similar to the one postulated by Maurice. How-

ever, subsequent work showed that crystalline periodicity is not necessary to assure transpar-

ency; it is possible to prove that corneal transparency may be explained by a local short range 

order [Gbb71] [Rwh69]. Goldman and Benedek present the example of a shark Bowman’s 

membrane which shows a somewhat disordered fibril structure but yet is transparent. They 

further proposed that in addition to local order between the fibrils the distance between the 

fibrils should not exceed the wavelength of light [Jng67]. 

The above arguments concern scattering processes which occur at nanometric length 

scales. The keratocytes inside the stroma are of micrometric dimensions and give rise to a 

distinct scattering process, which has to be considered separately (Fig.1.3). When the cornea 

becomes highly oedematous an additional term due to formation of the so-called “lakes” con-

tributes to the scattering by micrometric structures. Lakes are regions devoid of collagen fi-
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brils which form preferentially at the intersections of collagen lamellae; they have micromet-

ric thicknesses and lateral dimensions which may reach several 10 micrometres (Fig.1.8). It 

has been shown recently that previous history of corneal wounds is also associated with light 

scattering. Corneal wounds may have an impact for  up to four years after the corneal accident 

[Rlm07]. 

 

Fig. 1. 8: A comparison of clear and oedematous cornea. Keratocytes and lakes are visible in 

the oedematous cornea (Michèle Savoldelli, Hôpital-Hôtel Dieu de Paris). 

Experimentally, the transmission and scattering inside the cornea can be studied in dif-

ferent ways [Nta07] [Jwa04] [Svp07] [Ddb08]. An example of a measuring approach is de-

scribed below and will be discussed extensively in the later chapters. An initial study based on 

this approach was performed by Boettner and Wolter [Eab62]. They studied the corneal 

transmission by comparing data obtained from two different setups providing transmission 

spectra corresponding to “direct” and “total” transmission. Recently, D. Peyrot et al. from our 

own group used a refined approach based on the former work of Boettner and Wolter to 

measure the transmission and scattering properties of cornea presenting different degrees of 

oedema [Dap10]. The two experimental setups used in the study are shown in figure 1.9.  
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Fig. 1. 9: Experimental set-up to measure the (A) Cornea sandwiched between two lens pairs, 

(B) total transmission (TT), (C) direct transmission (TD) of tissular samples. (W-

Hal=Halogen light source) [Dap10]. 

 

For these experiments they sandwiched the cornea (from which the epithelium was 

stripped) between a pair of lenses whose radii were adapted to the natural curvature of the 

corneal surfaces. One planoconvex and one planoconcave lens were thus used in order to 

minimise surface scattering. A small amount of physiological serum was inserted between the 

cornea and the lens surfaces in order to match the refractive indices (Fig.1.9A).  Residual re-

flections from both surfaces amounted to only 4%, which may be attributed to Fresnel reflec-

tion from the lens surfaces. The first experimental set-up is sensitive to the total transmission 

(TT) in which the spectrometer measure the transmission of the cornea from 400-1700nm 

(Fig.1.9B) integrated over all angles in the forward scattering direction. The second set-up 

measures the spectra of the cornea in “direct” transmission (TD), that is, it is only sensitive to 

photons which have experienced a negligible amount of scattering and which remain in a 

solid angle of 10
-7

 sr around the optical axis. The fraction () of the photons that have experi-
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enced light scattering with trajectories outside of this solid angle can be calculated by sub-

tracting direct transmission (TD) from total transmission (TT) (Fig.1.9). A typical result ob-

tained on a transparent cornea is presented in figure 1.10. The result shows that the percentage 

of scattered photons is high for short wavelengths, continuously decreases toward the red 

spectral range and becomes minimal in the near infrared (no meaningful measures are possi-

ble in the wavelength range around 1400 nm because of the strong light absorption due to the 

water absorption band which affects this wavelength range). In conclusion, the use of near 

infrared wavelengths will minimize the scattering effects inside the cornea and will give supe-

rior results if used for medical applications.  

 

Fig. 1. 10: Total, direct and scattering of a 450m thick cornea. 

By repeating the same process for corneas presenting different thicknesses it is possible 

to estimate the amount of scattered light at different wavelengths for different degrees of oe-

dema (Fig.1.11). Different degrees of oedema were produced by using a saline solution to 

increase the thickness of cornea (increased oedema) or by using a deturgescence process to 

decrease the thickness of cornea. The results that have been obtained are shown in figure 1.11. 

At any single wavelength, the amount of scattering is high for thick, highly oedematous cor-

neas; it decreases with thickness and presents a minimum at the natural thickness of the cor-

nea. By further decreasing the thickness, light scattering increases again. Electron micro-
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graphs of corneas in such a state suggest that at this point, the repulsive potential between 

some collagen fibrils breaks down resulting in local clusters, which result in an increased 

overall scattering cross section (Fig.1.11).  

 

Fig. 1. 11: Percent of scattering for different wavelengths at different thicknesses [Dap10]. 

1.4 Anatomical differences between human and porcine corneas  

For the experiments performed for this thesis we have mostly used porcine cornea. Por-

cine corneas are not as difficult to obtain as human corneas which makes them a suitable 

model tissue for experimental work. However, special attention should be given in order to 

use them as model because one property in porcine cornea can be very different from human 

cornea. A comparison of porcine cornea with human cornea is presented as follows. 

 
Human cornea Porcine cornea 

Corneal thickness (mm) 550  800 to 1000 

Bowman’s layer (Present/Absent) Present Absent  

Endothelial cell density (cells/mm
2
) ~3000 ~4300  

Horizontal diameter (mm) 11.5  14.9 

Vertical diameter (mm) 10.5   12.4 

Tensile strength (MPa) 3.8 3.7 

 

Table 1. 3: A comparison between human and porcine eyeball (Data obtained from [Cfa08] 

[Isa11] [Lja08] [Cme07] [Cew10][Yze01]). 
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1.5 Surgical routines for the anterior segment of the eye assisted by 

ultrashort laser pulses 

The development of compact diode-pumped ultrashort pulse lasers in the 1990 [Cho97] 

made it conceivable to use these lasers in industrial and clinical applications. The mechanism 

of the incision made by femtosecond laser will be discussed in detail in the following two 

chapters. In short they create a small bubble inside the volume of the tissue; and placing these 

bubbles next to each other with slight overlap permits to induce incisions in three dimensions 

in the volume of the tissue (Fig. 1.12). 

 

 

Fig. 1. 12: Femtosecond laser producing incision inside cornea [Sto]. 

 

Femtosecond lasers for ophthalmology were first commercially introduced in the early 

years 2000 by the company IntraLase (now owned by Abbott Medical Optics). Initially, 

ultrashort laser systems were used to produce flaps for the laser-assisted in situ keratomileusis 

(LASIK) procedure, where they replace the microkeratome (manual blade) previously used to 

produce the corneal flap. Nowadays, they are routinely use for the surgery of the anterior 

segment of the eye. Different surgical routines that can be performed by femtosecond laser 

systems are summarized in the following tree diagram (Fig. 1.13). Different laser systems are 

now available commercially whose specification can be found in literature [Pla10], in text that 

followed we will briefly describe routines stated in the tree diagram. 
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Fig. 1. 13: Different surgical procedures for which femtosecond lasers can be use [Pla10]. 

 

 

For LASIK the femtosecond systems are mainly use for creating flaps for the patient 

undergoing refractive correction. The flap is then lifted and stromal tissue is removed. These 

femtosecond systems can also be used for keratoplasty (corneal grafting), which may address 

the entire thickness of the pathological cornea (penetrating keratoplasty) or its anterior or pos-

terior part (lamellar keratoplasty). Keratoplasty replacing only the endothelium and possibly a 

relatively thin adjacent layer is called endothelial keroplasty. Femtosecond systems can also 

be used for cataract surgery. In cataract surgery, femtosecond lasers are mainly use for capsu-

lotomy (creating an incision in the lens capsule) and for fragmenting the crystalline lens. Dif-

ferent systems that can provide femtosecond pulses for LASIK, keratoplasty or cataract sur-

gery are shown in Fig. 1.14. Other application of femtosecond for ophthalmology especially 

for glaucoma is still under investigation [Pla10]. 



 

- 37 - 
 

 

Fig. 1. 14: Femtosecond systems that can be used for the anterior segment of the eye.  

1.6 Conclusion 

 In this chapter we have presented the anatomy of the eye and described in detail the 

structure of the cornea and its optical properties such as refractive index, birefrin-

gence, transmission, and scattering. 

 The cornea is made up of six different layers which are epithelium, Bowman’s layer, 

the stroma, Dua’s layer, Descemet’s membrane and the endothelium. The local short 

range order of the collagen fibrils inside the corneal stroma is important for corneal 

transparency, the value of which should be smaller than the wavelength of light. The 

fluid in between the micro fibril is regulated by endothelial cells.  

 The refractive index of different layers of cornea is approximately equal to 1.37. 

 The cornea is transparent in the entire visible spectral range and less transparent in the 

near infrared. The scattering decrease in near infra red regime with its minimum at 

1650 nm.  

 During the present thesis, porcine cornea has been used as a model for certain proper-

ties of human cornea, however it has to be taken into account that differences exist 

concerning certain structural and biomechanical properties. 

 There are different surgical routines for the anterior segment of the eye for which fem-

tosecond laser can be used. The laser-tissue interaction mechanism will be described 

in detail in the following chapters. 
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Chapter II 
Ultrashort pulse lasers and optical 
parametric conversion 

Ultrashort laser pulses are high peak intensity pulses with durations below a picosec-

ond (<10-12 sec). These pulses can be used for material processing, applications in research 

and for surgery. In contrast to laser pulses with longer pulse durations whose interaction with 

matter mostly involves phase transitions, ultrafast laser pulses interact via non-linear ionisa-

tion processes which limits permanent modifications to the focal region. Ultrashort pulses 

can be created in a laser cavity by using an active medium with a broad gain spectrum, lock-

ing the phases of different longitudinal modes inside the cavity and managing the dispersion 

within the cavity. Typical oscillators emit nanojoule pulses. For application requiring more 

energetic pulses, pulses may be amplified using Chirped Pulse Amplification (CPA) which 

was originally proposed by Strickland and Mourou. 

If the wavelength of the laser pulses needs to be modified, non-linear optical effects in 

appropriate crystals may be used. The two main approaches for nonlinear wavelength con-

version are optical parametric generation and amplification. These processes are capable of 

creating photon pairs whose combined energy is equivalent to the pump photon. These newly 

create photons or laser pulses can be used for applications such as spectroscopy and surgery.   

In the present chapter we present the principles and mechanisms used for the genera-

tion and amplification of ultrashort pulses. We also present different approaches for nonlin-

ear wavelength conversion based on parametric processes and present the principles of opti-

cal parametric generation and amplification in detail.  
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2.1 Ultrashort laser pulses: theory  

By their common definition, ultrashort laser pulses are high intensity pulses with durations 

below a picosecond (<10
-12 

sec). The short pulse duration corresponds to a broad spectrum in 

the frequency domain. This point can be illustrated by expressing the pulse as a Gaussian 

pulse. The Fourier transform of a Gaussian pulse is again a Gaussian function, the width of 

which is inversely proportional to the pulse duration. The Fourier transform relation between 

time and frequency domains can be written according to equation 2.1(  -   ) [Cru04]. 

 

 

     
 

  
             
 

  
                            

                 
 

  
                                      

   (Eq. 2.1) 

  

where      and      represent the evolution of the electric field with time and frequency. 

 
  
 

  
 
      

              
 

  

            
 

  

                                             

    
              
 

  

            
 

  

                                     

   (Eq. 2.2) 

 If the duration and spectral width are calculating according to the statistical relation 2.2 (   -

   ), the duration and spectral width will be related to each other according to equation 2.3 

[Cru04]. 

      
 

 
 , (Eq. 2.3) 

This equation is similar to quantum mechanical time energy relation and physically it means 

that in order to create a laser pulse with a pulse duration of    (say at Full Width at Half 

Maximum) the spectral bandwidth needs to be sufficiently broad to satisfy the above equa-

tion. In case of equality the pulse is called as Fourier-transform-limited pulse. Usually, quanti-

ties at Full Width at Half Maximum (FWHM) are defined as the measuring parameters, the 

relation between the time and frequency bandwidth can be written as:  
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        , (Eq. 2.4) 

where    is the frequency band width (       ) and    is the time duration of the pulse 

and   is a constant parameter the value of which depends upon the pulse shape. Different 

values of   are summarized in table 2.1. 

Function   

Gaussian 0.441 

Hyperbolic secant 0.315 

Lorentz 0.142 

Table 2. 1: Different profiles that can be use to describe ultrashort pulses and their corre-

sponding   values [Cru04].  

2.2 Mode locking 

The mechanism and techniques used to generate ultrashort laser pulses are described for 

instance in [Cru04] [Mcs04] [Ukr03] [Pla10]. The part of the laser system that creates ul-

trashort laser pulses is called oscillator. All systems share the following three elements: an 

active gain material where stimulated emission can be generated, a pump source and a set of 

mirrors to provide optical feedback (usually known as cavity mirrors). Typically, the oscilla-

tor also contains refractive or diffractive elements to compensate for dispersion. Dispersion 

arises because of group velocity dispersion (GVD) that accumulates during the beam propaga-

tion through different optical materials. GVD refers to the fact that the refractive index of a 

material is frequency dependent, lead to a broadening of the pulses. Refractive or diffractive 

elements can be introduced in the oscillator to compensate for this dispersion. Gratings can 

provide greater dispersion in comparison to prisms but also typically induce greater losses 

which limit their use to powerful lasers. A combined grating and prism is called “grism” and 

may be used to optimizing the dispersion compensation.  

The mechanism to generate ultrashort pulses may be described as follows: The gain ma-

terial has a finite spectral bandwidth   . The laser cavity is resonant for distinct longitudinal 

modes which are associated with discrete frequencies   . All of these modes have two main 

characteristics: the distribution of the corresponding electromagnetic wave needs to satisfy the 

boundary conditions at the cavity walls; consequently, their frequencies are separated from 

each other by    represented as:    
 

    
 

 

   
, where      is the cavity round trip time,   

is the speed of light and   is the length of the cavity (Fig.2.1A). 
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Fig.2. 1: Modes inside the cavity covered by the laser gain medium (A), temporal profile of 
the pulse when the laser is mode locked (B) (Modified from [Ukr03]). 

If no nonlinear element is present in the cavity, these modes oscillate independently of 

each other and at any point the laser output of such a laser will be a superposition of all the 

modes. This superposition results in a signal which is fluctuating in time. In order to obtain 

ultrashort pulses, the phase of the modes needs to be locked in order to establish a constant 

phase relationship. 

2.2.1 Active mode locking 

 In active mode locking, an amplitude or phase modulator is placed inside the laser cav-

ity. The opening and closing (or partial closing) of the modulator provides a modulation fre-

quency. If the shutter remains open for a very short duration for which the pulse makes a 

round trip inside the cavity then mode locking will be favoured and all pulses not synchro-

nised with the shutter will be strongly attenuated. This kind of modulation can be obtained by 

acousto-optical or electro-optical modulation (AOM or EOM). 

2.2.2 Passive mode locking  

In passive mode locking a saturable absorber may be placed inside the laser cavity that 

absorbs low intensity pulses while transmitting (or reflecting) high intensity pulses. A similar 

passive approach for mode locking is based upon the Kerr self focusing effect (also known as 

self mode locking). A Kerr lens (see also Appendix 2) medium possesses a refractive index 

which is intensity dependent. This can be written as:  

             ,  (Eq. 2.5) 
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where   is the total refractive index of the material,     is the linear refractive index,    is the 

non-linear refractive index, and   is the intensity. If we consider a Gaussian beam, the value 

of the refractive index increases from periphery of the beam towards the centre. In Kerr lens 

mode locking the active material therefore can act as a lens. If the oscillator is resonant with 

the Kerr lens, longitudinal modes will get locked in phase in order to favour ultrashort pulse 

generation [Des91] [Aaa94]. 

It is also possible to place additional material inside the oscillator in order to generate 

the Kerr effect; however, this is usually avoided for reasons of simplicity. The schematic of a 

Ti:sapphire oscillator based on Kerr lens mode locking (KLM) without any additional Kerr 

lens medium is shown below in figure 2.2. 

 

Fig.2. 2: Ti:sapphire oscillator based on Kerr lens mode locking (Modified from [Dge06]). 

2.3 Architectures of ultrashort pulse laser systems  

The threshold radiant exposure for corneal tissue is in the order of 1-2 J/cm
2
 [Gol08]. 

Depending on the beam delivery and focusing optics, this typically requires pulse energies 

from fractions to multiples of a µJ. Typical oscillators working at tens of MHz typically can 

only provide pulse energies up to 5–20 nJ [Pla10].  In order to obtain higher pulse energies, 

the oscillator dimensions have to be modified or amplification schemes need to be used. 

2.3.1 Long oscillator 

In this technique the pulse energy is increased by increasing the length of the oscillator 

cavity and thereby simultaneously reducing the repetition rate [Shc99]. This results in an in-

crease in pulse energy by a factor about equivalent to the reduction in repetition rate. Long 

oscillators are compact and relatively economical, however surgical laser systems based on 

these need to use relatively high numerical aperture (N.A.) focusing optics (Fig. 2.3).  
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Fig.2. 3: Schematic of multiple-pass cavity (Modified from [Shc99]). 

2.3.2 Chirped pulse amplification  

The concept of Chirped Pulse Amplification (CPA) was originally proposed by Strick-

land and Mourou [Str85]. Pulses generated by an oscillator can be amplified by single or mul-

tiple passes through another active medium. In order to avoid parasitic non-linear effects and 

damage to the crystal due to the high peak power of the amplified pulse, the pulse is first 

stretched to decrease its peak power. The pulse then passes through the gain medium (single 

or multi-pass depending upon the architecture) and the amplified pulse is then compressed to 

achieve its actual pulse duration (Fig.2.4). 

 

Fig.2. 4: Schematic diagram for chirped pulse amplification (Modified from [Lln95]). 
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In the following sections, two approaches based on this principle will be presented. 

2.3.2.1 Regenerative amplifier 

 In regenerative amplification, a stretched output pulse from an oscillator is selected and 

injected into an amplification cavity, where it remains for several round-trips until it reaches a 

certain amount of energy. It is then coupled out of the cavity by an acousto-optical or electo-

optical element, often a Pockels cell.  

 

 

Fig.2. 5: Chirped pulse amplification based on regenerative amplification. 

 

2.3.2.2 CPA based on optical fibres 

The confinement of the oscillator modes in doped optical fibres provides an efficient 

amplification scheme in comparison to bulk crystals. The use of large mode area fibres 

(LMA) permits to reduce non-linear effects that may arise due to the propagation of the ener-

getic pulses [Shö01]; double clad fibres permit to use laser diodes as pump sources. An ex-

ample is shown in figure 2.6. The setup consists of an oscillator based on an ytterbium doped 

crystal; it is followed by an acousto-optical modulator permits the transmission of laser pulses 

with a repetition rate in the range of hundreds of kHz. The pulses are then stretched and fed 

into the diode pumped LMA that will amplify the laser pulses [Mha09] [Lku07] [Yza08]. The 

amplified output pulses are then compressed. 
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Fig.2. 6: Chirped pulse amplification based on LMA fibre [Pla10]. 

 

 

2.4 Gain media 

Titanium-sapphire crystal is one of the most used laser medium since late 1990s. Ampli-

fied Ti:sapphire lasers can provide very high pulse energy and short pulse duration (<10 fs) at 

around 800 nm. These systems require pumping in the green part of electromagnetic spectra, 

which can be obtained by using argon ion lasers or frequency doubled lasers using neodym-

ium- or ytterbium-doped gain media, which are impractical for compact clinical laser systems 

(Direct diode-pumping of Ti:Sa lasers was realised only recently and needs considerable fur-

ther improvement [Pwr11] [Cgd12]). The pumping system can be made compact by using 

powerful diodes capable of pumping Ytterbium (Yb) and Neodymium (Nd) doped crystals. 

However, due to small gain band width of these materials they can produce pulse duration of 

hundred of femtosecond which is very high in comparison to Ti:sapphire. These systems can 

produce wavelength close to 1µm and by using these crystals makes the system compact. 

These elements can be use with different host materials. Different properties of these host 

materials are summarised in table 2.2. 

 

 

 

http://www.rp-photonics.com/argon_ion_lasers.html
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Ion Common host crystal/s 

pump 

wavelegth/s 

(nm) 

output 

wavelegths 

(nm) 

Diode 

pumping 

Ytterbium 

(Yb
3+

) 

Y3Al5O12 (YAG), YVO4 (yttrium vana

date), Glass (silicates and phosphates) 
940 1020–1070 Yes 

Neodymium 

(Nd
3+

) 

Y3Al5O12 (YAG), 

YVO4 (yttrium vanadate), 

YLiF4(YLF), Glass (silicates 

and phosphates) 

808 and 869 

1064, 1047, 

1053, 1342, 

946 

Yes 

Titanium 

(Ti
3+

) 
sapphire  514 and 532 650–1100 No* 

Table 2. 2: Different ions capable of producing ultrashort pulses close to 1 µm. (*Direct di-

ode-pumping of Ti:Sa lasers was realised only recently and needs considerable further 

improvement [Pwr11] [Cgd12]). 

2.5 Wavelength conversion by non-linear optics 

2.5.1 Second order non-linear susceptibility 

When an electromagnetic wave travels through a material it polarises the atoms and 

molecules of the medium. For moderate field strengths, the polarisation is proportional to the 

electric field, which can be expressed as:  

              ,  (Eq. 2.6) 

where E(t) is the time-depended field amplitude,   is the polarisation,    is the permittivity of 

free space, and   is electric susceptibility. 

If the amplitude of the electric field reaches orders of magnitude comparable to the in-

ter-atomic electric field which are typically around 10
11

 V/m [Rwb08], the above equation 

will no longer be valid. In this is the regime, nonlinear concepts need to be used to describe 

the associated optical phenomena. In the case of strong electric fields like those that can be 

obtained with ultrafast lasers, the above equation can be extended in terms of power series 

[Bea07].  

http://www.rp-photonics.com/titanium_sapphire_lasers.html
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                                     . (Eq. 2.7) 

In equation 2.7,     and      represent the second and third order non-linear susceptibili-

ties of the material under consideration.  Some physical phenomena associated with     and 

     are:  

    : Second harmonic generation, sum and difference frequency generation, parametric gen-

eration and amplification.  

    : Four wave mixing, Kerr effect, multi-photon absorption and Brillouin-scattering. 

In the framework of the present thesis, however, we will limit our considerations to the 

second order non-linear optical susceptibility. Detailed discussions of third order effects can 

be found in references [Yrs92] [Bea07] [Rwb08]. If the electric field contain two oscillating 

electric fields at    and   . The electric field can be written as a combination of the two 

fields. 

                                  . (Eq. 2.8) 

By plugging equation 2.8 into equation 2.7 we obtain:  

         
     

  

 
             

  

 
            

  

 
 

  

 
                                                                

                                                                                                    
 . (Eq. 2.9) 

The first two terms contain the doubled original frequencies, while the last two terms 

contain the sum and the difference of the two initial frequencies. The two middle terms de-

scribe the DC component which is usually referred to as electro-optical rectification. In 

mathematical analysis of the different optical parametric processes that will be presented in 

this thesis     
   
 will be replaced by another new susceptibility tensor defined by      [Rwb08], 

where ‘ ’ can have values 1,2, and 3 which correspond to the x, y and z axes and ‘  ’ can have 

values 1,2,3,4,5, and 6 which correspond to combinations of different axes xx, xy = yx, xz = 

zx, yy, yz = zy and zz. As an example,     represents the pump wave polarisation along the z 

axis and the polarisation of the generated wave along the x axis whereas     represents the 

polarisation of both pump and generated beam along the z axis [Rwb08]. This process will 

help to reduce the 27 elements of     
   

 down to 18. 

      
 

 
    
   

 . (Eq. 2.10) 
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   can be converted to   according to the following table: 

   11 22 33 23,32 31,13 12,21 

  1 2 3 4 5 6 

Table 2. 3: conversion of different    to  . 

      
         
         
         

   

         
         
         

  (Eq. 2. 11) 

2.5.2 Coupled wave equations 

Optical parametric processes can be analysed by using coupled wave equations. These 

equations can be solved for a particular second order non-linear process such as OPG and 

OPA in order to calculate the amplitudes of the fields and their gain. These equations can be 

obtained by using Maxwell’s equation for a non-conducting dielectric medium with no free 

charges [Ash06] [Bea07]: 

         
   

   
   

   

   
 , (Eq. 2.12) 

where   is the electric field,   is the permeability,   is time,     is the permittivity of free 

space and   polarisation. If we assume that the field propagates along the z -axis,  we can cal-

culate the electromagnetic field inside the non-linear media by replacing polarisation in the 

above equation with the polarisation of the medium without first and third order susceptibility 

   

   
     

   

   
   

       
       

   
   , (Eq. 2.13) 

where   is the permittivity of the medium. The conversation of energy for a non-linear optical 

process in which three waves are interacting can be written as  

             , (Eq. 2.14) 

where    and    are optical frequencies whose sum is equivalent to the highest frequency  . 

The electric field for each of the frequency can written as: 

         
 

 
         

              
                  

         
 

 
         

              
                  

         
 

 
         

              
                  

 (Eq. 2.15) 



 

- 49 - 
 

By using equation 2.15 along with the Maxwell’s equation (2.13) will give us (for cal-

culation see [Bea07]) 

      

  
           

  

  
 

 

 
               

         

      

  
           

  

  
 

 

 
               

         

      

  
           

  

  
 

 

 
               

         

 , (Eq. 2.16) 

where    is the permittivity inside the medium and    is the phase velocity mismatched 

(see section 2.6). The set of these three equations is called coupled wave equation. This set of 

equations can help to analyse different non-linear optical phenomena involving three waves 

inside a non-linear optical media with susceptibility     . By further developing the coupled 

wave equation it is possible to analyse experiments by using parameters such as gain at strong 

or weak depletion. In order to analyse in terms of amplitude the coupled wave equation can be 

represent in terms of the intensity. With some simplification, the Manley-Rowe relation may 

be derived [Bea07]. This equation describes the energy flow between the interacting waves. 

Physically, it means that the destruction of one photon at    inside the non-linear medium 

will generate two photon at two different frequencies whose sum is equivalent to the original 

frequency or vice versa. 

 

  
 
  

  
  

 

  
 
  

  
   

 

  
 
  

  
  . (Eq. 2.17) 

2.5.3 Non-linear optical crystals 

Many nonlinear optical crystal materials are available that can be used for wavelength 

conversion. These include lithium niobate (LiNbO3), potassium titanyl phosphate (KTP), lith-

ium tantalate (LiTaO3), β-barium borate (BBO), Lithium Triborate (LBO), Potassium Dihy-

drogen Phosphate & Potassium Dideuterium Phosphate (KDP), Potassium titanyl arsenate 

(KTA), and Lithium Iodate (LiIO3). Their choice depends upon their price, application, 

transmission, conversion efficiency, nonlinearity and damage threshold [Rrp]. Among them 

LiNbO3, LiTaO3, KTP, and KTA are ferroelectric non-linear crystals whose structure can be 

altered by using a technique known as periodic poling. Periodically poled crystals provide 

high conversion efficiency in comparison to their bulk counterparts and will be described in 

detail in section 2.6.2.  
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In this work we have used LiNbO3. It consists of niobium, lithium, and oxygen atoms in 

a trigonal crystal lattice. It is a ferroelectric material which makes it suitable to use for peri-

odic poling (section 2.6.2). It can be used for applications in its transparency range from 350-

5200 nm.  In comparison to other crystals it has a high value of the non-linear tensor element 

     ≈ 27-30(pm/V). Different properties of LiNbO3 are summarised in table 2.4 LiNbO3 can 

also be doped with magnesium oxide (MgO). By doping it MgO it is possible to reduce its 

coercive value. This will help to apply fields lower in value for its fabrication than it will re-

quire for an un-doped LiNbO3; this doping also provides resistance to photorefractive damage 

[Rrp]. The refractive index of LiNbO3 can be calculated by using the Sellmeier equation. In 

this work we have considered the Sellmeier equation developed by D. H. Jundt [Dhj06]. 

Property Value 

Nature Ferroelectric non-linear crystal 

Melting point ~1250 °C 

Coercive field ~20-24 kV/mm 

values(pm/V)     =2.7,    =4.5,    ≈27-30 

Table 2. 4: Properties of LiNbO3 crystal [Bfj08]. 

2.6 Phase matching  

In the previous paragraphs we have introduced the phase matching vector    that is 

present in all three coupled wave equations.    takes into account the difference of phase 

velocity between the three interacting waves propagating through a non-linear optical media 

and can be written as  

                  , (Eq. 2.18) 

where   are the wave vectors of the three electromagnetic waves. As we will see below ide-

ally the sum of the terms should be zero (perfect phase matching) in order to provide maxi-

mum efficiency (Fig. 2.7A). In such a case all the energy of the pumped photons will be trans-

ferred to the converted photons. However, this may not be achieved in reality. If the waves 

propagate beyond a certain distance (usually known as coherence length), they will no longer 

be in phase. This will result in energy being transferred back to the pump beam until the phase 

shift is sufficient to put the waves back in phase so that the pump photons start to provide 

energy to the signal wave again (Fig.2.7C) [Rwb08]. The reason for this mismatch can be 

understood by looking at the representation of the wave vector    
   

 
 which depends upon 
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the refractive index ‘ ’, the value of which is different for different wavelengths. In real situa-

tions,    can be minimised by using either birefringent phase matching or quasi phase match-

ing. 

   

Fig.2. 7: Intensity of the converted optical intensity versus crystal length (a) phase matching, 

(b) quasi-phase matching schemes and (c) no phase matching. 

2.6.1 Birefringent phase matching 

In birefringent phase matching one uses the dependence of the refractive index on po-

larisation and on the axis of propagation.  Waves that are polarised in parallel to the plane 

containing the optical axis experience a refractive index that depends upon the angle of 

propagation while the wave polarized perpendicular to the plane of the optical axis the refrac-

tive is independent of angle of propagation. In conclusion, if we chose correct polarisation 

and angle of propagation, for all three waves a situation can be achieve in which all the three 

waves will experience the same refractive index and results in phasematch parametric process 

(Fig.2.7A).  

In real situations it is difficult to obtain birefringent phase matching. Another main 

problem is the ability to use the highest non-linear coefficient    . 

2.6.2 Quasi phase matching 

Quasi phase matching is another technique to achieve phase matching and has been 

used in this work. As described above, after travelling some distance ‘LC’  inside the non-

linear crystal, the signal accumulate a phase of π (pi) which results in energy being converted 
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back from the signal to to the pump.  One way to overcome this problem is to reverse the 

phase after every coherence length. In this way, the amplitude of signal and idler instead of 

decreasing will increase further (Fig.2.7B). This method was first suggested in 1962 by 

J. A. Armstrong et al.; it is now known as periodic poling [Jaa62]. In this technique, by apply-

ing an electric field which is higher than the coercive field of the ferro-electric domains of the 

crystal, the domains can be periodically reverted with a certain period (Fig.2.8). This poling 

period (also known as grating period) can be calculated according to the formula  

  
  

  
 . (Eq. 2. 19) 

 

Fig.2. 8: Periodic poling for quasi phase matching. In order to compensate the phase shift of 

π the ferro-electric domains should be flipped after every coherence length (LC). 

The conversion efficiency is increased further by periodically poling along the direction 

of the highest value of the     tensor which for LiNbO3 is    . By periodically reversing the 

direction of the ferroelectric domains the identity for phase velocity mismatched do not re-

main the same for the case of quasi phase matching and should be replace by a more general 

effective phase matching condition as follows: 

                    
  

  
  

  

  
 

  

  
  

 

 
  .  (Eq. 2.20) 

In conclusion, by using periodically poled structures, different objectives can be met 

simultaneously:  

1. It allows us to obtain optical conversion for those wavelengths  

for which it is impossible to achieve birefringent phase matching. 

2. It allows using the largest element of non-linear tensor, which is for the case of peri-

odic poled lithium niobate is      27 pm/V. 

3. Different gratings can be built on a single crystal that will help to generate different 

sets of down converted wavelengths. 
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The detailed characteristic of the periodic poled lithium niobate crystal used in this 

work is described in chapter 4. 

2.7 Optical parametric processes 

In this work we have realised set-ups based on two optical parametric processes which 

are Optical Parametric Generation (OPG) and Optical Parametric Amplification (OPA). These 

two processes are described below. 

2.7.1 Optical parametric generation (OPG)  

Optical parametric generation (OPG) is the inverse of sum frequency generation (SFG). 

In this process, a laser beam focused inside a non-linear material generates all possible wave-

length combinations that satisfy energy (          ) and momentum (phase velocity) 

(               ) conservation (Fig. 2.9); 

 

Fig.2. 9: Energy level scheme for optical parametric generation (OPG). 

  being is the angular frequency,   is momentum vector and  ,  ,   representing pump, signal 

and idler. An example of an experimental architecture for OPG is shown by figure 2.10. The 

laser beam provided by the laser system is focused inside the non-linear crystal in order to 

obtain the required energy density. The hereby created signal can be separated from the pump 

and the idler beams by a dichroic mirror.  The pump and idler can later be separated by using 

an additional dichroic mirror. The OPG geometry has a simple architecture and is appropriate 

for applications that require relatively small pulse energies in the low microjoules range. The 

energy of the signal can be increased by increasing the pump energy or by increasing the 

length of the non-linear crystal (while respecting the damage threshold). 
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Fig.2. 10: Optical parametric generation.    ,  , and    are pump, signal and idler fre-

quencies (see text for detail). 

The complete mathematical description of optical parametric generation can be found 

for instance in [Rlb77] [Jaa62] [Mle13]. In short, if the coupled wave equation is solved in the 

limit of negligible pump depletion, the gain for a given length ( ) of the non-linear crystal 

will be: 

          
              

  

 
 
 
 

     
  

 
 
        

       

          
     

    . (Eq. 2.21) 

  has the dimension of an inverse length and is represented by the above formula, where 

  is the refractive index,   is the speed of light in vacuum,    is the pump intensity and      is 

the effective non-linear element of the non-linear tensor. In the limit of weak pump intensity 

  
  

 
, the equation 2.21 becomes: 

                         
   

 
 , (Eq. 2.22) 

This relation is governed by the       function which means that in order to obtain high 

gain the product     should be as small as possible. Since   cannot be zero it requires that    

be minimal. When working in this regime the gain increases with approximately the square of 

the length. On the other hand, for a very strong pump intensity (  
  

 
) and a small value of 

   the gain grows exponentially.  

                          . (Eq. 2.23) 
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2.7.2 Optical parametric amplification (OPA) 

In order to increase gain (energy) and coherence at a particular wavelength, different 

geometries of OPA can be used. As an example a two stage geometry is presented here where 

the pulses created by the first stage are amplified by a second stage (figure 2.11). With the 

help of a beam splitter, the laser pulses coming out from the femtosecond laser system can be 

divided into two parts. The beam shown as dotted line passes through the first non-linear crys-

tal. The signal that is created by this crystal can be separated from the pump and idler with the 

help of a dichroic mirror. The signal is then focused along with the rest of the beam (solid 

line) into the second non-linear crystal. If the configuration of the second non-linear crystal 

permits the amplification of the signal wavelength and if the temporal and spatial alignments 

are appropriate, the output will be more coherent at the wavelength that was fed into the sec-

ond crystal and more energy will be obtained [Tsü01] [Mma07] [Aga97] [Jkr13]. In order to 

increase the energy further, one or two more arms can be added to the existing geometry. 

 

Fig.2. 11: Optical parametric amplification.   ,  , and    are pump, signal and idler fre-

quencies (see text for detail). 

The gain for the OPA can be written as:  

            
              

  

 
 
 
 

     
  

 
 
        

       

          
    

    . (Eq. 2.24) 
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For   
  

 
 equation 2.24 becomes: 

                         
   

 
 . (Eq. 2.25) 

2.8 Conclusion 

 In this chapter we have presented the theory of ultrashort laser pulse generation and 

non-linear optical parametric wavelength conversion. 

 Ultrashort laser pulses can be created by using mode locking. This locking mechanism 

can be either active or passive.  

 Laser pulses can be amplified by using chirped pulse amplification. 

 When ultrashort pulses are focused inside the non-linear crystal they give rise to dif-

ferent non-linear effects such as SHG, DFG, and SFG. 

 LiNbO3 crystal is one of the most frequently used non-linear crystals. The non-linear 

conversion efficiency of this crystal can be increased by using periodically poled 

structures in the direction of highest non-linear coefficient. 

  OPG and OPA are two different non-linear effects that can be used to create two pho-

tons at different frequency whose sum is equivalent to the pump photon.  
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Chapter III 
Interaction of ultrashort laser pulses 
with corneal tissue 

Since the discovery of the laser in 1960, lasers have found widespread uses in industry, 

research, and medicine. Lasers can produce continuous wave emission as well as very short 

pulses down to the femtosecond time scale. When used in medicine, depending upon their time 

of interaction with the tissue, different physical phenomena dominate the laser-tissue interac-

tion process. 

We start this chapter with a short introduction of the different mechanisms that are 

characteristic for the interaction at different time scales. We then discuss in detail the interac-

tion of ultrashort laser pulses with tissue and address different side effects such as shock 

wave generation and bubble formation. 
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3.1 Mechanisms of laser-tissue interaction 

The interaction of the laser pulse with tissue depends upon wavelength, power and en-

ergy density and exposure time. Fig. 3.1 gives an overview of the principal interaction 

mechanisms and the associated laser power and the duration of the interaction. The straight 

lines indicate two different energy densities (1 and 1000 J/cm
2
). The circles in the diagram 

represent five different (not necessarily mutually exclusive) interaction regimes and their as-

sociated dominating interaction mechanisms [Ima06][Mhn93][Mmj11]. In the following we 

will discuss these mechanisms in more detail. 

 

Fig.3. 1: Classification of different interaction regimes depending on power density and expo-

sure time. The circles indicate the orders of magnitude of exposure time and power den-

sity typical for different types of interactions. Modified from [Mhn93]. 

3.1.1 Photochemical interaction 

Photochemical interactions take place at very low energies with interaction durations 

that can range from several seconds to continuous interaction. In photochemical interaction, 

the laser light favours chemical reactions in macromolecules which have been introduced into 
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the organism, or in the tissue itself. This kind of interaction is the basis of photodynamic ther-

apy (PDT) and biostimulation [Mhn93]. 

3.1.2 Photothermal interaction 

As the name suggests, photothermal interaction gives rise to an increase in temperature. 

Typical power densities are higher than in the previous case; interaction durations range from 

microseconds to seconds. Thermal interaction can lead to phase transitions in matter such as 

coagulation, vaporisation, carbonisation, and melting [Mhn93]. 

3.1.3 Photoablation 

If the power density is high enough it is possible to ablate the material without creating 

damage in the vicinity of the ablated tissue. First discovered by Srinivasan and Mayne-

Banton, photoablation requires very high power densities (10
4
-10

10
 W/cm

2
) which can be 

achieved by using pulsed lasers; it is typically performed using UV lasers. One of the main 

applications of photoablation in ophthalmology is in refractive surgery where it is used to 

reshape the cornea in order to modify the optical properties [Mhn93].  

3.1.4 Plasma induced ablation and photodisruption 

This type of interaction occurs at time scales from nanoseconds to femtoseconds. It is 

the main type of interaction that will be discussed in this thesis. It is characterised by the for-

mation of plasma at the laser focus that results in the creation of optical breakdown leaving an 

incision inside the volume of the tissue. Plasma induced photodisruption is the process used 

for eye surgery assisted by ultrashort pulse lasers and will be discussed in detail below 

[Mhn93]. 

3.2 Non-linear optical breakdown in tissue 

When describing laser-induced optical breakdown in tissue, the physical parameters of 

water are usually used. The ionisation energy of water is 6.5eV [Fwi76] [Dnn83] [Dgr79] 

[Cas91]. The wavelength that is usually used for clinical purposes (in ophthalmology) is close 

to 1micron; the corresponding photon energy of 1.17 eV is therefore not sufficient to ionise a 

water molecule. The free electrons necessary to induce optical breakdown are generated by 

nonlinear processes.  



 

- 61 - 
 

According to [Lvk65], for excitation assisted by ultrashort laser pulses the band gap en-

ergy () needs to be replaced by an effective band gap energy that takes into account the os-

cillation energy of the electron due to the electric field of the laser pulse which leads us to the 

following formula (Eq. 3.1). 

     
e2 

2

 m 2
  , (Eq. 3.1) 

where   and   are the frequency and amplitude of the electric field of the laser pulse and   

and   are the charge and reduced mass of electron.  

An electron can overcome the band gap by gaining energy either by photoionisation or 

by impact ionisation (Fig. 3.2). The two competing processes contribute to photoionisation are 

multiphoton ionisation and tunnelling, followed by avalanche ionisation. 

 

Fig.3. 2: Free electron generation (A) multiphoton ionisation; (B) tunneling ionisation; (C) 

combined multiphoton excitation and tunneling (see text). Modified from [Cbs01]. 

3.2.1 Multiphoton ionisation (MPI) 

In contrast to situations where a single photon with enough energy is sufficient to over-

come the band gap, in multiphoton ionisation an electron absorbs photons from the laser pulse 

until the total energy becomes equal or greater than the band gap energy. (Fig. 3.2A) 

3.2.2 Tunneling 

In tunnel ionisation the electric field of the laser pulse lowers the potential barrier of the 

atom which links the electron to the molecule. If the electric field is high enough, it is possible 

for the electron to tunnel through the barrier and become a free electron. (Fig.3.2B)  

Once a free electron is available in the conduction band, it may gain further energy from 

the laser pulse through inverse bremsstrahlung. It then can elastically collide with a bound 
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electron, thereby permitting the latter to overcome the band gap. This results in two free elec-

trons available in the conduction band. These two electrons may further absorb energy from 

the laser pulse and repeat the process, which leads to a rapid increase of free electrons (an 

“avalanche”) in the volume of the laser focus. (Fig. 3.3). 

The respective contribution of multiphoton ionisation and ionisation by tunnelling fol-

lowed by avalanche ionisation is usually described in terms of the Keldysh parameter given as 

(Eq. 3.2) [Lvk65] 

   
   

  
 

 

  
 , (Eq. 3.2) 

where 1/   is the tunneling time through the potential barrier which is inversely proportional 

to the amplitude of the electromagnetic field  . For values of  ≤1 (that correspond to low 

frequencies and large field strengths) the dominating process will be tunneling. On the other 

hand for values  ≥1 (that correspond to optical frequencies and moderate field strengths) the 

dominating process will be multiphoton ionisation.  For an intermediate value of the Keldysh 

parameter, both processes contribute (Fig. 3.2C). 

 

Fig.3. 3: Different physical processes that can lead to the generation of a free electron. An 

electron in the valence band can be elevated into the conduction band by multiphoton 

ionisation or tunnelling. Once in the conduction band, it can absorb photons thorough 

inverse bremsstrahlung. If energy is sufficient it is possible for the electron to extract 

another electron from the valance band collision. The resulting two electrons may re-

peat the process and thereby lead to the further generation of an “avalanche” of free 

electrons throughout the volume of the laser focus. (Modified from [Vog05]). 
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3.2.3 Rate equation 

In a review presented by Vogel [Vog05], the time-dependence of the electron density   

in the conduction band is presented. The following equation considers photoionisation (based 

on the Keldysh theory), cascade ionisation, diffusion and recombination losses:  

  

  
  

  

  
 
     

                       
  . (Eq. 3.3) 

The first term represents the rate of change in electron density due to photoionisation 

(multiphoton and/or tunneling ionisation), the second term represents cascade ionisation, and 

the last two terms represent losses due to diffusion or recombination. The cascade ionisation 

rate        and the diffusion rate       are proportional to the electron density, whereas the 

recombination rate      is proportional to the square of the electron density as electrons and 

holes both will be involved in the interaction. 

However, this model does not take into account heating due to processes like linear ab-

sorption, absorption by inverse bremsstrahlung, collision losses and absorption by free elec-

trons. Additionally, in the case of either femtosecond illumination using multiple pulses, or  

nanosecond illumination, the temperature of the focal volume will be high enough to initiate 

thermal ionisation. A detailed calculation shows that for temperature above 5000K, thermal 

ionisation increases very rapidly with increasing temperature (Figure 3.4). In such a case the 

above rate equation will no longer be suitable to explain the rate of change of electron density 

inside the dielectric.   

 

 

 

Fig.3. 4: Fraction of free electrons (in percent) as a function of temperature.        and 

       represent thermally generated electron density and bound electron density [Nob10]. 



 

- 64 - 
 

In order to overcome this problem, Linz et al. [Nob10] have presented a rate equation 

that takes into account temperature rise and thermal ionisation and losses. They suggested that 

the rate equation be described in terms of normalised electron density R (            

Rtherm = therm/bound  instead of   in order to take into account the reduction of the number of 

electrons that will be available for thermal ionisation in the valance band by photoionisation 

and cascade ionisation. In addition to this, ‘R’ will also incorporate the reduction of the popu-

lation of the ground state for very high values of irradiance.  

Dividing the rate equation (Eq. 3.3) by          will give us  

  

  
  

  

  
 
     

                              
  . (Eq. 3.4) 

After considering the thermal ionisation and thermal losses, the final form may be writ-

ten as: 

  

  
  

  

  
 
     

  
  

  
 
    

                                 
   

  

  
 
     

 , (Eq. 3.5) 

where  
  

  
 
     

 is equal to  
  

  
 
   

   
  

  
 
      

,  
  

  
 
    

 is the cascade/avalanche term, 

       and      are the diffusion and recombination rate constants that depend upon the 

           . Where            represents reduction in the number of free electrons be-

cause of thermal ionisation, and the last term contains contributions from all temperature de-

pendent terms that describe losses and thermal ionisation. The losses that have been consid-

ered here are: heat conduction, heating due to collisions during cascade ionisation, heating 

due to inverse bremsstrahlung followed by transfer of energy due to collision, heating by lin-

ear absorption, and heating due to recombination. 

3.2.4 Breakdown criterion 

The definition of “Optical breakdown” can be related to phenomena which can be ob-

served experimentally: bubble or plasma formation. However, the breakdown threshold can 

also be defined in terms of a critical electron density (   ) for which the plasma becomes 

strongly reflective and absorbing. For wavelengths in the near UV, visible and near infrared 

spectral ranges this electron density is of the order of 10
21

cm
-3

. Mathematically, it can be writ-

ten as [Vog05] [Nob10] 
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 , (Eq. 3.6) 

where    and   are the mass and charge of the electron and    is the permittivity of free 

space. Figure 3.5 presents the values of irradiance and threshold that will be required to pro-

duce an electron density of 10
21

cm
-3

.  By calculating these values for different wavelengths 

and pulse durations it was possible to identify two regions. Below around 10ps the energy 

density only weakly depends upon the wavelength. At this stage the pulse duration is small in 

comparison to recombination which will lead to a particular set of free electron and hence 

constant energy density at the focal volume [Vog05] [Nob10].  

 

Fig.3. 5: Numerically calculated threshold radiant exposure for different pulse durations 

[Vog05]. 

However, this condition does not correspond to any parameter accessible to experimen-

tal observation such as bubble formation or plasma. Therefore, most modern studies use bub-

ble formation inside the dielectric as breakdown criteria because it can be easily detected. 

[Nob10]  

3.3 Mechanical effects associated with the non-linear optical break-

down 

The pulse duration of a femtosecond laser pulse is very short compared to the time scale 

of acoustic relaxation (110 picoseconds for N.A. = 1.3 and  = 800 nm). This will result in a 

temperature rise inside the focal region and will result in maximum pressure rise due thermo-

elastic stresses caused by temperature rise [Vog05] [Gpa99] [Gpa03] [Vog03]. Conservation 

of momentum requires that the stress wave emitted from a fixed volume contain compressive 

and tensile components. In water a cavitation bubble will form when the value of tensile 



 

- 66 - 
 

strength of water is reached. In pressure-temperature coordinates this corresponds to the tem-

perature value that gives rise to tensile strain which is equal to the value of the kinetic spi-

nodal of water [Vog05]. Table 1 presents the critical breakdown temperature Tcr for different 

pulse durations. 

Pulse duration (L)  

Critical temperature (Tcr) 

in Kelvin  

fs 441 

50 ps < L < 200 ps 500 

ns 573 

Table 3. 1: Breakdown temperature Tcr for different pulse durations [Nob10]. 

Linz and co-workers measured the wavelength dependence of the threshold for bubble 

formation using femtosecond laser pulses produced by an OPA system which were focused 

into water using an immersion microscope objective of N.A.= 0.8 (Fig. 3.6) [Nob10]. From 

figure 3.6 it can seen that an energy density in the range of 1-3 J/cm
2
 is required; the threshold 

appears to diminish with increasing wavelength (The typical bubble diameters are in the range 

of several hundred of nanometres [Vog08]). This can be compared with the values measured 

by Olivié et al. [Gol08] on the porcine corneal stroma and is given in Fig.3.7 which are of the 

same order of magnitude. 

 

Fig.3. 6: Threshold energy density for bubble formation in water. (see text for detail, data 

from [Nob10]). 
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Fig.3. 7: Ablation threshold of porcine corneal stroma assisted by femtosecond laser pulses 

for different wavelengths [Gol08]. 

When optical breakdown is achieved, the compressive strain produces a stress wave that 

travels away from the focal area while the thermo-elastic stress inside the bubble drives the 

bubble expansion. Depending on the pressure amplitudes, two different techniques may be 

used to measure the shock wave amplitude: 

 For pressure amplitudes above 100 MPa shock wave amplitude can be measured 

by using streak techniques. 

 For pressure amplitudes below about 100 MPa this technique is not sufficiently 

accurate [Jno98] and fast hydrophones need to be used. 

Vogel and co-workers measured the shock wave amplitude at a distance of 6mm away 

from the focus (in a direction perpendicular to the optic axis) for a wide range of pulse dura-

tions and for energies as high as 80 times the threshold values (Fig 5.12 in chapter 5). 

The initial value of the stress wave can be estimated by extrapolating the result. Assum-

ing that the amplitude of pressure follows a law with a general form Pressure   1/rn
 (where n 

is a decay constant) will allow us to extrapolate our result. In literature, for 100 femtosecond 

pulses, decay constants between 1.13 and 1.12 have been reported [Vog05]. 
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Because of the ellipsoidal shape of the laser focus and the created plasma, shock wave 

propagation is anisotropic. Numerical calculations shows that by considering the ellipsoidal 

shape 25% of the actual stress amplitude will travel in the direction perpendicular to the opti-

cal axis while approximately 5% of the total stress amplitude will travel in the direction of 

optical axis (Fig.3.8).  

 

Fig.3. 8: Shock wave amplitude at different times in radial (r) and axial (z) directions where z 

represent optical axis, description of axial and radial direction use in the simulation(A), 

shock wave amplitude in radial direction (B), shock wave amplitude in axial direction 

(C) (modified from [Vog05]). 

The later dynamics of the bubble after the emission of the shockwave depends on the 

size of the nucleus bubble (greater or equal to the focal volume). The volume of the nucleus is 

defined to be the region where the breakdown temperature (TCR) is reached. For bubble size 

<< focal volume, the bubble expands adiabatically until the average temperature of the bubble 

reaches the temperature of the liquid at the wall whereas for bubble sizes comparable to or 

larger than the focal volume the bubble expands more rapidly and the vapour pressure drops 

much faster than in the previous case. Simulation results that have been presented by Vogel et 

al. [Vog05] show that both cases will follow the same dynamics (Fig. 3.9). In their simula-

tions, for the first case they have considered that it is a negative shock wave that drives the 
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bubble while in the other they have considered the vapour pressure of the contents inside the 

bubble. However, for laser energies much higher than threshold one also needs to take into 

account the rapture of the focal volume. 

 

Fig.3. 9: Bubble dynamics (A) bubble size << focal volume, (B) bubble size ≥ focal vol-

ume.  

Finally, at each collapse the bubble will emit a shock wave that propagates away from 

the focal volume. Except for the shock wave that forms at the first collapse (amplitude almost 

equal to the first collapse), the amplitude of the shock wave will decrease periodi-

cally [Wla13].  

3.4 Conclusion 

 In this chapter we have presented the interaction of ultrashort laser pulses with corneal 

tissue. 

 Ultrafast laser pulses can achieve optical breakdown inside the tissue through a com-

bination of multiphoton ionisation and tunneling ionisation. 

 The generated electrons are able to absorb photons through inverse bremsstrahlung. If 

the energy absorbed is higher than the band gap energy of electron it is possible for the 

electron to extract another electron from the valance band through elastic collision. 

 The time evolution of their population within the focal volume can be described with 

the help of a rate equation. The rate equation presented in thesis incorporate two new 

terms: one describes loss of ionized electrons whereas the other describes electron 

ionisation due to temperature [Nob10]. 

 The optical breakdown inside the focal region will give rise to mechanical effects such 

as bubble formation and the generation of a shock wave.  



 

- 70 - 
 

 After optical breakdown, a shock wave propagates away from the focal region and a 

bubble forms which continues to expand until it has consumed the available stored en-

ergy. The amplitude of the shock wave can be in the range of MPa and decreases with 

the distance from the focal region: Pressure   1/rn
 (where n is a decay constant with 

values between 1.13 and 1.12) 

 After maximal expansion, the bubble collapses and re-expands. The process continues 

until the stored energy has dissipated. At each collapse a shock wave is be emitted the 

amplitude of which decreases with every collapse (except the amplitude of shock 

wave that form at the first collapse whose amplitude is almost equal to the generated 

shock wave due to optical breakdown).  
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Chapter IV 
Optical parametric generator and 
amplifier based on a periodically 
poled magnesium doped lithium 
niobate crystal emitting microjoule 
femtosecond pulses in the short wave 
infrared2 

4.1 Abstract 

We present the use of periodically poled magnesium doped lithium niobate (PPMLN) 

crystals in the configuration of an Optical Parametric Generator (OPG) and an Optical Para-

metric Amplifyer (OPA) pumped at a wavelength of 1.03 µm by a diode-pumped solid state 

laser emitting microjoule femtosecond pulses in the short wave infrared range (SWIR). The 

set-up notably provides an emission wavelength of 1650 nm. This wavelength had been pre-

viously identified as being optimal for femtosecond laser assisted corneal surgery in the case 

of pathological, light scattering tissue. The laser and wavelength conversion system is com-

pact, rugged, and therefore potentially qualified for a use in clinical applications. 

4.2 Introduction  

Ultrashort pulse laser systems have been available in research laboratories since the 

1980s. Nowadays, most laboratory systems are based on Titanium doped Sapphire crystals. 

Although their performance is unparalleled what pulse durations and energies are concerned, 

they need to be pumped in the visible range of the spectrum. This typically requires the use of 

gas lasers or frequency doubled solid state lasers, which makes the development of compact, 

portable systems impractical. Direct diode-pumping of Ti:Sa lasers was realised only recently 

and needs considerable further improvement [Pwr11][Cgd12]. 

                                                           
2
 This chapter has been adapted from a manuscript which is currently in preparation for submission. Co-authors 

are Caroline Crotti, Florent Deloison, Jean-Pascal Caumes (NeTHIS), Fatima Alahyane, Antoine Courjaud (Am-

plitude Systèmes), Donald A. Peyrot, and Karsten Plamann. We would like to thank Marc Hanna, Institut 

d’optique Graduate School, Palaiseau, France for useful discussion and help with the experiments. 
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It was not until the first demonstration of diode pumped femtosecond lasers in the late 

1980s and their subsequent further development during the 1990s that industrial or clinical 

applications of ultrashort pulse lasers could be envisaged [Eso01]. Typical systems use Neo-

dym or Ytterbium doped crystals or fibres and have emission wavelengths just above 1 µm. 

Amplified systems can provide pulse energies in the µJ and mJ range with repetition rates up 

to several hundred kHz. Even though these laser systems are not able to provide extremely 

short pulses, they are convenient due to their compactness, robustness and their comparably 

moderate cost [Wsi12].  

Ultrafast pulse lasers may be used in materials processing, product marking, for the 

writing of waveguides and optical gratings and for many other applications including laser 

surgery. Since the beginning of the last decade several clinical laser eye surgery systems have 

been commercialised which namely offer routines for refractive surgery, corneal grafting and 

cataract surgery [Pla10][Hks09][Drd12][Koz13]. Most of these systems are based on diode 

pumped ultrashort pulse lasers emitting pulses in the µJ range at wavelengths just above 1 µm 

and have enjoyed considerable economic success.  

 In previous studies we have shown that the performance of these laser systems can be 

unsatisfactory when working on pathological corneal tissue (for corneal grafting) or on sclera 

(for glaucoma surgery) [Pla10][Dap10][Ccr13], as light scattering processes then degrade the 

quality of the surgical laser beam. We were able to identify a spectral window of relative tis-

sular transparency centred at 1.65 µm where light absorption is acceptably low and light scat-

tering is almost eliminated [Pla10][Dap10] (Similar arguments apply for crystalline lens 

where a wavelength at about 1.3 µm may improve the surgical laser performance for cataract 

surgery, see Appendix 1). 

Ultrashort pulse lasers with the required properties are not readily available for this 

wavelength range and therefore need to be developed. Laser emission at specific wavelengths 

may be obtained by fine-tuning emission spectra of existing laser materials or by the devel-

opment of new materials. In a joint research project, our project partners Morin et al. have 

developed an erbium-doped fibre laser emitting 2 µJ pulses with a central wavelength of 

1.6 µm at a repetition rate of 200 kHz [Fmo09]. 

However, these approaches remain limited in the choice of the output wavelength and in 

the accessible pulse energy. These limitations can be overcome by using conversion schemes 
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based on nonlinear optical crystals such as lithium niobate (LiNbO3), potassium titanyl phos-

phate (KTP), β-barium borate (BBO) [Sck11] [Cmc98] [Zsu07] [Ypu07] [Mjo03] [Mra02] 

[Vpe09] [ Mlb95]. These schemes are based on the principle of three-wave-mixing, where the 

pump beam is used to generate a signal beam at the desired wavelength. For reasons of energy 

and momentum conservation, an additional idler beam is created simultaneously at a fre-

quency corresponding to the difference between the pump and signal frequencies. When using 

monolithic crystals, phase matching has to be ensured by using birefringent properties of the 

crystals and maintaining defined angles between the pump and signal waves. Such optical set-

ups are somewhat complex and may require regular realignment. To overcome these prob-

lems, specially designed periodically poled crystals may be used in which the sign of the non-

linear susceptibility is reversed after every coherence length. This ensures quasi phase match-

ing, which compensates for the differences in phase velocities [Dsh07][ Rby97].  

The first OPG that uses PPMLN was described in 1997 pumped by a frequency doubled 

Er-doped fibre mode-locked laser [Aga97]. The system was able to produce nanojoule pulses 

with pulse durations of 300fs; emission wavelengths were in the range between 1-3µm and 

the repetition rate was 200kHz. T. Südmeyer et al.  developed an OPG system based on a high 

repetition rate (35MHz) Yb:YAG laser; the system was capable of producing higher average 

power pulses in tens of nanojoule at around 1.5µm [Tsü01]. In order to obtain higher pulse 

energies, the pulses generated by an OPG may be amplified in an OPA configuration. M. Ma-

rangoni et al. and J. Krauth et al. described the parametric process underlying the OPA archi-

tecture. The former used identical crystals for the generation and amplification of the pulses 

whereas the latter used a tapered fibre to create a super continuum that was then amplified in a 

crystal [Mma07][Jkr13]. 

In the present work we present OPG and OPA set-ups based on periodically poled mag-

nesium-doped lithium-niobate crystals (PPMLN, Mg~5%), pumped by a diode-pump solid 

state laser (DPSSL) system emitting at a central wavelength of 1030nm. We first present two 

different OPG set-ups that use PPLMN crystals with different grating structures. One of these 

crystals is then incorporated in an OPA configuration, which permits us to obtain pulse ener-

gies in the microjoule range which to our knowledge is the maximum pulse energy so far ob-

tained within this wavelength range with comparable systems. We have also investigated the 

capacity to control the emission spectrum by spectral filtering the OPG output signal before 

amplification. At the end we have also studied the effect of an unstable super continuum on 
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the overall performance and efficiency of the OPA and present results of surgical experiments 

that have been obtained on pathological human cornea. 

4.3 Optical Parametric Generator (OPG) 

4.3.1 Experimental Setup 

The schematic of the experimental setup is shown in Figure 4.1. For the experiments 

presented here we used a commercial laser system consisting of an oscillator and a regenera-

tive amplifier based on diode-pumped ytterbium-doped crystals (s-pulse HP, Amplitude 

Systèmes, Pessac, France). The system is capable of delivering pulse energies of up to 1mJ 

(1-2kHz) at 1030 nm with a spectral width of about 7nm having a TEM00 spatial profile with 

M2x=1.9, M2y= 1.1. The repetition rate is adjustable from 1 to 100 kHz with pulse durations of 

730fs at 10 kHz. For all the experiments presented here we have selected a repetition rate of 

10kHz, at which pulse energies of up to 400 µJ may be obtained.  

 

Fig. 4. 1: Schematic of the OPG set-up: The lens L focuses the pump beam inside the crystal. 
The generated signal passed through the high pass filter followed by the detector. 

For the OPG set-up (Fig.4.1), two periodically poled magnesium doped lithium niobate 

crystals (PPMLN, Mg~5%) were used (HC-Photonics, Hsinchu, Taiwan). Each crystal con-

tains six grating structures with different grating constants, for which the manufacturer values 

are shown in table 4.1. 

Crystal  Grating 1 Grating 2 Grating 3 Grating 4 Grating 5 Grating 6 

Crystal A 29.37µm 29.60µm 29.86µm 30.13µm 30.46µm 30.86µm 

Crystal B 24.00µm 24.50µm 25.00µm 25.50µm 26.00µm 26.50µm   

Table 4. 1: Gratings that are present on crystal A and B. 
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For each grating, the clear aperture is 22 mm² for an overall crystal length of 5 mm 

(± 0.2 mm) and a thickness of 2mm (± 0.05mm). The input and output facet were polished 

and coated with R<1% (1500-1800nm) for crystal A and R<5% (1200-1450nm) for crystal B. 

The crystals were mounted onto an electrical oven which permits the adjustment and the sta-

bilisation of the crystal temperature in a range from 60°C to 160°C. The pump laser emits a 

collimated beam with a diameter of 2.9 mm at 1/e2
. The beam was focused into the crystal by 

an chromatic doublet lens of 400mm (AC254-400-C-ML, Thorlabs, Newton, USA; L in the 

schematic) in order to obtain a nominal beam waist of 200µm. The output beams were then 

spectrally filtered by a high pass filter at 1200nm (FEL1200, Thorlabs, Newton, USA) in or-

der to remove the residual pump beam and light generated by second harmonic generation at 

515 nm. According to the data provided by manufacturer the band pass filter has high trans-

mission (above 50%) from 1200-2600 nm. The output beams were characterised using a 

power meter (PM100USB, Thorlabs, Newton, USA) or a spectrometer (AvaSpec-NIR256, 

Avantes, Apeldoorn, Netherlands). 

4.3.2. Results and Discussion 

Figure 4.2 shows the conversion efficiencies for crystal A and B. We have measured the 

combined pulse energies of signal and idler after the high pass filter. The linear fits to the ob-

tained results allowed us to determine the threshold pump energies and the conversion effi-

ciency. Thresholds lie in the low microjoule range for the two gratings on crystal A and B. 

Along with the measured data, we have also calculated and presented the energies of signal 

and idler by considering the transparency of the high pass filter. The transmission of the high 

pass filter was around 85% for the entire signal wavelengths produce by the four gratings that 

were used during this measurement, 39% for the idler produced by grating 30.46 and zero for 

other gratings. The corrected values that take into account the transmission of the high pass 

filter are also mentioned in the figure 4.2 (a-b). Table 4.2 summarized the conversion effi-

ciency for measured and corrected values, signal and idler produce by each grating and trans-

parency value of the high pass filter at given signal and idler wavelengths.(The transparency 

of the high pass filter from 200-5000nm is presented in Appendix 3).   

 

 

 

http://www.thorlabs.de/thorproduct.cfm?partnumber=PM100USB
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  30.13 µm 30.46 µm 26.5 µm 26.0 µm 

Measured efficiency (%)  17 (0.6) 17 (0.2) 15 (1.1) 17 (2.7) 

Corrected efficiency (%) 29 () 25 (0.3) 22 (1) 25 (4) 

Signal/idler values (nm) 1575/2975 1650/2740 1335/4505 1310/4815 

Transparency of high 

pass filter at each signal 

and idler wavelength (%) 
86/0 85/39 88/0 87/0 

Table 4. 2: Conversion efficiencies, the value of signal and idler generated by 

each grating and transparency of high pass filter for each signal and idler values.  

 

Fig. 4. 2: Signal and idler pulse energy versus input energy measured and corrected for two 

different gratings on each crystal: crystal A (a), crystal B (b).  
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Fig. 4. 3 (a) - (b): OPG spectrum measured for constant grating at different temperature: 

30.46 µm for crystal A (a) 26 µm for crystal B (b). 
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Fig. 4. 4 (a) - (b): OPG spectrum measured for different gratings at constant temperature of 

100°C for crystal A (a) and B (b).  
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Fig. 4. 5 (a) - (b): Temperature tuning curves measured for different gratings: crystal A 

(29.37, 29.60, 29.86, 30.13, 30.46, 30.84 µm)(a) crystal B (24, 24.5, 25, 25.5, 26, 

26.5 µm)(b). 



 

- 81 - 
 

Using an optical spectrometer we measured the signal spectrum for varying tempera-

tures for constant grating period (30.46µm for crystal A and 26 µm for crystal B) Fig.4.3 (a)-

(b), and for different crystal grating periods at constant temperature (100°C for both crystals) 

Fig.4.4 (a)-(b). The results show that in comparison to crystal A, the output wavelengths ob-

tained from crystal B do not depend much upon the temperature of the crystal or the grating. 

Finally, we complete the data set presented in Figure 4.3-4.4 for all the gratings at different 

temperatures. The central wavelength was obtained by finding the centroid of the measured 

spectra in order to avoid errors that might arise due to curve fitting some pre-defined function 

to the spectra Figure 4.5 (a)-(b). Figure 4.5 (b) shows an abrupt increase in wavelength at 

110°C and a decrease at 150°C, this can be attributed to the fact that the corresponding idler 

(around 5000 nm) interacts with the absorption band of LiNbO3. A likely explanation for the 

observed artefacts is that in this particular temperature range an additional thermal contribu-

tion by the absorption of idler creates additional non-linear effects resulting in the increase 

(110°C) and decrease (150°C) in wavelength. 

4.4 Optical Parametric Amplification (OPA) 

4.4.1 Experimental Setup 

The experimental setup for the OPA is shown in Fig. 4.6. A part of the pump beam 

(typically 5 or 10%) is retrieved by a beam splitting cube in order to pump the crystal 

PPMLN1. The output beam of PPMLN1 passes through a high pass filter (FEL1200, Thor-

labs, Newton, USA) in order to eliminate the pump beam and second harmonic. In the first 

stage the idler was removed from the signal beam path by using two dichroic mirrors M2 and 

M3. For some experiments a band pass filter (NB-1650-050, Spectrogon, Sweden) with a 

transmission of around 80% at 1650 nm was used which can be positioned between the ampli-

fication stages. (the purpose of this band pass filter is to control the spectral bandwith, see 

below). The output signal of PPMLN1 and the remaining pump beam (carrying between 90 or 

95% of the initial pump power) are then focused into the second crystal (PPMLN2). The de-

lay line permits to superpose the signal and pump pulse temporally.  
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Fig. 4. 6: Schematic of the OPA set-up: Stage1 contains M1, beam splitting cube, A1, nonlin-

ear crystal (PPMLN1), high pass filter, A3, bandpass filter, M2, A4 and M3. Stage2 

contains M1, beam splitting cube, M4, A2, delay line, M5, M6, M7, nonlinear crystal 

(PPMLN2), where M1- M7 are mirrors and A1, A2, A4 are focusing and A3, A5 are 

recollimation lens. M2, M3, M6 are dichroic mirrors and M2 M3 are highly reflective 

at signal frequency. 

4.4.2 Results and Discussion 

In order to set up an OPA system, at least two crystals capable of generating an identical 

wavelength are needed. We have investigated the use of crystal A in an OPA configuration as 

it permits to generate the wavelength which is of particular interest for corneal surgery 

(1650nm). (For the generation of the wavelength of 1300 nm, potentially useful for the sur-

gery of the crystalline lens, a system based on crystal B may be conceived). In order to study 

the wavelength conversion at this particular wavelength (1650 nm), the output of PPMLN1 

was filtered using the aforementioned band pass filter centred at 1650 nm. For all cases we 

measured the total energy of both signal and idler. All three possible configurations are pre-

sented in figure 4.7. In the first configuration we use PPMLN2 as an OPG as presented above 

(squares). The second configuration corresponds to the OPA without spectral filtering; the 

signal that was produced by PPMLN1 was fed into the PPMLN2 which amplifies the signal 

of PPMLN1. The combined signal and idler energies were measured and found to increase by 

a factor of thirteen (presented as triangles). Spectral filtering after PPMLN1 using the band 

pass filter results in slightly lower conversion efficiency (configuration 3, circles). We deter-
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mined slope efficiencies for our system which are low compared to those plotted in figure 

4.2(a). The reason for this is the long focal length (≥1000mm) of the lens used for this ex-

periment compared to the value of 400mm used for the experiments yielding the results pre-

sented in figure 4.2(a). 

 

Fig. 4. 7: Comparison of slopes when different configurations were considered: OPG 

(square), OPA with band pass filter (circle) and OPA without band pass filter (triangle) 

data points were obtained for crystal A. 

Fig. 4.8a shows the signal spectra obtained from the PPMLN1 crystal with and without 

the bandpass filter at 1650nm. In comparison to the OPG without the bandpass filter, the ob-

tained spectrum is narrower as it corresponds to the transmission spectrum of the filter. The 

spectrum of PPMLN2 was then studied for three different configurations. In the first configu-

ration we block the signal form the PPMLN1 which then produces the output spectrum shown 

in a solid line (figure 4.8b). We then focus the PPMLN1 signal without bandpass into the 

PPMLN2. For this configuration we observe amplification within spectral ranges outside of 

the spectral previously obtained from PPMLN1. The use of the bandpass filter after the 

PPMLN1 suppresses those side lobes.  
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Fig. 4. 8: Spectra obtained in different OPG and OPA configurations. OPG with and without 

band pass filter (a), OPA with and without band pass filter plus the spectrum of 

PPMLN2 without seed signal from PPMLN1 (b). 

 

M² values and spatial beam profiles were measured by using P8 BeamScope, DataRay, 

Bella Vista, United States and TeraCam, Mérignac, France (Fig. 4.9 and table 4.3). First we 

observe the spatial beam profiles of the beam for all cases (Fig.4.9). From this data we can 

say that the spatial profiles for all the beams are regular. The profile plotted in figure 8c has 

some apparent distortion at wings which may be attributed to average power levels which are 

below the sensitivity of the camera. The spatial profiles in both OPA configurations are not 

identical; the value of M² is different (table 4.3). The possible reason for this might be the 

additional amplification of different wavelengths when the entire spectrum of the PPMLN1 

signal passes through the PPMLN2 crystal in comparison to the case when only a narrow part 

of the spectrum (limited by the band pass filter) is amplified.  
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Fig. 4. 9: Spatial profiles (A) pump, (B) seed without filter, (C) seed with filter, (D) OPA 

without filter, (E) OPA with filter, (F) PPMLN2 (OPG and OPA signals were measured 

at a distance of 400 mm away from the crystal). 
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PPMLN1 

PPMLN1 

with filter 

OPA 

without 

filter 

OPA with 

filter PPMLN2 Pump 

M
2
 x 3.6 - 6.6 3.4 - 1.9 

M
2
 y 3.7 - 4.3 3.8 - 1.1 

Gain 1.25% 0.12% n.a. n.a. 1.29% n.a. 

Amplifier 

Gain n.a. n.a. 8.92% 1.40% n.a. n.a. 

Table 4. 3: Characteristics of the generated signal from OPG and OPA. 

  

Fig. 4. 10: Comparison of the slopes for OPG (square) and amplification due to continuum 

generation (circle). 

Recently, the use of tapered fibres has been demonstrated as the replacement of the first 

crystal [Jkr13]. In this configuration the broadband continuum created by the tapered fibre is 

feed into the amplifier crystal in order to obtain amplified signal. We performed a similar ex-

periment and evaluated the performance and efficiency of the OPA system when PPMLN1 is 

replaced by a substrate of silicate glass (Fig. 4.10) in order to generate a broadband contin-

uum. This study has been performed in two steps. First the conversion efficiency was evalu-

ated by measuring the total output energy (signal + idler) without feeding any signal from the 

continuum; in this configuration the second crystal acted as an OPG. In the second part we 

focused the pump beam inside the silicate glass in order to generate a broadband continuum. 
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A bandpass filter was used to filter the signal before recombination with the pump beam in-

side PPMLN2. We measured the output energy (signal+idler) after the PPMLN2 crystal with 

the silicate glass; the results are presented as in Fig.4.10. In this configuration we observed 

amplification by a factor of about 2. However, the continuum was not sufficiently stable near 

the generation threshold and the generated signal was therefore fluctuating. 

4.5 Conclusion  

 We have presented results obtained from optical parametric generation and amplifica-

tion based on periodically poled lithium niobate crystals.  

 In optical parametric generation we obtained energy of the order of several micro-

joules which may at least be doubled for optical parametric amplification. 

 The spectrum from OPA can be controlled by using a bandpass filter after the first 

stage. In our experiment it eliminates side lobes that were present before. However, a 

compromise needs to be made for power amplification. 

 An OPA configuration with a continuum comparison generated in silicate glass in the 

first arm and amplified PPMLN crystal has also been studied, but was found to be un-

stable in its output. 

 As a perspective, the achievable energy from an optical parametric amplifier can be 

increased further by using a stretcher and a compressor similar to chirped pulse ampli-

fication (CPA). This geometry is usually called as optical parametric chirped pulse 

amplification (OPCPA). By using this geometry the energy is increase by avoiding 

undesirable effects such as damage threshold of the crystal and group velocity disper-

sion (GVD) (Fig.4.11). 

 

Fig. 4. 11: Schematic of Optical parametric chirped pulse amplification (OPCPA). 
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Chapter V 
Cell viability in the endothelium of 
porcine cornea exposed to ultrashort 
laser pulses at 1030 nm.3 

5.1 Abstract 

We present a study on the viability of endothelial cells of the porcine cornea exposed to 

ultrashort laser pulses at a wavelength of 1030 nm. Two series of experiments were performed 

while varying pulse energy and distance of the impacts to the endothelium. For all combina-

tion of parameters we estimated the amplitude of the shock wave generated by the laser-

tissue-interaction process which is likely to be the cause for cell deterioration and death. Our 

results may help to define safe conditions for the use of ultrashort pulse lasers for the prepara-

tion of endothelial grafts. 

5.2 Introduction 

The human corneal endothelium is a monolayer of cells located at the posterior surface 

of the cornea, whose thickness of about 5µm represents only about 1 % of the total corneal 

thickness. The endothelium’s primary function is to regulate and stabilise the hydration of the 

cornea by continuously ensuring water and ion movements between the stroma and the aque-

ous humour in the anterior chamber. Maintaining a constant hydration level is crucial for the 

maintenance of corneal transparency. Human endothelial cells do not proliferate or regenerate 

in case of injury or cell death. The average endothelial cell density in healthy human cornea is 

about ~ 2500-3500 cells/mm
2
 [Pip11]. In the case of the death of individual endothelial cells, 

other cells extend their surface and cover the surface of the lost cells. Endothelial dysfunction, 

such as Fuchs’ endothelial dystrophy or endothelial failure secondary to pseudophakic bullous 

keratopathy [Aly04], can cause low visual acuity or blindness as endothelial pumping abilities 

are no longer sufficient to avoid stromal swelling, corneal oedema and loss of transparency. In 

                                                           
3
 This chapter has been adapted from a manuscript which is currently in preparation for submission. Zacaria 

Essaïdi, Caroline Crotti, Fatima Alahyane, Karsten Plamann, Laura Kowalczuk and Marie-Claire Schanne-Klein 

contributed to the work. We thank Gilles Thuret, Philippe Gain and co-workers from the research unit Biologie, 

Ingénierie et Imagerie de la Greffe de Cornée, Saint-Étienne university, France, for help with the cell staining 

protocol. 
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many of these cases, the only solution is surgical, with total or partial corneal grafting (kera-

toplasty) using donor tissue. Different kinds of keratoplasty can be performed surgically: total 

penetrating keratoplasty (a full thickness corneal transplant) or partial grafts like anterior la-

mellar keratoplasty (transplantation of the anterior part of the stroma, only in cases where the 

patient’s endothelium is still operational) or endothelial keratoplasty (transplantation only of 

Descemet’s membrane and the endothelium). These partial surgical routines (that address 

only the anterior or posterior part of the cornea) are performed increasingly often because of 

their benefits with respect to visual acuity and graft rejection [All07] [Grm06]. Among these 

techniques, the most frequently used are Deep Anterior Lamellar Keratoplasty (DALK), Deep 

Lamellar Endothelial Keratoplasty (DLEK), Posterior Lamellar Keratoplasty (PLK), De-

scemet Stripping Endothelial Keratoplasty (DSEK or DSAEK) and Descemet’s Membrane 

Endothelial Keratoplasty (DMEK) [Mpa13]. These grafting procedures can be performed ei-

ther manually with a microkeratome or by using ultrashort pulse laser systems [Osa06]. These 

laser pulses interact with the tissue only within a strongly confined region and can perform 

precise cuts inside the volume of the tissue. Originally developed for LASIK procedures, fem-

tosecond lasers are nowadays also used for corneal grafting and, more recently, for some steps 

in cataract surgery (incision, capsulorhexis, lens fragmentation) [Hks09][Pla10]. One of the 

main factors concerning the success of the procedure is the viability of the endothelial cells 

after the operation. Endothelial cell density changes after a corneal transplant have been 

widely studied [Wmb01], however, to the best of our knowledge, data concerning the correla-

tion between cell loss and pulse energy or depth of incision is still lacking. In this paper, we 

report on experiments assessing the viability of the endothelial cells depending on two differ-

ent variables (distance of the incision to the endothelium and pulse energy), with lamellar 

incisions (parallel to the corneal surface) on porcine corneas. The viability of the cells was 

assessed by using fluorescent markers and analysing the corneas under a fluorescence micro-

scope.   

5.3 Materials and Methods 

The experiments presented here were performed on porcine corneas. Porcine eyes were 

obtained under permission from a local slaughterhouse. The eyes were retrieved from young 

pigs with an average age of about 6 months. The eyes were transported to our site within 4 

hours and remained stored at 4°C.  A commercial laser system emitting ultrashort pulses at a 

central wavelength of 1030 nm with a spectral bandwidth of about 7.8 nm having spatial pro-
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file close to TEM00 and a pulse duration of about 730fs was used as a source (S-pulse HP, 

Amplitude Systèmes, Pessac, France, pulse durations measured by Pulse check, APE, Berlin, 

Germany). The repetition rate is adjustable from 1 to 100 kHz; a rate of 10 kHz was used for 

the experiments presented here (Fig.5.1). 

 

Fig. 5. 1: Schematic of the experimental setup: BE= beam expander, EL= epithelial layer, 

S= stroma , DM= Descemet’s membrane, E= endothelium, D= distance between laser 

spot and endothelium cells. M1-M3 are mirrors. 

After extracting the cornea from the porcine eye, the thickness of each cornea was re-

corded by using an ultrasound pachymeter (Tomey, Nagoya, Japan). For the experiments per-

formed to validate the staining protocol, the cornea was sandwiched between the two glass 

slips (Menzel Gläser, Saarbrücken, Germany). The laser beam was focused into the porcine 

cornea from the posterior side by using a microscope objective with a numerical aperture of 

0.45 (LCPLN-IR Olympus, Tokyo, Japan) which is optimised for the near infrared spectral 

range (Fig.5.1). The XYZ step motor module was controlled by a personal computer using the 

LabView programming language (National Instruments, Austin, USA). Routines were pro-

grammed as to produce planar (“lamellar”) cuts inside the volume of cornea with a spot-to-

spot distance of 3 µm. In total, twenty corneas were treated. The Hoechst/ethidium 

homodimer/calcein-AM staining described in Piparelli et al. [Pip11] was used to evaluate cell 

viability. The corneas, placed endothelial side up in a sterile petri dish, were incubated for 45 

minutes at +31 C with 125 µL ethidium homodimer-1 (4 µM) and calcein-AM (4 µM) in 

phosphate-buffered saline (PBS) (live/dead cells staining kit II, Promo Cell, Heidelberg, 

Germany).  After incubation, the cornea was washed in the saline buffer for 3 min. The cor-
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neas were then incubated for 15 minutes at +31 C with 125 µL Hoechst 33342 solution 

(4 µM) (Sigma-Aldrich, Saint Louis, United States). After gentle rinsing for 3 min, the cor-

neas were flat mounted between the two glass slips (Menzel Gläser, Saarbrücken, Germany) 

and then observed under a fluorescence microscope (Nikon AZ-100, Tokyo, Japan). Live cells 

were observed using the detection of the hydrolyzed calcein emission in green. The peak exci-

tation wavelength is 495 nm; it emits green fluorescent light with a peak of 520 nm. The nu-

clei of the dead cells were labelled with ethidium homodimer-1. The peak excitation wave-

length is 528 nm; it emits red fluorescent light with a peak of 617 nm. Finally, all nuclei were 

stained with Hoechst 33342 which is a vital nucleic acid dye. It is excited by ultraviolet light 

at around 350 nm and emits blue/cyan fluorescent light with a peak of 461 nm [Pip11].  

The image obtained on an untreated control cornea is shown in figure 5.2. Panel A 

shows fluorescence images at different magnifications. The green colour channel represents 

live cells, the red channel represents dead cells, and the blue channel represents the nuclei of 

all the cells which are alive, dead, and dying without metabolic activity. The regions devoid 

of endothelial cells appear as black in Panel A. Panel B-D show the separated green, red and 

blue channels. Going from lower to higher magnification, the green and red channels show 

that a small fraction of the cells within the folds of the endothelium have died. Panel D shows 

the nuclei of all cells and serves as a control measurement in order to avoid artifacts. As ex-

pected, the nuclei of the cells both in the red and green marked regions are marked blue. 

However it was found that that in the regions of the live cells marked green, the blue fluores-

cent intensity value of these cells is systematically about three times lower than the blue fluo-

rescent signal of the dying and dead cells (Panel E).  
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Fig. 5. 2: Control cornea without any incision/s observed by the microscope (Nikon AZ-100) 

(A) using the three different magnifications x2, x4 and x8 (first, second, and third rows).  

Green (living cells) (B), Red (dead cells) (C), Blue (nuclei of all the endothelial 

cells)(D). Nuclei visibility with respect to different magnification(E). Scale 

bar=1500µm, where the black part in the fluorescence image shows absence of endo-

thelial cells. 

Figure 5.3 represent a typical image obtained for a cornea in which two lamellar inci-

sions of 1000x1000 µm² were made. In addition to the effects described above for the control 

cornea, the cell viability is visibly affected at the incision area. 

Our observations concerning the experiments represented in figure 5.2 and 5.3 may be 

summarised as follows: 
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 The green, red and blue colour channels represent live cells, dead cells and the nuclei 

of all cells. 

 The black regions in the fluorescence images represent absence of endothelial cells. 

 The fluorescence intensity of the nuclei of dead or dying cells is systematically about 

three times higher than the live area in the control cornea and in the cornea which has 

undergone laser treatment. 

 The reasons for this are not known with certainty. However, it may be assumed that an 

increase in the Hoechst fluorescence intensity is linked with the cell damage due to 

reasons such as mechanical force, laser or extreme pH [Gilles Thuret and Zhiguo He, 

Saint-Étienne University, France, private communication]. The DNA of the cells un-

dergoing necrosis is then more strongly exposed to the Hoechst fluorescence marking 

than the live cells and therefore exhibit increased fluorescence intensity [Per]. 

 The small amount of dead cells in the folds of the untreated control cornea may be at-

tributed to the flat mounting process between the two glass surfaces (Figure 5.2 Panel 

A). This can also affect the viability of the treated area which can decrease the validity 

of our results. As our experiments do not require a flat corneal surface over the entire 

cornea, we subsequently refrained from flat mounting the corneas and observed the 

endothelium directly 
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Fig. 5. 3: Treated cornea with laser pulses that makes a lamellar incision of 1000x1000m2 

inside the volume of cornea. Fluorescence image observed by the microscope (Nikon 

AZ-100) (A), Green (living cells) (B), Red (dead cells) (C), Blue (nuclei of all the endo-

thelial cells)(D). Nuclei visibility with respect to different magnification (E). Scale 

bar=1500µm, where the black part in the fluorescence image shows absence of endo-

thelial cells. 

For the surgical experiments, after extracting the cornea from the porcine eye it is 

placed on the home made artificial chamber that was filled with BSS (balanced salt solution). 

A standard microscope cover slip with a thickness of 170µm (Menzel Gläser, Saarbrücken, 

Germany) was then placed on the surface of the cornea in order to obtain a flat surface. By 

using the same experimental setup, we focused the laser beam into the porcine cornea from 

the anterior side by using a microscope objective (LCPLN-IR Olympus, Tokyo, Japan) induc-



 

- 95 - 
 

ing lamellar incisions of 500 x 2000 µm² (Fig.5.4). The corneas were divided into three 

groups. A control group of 2 corneas was left untreated by the laser, a second group of 13 

corneas was treated with pulses of constant energy, and a third group of 11 corneas underwent 

the laser treatment at constant depth while varying the laser pulse energy. The corneas were 

stained and observed directly under a fluorescence microscope without flat mount. Figure 5.5 

represents the images that were obtained for control cornea. In comparison to the control cor-

nea that was obtained in figure 5.2 the fluorescence image obtained using this method is green 

everywhere with very few dead cells. 

 

Fig. 5. 4: Schematic of the experimental setup: BE= beam expander, EL= epithelial layer, 

S= stroma , DM= Descemet’s membrane, E= endothelium, D= distance between laser 

spot and endothelium cells. M1-M3 are mirrors. 

 

Fig. 5. 5: Control cornea without incision/s. The control corneas clearly show a uniform 

green area covered with live cells with very few dead cells at the periphery which are 

mainly due to the treatment/holder of the cornea. Scale bar=1500µm 
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Fig. 5. 6: Treated cornea with laser pulses that makes a lamellar incision of 500x2000m2 

inside the volume of cornea (total five in number as shown in figure). Fluorescence im-

age observed by the microscope (Nikon AZ-100) (A), Green (living cells) (B), Red (dead 

cells) (C), Blue (nuclei of all the endothelial cells)(D). Nuclei visibility with respect to 

different magnification (E). Scale bar=1500µm, where the black part in the fluores-

cence image shows absence of endothelial cells. 

Figure 5.6 shows the fluorescence image obtained for the treated cornea where panel A 

is the fluorescence image, panel B-D are the extracted green red and blue channels, and panel 

E represent the magnified image of the nuclei which show the same intensity difference al-

ready shown for figure 5.2-5.3. In comparison to figure 5.3 the image obtained for the treated 

cornea is green except at the incision area, which suggests that the omission of flat mounting 

has reduced artefactual cell death in endothelial folds. As the pictures are uniformly green, in 

the following, we will evaluate the percentage of surviving cells by quantifying the fraction of 

green pixels within the area of interest. The collected RGB images were processed and ana-

lysed using the software FijiImageJ [Jsc12]. The viability of the endothelial cells is related to 

the green channel, coded in a grey scale with a depth of 2
8
. Because of the slightly non-

uniform intensity of the excitation light over the analysed surface, each incision area was split 

into several equivalent regions of interests (ROI), in order to permit normalisation and binari-
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sation within ROI over which the excitation light intensity could be considered uniform 

within reasonable limits.  The same number and sizes of ROI were chosen for all the incisions 

examined on any single cornea (Fig.5.7A). A typical image is shown in Figure 5.7B. This 

image consists of areas covered by live cells and areas covered by dying or dead cells (or de-

void of cells in the case of very intense impacts). The histogram of pixel values for this pic-

ture show two distinct peaks (Fig.5.7C). ROI was then binarised using a manually chosen 

threshold between the peaks distinguishing live (white colour) and dead areas (black colour) 

(Fig.5.7D). The percentage of the pixels associated with a signal of the green channel is calcu-

lated through the available black area over the whole region of interest. By repeating the pro-

cedure for the remaining ROI gives us the mean live area and their standard deviation. The 

procedure proved to be robust and reproducible despite the subjectively chosen threshold. 

 

Fig. 5. 7: Different steps in image analysis: (A) the incision area is divided into 5 parts; (B) 

one image is selected from the set, (C) the gray scale histogram shows two peaks, one 

for the fluorescence of the live cells and the other for the residual light intensity corre-

sponding to the area without live cells; a point where it was possible to distinguish live 

area from the area without surviving cells was chosen as threshold, (D) the area occu-

pied by live cells is shown in black while the area devoid of live cells is shown in white. 

The percentage of the area occupied by live cells with respect to the total area may then 

be calculated. Under the plausible assumption of constant cell density over the ROI, this 

gives the percentage of surviving cells.  The process is then repeated for the rest of the 

ROI to obtain a mean value and their standard deviation.  
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5.4 Results and Discussion 

The results of our experiments are shown in Fig.5.8-5.9. Figure 5.8 was obtained by se-

lecting a fixed value for the pulse energy (16.5 µJ) and increasing the distance between the 

focal spot and the endothelial cells. For a distance of 50µm, the percentage of the surface oc-

cupied by live cells is very low. We also performed experiments for 100, 200, 300 and 

400 µm; with increasing distance the percentage of the surface occupied by live cells ap-

proached 100 %. For all distances we assume an error of 15µm which we attribute mainly to 

slight variations of cover glass thickness and spot positioning due to tissular inhomogeneities. 

We then calculate the means of the points for each distance the corresponding graph is shown 

in figure 5.8B. We then performed a complementary set of experiments by inducing a lamel-

lar incision at a fixed distance of 50µm from the endothelium while subsequently decreasing 

the pulse energy from 17 to 2.15 µJ (Figure 5.9). At 17 µJ, no cells survived. The percentage 

of surviving cells increased with decreasing pulse energy and approached 100 percent for 

pulse energies of about 5 µJ and below. We also calculated the mean of the individual data 

points and the associated standard deviation which are shown in figure 5.9B (calculated in the 

same way as that of Fig. 5.8B). The data points within the transitional region between 5 and 

16 µJ were omitted from this averaging process.  
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Fig. 5. 8: Percentage of surviving endothelial cells for incisions performed at pulse energies 

of 16.5µJ at variable distances from the endothelium (A), average values and estimated 

shock wave amplitude (B). 
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Fig. 5. 9: Percentage of surviving cells for incisions performed at a distance of 50 µm from 

the endothelium at variable pulse energies (A), average values and estimated shock 

wave amplitude (B). 

From both graphs it may be concluded that the surface fraction occupied by surviving 

cells increases with the distance of the impact from the endothelium (Fig. 5.8) and decreases 

with pulse energy (Fig. 5.9). In our experiment however the mechanism by which laser-tissue-
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interaction process induces cell death is not known with certainty and may not be derived 

from these experiments, it is likely that the shock wave created by the interaction process 

causes cell death. The shock wave is a mechanical effect and is supported by earlier experi-

ments using nanosecond laser pulses [Rau04] [Rau06] [Jon13] [Hel08] [Dik08], the results of 

which suggested that cell lysis may be attributed to shock wave generation and bubble forma-

tion. The amplitude of the shock wave amplitude can be estimated as follows: 

 The radiant exposure at the focal spot decreases with increasing depth within the tissue 

due to the broadening of the spot by light scattering processes. The radiant exposure at 

the focus of the laser beam positioned in the volume of the cornea follows a Lambert 

Beer law (Fig. 5.10) [Ccr13].  

 

 

Fig. 5. 10: Decrease of radian exposure versus depth. 

 

Here,      denotes the peak radiant exposure at a focal depth z in the tissue,    is the radiant 

exposure created by the unaffected laser focus, and   is a characteristic penetration depth. By 

using the Lambert Beer law, C. Crotti et al. calculated the value of the penetration depth for a 

number of human donor corneas. Experimentally, this value was obtained by making inci-

sions at different values of energy which resultant in different incisions depth. By making an 

exponential fit it was possible to determine the penetration depth [Ccr13]. (Fig.5.11) 
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Fig. 5. 11: By making incisions with different energy values will result in different incision 

length, making a fit to these values will result in penetration depth [Ccr13]. 

Based on these results, for the healthy porcine corneas used here we may assume a value of 

about 300µm for the penetration depth. We can then estimate the available radiant exposure 

for different distances from the endothelial cells (i.e. 50, 100, 200, 300 and 400 µm) used to 

obtain the results shown in figure 5.5A. By determining the ratio of this radiant exposure ( ) 

to the threshold radiant exposure (   ) required to create a bubble inside the cornea [Pla10] 

we can calculate the dimensionless parameter   /   . For the sake of comparison and later 

representation of our results we can also define   /   , where   and     corresponds to the 

energy that is required to produce radiant exposure   and    . 

 

Fig. 5. 12: Stress-wave amplitude at a distance of 6mm (in MPa) for different pulse durations 

as a function of dimensionless laser pulse energy where the red line represent the linear 

fit for the pulse duration of our laser source [Vog05]. 
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 This parameter can then be used to estimate the shock wave amplitude by using the 

data in Figure 5.12 (To best of our knowledge, precise data for shockwave by femto-

second laser pulses inside corneal tissue at pulse energies as high as those used here is 

not available.). The data presented in Figure 5.12 has been obtained for microjoule 

femtosecond laser pulses focused into water, shock wave amplitudes in the mega Pas-

cal were observed at a distance of 6mm in the direction perpendicular to the optical 

axis. Amplitude of shockwaves inside the cornea can be estimated by extrapolating 

data presented in figure 5.12 where we have also presented an approximate linear fit 

for 730 fs (the pulse duration of our laser source). 

 These experiments were performed in water under controlled focusing conditions. For 

these controlled conditions, calculations show that the shock wave amplitude in radial 

direction is higher than in axial direction because of the elliptical shape of the plasma 

generated by the laser pulse. These conditions are not verified in our case where the 

plasma is created in corneal tissue by a broadened and presumably irregular laser spot. 

In order to make a meaningful estimate for the average amplitude travelling along the 

optical axis towards the endothelium, we therefore renormalise the data for isotropic 

energy dissipation in order to obtain a mean value for our estimation. We can then es-

timate the resulting amplitude of the shock wave at the endothelial layer by consider-

ing a decay law of the form Pressure  1/rn
 where n = 1.12 [Vog05]. Because of the 

various uncertainties of the assumptions made for the estimation, we consider the pre-

dicted absolute values to be an estimation of order of magnitude. The values should 

however be quite consistent with respect to a relative comparison. It has also to be 

taken into account that at the high pulse energies used for some of our experiments, 

the laser beam can encounter non-linear effects such as self-focusing. Given the pre-

sumably irregular nature of our laser spot, optical breakdown at multiple sites may oc-

cur within the cornea leading to multiple shock waves [Hhu10] and anisotropic shock 

wave propagation [Vog05]. The whole estimation process in summarised in the fol-

lowing block diagram (Fig.5.13). 
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Fig. 5. 13: Different steps to estimation shock wave amplitude. 

The resulting values for different distances are tabulated in Table 1 and plotted in fig-

ure 5.8B. Figure 5.8B shows that for a value of around 27 MPa cell viability will be nil 

whereas for a value of around 7 MPa the percentage of surviving cells will be well above 

90%. 

 Distance 

(µm) 

Estimated shockwave amplitude 

(MPa)  

50 27 

100 14 

200 9 

300 7 

400 6 

Table 5. 1: Estimated shockwave amplitudes for the case of constant energy (16.5 µJ) and 

variable distance. 

Using the same method we calculated the estimated shock wave amplitude at the endo-

thelium for the case of constant depth and variable energy. The resulting values are tabulated 

in Table 2 and plotted in figure 5.9B. Again, below a value of about 7 MPa the percentage of 

surviving cells approaches a maximum value (>90%). 
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Energy 

(µJ) 

Estimated shockwave amplitude 

(MPa)  

14 25 

12 21 

10 17 

8 15 

6 12 

4 10 

2 7 

Table 5. 2: Estimated shockwave amplitude for the case of variable energy and constant dis-

tance of 50µm from endothelium cells.  

5.5 Conclusion 

 We have investigated the effect of ultrashort laser pulses on the viability of por-

cine corneal endothelial cells as a function of pulse energy and proximity of the 

incisions to the endothelium. 

 Our results show that under our experimental conditions, high pulse energies of 

about 16.5 µJ compromise the endothelial cell viability when the incisions are 

positioned within 100 µm distance of the endothelium. Likewise, at a distance of 

50 µm, cell viability was affected when using pulse energies of about 4 µJ and 

higher. 

 The exact mechanism responsible for cell death has not been identified conclu-

sively. However, it is generally accepted that the likely cause is shock wave 

creation during plasma creation and bubble formation. We have made estimates 

about the shock wave amplitudes having affected the endothelium in our ex-

periments. The onset of cell deterioration and death occurs at amplitudes of the 

order of 10
2
 MPa. 
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Chapter VI 
Dynamics of fs pulse interaction with 
corneal tissue and a collagen (type I) 
solution 

A note on authorship: This chapter presents a study on the interaction dynamics of fem-

tosecond laser pulses with corneal tissue and an aqueous solution of collagen. This study was 

initiated by our group; however, the experiments were conducted at the Institute of Electronic 

Structure and Laser at the Foundation for Research and Technology at Heraklion, Greece, 

during a two-week stay of myself and Tal Marciano, a previous PhD student of the group, 

under the supervision of Dimitris G. Papazoglou. The text below has been adapted from a 

draft manuscript4 to which he has made core contributions. Some of the results have been 

presented previously in the thesis of Tal Marciano. 

6.1 Abstract 

In this paper, we have dynamics of the interaction process of ultrashort laser pulses with 

porcine corneal tissue and an aqueous solution of collagen usind a pump-probe digital holo-

graphic method. The corneal tissue and the collagen solution showed similar interaction dy-

namics which were however significantly different from water.  

6.2 Introduction  

Since the development of compact diode-pumped ultrashort pulse laser sources in the 

late 1990s and the subsequent development and commercialisation of clinical laser systems 

for ophthalmology, those lasers are now routinely used in eye surgery [Pla10] [Hks09]. 

When an ultrashort laser pulse is focused inside a transparent tissue it creates a strongly 

localised plasma via a combination of multiphoton and avalanche ionisation processes. Above 

the threshold for optical breakdownn, a bubble is created and a shock wave travels into the 

medium away from the focal spot [Vog05]. Due to pressure imbalance between the bubble 

content and the surrounding medium this bubble can undergo several cycles of collapse and 

                                                           
4
 In in case of a submission of this text for publication,the likely order of authors is will be as follows: D. G. 

Papazoglou, S. Tzortzakis (IESL-FORTH), S.A. Hussain, Z. Essaïdi, T. Marciano, and K. Plamann (LOA). 
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expansion associated with the creation of shockwaves with oscillating amplitudes until the 

contents of the bubble is resorbed by the tissue and a permanent incision remains.. The exact 

nature of the laser-tissue interaction process and the quantification of the parameters involved 

still is a research subject of considerable interest. The different physical phenomena are usu-

ally studied by considering water as an equivalent to ocular tissue [Tju96], although differ-

ences may be expected in particular concerning the ionisation dynamics. In this paper we have 

studied the interaction dynamics for corneal tissue and a model solution of type I collagen 

using an pump-probe approach based on the principle of in-line digital holography. The re-

sults were compared to data for pure water. 

6.3 Experimental technique  

 

Fig. 6. 1: Pump-probe experimental setups, with an integrated in-line holographic micro-

scope for the observation of the transient dynamics in the focal area (a) transverse 

pump-probe geometry for the collagen solution (b) tilted 45o geometry in a strongly 
scattering cornea sample. 

6.3.1 Sample preparation 

For the experiments shown here we have studied a homemade collagen type I solution 

0.38% w in acetic acid and porcine cornea. The collagen solution was put in a rectangular 
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glass cuvette (12.5x12.5 mm
2
 with 2.5 mm wall thickness) permitting the unperturbed trans-

mission of light both from the front and back and from the sides (Fig.6.1 (a)). The porcine 

cornea was obtained from a local slaughter house were transport within 4 hrs and remain 

stored at 4°C. The cornea was sandwiched between the two microscope glass slips (Menzel 

Gläser, Saarbrücken , Germany). 

 

6.3.2 Experimental set-up 

 The experimental set-up is shown in Fig 6.1.(a). An amplified Ti:Sapphire laser system 

producing 35 fs pulses at 800 nm is used. The laser beam is split in two parts in a pump probe 

scheme. The pump beam is focused in the bulk of the sample via a 0.2 NA microscope objec-

tive. The collimated probe beam crosses perpendicularly the pump focal region at various 

delays, and the induced transient refractive index changes perturb its amplitude and phase. An 

in-line holographic microscope is then used to remotely retrieve high resolution holographic 

images of the perturbed probe beam along its propagation. By combining a number of these 

holographic images and applying a numerical iteration process, both the phase and the ampli-

tude of the probe wavefront are retrieved. Finally, the 3D distribution of the real and the 

imaginary part of the refractive index perturbation are revealed using Abel inversion. The 

technique is capable of measuring small transient changes (down to ~10
-4

) in both the imagi-

nary and real part of the refractive index of micron-sized volumes. A detailed description of 

the technique can be found in [Dgp08] [Dab11]. Such a detailed approach in not possible in 

the case of the cornea samples due to the strong scattering. In this case, as shown in Fig. 

6.1(b) we follow a slightly different approach. The cornea sample is placed between two glass 

slides and tilted at 45
o
 in respect to the pump and probe direction. This approach makes it 

possible to irradiate the bulk of the cornea and still being able to the perturbation of the probe 

beam in the focal area. Due to the scattering nature of the cornea sample any pump induced 

phase perturbation of the probe beam is practically lost but we are still able to monitor any 

absorption of the probe beam in the focal area. Regarding the temporal resolution this tilted 

approach, in combination with the scattering nature of the cornea sample, spreads the pump 

pulse thus reduces the temporal resolution in the initial excitation stage. 
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6.4 Results and discussion 

The normalized absorption of the probe beam in the excitation area for a 0.75 µJ pump 

beam is show in Fig. 6.2(a) for various delays. The traces are shifted vertically for visualiza-

tion purposes and refer to the longitudinal distribution, along the pump propagation direction, 

of the absorption of the probe beam. The exited focal area is clearly visible as an absorption 

peak at ~ -1.33 ps delay. As the delay is further increased the pump beam propagates to the 

right and the length of the exited region is increased reaching ~23 µm at 0 ps delay. The tran-

sient absorption dynamics induced by the propagation the intense pump beam in the cornea 

reveal the important role of nonlinear propagation effects. Similarly to polymers, such as 

poly(methyl methacrylate) (PMMA) [Dpa14], such intense beams excite electrons that due to 

the action of nonlinear propagation effects reach densities well below the critical density 

[Dpa14] [Dgp07] [Aco07]. The comparative temporal dynamics of the excitation and trapping 

in cornea and collagen solution, as it revealed through the normalized temporal evolution of 

the absorption in the focus area, is shown in Fig. 6.2(b).  

 

  

Fig. 6. 2: Normalized absorption signal in the excitation area (a) spatiotemporal evolution of 

the excitation in the cornea (b) comparative temporal evolution of the normalized ab-

sorption signal in the focal area for cornea sample and collagen solution.  
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The fast absorption increase near zero delay indicates the spatiotemporal overlap of the 

pump and probe beams and is correlated to the excitation of electrons though multi-photon 

absorption and ionization. The slower increase of the absorption signal in the case of the cor-

nea sample is a side effect of the tilted geometry and does not affect the post pulse temporal 

resolution. Interestingly the post pulse temporal dynamics of the cornea and the collagen solu-

tion are similar. The similarities in the post excitation temporal evolution of the absorption 

between cornea and collagen can are better visualized in Fig. 6.3 where the absorption values 

are normalized in such a way that the absorption in the secondary peak is similar. Following a 

fast decay, indicative of electron trapping, the absorption is increased exhibiting a secondary 

peak at ~ 2.5 ps delay. This increase in absorption is indicative of the formation a transient 

species or re-ionization of the medium. The whole effect starts from ~1.3 ps and washes out at 

~ 4 ps delay and we believe is related to a chemical decomposition [Dpa14] initiated by the 

dissociative attachment of electrons exited in the initial excitation stage. The transient absorp-

tion peak is shadowed if when the excitation energy in the collagen solution reaches 3 µJ.  

 

 

Fig. 6. 3: Comparative post excitation temporal evolution of the normalized absorption signal 

in the focal area for cornea sample and collagen solution. The absorption values are 

normalized at the secondary peak. 

 



 

- 111 - 
 

Finally, in the case of the collagen solution we are able to use the full capabilities of in-

line holography and retrieve the 3D distribution of the refractive index perturbation. The spa-

tial distribution of the transient refractive index change in the collagen solution is shown in 

Fig. 6.4. The transient refractive index change reaches values of -2 10
-3

. 

 

Fig. 6. 4: Spatial distribution of the refractive index (real part) after excitation of col-

lagen (type 1 0.38% w) solution. Pump pulse :  0.3 µJ  (35 fs, 800 nm), delay 

~0 ps 

The similarity in the temporal dynamics following the irradiation with ultra-short in-

tense pulses between cornea and collagen solution indicates that the collagen presence in the 

cornea strongly influences the photochemistry of the interaction at least at the first few tenths 

of ps. This hypothesis is strengthened by the fact that in both cases transient absorptive spe-

cies, even though their true nature is not clear yet, are formed ~2.5 ps after excitation.  

The observed temporal dynamics in cornea and collagen solution are distinctly different 

than that of water. To support this we can use some of our previous measurements  of the spa-

tiotemporal dynamics in water both unpublished and published [Dfa12] that are also sup-

ported by results published by other groups [Csc02] [Smi08].  
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Fig. 6. 5: Comparative temporal dynamics after IR fs excitation in water, cornea and colla-

gen solution. (a) linear scales (b) Log-Log scales. 

A direct comparison of the temporal dynamics after IR fs excitation in water, cornea 

and collagen solution is shown in Fig 6.5. Although our measurements for water reach 

up to ~ 1 ps there is a distinct difference between water and cornea/collagen. In water electron 

excitation is followed by a very fast trapping (<150 fs) followed by a secondary signal peak at 

~600 fs that we have related [Dfa12] to solvated electrons. The delay between the appearance 

of this secondary peak as a function of the input energy for water IR fs excitation using an 

axicon is shown in Fig. 6.6. This delay does not seem to depend on the input energy and is 4 

times smaller than the 2.5 ps delay of the observed cornea/collagen peak. 

 

Fig. 6. 6: Delay of the appearance of the peak related to solvated electrons for the experimen-

tal conditions of ref. [Dfa12] (for axicon case the 400 µJ input energy is comparable to 

our experimental conditions) 
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Our results for water are in agreement to published results of other groups [Csc02] 

[Smi08] as shown in Fig. 6.7-6.8. 

 

Fig. 6. 7: Signal scattered intensity. Similarities to our results: a minor (in this experiment) 

peak ~500 fs, no other significant peak from 1-10 ps [Csc02]. 

 

 

Fig. 6. 8: The absorption results are very similar to our measurements in water [Smi08] . 

In the future, two additional set of experiments will be performed. One on acetic acid 

acting as a control and other on various concentration of collagen dissolved in acetic acid act-

ing as a solvent. These experiments will highlight the laser dynamics of acetic acid acting as a 
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control and different concentrations of collagen solutions will help us to identify the concen-

tration that can produce/close to produce the laser dynamics inside the cornea.  

6.5 Conclusion 

 

 We compare the interaction dynamics of femtosecond laser pulses with water, colla-

gen type I solution and cornea. 

 Water which is usually use as a model substance for many studies of the interaction 

dynamics, in our experiment it was found that the interaction dynamics of water are 

quite different from those of cornea or collagen solution. 

 The dynamics observed in the collagen solution and in actual cornea was quite compa-

rable. 

 In future, different concentration swill be examined in order to investigate the best 

concentration that will mimic the laser dynamics inside the cornea and a control ex-

periment with only acetic acid.  

 In light of our present findings we suggest to use collagen type I solution as a model 

solution to study the dynamics inside the cornea instead of water.  
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Conclusion and outlook 
Since the development and commercialisation of the first ultrashort pulse laser system 

for creating corneal flaps for the LASIK
5
 procedure in refractive surgery in the beginning of 

the years 2000, their use in eye surgery has become current. Nowadays, they are used for cor-

neal as well as for cataract surgery. In recent years, our group has performed studies in view 

of improving the performance of these lasers in pathological and therefore strongly light scat-

tering tissue by notably by identifying optimal laser wavelength and by the development of 

appropriate laser sources. 

In this context, the present thesis has addressed three main objectives: 

 The development, optimisation and full characterisation of a compact, stable and 

robust ultrafast laser source that is capable of producing pulses at different 

wavelengths in the short wave infrared spectral range; 

 The study of the effect of ultrashort laser pulses on the viability of porcine endo-

thelial cells after different types of keratoplasty; 

 The study of the interaction dynamics of ultrashort laser pulses with tissue and 

collagen solutions and its comparison to the behaviour of water which has 

served as a model substance for many studies concerning the interaction of ul-

trashort laser pulses with matter. 

a. Results and conclusion  

Development of femtosecond laser source 

A laser source based on periodically poled lithium niobate crystals in the configuration 

of an Optical Parametric Generator (OPG) and an Optical Parametric Amplifier (OPA) has 

been developed. The crystals are pumped at a wavelength of 1.03 µm a commercial diode-

pumped solid state laser system. The developed laser source is able to produce microjoule 

femtosecond pulses in the short wave infrared range (SWIR). We have performed detailed 

characterisation measurements concerning output pulse energy, control of the central wave-

length and the output spectra, spatial profiles. The systems developed and refined during the 

                                                           
5
 Laser In Situ Keratomileusis 
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present thesis are notably capable of producing output pulses at a wavelength of 1650 nm with 

reasonable spectral bandwidth. This wavelength had been previously identified as being opti-

mal for femtosecond laser assisted corneal surgery in the case of pathological, light scattering 

tissue. The laser source is also able to produce 1300 nm which is may be of interest for opti-

mising cataract surgery assisted by ultrashort pulse lasers. The wavelength conversion system 

is compact, rugged, and therefore potentially qualified for a use in clinical applications. 

Cell viability in the endothelium of porcine cornea exposed to ultrashort laser 

pulses 

We have studied the effect of ultrashort laser pulses on the viability of porcine corneal 

endothelial cells. Incisions were performed in porcine cornea using ultrashort laser pulses at a 

wavelength of 1030 nm. The viability of the endothelial cells was evaluated using a fluores-

cence marking protocol. The percentage of surviving cells was determined as a function of 

pulse energy and the proximity of the incisions to the endothelium. For high pulse energies 

(~17J) induced at small distances to the endothelial cells we have observed cell death; the 

cells survived at lower distances or bigger distances. The observations were reproducible 

within reasonable limits. The exact mechanism behind the cell death is uncertain; it is how-

ever likely that it is related to the amplitude of laser induced shockwaves at the endothelium. 

Due to unavailability of reliable data concerning shock wave amplitudes at such high energy 

values inside the cornea we made an estimation based on data available in the literature. For 

our experimental conditions an onset of cell deterioration and death occurs at estimated ampli-

tudes of the order of 10
2
 MPa. Our study may help to define “safe” parameter values; further 

research is needed to identify the mechanisms responsible for cell death with certainty. 

Dynamics of fs pulse interaction with water, corneal tissue and a collagen (type I) 

solution 

We participated in a study aiming to compare the interaction dynamics of femtosecond laser 

pulses with water, collagen type I solution and cornea. This study has been performed at and 

in collaboration with the Institute of Electron Structure & Laser and with the implication of 

another PhD student of the group. While water had been used as a model substance for many 

studies of the interaction dynamics, it was found that the interaction dynamics of water are 

quite different from those of cornea or collagen solution whereas the dynamics observed in 

the collagen solution and in actual cornea was quite comparable. In light of our findings we 
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suggest to use collagen type I solution as a model solution to study the dynamics inside the 

cornea instead of water. 

b. Future work 

The work address in this thesis covers different aspects of the surgery of the anterior 

segment of eye assisted by ultrashort laser pulses. Further work should address the following: 

 The developed laser source can be used to study laser tissue interaction at differ-

ent wavelengths. It can be use to study the surgical outcomes at different wave-

lengths and studies can address the effect of different pulse durations. The latter 

can be increased and maybe decreased by using stretcher and a compressor. 

 The viability of cells can be studied further for different types of penetrating 

keratoplasty and mechanism of cell death can be studied in detail in order to de-

fine the parameters responsible for cell death. 

 Different concentration of collagen solution will be investigated in order to dis-

cover the collagen concentration whose dynamics replicate or close to replicate 

the interaction dynamics of femtoseoncd laser pulses inside the cornea. An addi-

tional experiment on acetic acid will be needed as a control.  
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Appendix 1: Transparency of porcine lens 

1.1 Introduction 

The crystalline lens is a biconvex transparent lens located between iris and vitreous hu-

mour. The anterior surface is less convex than the posterior surface and enclosed in a bag 

known as lens capsule, this bag is attached to zonules known as ciliary zonules (Fig.1.1).  

 

Fig.1. 1: The anatomy of crystalline lens (Modified from [Ecb13]). 

The main composition of crystalline lens is water (66%) and proteins (33%), while the 

remainder consists of ions, glucose, glutathione, inositol and various acids. The main function 

of the crystalline lens is to provide accommodation for the focusing of the image onto the 

retina. The crystalline lens is has rotational symmetry around the optical axis. Enclosed in the 

lens capsule are the epithelium and lens fibres formed by cells arranged in concentric layers in 

an onion-like arrangement.  

Although the structure of the crystalline lens is very different to the one of the cornea, a 

short range order within this structure is also likely to be responsible for its transparency 

[Gbe71] [Str62]. The existence of this short order was later confirmed by Delaye and Tardieu 

by using X-ray scattering techniques. They found that at high concentration of proteins (found 

in the crystalline lens) this short range order is sufficient to explain lens transparency 

[Mde83].  

The global transparency of the human crystalline lens is shown in Fig. 1.2 (solid line). It 

is transparent in the whole visible regime and less transparent in the infrared range. Above 
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about 1000 nm transmission decreases because of the increased absorption particularly of 

water.  

 

Fig.1. 2: Transparency of human crystalline lens [Eab62].   

The development of cataract decreases transparency in the visible regime (400-700 nm). 

Cataract can then be explained in terms of formation of high molecular weight aggregates. 

These aggregates scatter light and, depending upon the concentration of these aggregates, the 

image on the retina is consequently blurred [Gbe71] [Jaj75] [Asp84]. The development of 

cataract may be caused by age, disease, habits, location and genetic predisposition. Depending 

upon its nature and severity, cataract can not only affect light scattering but also the lenses 

ability to focus the light onto the retina. Research studies are being conducted in order to un-

derstand effects of different environmental influences on cataract formation which include 

ultraviolet exposure, calcium level, oxidative stress, formation of reactive oxygen species, 

selenite level and sugar/glucose level [Trs97][Krh98] [Mab11] [Pgs03] [Jpi11]. There are 

three main types of cataract which are classified with respect to the affected region of the lens. 

These are nuclear, cortical, and posterior subcapsular cataracts (Fig.1.3).  
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Fig.1. 3: Different types of cataractic lens [Mye]. 

If the cataract becomes severe, surgery is indicated. The contents of the lens capsule is 

removed completely and then replaced by an artificial lens usually knows as intra ocular lens 

(IOL) (Fig.1.4). The surgery can be performed by using ultrasonic phacoemulsification or 

assisted by ultrashort pulse lasers. The main steps that include the removal of the capsule con-

tents and its replacement with an IOL are: capsulotomy (to break up the crystalline lens into 

small fragments and opening of lens capsule from anterior side), making incisions on the cor-

nea to access the lens fragments, removal of fragments and replacing it with the IOL. 

   

Fig.1. 4: Intraocular lens (IOL) [Riv]. 

In comparison to underdeveloped countries where due to lack of facilities and aware-

ness the cataract usually become mature before it can be treated, in developed countries the 

crystalline lens is usually removed in early stages when it still is relatively transparent. In the 

experiments described below we have studied the transparency of fresh porcine crystalline 

lens. In analogy to our work on cornea, these studies may help to identify optimal wave-

lengths for cataract surgery.  
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1.2 Methods and materials 

The experiments presented here were performed on porcine crystalline lenses. Porcine 

eyes were obtained under permission from a local slaughterhouse. The eyes were retrieved 

from young pigs with an average age of about 6 months. The eye was transported to our site 

within 4 hours and used immediately.  

For the experiment we have used Petri dishes with optical quality glass bottoms (µ-dish 

35 mm high glass bottom, Ibidi, Munich, Germany). The bottom material is Schott boroslicate 

glass D 263M. The height of the Petri dishes was made shortened to just allow for the crystal-

line lens to remain covered in BSS (Balanced salt solution) solution. The crystalline lenses 

were held at a fixed position in the Petri dishes by an additional holder made of plexiglass 

(Fig. 1.5). This geometry is shown in the figure below.  

 

 

Fig.1. 5: Petri dish consists of glass bottom along with the holder made of plexiglass. 

In order to study the transparency of the crystalline lens in this geometry we modified a 

previously developed experimental setup in order to be operational in the vertical direction. 

The former setup has been presented in [Dap10]. The method is based upon the determination 

of amount of light that passes through the lens regardless of direction of propagation (total 

transmission) which is then compared to the light experiencing negligible deviation from ini-

tial trajectory (direct transmission). The whole measuring process yields the percentage of 

light that experiences light scattering deviating the propagation direction out of a small solid 

angle around the optical axis. 
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Fig.1. 6: Experimental setup, direct transmission (A), total transmission (B). 

Figure 1.6 shows the experimental setup. Fig 1.6A shows the measurement of the un-

scattered light through the crystalline lens. A continuous white light beam from a halogen-

tungsten lamp (W-Hal in Fig. 1.6) (Avalight-HAL, Avantes, Apeldoorn, Netherlands, spectral 

range: 360 to 2500 nm) is coupled into a multimodal optical fibre. With the help of lenses, the 

light beam at the output of the fibre is then collimated to a diameter of about 3 mm. The light 

transmitted by the crystalline lens travels along a distance of 750 mm and is then coupled into 

a split optical fibre with an entry diameter of 600 μm and two output fibres with diameters of 

200 μm. The solid angle (3x10
-8

 sr) was made identical to our previous study [Dap10].  

Figure 1.6B represents the experimental setup use for total transmission. The setup uses 

the technique described previously, however, due to sensitivity of our integration sphere 

(FOIS-1; Ocean Optics, Dunedin, Florida) we use a slight bigger pinhole for spatial filtering. 

This pinhole is sufficient for the integration sphere to show noticeable signal however a com-

promise was made on the spatial quality of the beam. In both experiments a reference meas-

urement (baseline) is recorded for the purpose of normalisation using the same Petri dish 

without the crystalline lens. Finally, the light was analysed by two spectrometers sensitive to 
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the visible and NIR light (400 to 1000 nm, AvaSpec 2048TEC, Avantes, Apeldoorn, Nether-

lands) and NIR-SWIR light (1000 to 1700 nm, AvaSpec-NIR256, Avantes, Apeldoorn, Neth-

erlands), respectively.  

1.3 Result, discussion and conclusion 

The result obtained on a porcine crystalline lens is shown in figure 1.7. The result we 

have obtained is similar to those already presented in the previous studies of Boettner and 

Wolter (Fig. 1.2) [Eab62] and also resembles the transmission of water [Dsa10]. 

 

Fig.1. 7: Transmission of crystalline lens (A), transmission of light through 3mm of thick 
layer of water (B) [Dsa10].  

The porcine crystalline lens is transparent up to about 900 nm, beyond which its trans-

parency decreases. Like for water and human crystalline lens we also observe secondary 

peaks around 1100 nm and 1300 nm the amplitude of which is however lower than water and 

human crystalline lens. The peak at around 1650 nm was not detectable in our case. While 

light scattering at 1650 nm is expected to be very low, the value of penetration depth limited 

by light absorption is also very low at this wavelength [Dap10]. By balancing between pene-

tration depth and scattering, 1300 nm could be a viable compromise for a use it for cataract 

surgery assisted by ultrashort pulse lasers, but further studies and refined measurements will 

be needed.  
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Appendix 2: Kerr effect 
Non-linear effects can influence the spatial and temporal properties of a propagating la-

ser beam.  Different non-linear optical effects have been described in chapter 3 of this thesis. 

One of them is the Kerr lens phenomenon which depends on the third order susceptibility     . 

When a high power beam passes through a medium having a positive      it will experience 

focusing towards the optical axis. In such a case the total refractive index of the medium can 

be written as:  

               , (Eq. Ap. 2. 1) 

where   is the total refractive index of the material,     is the linear refractive index, and    is 

the non-linear refractive index coefficient, and   is the intensity.  

In our experiments we have used beams with profiles close to a Gaussian profile whose 

intensity is higher at the centre than the periphery. If this beam is propagating through a me-

dium with positive third order susceptibility then the beam profile experiences self focusing 

towards the optical axis and the whole system will act as a gradient index lens. The formula 

that can be used to calculate the power for which self focusing occurs is given by: 

    
            

         
   , (Eq. Ap. 2. 2) 

where   is the wavelength of light. Interestingly, the above formula does not depend upon the 

diameter of the beam. It means that a beam with a large diameter will also experience self 

focusing if its power is greater than or equal to critical power.  

For a beam with a power just equal to critical power, the beam and will propagate with 

constant diameter. However, if the value is greater than the critical power it will continue self 

focusing until the beam will collapse and experience other nonlinear effects like the formation 

of filaments. 
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Appendix 3: Transparency of high 
pass filter  
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Appendix 4: NEXPRESSO Project 
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Introduction 

The eye is one of the most exciting sense organ of the human body which allows us 
to see the world surrounding us. Within the eye (figure 1), the cornea is the first 

biological tissue and a powerful optical element that accounts for approximately two-

thirds of the eye’s total optical power. It is a layered structure whose transparency plays 
a key role in vision. Many of its optical properties have been investigated in the past; 

however further researches remain to be performed to fully understand the related 

optical phenomena. One of these phenomena is with the scattering of light inside the 
cornea which is wavelength dependent. Hence the performance of the incisions 

performed using surgical lasers is wavelength dependent.  

 

 

Fig. 1: Anatomy of the eye (http://www.opticalmasters.com) 

 

Our previous work led us to identify a small spectral window of corneal 

transparency in the short wavelength infrared range (SWIR). In order to apply this 
finding to corneal surgery assisted by ultrashort laser pulses we developed a laser 

source based on non-linear optical crystals that permits us to produce laser pulses at the 

wavelength of 1650 nm. By the means of the multi-wavelength camera acquired within 
the NEXPRESSO project, several tasks were performed. In a first step, we developed a 

procedure to investigate different properties of the beam generated by non-linear 

optical crystals (periodically poled magnesium doped lithium niobate) in two different 
geometries known as optical parametric generator (OPG) and optical parametric 

amplifier (OPA). In this latest part of this project two tasks were investigated. We first 

performed an experiment to investigate the propagation of spatial frequencies within 
objects using a Fourier optical approach and to study the beam properties. We then 

investigated the beam spot size modifications after it propagation through the whole 

thickness of the cornea in order to study its degradation. 
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Summary of previous work 

1.1 Report 1: Analyses of the spatial beam profile of beams generated by 

a nonlinear optical system 

The multi-wavelength NEXPRESSO camera was used to perform analyses on the 
3D spatial profiles of the beams generated by a periodically poled magnesium doped 

lithium niobate crystal in the configuration of optical parametric generation (OPG). By 

improving the contrast of the images and analysing the 3D beam profiles, we were able 
to point out small distortions of the the spatial profile of the beam generated by the 

nonlinear crystal. 

 

1.2 Report 2: Optimisation of the laser beam quality and analyses of a 

scattering medium 

A new and improved procedure was proposed to treat the images obtained by the 

NEXPRESSO camera by using FLIR QuickReport. With the proposed technique, the 
processed images exhibit a better quality and can also be analysed by other software 

such as MATLAB to yield detailed information.  

In addition to the previous work dealing with a beam generated by a non-linear 

optical crystal, we completed the study by investigating the beam generated by an 
optical parametric amplifier (OPA). The obtained results showed that the generated 

beam properties were stable for more than 30 min as well as it spatial profile.  

In the last, we proposed an experimental setup that can be used to determine the 

spot size inside the biological tissue. A an anisotropic diffuser was used as test medium. 
The obtained results were in a good agreement with the orientation of the diffuser.  
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 “Laser beam and tissue characterisation for ultrashort pulse laser eye 

surgery” 

 

R&D lab: ENSTA ParisTech (Karsten Plamann, Zacaria Essaïdi, Syed Asad Hussain) 

Component supplier: NETIS System / ALPhANOV (Jean-Pascal Caumes / Bruno Chassagne) 

 

1.1 Abstract  

In this report, we describe an experimental setup which allows us to investigate the struc-

ture of the corneas by using Fourier optics. For this purpose, we measured the quality of the 

focal spot of a laser beam focused at the back of corneas using a microscope imaging geometry. 

The beam firstly crosses two microscope objectives set as an afocal system before being focused 

onto the NEXPRESSO camera sensor plane. As expected a broadening of the beam spot was ob-

served when we insert the cornea in the afocal system. In the next experiment, by moving the 

sample in the propagation direction, we imaged the focal spot at different planes inside the cor-

neas. The obtained results in terms of FWHM reveal similar evolutions for corneas, and that the 

camera was sensitive to the thickness variations of the corneas. 

1.2 Introduction  

In the framework of the NEXPRESSO project, we used the multi-wavelength 

camera TeraCam to investigate the biological tissues properties through optical means. 
At the beginning, we present the complete optimisation process used for the images 

acquisition of camera. With the help of the camera, we were able to investigate the beam 

properties at different wavelengths, mainly those used to perform refractive surgery in 
our research. For this purpose, different wavelengths in SWIR were generated by using 

non-linear crystals in a geometry based on Optical Parametric Generation (OPG) and 

Optical Parametric Amplification (OPA). This work helped us to fully optimise the beams 
quality: spatial profile and its stability. An experimental setup was proposed in order to 

determine the spot size of focused laser beam inside tissue. Results obtained on an 

anisotropic diffuser were in good agreement with the expectations.  

In this latest report, we describe experiments which use the abilities of the camera 
and the previous optimisations to investigate optical and structural properties of 

porcine corneas. By the means of Fourier Optics, we firstly investigate the focal spot of a 

laser beam focused at the back (endothelium) of corneas. Then, by moving the sample, 
we studied the changes of the focused beam at different depth of the cornea.  
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1.3 Materials and Methods  

For this study, healthy porcine eyes were obtained under the permission of local 
authorities from a local slaughterhouse. The thicknesses of the corneas were firstly 

measured by ultrasonic pachymetry (Tomey, United States). The corneas were then 

carefully extracted from the eye and washed in a balanced salt solution. For our 
experiment that requires a flat surface, these latest were sandwiched between two 

microscope coverslips (Menzel Gläser, Germany).  

 

 

Fig.2: Picture of a healthy porcine cornea set between two microscope coverslips. 

Figure 3 shows the experimental setup used to investigate the spot size of the laser 
beam inside the cornea as a function of thickness. A diode pumped femtosecond laser 

system emitting at the wavelength 1030 nm was used as a source. The generated beam 
was expanded with the help of a beam expander, then focused by the means of a 

microscope objective with a numerical aperture of 0.45 (Olympus, Japan) inside the 

sample (porcine cornea). The transmitted beam was then re-collimated by another 
microscope objective with a numerical aperture of 0.65 (Nachet, France) and finally 

focused by an achromatic doublet lens of 200 mm (AC508-200-C-ML, Thorlabs, 

Germany) onto the NEXPRESSO camera sensor. This latest focal plane correspond to the 
Fourier plane where one can observe the spatial distribution of frequencies of the beam 

transmitted through the sample structure located between the two microscope 

objectives. 

 

Fig.3: Experimental setup use to investigate the spot size of the laser beam. 
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1.4 Results and discussion 

Focal spot with and without cornea 

The laser beam spot sizes measured on the camera whose sensor was located at 
the focal plane were compared with and without sample as shown in figure 4. Figure 4.A 

represents the case of the focal spot of a beam propagating through the optical system 

without sample. Figure 4.B shows the case with a sample where the laser beam crosses 
the whole thickness of the cornea and focused on the endothelium.  

For both cases, an example of images obtained for the focused beam spot detected 
on the camera are given. The comparison of these images reveals a slight broadening of 

the focused beam spot when the cornea is placed between both microscopes objectives. 
This broadening is attributed to the structure of the cornea that affects the laser beam 

spot in the focal plane. 

 

 

Fig. 4: Schematic of the experimental setup used to investigate the structures of the porcine corne-

as. (A) Without sample in between the two microscope objective, (B) With the cornea in between 

the two microscope objective. 

The raw images acquired by the camera were processed and analysed using 
MATLAB software. The corresponding 3D profiles were obtained by converting the gray 

scale to Z coordinates. Figure 5 and 6 show the resulting 3D profiles measured for 
corneas with thicknesses of 641 µm and 867 µm respectively. For each case, the profile 

was normalized and compared to the one obtained without sample. In comparison to the 

focal spot in air the beam that passes through a clear cornea with a thickness of 641µm 
got broadened. For our application in corneal surgery, this broadening may affect the 

laser procedure in two different ways. First, the Strehl ratio will be lower which means 

that a higher amount of energy will be required to make incisions. The second point is 
that more energy will be dissipated in the vicinity of the incision, which can damage the 

tissue around it. The same phenomenon was also observed for cornea 2 with a thickness 
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of 867 µm (Fig. 6). For all cases, full widths at half maximum (FWHM) were determined 
on X and Y profiles. Figures 7 and 8 show the transversal cuts of the beam profiles at 

FWHM and clearly indicate a larger value for FWHM in the presence of the sample.  

 

 

Fig. 5: Comparison of the focal spot when it passes through air and cornea 1 (641 µm) 

 

 

 

 

Fig. 6: Comparison of the focal spot when it passes through air and cornea 2 (867 µm) 
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Fig. 7: Comparison of FWHM when the beam passes through the air and through the cornea 1 

(641 µm) 

 

 

Fig. 8: Comparison of FWHM when the beam passes through the air and through the cornea 2 

(867 µm) 

 

Spot size at different planes inside the cornea 

For the experiment shown in figure 9, we used the same experimental set-up as 

described previously (figure 3). However, to probe different planes inside the cornea 
and their effects on the beam spot, the sample was moved with a motorized z-stage. The 

thickness of the cornea was divided into 10 equally spaced planes. The beam spot at the 

focal plane on the camera associated to each position was recorded and processed to 
extract quantitative data such as the FWHM. The initial position (the zero) represents 

the posterior side (endothelium) of the cornea and the latest position represents the 

anterior side (epithelium). 
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Fig. 9: Schematic of the procedure that was use in this case. The thickness of the cornea 
was divided into ten equally separated planes. For each plane we imaged the focal spot. 
Where the zero represent the posterior side (endothelium) of the cornea and the highest 
position represent the anterior side (epithelium). 

 

For each cornea, a set of two measurements performed at different positions were 

taken into account. The FWHM was determined on normalized X and Y profiles of the 
beam spot approximated by a Gaussian function and averaged. The depth probing on the 

cornea allows us to investigate the changes the beam spot within a layered structure. 

The variation of the focal beam spot on the camera is given in terms of FWHM for each 
position inside the cornea. Figures 10 and 11 show the evolution obtained for a cornea 

(Cornea 1) with an average thickness of 641 µm and a cornea (Cornea 2) with an 

average thickness of 867 µm, respectively. For both locations within a same cornea, one 
can see the decrease of the focal beam spot size as we go towards the anterior side of the 

cornea. Since we are able to probe these changes for clear corneas, these results appear 

to be promising for oedematous cases and show that the camera resolution and 
sensitivity are appropriate for investigating the corneas’ properties. Due to the small 

variations in the FWHM values, additional corneas are under study. The wavelength 

dependence for this experiment is currently under investigation.  
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Fig. 10: Averaged FWHM values obtained along the x and y profiles of the beam spot measured on 

the camera. The full squares and triangles represent calculated FWHM for two different positions 

on the cornea of 641 µm thickness. The black line shows their average.  
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Fig. 11: Averaged FWHM values obtained along the x and y profiles of the beam spot measured on 

the camera. The full squares and triangles represent calculated FWHM for two different positions 

on the cornea of 867 µm thickness. The black line shows their average.  

 

On figure 12, we reported the averaged FWHM depth evolution obtained on both 
corneas (Cornea1 and Cornea2). The comparison of both measurements show a same 

trend in the FWHW values of the focal beam spot changes. 
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Fig. 12: Average FWHM for the case of cornea 1(641 µm) and cornea 2(867 µm). 

 

1.5 Conclusion  

In conclusion, we developed an experimental set-up to investigate the spatial 

frequency spectrum of beams having interacted with light scattering objects. A beam is 
firstly focused on the sample with a microscope objective, then refocused on the 

NEXPRESSO camera sensor (Fourier plane). The resulting beam spot in the Fourier 

plane was recorded and the collected images were processed using MATLAB software in 
terms of 3D shape and FWHM values. The results obtained show a broadening of the 

beam spot in the Fourier plane in presence of corneas with respect to the profile 

measured in the absence of the sample (in the air). The measurements were performed 
at different depths inside the cornea. The results are preliminary and will require 

additional measurement for stable statistics and a wavelength dependence study.  

 

Main conclusion 

By acquiring a multi-wavelength camera TeraCam under the NEXPRESSO project, 
several targets were achieved:  

 Beam characterization measurements 

After the full testing and characterization of the NEXPRESSO camera, a 

method to treat the obtained images was developed and optimised. The 
NEXPRESSO camera was used to investigate the beam quality of the laser beams 

generated by nonlinear optical systems. We have analysed different properties of 

the laser beam for our system developed for corneal surgery. We were able to 
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optimise the beam quality and to demonstrate the long term stability of the 
generated sources. 

The obtained results are promising and a paper will be submitted soon.  

 

 Tissue characterisation measurements 

We developed an experimental setup involving Fourier optics to in 
investigate the focal spot of a laser beam focused at the back (endothelium) of 

corneas. The corneas were extracted form healthy pig eyes. The set-up was used to 
investigate the changes in the spatial frequencies of objects placed in an afocal 

system. The presence of the a structured medium such as the corneas at the focal 

point showed the beam keeps it spatial symmetry but exhibits a broadening 
related to the structure of the corneas. Further analyses for edematous cases are 

under study.  

In a second experiment, we probed the FWHM of the refocused beam spot in 

the Fourier plane for several planes inside the cornea. The obtained results 
showed that the camera was sensitive to the changes in the thickness of the 

corneas, and the evolution of the FWHM with the thickness are reproducible. 

We further developed an digital holographic experimental set up for several 

wavelengths and associated numerical tools. It application to the study of corneal 
optics is currently underway. 
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