CHAPTER 1 INTRODUCTION 3

CHAPTER 2 ALL-SOLID-STATE LASER SYSTEMS 5

2.1 INTRODUCTION TO ULTRA SHORT LASER PULSES 5
2.1.1 EMTOSECOND OPTICS 5
2.1.2 UTRASHORT SOURCES 24
2.2 THREE ULTRA FAST LASER SYSTEMS 35
2.2.1 ND:GLASS FEMTOSECOND LASER 35
2.2.2 YB:KYW FEMTOSECOND LASER 38
2.2.3 Nb:YAG PICOSECOND LASER 39
CHAPTER 3 ULTRA FAST LASER TISSUE INTERACTION 41

3.1 HUMAN EYE AND THE STRUCTURE OF THE CORNEA 41
3.1.1 ANATOMY OF HUMAN EYE 41
3.1.2 SRUCTURE OF THE CORNEA 42
3.1.3 MLLAGEN 48
3.2 LASER TISSUE INTERACTION 49
3.2.1 POTOCHEMICAL INTERACTION 51
3.2.2 THERMAL INTERACTION 51
3.2.3 POTOABLATION 51
3.2.4 RASMA-INDUCEDABLATION 52
3.2.5 FHOTODISRUPTION 54
3.3 SECOND HARMONIC GENERATION IN COLLAGEN 57

CHAPTER 4 NONLINEAR LASER-TISSUE INTERACTIONS EXPERI MENTS 63

4.1 PREPARATION FOR EXPERIMENTS 63
4.1.1 ®RCINE CORNEA PREPARATION 63
4.1.2 KNIFE-EDGE METHOD OF DETERMINING THE FOCUS SIZE 64
4.2 COMBINED PLASMAAND SHG SIGNALS FOR DETERMINATION OF THE THRESHOLD 70
4.3 ULTRA FAST LASER AND MICROSCOPE SYSTEMS 85
4.3.1 XPERIMENT SET UP 85
4.3.2 XPERIMENT RESULTS 87
4.4 FECOND HARMONIC GENERATION IMAGING OF CORNEAL STROMA 89

4.5 $OT SPLIT GRATING 94



CHAPTER 5 DISSERTATION CONCLUSIONS 97
ACKNOWLEDGEMENTS 99
LIST OF FIGURES 101
LIST OF TABLES 105
PUBLICATION LIST 107

REFERENCES

109




Chapter 1 Introduction

The rapid development of femtosecond pulsed lasers has highlititg laser science in the past
decade. The femtosecond laser is becoming the most powestiulnient for people to research
the essentiality of the nature. Femtosecond lasers arerfubvtools not only for fundamental
research in nonlinear optics, chemical dynamics and lggectrometry, but also for novel
biomedical applications in mini-invasive surgery and sisoaging.

In parallel to the ongoing development of ultrafast lagstesn, applications in the medical field
are also being studied. Due to the transparency of therheyaato visible and near infrared light,
the ocular tissues are ideal objects for laser-based diagaastitherapeutic applications. In the
1970’s, Dr. Fyodorov, who comes from Russia, brought aboutpthetical application of
refractive surgery through radial keratotomy (RK). Thextn procedure is advent as
Photorefractive Keratectomy (PRK). Today, the procedussle e rapid visual rehabilitation,
minimal post-operative discomfort, and high predictabilityaser assisted in situ keratomileusis
(LASIK) have made it the most frequently performed refvacsurgical procedure with excimer
lasers. Recently, there has been increasing interestioring novel applications of fs lasers for
refractive surgery'] [%]. Initiated by multiphoton absorption and laser induced apticeakdown,
the high pressure laser plasma non-thermally dissodizedense corneal tissue thereby enabling
mini-invasive intrastromal cornea surgery. The ladfeted region is highly localized, leading
to precise ablation with minimized side effect§. [Theoretically femtosecond lasers offer
numerous advantages over excimer lasers, but a funddnsystamatical study concerning
ultrafast laser tissue interactions is crucial befgpplying the state of the art laser technology to
ophthalmic applications.

Our research group is good in the laser research field.h&Vve already developed a few

generations of ultrafast laser systems for medicsgarch. The last one is the outstanding all



solid state femtosecond Nd:glass laser systé. ifitegrated this laser with another Nd:YAG
picosecond laser to form the ultrafast laser system fofaber tissue interaction. Although the
shortest pulse duration directly produced by a laser up tdslateund five femtosecondy, [the
previous study from our group have already proved thawvéhiendred femtoseconds laser pulse
is more suitable for eye surgery. So the most interegiiigt of this study focuses on the laser
tissue interaction with the pulse width of the ulistflaser pulses ranging from 800 femtoseconds
to 20 picoseconds. The results from this dissertation alscecn another Yb:KYW femtosecond
laser

This dissertation is organized into three parts. The fiest introduces the three laser systems
involved in this study. All of them are diode pumped all &gliate lasers. The principles for
ultrafast lasers are presented. The chirped pulsed amiidificg@CPA) system is introduced. The
novel thin disk Yb:KYW regenerative amplifier system also described. The second part
includes the theoretical concepts about the laser tigstegaction. Since we used the
multi-photon microscope to evaluation the ablation effdw, basic concept about the second
harmonic generation is presented in second part. Theghitds the results of my systematical
experiments and the discussion. This study confirmeal mew way that the plasma mediated
ablation in the cornea is a function of laser pulse wihdmely the plasma spark and the second
harmonic generation signal were detected at the samee Tihe ablation threshold is proportional
to the square root of the laser pulse width, which is istex® with previous studies. The
dependence of the corneal ablation threshold on the deplie atroma is not significant in the

first 200 pm.



Chapter 2 All-Solid-State Laser Systems

In this chapter we introduce some basic concepts of tihe falst lasers. The group velocity
dispersion compensation is important for controlling the pwiséh in an ultra fast laser system.
This aspect is always given careful consideration wheigdig such a system. This is the first
part of this chapter. The principle of ultra short psilisealso introduced. The last part is about our

ultra fast laser systems that were used in our expatsn

2.1 Introduction to ultra short laser pulses

2.1.1 Femtosecond optics

2.1.1.1 Group velocity

The group velocity of a wave is the velocity with whible tvariations in the shape of the wave's
amplitude (known as the modulation or envelope of the wave) gatgp#hrough space.

Consider a dispersive atomic medium, or any other kindspfedsive wave propagating system,
such as a transmission line, optical fiber, or wavegBge'dispersive” here we mean any linear

system in which the propagation constdb{ ) as a function of frequency has any form other
than a straight line through the origin, it®5 « /c.

Suppose a gaussian pulse with the form

(w-wo)z]

£,(t) =expEl t2 + jawy ), E,(w) = exp[- =

passes into such a dispersive system, the output pulsetraiteling any arbitrary distance z

through the system is given By[
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where I'(2) is the modified gaussian pulse parameter after trayeli distance z, and where
Vw(a)o) =,/ ¥(w,) andv, (wy) =11¥" ()

the second term in the above equation expresses ¢hptilke envelop, which retains its gaussian
shape but with a modified pulse paramefe{z) , is delayed by the group delay tigagiven by

z

Vg ()

in other words, the pulse envelop appears to move forward awithid band group velocity

Vv, (@) given by

group delay t, = =YWY(w)z

a = 1 | :(d_&))
W(w)z (d¥/dw)|,, —d¥

group velocity v, (&) =

Figure 2.1: Group velocity.



2.1.1.2 Group velocity dispersion

The group velocity itself is usually a function of thawe's frequency. This results in the group
velocity dispersion (GVD), which causes a short pulséight to spread in time as a result of
different frequency components of the pulse travelingffareit velocities.

Consider the basic wave equation for a one dimensiaga&lstransmission in a dispersive

medium, the equation for the pulse enveIEQe,t) given by f]

0E(z,t) +i6é(z,t)_jﬂazli(z,t):0
0z v, ot 2 ot

[¢]
where v, and W" are both evaluated at midband= o .
If the third term in this equation equals zero, it is obgithat this equation is satisfied by any

solution of the form E(z,t) = E(Z—Vgt) . This is the group velocity concept for propagation of

the pulse envelopdé(z,t). It applies to much more than just the gaussian pulses.

If the third term in this equation is not equal zerentthe propagation system will have a “group

velocity dispersion”, in other words a variation of growgoeity with frequency. In the time

W' 9%E(z,t)

domain, the term | 7 PYE acts like a kind of generalized complex diffusion tédomthe

pulse enveIopeE(Z,t). It leads to pulse broadening, pulse compression, and puglsapiag

effects.



Figure 2.2: Group velocity dispersion.

2.1.1.3 Group velocity dispersion through angular gpersion

Through utilizing the spatial distribution of the freqog components behind the dispersive
element, angular dispersion has been advantageously usebtbfm time to resolve spectra or for
spectral filtering. Angular dispersion has the propertynogbducing group velocity dispersion,
this is interesting in connection with femtosecond optités $eems to be an undersired effect at
first glance. However, optical devices based on angular disperan be designed which allow a
continuous tuning of group velocity dispersion. This idea wiast fintroduced for the
compression of chirped pulses with diffraction gratingsThe concept was later generalized to
prisms and prism sequenc& Bimple examples for two and four prism sequencesgiaen in a
paper of R. L. Fork®]. From a general point of view, the diffraction probleande treated by

12].

solving the corresponding Fresnel integra]s[*]; [*4]. Another successful method is to analyze

the sequence of optical elements by ray optical techsigod to calculate the optical beam path



P as a function of frequency. We expect the responseydihear element to be of the form:

-iw(Q)

R(Q)e

Where the phase delal¥ is related to the optical pathlengtp Rhrough
Q

W(Q) = " Po. (Q)

We assume thaR(Q)is to be constant over the spectral range of inter@sth& it will be

neglected. We know that non zero tel(d;n/d g)n)klJ z O] of order n=2 are responsible for

changes in the complex pulse envelope. In particular
2 2 3 2
P P
d 2qJ(Q):£(2dPOL+Qd OzL = A 2d 2
dQ c  dQ dQ°" 2nc d )

is related to the group velocity dispersion parameter.

We can derive the relation between angular dispersion ang grelocity dispersion from the
following intuitive approach. Considering a light ray, whichnisident onto an optical element at

point Q, as shown in Figure 2.3.

50,5

e

Sl

Figure 2.3: Group velocity dispersion introduced by angular digpe



At this point we do not specify the element, but just assumakit causes angular dispersion.
Thus, different spectral components originate at Q undfarelift angles. The center frequency
o of the spectrum is described as one ray and an arbfteqyency 2 of the spectrum is
corresponding to another ray as shown in figure 2.3. The pl&e$ and S, ' are

perpendicular to the ray direction and represent planes viients of the incident light and
diffracted light respectively. SupposgiB our point of reference and is located d;r(co 1) where

QP, =l.

A wavefront $ of F(Q) at P is assumed to intersecﬁ (w)) at B. The optical pathlength

QP! is

QP! =PoL(Q)=Po (@ )cosa =Icosa
Which induces the phase delay as
Q
WY(Q) =—Ilcosa
C
The dispersion constant responsible for group velocitgedison can be achieved Iwofold

derivation with respect ta? :

2 2
J|na' 2d_a Qda; +Q cosn(d—aj
¢|™ %40 a0 do

__lg(da| Y
c (dQ|,

Where | represents the center frequency of the pulsdor which sina <<1. The quantity

sz

2 2.1)

(da’/dQ)Ld , responsible for angular dispersion, is a characteristiceoactual optical device to

be considered. The dispersion parameter is always negadiependent of the sign oda/dQ

and the fact that the dispersion increases with @asing distance from the diffraction point.
Therefore angular dispersion always introduces negativeupgrvelocity dispersion.

10



Differentiation of the above equation results in thedtdispersion order:

2 2 2 3 3
:—l—Jcosa {d_a] +3Qd—aoI z +sina 3d CZ+QOI C;—Q(d—a]
. c| dQ dQ dQ dQ? " dQ dQ
a

3 (daT da d2a
=— || — | +Q—
c|ldQ dQ dQ? .

d3y
dQs®

Prisms and gratings are the most widely used optical defaicesgular dispersion. To determine
the dispersion introduced by them we just need to spwfyuantity a () in the expressions

derived above.

2.1.1.4 Group velocity dispersion introduced by pgams

In most cases, one likes to control the group velocitpedtson, and at the same time avoid the
beam divergence introduced by angular dispersion. The sitnptacticable solution to this
problem is a sequence of two identical prisms that iaséej for the angular dispersion to be

compensateds in Figure 2.4 below.

11



Figure 2.4: Group velocity dispersion introducedheut net angular dispersion by a
two prism sequence.

The effect of the first prism is a disperser produgraup velocity dispersion as discussed in the
above section, while the second prism produces a paratf@itoray. The second prism’'s apex is

assumed to be located at the reference peoimtshn the Figure 2.3, so that the equation for the
group velocity dispersion can be applied for the group digpert order to deduceda'/dQ ,

we use the identity

da_dacn .,
dQ dn dQ

Where n is the refractive index of the prism mateal

dn _ A% dn

dQ 2mdd
is the material dispersiofihe quantity dt /dn may be determined from the actual geometry, i.e.,
apex anglé® and incidence anglev. In the case of a symmetrical beam path through thenpris
for the componento (it means minimum deviation) and an apex angle being chosthatsthe
Brewster condition is satisfied (this means minimurteatibn losses)'f], we have

- =2 =
dn dn? n

2
da _ da_2 (2.3)

12



Inserting equations (2.2) and (2.3) into equation (2.1), wegean

2
:—4ﬁ|[$ j
al

c (dQ
Expressed in terms of wavelengths as

)

B d/
For the third order dispersion term we obtain

d’y
dQ?|

d’y

w%@)=a§7

o 27TC2

Y dy
(M)_ng
]_ZA d dnd (2.4)
~ an n n— nadn
o {( ){ D 2n)} A dAJ}

In deriving equation (2.4), the terms that are usuallynach smaller magnitude than those
considered above were neglected. In order to decide whethgrrigns sequence can be used to
simply introduce the group velocity dispersion, we calteuthe ratio of the third and second

order phase terms in the Taylor expansion of the phase sespon

RP = b3—2
bz(Q_Cq)
_ W"'(M)‘|Q—cq|
W' ()
/]2
~l1- 90 (is—zn) A ——A A
dA|, dnj A
dAl,

here, |Q—cq| has been approximated by the spectral width of the puolse, and we have

used the identity|Acq| = (27I:)|A/l| |/(A Iz). It is obvious to say, both the pulse characteristics

(relative spectral width/, / A,) and the material parameters determine to what extergrism

13



seqguence can be regarded as a group velocity dispersinargléAs an example, one finds R

0.1 for 20 femtosecond pulses at 620 nm for fused silica. Niy itz influence of higher order
dispersion is more critical in dispersive devices in ldmer resonator than in extra cavity
application.

The prism introduces group velocity dispersion through anguaediion was discussed only so
far. In practice, however, the beam also passes throwght@in amount of glass in each prism
that causes the dispersion. Suppose L to be the cuneutatan glass path; then the additional

second order dispersion parameter is

Y, (wl)‘dg22 nL)

o

Expressed as a function of wavelength:

/]3 dzn
Y. @)=t dA?|,

The third order dispersion term for glass is:

d® Q d2n d®n, L
— (=nL)=(3 —
dQs(C )= sz dQs)

W (@)=

Expressed as a function of wavelength:

W AZ 2d2n 3d3n
(CU])— (2 ) |:3/1| dAZ +AI d/13:|L

So that the total dispersion of the prism sequence is:

tht(Q)~ [Ln" 4n'2I] (2.5)
and
;gt(w,)~(2 e [12(n’2[1 AR (= 2n]+ Ann") - L@ +An")] (2.6)

m

To simplify the notation, we have introducenl , n" and n” for the derivatives of n with

14



respect to A taken at A |. Since the angular dispersion always results in neggtou velocity
dispersion, positive group velocity dispersion is in théblasand near infrared spectral range
where dn/dA %0 is given by the finite glass path. This sign differeirceéhe types of group
velocity dispersion offers the possibility of tuning thewugrorelocity dispersion by changing the
cumulative mean glass path. Simply translating oneefptisms perpendicularly to its base is a
convenient method, which alters the glass path while ke¢péngeam deflection constant. It will
generally be desirable to avoid a transverse displacesfhapiectral components at the output of
the dispersive device.

In this section we have derived approximate expressiordidpersion terms of second and third
order. It is also possible by methods of pulse tracing throlgtptisms to determine the exact

phase factor at any frequency and angle of incideic€f; [*; [*; [*].

The more complex
studies revealed that the group velocity dispersion aadrdalio R depend on the angle of
incidence and apex angle of the prism. In addition, any deng&afrom the Brewster condition

increase the reflection losses. The optimization efghism separation |, the glass pathlength L,

and the material for the prism are particularly for ge@eration of sub 20 femtosecond pulses in

lasers %); [*].

2.1.1.5 Group velocity dispersion introduced by griéng

Compared with prisms gratings can produce larger disper3iba resulting negative group
velocity dispersion was first introduced by Treacy to press pulses of a Nd:glass las&}. [In

total analogy with prisms, the simplest practical sohlutconsists of two identical gratings
arranged as in Fig. 2.5 for zero net angular dispersion. Throaghgd the frequency dependent

ray path we can determine the dispersion introduced byrafparallel gratings. The optical

pathlength B. between point A and an output wavefroﬁi) is frequency dependent and can

15



be determined with help of Figure 2.5 to be:

b

POL(Q) = ACP = m

[1+ cos(@ +,8+a} (2.7)

where B is the angle of incidencep +a is the diffraction angle for the frequency component

Q and b is the normal separation betwegra@ G.

Figure 2.5: Group velocity dispersion introduced without ngukam dispersion by two parallel

gratings.

If we just consider the first-order diffraction, thecitbence angle and the diffraction angle are
related through the grating equations

27TC

sinB-sing =-—— (2.8)
wd

and

. e __2_77(:

sing-sini@ +a)= od (2.9)

Where d is the grating constant. Grating can introducadaiitional phase shift of 2 at each

16



ruling of G, [*]. For this reason only the relative phase shift acr@ matters. We may
simply consider the rulings from the intersectionhaf hormal in A with G. Thus, we find forW
(Q):

Q b :
W(Q)=—PF, (Q) +2ﬂa tang + () (2.10)

C
Becausea =a (Q) with a (w|) = 0, the second derivative df can be obtained from

equations (2.7) to (2.10) and reads

d2y| A [Al T b 1
=- A 2.11
d§22|[q 2 Jrr (2.11)

where we have introduced the parameter r =142 (v d) — sinB ]°= co$ B ".

In equation (2.11), b/? is the distance between the two gratings along thetrigguency

=w ). The third derivative is

d*w| _ 3) Al(/ll . ] d?y
5| =~ r+—| —-sing 5
do’|,  2mr| dld dQ?|,

To decide when the third term in the expansion of the@hasponse of the grating needs to be

(2.12)

considered we consider the ratio

_|b(@-@)’|_|¥ (« || = Acq Lo A0 /d=sing)
b, (Q-a)’| 3% («) 1- (A /d—sinB

It is possible to minimize the ratio of second and third odigpersion by changing the grating

R =

constant and the incidence angle. For example, Wty /¢y = 0.05, A /d= 0.5 and B =0

degree we haveR; =0.07.

In practice, gratings rather than prisms are usedh®ishaping of high power laser pulses. The
reason for this is to avoid undesired nonlinear optical affiecthe glass material of prisms. The

shortcoming of gratings is the total transmission throauginating pair is considerably smaller as

compared to a pair of prisms. Usually this value does nateekB0 %. Therefore, and because of
the easy tenability, prism sequences are used inttpcavi

17



The spectral components at the output of the secatihgrhave transverse displacement. This
transverse displacement can be compensated by using twoopajratings in sequence or by
sending the beam once more through the first gratingAsia result, the overall dispersion then
doubles. Tenability is achieved by changing the grating seépard. The group velocity

dispersion introduced by grating is always negative.

2.1.1.6 Group velocity dispersion introduced by Grs-Tournois interferometer

The Michelson interferometer can be used to deternhi@elispersion of a mirror. A symmetric

interference pattern can only be achieved in a well corapethsvichelson interferometer with

identical mirrors in both arms, which are broadband. A Midrelsterferometer can be a tool to
split a pulse and to generate a certain delay betwedwathgartial pulses.

The Gires-Tournois interferometer is one type of ietenfneter that can be used for pulse
shaping. Its striking feature is a very high and almoststeot amplitude transmission

accompanied by the ability to tune the spectral phasénconisly. For this reason, it can be used
to control the group velocity dispersion in a femtoseconet lesa similar manner as prisms and

gratings. The structure of a Gires-Tournois is showtherFigure 2.6

18
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Figure 2.6: Schematic diagram of a Gires-Tournois inanieter.

A Gires-Tournois interferometer has one mirror withefiection coefficient of 1. This is mirror
M. in Figure 2.6. Consequently it is used in reflectionthis case the transfer function is given
by

—iw) _ T

RQ) e -——iél (2.13)

where & is the phase delay between two successive partialsathae leave the interferometer
and r is the amplitude reflection of ;MThere is no change in the pulse energy because the
reflectivity of the device is |R| =1. From equation (2.18)kmow the phase response is

(r*-Ysind
2r - (r’+1cosd

YQ) = —arcta{
Which gives for the quantity responsible for group velodigpersion

d2 _ 2r(r*-1sind dé—‘

do?2 P(Q)  (L+r1 - 2r c0sJ)> do

It is obvious that the group velocity dispersion can leeth continuously by adjusting which

W Wi
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can be either through a change of the mirror separatitmaargh a change of the incidence angle.
Gires and Tournois?] introduced this device to adapt the pulse compression teehnipd in
radar to optical frequencies. Duguay and Hansen appliegiilse compression for lasers for the
first time [2. If the pulse durations are on the order of several hungiemsecond then the
mirror spacing needs to be on the order of a few millimetétbe pulse durations are on the
order of several hundred femtoseconds then the mirror spaeeds to be on the order of few
microns. It is nearly impossible for real implemeiatat Heppner and Kuhi*{] resolved this
obvious practical difficulty by designing a Gires-Tournoisrifeimeter on the basis of dielectric
multiplayer systems. The structure is shown in Figure Thé.100% mirror M is a sequence of
dielectric coating with alternating refractive index depakib@ a substrate. A certain spacer of
optical thickness d consisting of a series &f/2 layers of one and the same material is placed on
top of M,. The partially reflective surface Ms realized by oneX /4 layer of high refractive
index. Through changing the incidence angle and the number esphssugh the interferometer,
the dispersion of this compact device can be tuned. Figureh@wssa possible arrangement

which was successfully applied for group velocity dispersidjustments in femtosecond lasers

[24].

substrate

Figure 2.7: A Gires-Tournois interferometer for femtosedasdr pulses using dielectric
multiayers.

20



2.1.1.7 Dispersion Compensation in ultra fast laseravity

Dispersion compensation is one basic aspect for ulitddaer systems. For getting the ultra fast
pulse the dispersion compensation inside the laser calidyld be very well. Here are some

simple and practical methods to discuss in this part.

2.1.1.8 One assumption of the dispersion in the lkascavity

A basic assumption that underlies many designs for chirped-puatgsification of ultrashort
pulse is that a Taylor’s series expansion of the disgedsly of each optical component is well
behaved. Here, the meaning of well behaved is that feetedf each term in the expansion
produces a significantly smaller pulse broadening or distod@mpared to the effect of the
previous term. The phasé, accumulated by a pulse in a given optical element, can be

expressed by a Taylor’s series expansion as

_ op| 10%
(ﬂ(a))—(ﬂ(wo)"'%w(w w0)+56a)2

10°% 5 4
(W-w,)? += (w-w,)® +O0(Aw")
30w’

w0
herew describes the angular frequency ang describes the center frequency of the expansion.
While the first term of this expansion is a constant the second term expresses an overall time
shift of the pulse, the other terms represent distatiorthe shape of the pulse. The group delay

dispersion or quadratic phase is the coefficient oftilvd term. The cubic phase is the coefficient

of the fourth term, and so on. The dispersive delay iseetka the accumulated phase by

So that the dispersive delay can be representéd]as [

21



10%
W= wy)’ +=
(@ ap) 3 o’

a0 w0

3
L1009
21 0

(w_ wo)3

(w_wo)

_O0p| 0%
r(@) = aw‘m Y

+0O(Aw*)

(2.7)

This basic assumption is that a Taylor’s series expan$ithe dispersive delay is well behaved
in the sense that each phase order in the expansioncpsodu effect on the pulse that is

significantly smaller than the effect of the previauder. That is,

10°
(w—wy)?>> §—aaj“0 (=)
. [4Y)

1o
21007

2
0 (Z (w_wo) >>

w0

Over the bandwidth of the pulse.

This assumption depends strongly on the duration and bandefitle pulse. For example, if a
spectrally limited Gaussian pulse centered at 795 nm hadgtiah full width at half maximum
(FWHM) of 100 femtoseconds and propagates through 1 cm of §ils=] a material that easily
satisfies the basic assumption, the intensity profiesgentially unchanged. But if the same pulse
with FWHM of 10 femtoseconds passes the same fused, sltieantensity profile broadens to

over 100 femtosecond FWHM.

2.1.1.9 Group velocity dispersion introduced by pms

In most cases, one likes to control the group velocitgedton, and at the same time avoid the
beam divergence introduced by angular dispersion. The simpfacticable solution to this
problem is two identical prisms sequence that is adjustecthe angular dispersion to be
compensated. The total dispersion of the prim sequent® is |

A

- [Ln" - 4n’2I]

(W) =

2

Here, n'and n" is the derivatives of n with respect to taken at A,. While the angular

dispersion always results in negative group velocitpetision, the finite glass path gives rise to
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positive GVD in the visible and near infrared spectral rafiggs sign difference in the types of

group velocity dispersion offers the possibility of tuning D by changing L and |.

2.1.1.10 Group velocity dispersion introduced by gtings

To produce larger angular dispersion than prisms and in ¢edewvoid undesired nonlinear
optical effects in the galss material, the gratingsnarenally used outside of the laser cavity. The

group velocity dispersion introduced by a gratings pair is:

d?w| _ /1, (/1] b1
= =

dQ |a4 Jrr
where the parameter r = éds" and b/\/F is the distance between the two gratings along the ray

at Q=ow,

2.1.1.11 Group velocity dispersion introduced by GI'mirrors

The Gires-Tournois interferometer is one type of ietenfneter that can be used for pulse
shaping. Its striking feature is a very high and almoststeott amplitude transmission

accompianed by the ability to tune the spectral phastnuiously. For this reason, it can be used
to control the group velocity dispersion in a femtoseconet lesa similar manner as prisms and

gratings. The group velocity dispersion introduced by the r@frbrs is:

d2 LP( ) _2r(r*=1sind dd‘
dQZ @+r —2r cosd)?®

where & is the phase delay between two successive partialsathae leave the interferometer
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and r is the amplitude reflection of the 100% reflectiomanir

2.1.2 Ultrashort sources

2.1.2.1 Mode locking

A broadband gain medium is required by a mode locked femtoddaser, which will sustain
over 100,000 longitudinal modes in a typical laser cavity. Tim t@ode locking originates from
the description of the laser in the frequency domdime sum of the radiation of each of
longitudinal modes makes up the emission. In a free runnimy, I phases of a comb of
equally spaced modes (frequency spatjncan be a set of random numbers. The time domain
transformation of such a frequency spectrum is an tefiseries of identical bursts of incoherent
light, spaced in time bykr=2n/A, which is the time needed to complete a cavity round Mqde
locking, which forces all the modes to have equal phagdieisnin the time domain that all the
waves of different frequency will add constructivalyone point. The result is a very intense and
short burst of light. An over whelming proportion of ultraghepurces is based on some mode

locking mechanism.

2.1.2.2 Passive mode locking

In order to favour operation of pulsed over continuous radiaiome intensity dependent loss or
dispersion mechanism is used in the case of passive mokiagloéctive mode locking is
another type of mechanism: a coupling is introduced betweagity modes, locking them in

phase. In hybrid and doubly mode locked lasers, both mechaofsmede locking mentioned
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previously are used. In parallel to this categorizatiomdtive and passive lasers, one can also
classify the lasers as being modulated inside (the masinon approach) or outside (usually in a
coupled cavity) the laser.

A gain medium and a positive feedback element are two édseminponents in the cavity of a
passively mode locked laser. In the case of the lattbgsita device or material that has losses
decreasing with intensity or energy. Because of therpssiye decrease in attenuation, a positive
feedback element has the effect of sharpening the leadieof a pulse.

Gain saturation also has effect on the pulse evoluiagpod example is a laser with a saturable
absorber. In the time after the absorber has bleached, itharnet gain inside the cavity. In the
time before absorber recovers (within a tiR)ethere is also a net gain for any disturbance that
follows the pulse in the cavity. It needs a time, whibé saturation energy density has been
reached in the gain medium: VVJFWSQ, Let us define this time aést For best cavity conditions,
saturation in the gain medium will be reached at @ ting> t,. Because the laser pulse is being
amplified, it will deplete the gain medium. The ressiléa net negative gain in the cavity, in which
small disturbances will be damped. It is essential Herdperation of a passively mode locked
laser that the gain saturates at a higher energy ti&rcharacteristic energy of the positive
feedback, to ensure a time windoytt t during which pulse amplification can occur. In this
time window, the losses are saturated, as the gaindiagensaturated. In this time window the
pulse leading edge steepens. New gave a detailed anadyticaumerical treatment of the pulse

evolution because of saturable gain and absorptipfff].

2.1.2.3 Elements of a femtosecond laser

A femtosecond laser has a few basic elements:

A broadband gain medium
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Alaser cavity

An output coupler

A dispersive element

A phase modulator

A gain/loss process controlled by the pulse intensity aiggne

The items listed above refer more to function than tosighy elements. For example, the gain
rod in a Nd:glass laser can cumulate the functions of géiase modulator, loss modulation, and
gain modulation. To generate femtosecond pulses, theness often a dispersive mechanism of
pulse compression present, with phase modulation to bro#uenpulse bandwidth, and

dispersion to eliminate the chirp and compress the pulse.

2.1.2.4 Pulse formation

Any free running oscillator generates a signal originating frosise. The radiation from a
femtosecond laser is no different. In continuously puiripsers, spontaneous emission from the
active medium will introduce the noise. After thisfimode locked laser was achieved, numerous
theories and computer simulations were introduced toagxphe evolution from noise to a
regular train of pulses®j]. One basic requirement for this transition from nofsepulsed
operation to occur is that the pump power has to exceed a tixeshold B. Sometimes this
threshold is higher than the power required to sustain mmadént. For this reason a mode
locked laser will not always restart if its operation basn interrupted.

The first step of a complex pulse evolution is emetgenf a pulse from noise. Such a pulse may
contain sub femtosecond noise pulses and be as long agianfiaf the cavity round trip time.
Subsequently, this pulse will be submitted to severalpcession mechanisms that will bring it
successively to the picosecond and femtosecond rangg. &ilsss (saturable absorption) and

gain (synchronous pumping, gain saturation) mechanismsteépen the leading and trailing
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edges of the pulse, reducing its duration down to a few googls. Then the next coming effect
is dispersive mechanisms, such as self phase modutatioompression, which take over from
the picosecond to femtosecond range. On another side,afeemechanisms of pulse broadening
that prevent pulse compression from proceeding indefnitel the cavity. The bandwidth
limitation of the cavity is the most obvious and simpleddening effect. This occurs in some
lasers like glass lasers and Nd:YAG lasers. Higher ordpesion of optical components and
nonlinear effects introduce other pulse width limitations.

When the pulse reproduces itself after an integer numbeawfy round trips, then a “steady
state” is reached. In such a situation, such pulse paeasnas gain and loss, compression and

broadening mechanisms, as well as shaping effects ceadath other.

2.1.2.5 Pulse compression mechanisms

A qualitative overview of the various processes thah contribute to pulse shortening is
described here. A femtosecond laser requires a strong essigon mechanism, but may not be
sufficient to achieve stable operation. In the followingudscript “a” is used for the physical
parameters relating to an absorber, and a subscript “g'et fos the parameters relating to the

gain medium.

2.1.2.6 Gain saturation

Only the case of small gain factors is considered herfar&¢he saturation energy of the gain
medium is reached, the leading edge of the pulse @ified. In some conditions, fractional

reduction in pulse occurring, the width of the pulse daiced.
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2.1.2.7 Absorber saturation

Consider a cavity with saturable losses. As the putsalates in such a cavity, linear absorption
erodes its leading edge. If the energy relaxation timenflthe absorber is shorter than the pulse
duration T, a part of the leading edge up to the saturation iityehsg is clipped. Once the
intracavity pulse has been compressed down to a range wheteTy, at the time 4 the
absorption saturates. At the same time the saturatiergg density W, has been reached. A
maximum compression can be achieved if an optimum ratulste energy density to saturation

energy is satisfied.

2.1.2.8 Phase modulation and dispersion

Absorption and saturation (a resonant effect), and a eswnant intensity dependent index of
refraction are the most important self phase modulati@chanisms in a femtosecond laser.
Another name for the latter effect is the Kerr efféigorously speaking, the optical Kerr effect
is the birefringence induced by an optical field. A matewith a large Kerr effect has a large
intensity dependent index of refraction, which is the arineffect of interest here.

The saturation effect will uniformly reduce the wholesarption line in a homogeneously
broadened absorber. The amplitude of dispersion line assooidthd the resonance is
correspondingly reduced as a consequence of Kramers-Kmaaigpns. The saturable absorber
of most femtosecond dye lasers has its peak absorptiorstadrger wavelength than the laser
wavelength. Therefore, the index of refraction wilhgeally decrease with increasing saturation.
There will be a sweep of index of refraction during thes@utesulting in a phase modulation.

The phase modulation can be either downchirp or upchirpreliedndition of satutable absorbers

at relatively low intensity downchirp occurs. Generally iKeffect induces Upchirp. Upchrip is
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proportional to minus the time derivative of the pulsernisity. This chirp is dominant in solid
state lasers (for instance, in the Ti:sapphire laweir) femtosecond dye lasers where the intensity
is sufficiently high for the Kerr effect of the solvewrt dominate. Prism arrangemet with large

negative dispersion is generally used for intracacitggpabmpression for such upchrip.

2.1.2.9 Self lensing effects

Self phase modulation is intensity dependent. The résuti be a function of the transverse
coordinate. A self-induced negative lens associatesttgtidownchirp or upchirp, in other words,

self-defocusing. Either increasing the overlap betweenctlvity mode and the pump pulse or
increasing the transmission through an aperture can ntedblka gain with this effect. In some

lasers, the self-defocusing is used in conjunction atlperture to truncate the pulse tail.

Nearly all ultrshort pulse mode locked lasers have sedfibgneffect. As a result of self-lensing,

the size of the cavity modes is modified, leading to arease or reduction of losses because

1, there is a change in transmission through an apertur

2, there is a change in spatial overlap between théyaqavde and the pump beam.

In general the nonlinear interaction leads to a phasewhith, to a first approximation, can be

assumed to be quadratic in the radial coordinate ( r )~Br% The radial phase variation of a

spherical wave of curvature Rug r ) = -k r* / 2R. Given a quadratic radial phase variation
B(t)r?, the beam will focus in a distanggdiven by

— kI
forong @7
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2.1.2.10 Kerr lensing

The Kerr effect is a change in the refractive indea ofaterial in response to the intensity of an
external electric field.

The optical Kerr effect is the special case in whiah éRternal electric field is from light itself,
such as that from a laser. The electric field prodacglewly varying refractivendex, which then
acts on the light. This intensity-dependent refractive xnde responsible for effects like
self-focusing and self-phase modulation, and is the basisefrr lens mode locking.

Kerr-lens mode locking is a method of mode locking lasera vianlinear optical process known
as the optical Kerr effect. This method allows the gdimeraf pulses of light with duration as
short as a few femtoseconds.

Because of the non-uniform power density distribution inaausSian beam (as found in laser
resonators) the refractive index changes across the bedita;ghe refractive index experienced
by the beam is greater in the center of the beam th#reatdge. Therefore a rod of an active
Kerr medium works like a lens for high intensity light.the laser cavity short bursts of light will
then be focused differently to continuous waves (cw). Igynimg the cavity in a way such that
the resonator is more lossy for cw light than for pyltfes pulsed regime is favored and the laser
will turn to pulsed operation (mode locked). The favoringlifferent regimes and pulse lengths
can be achieved by the cavity design (stability of thétya but is often supported by an aperture,
that simply cuts off (hard aperture) or attenuates ggudtture) the cw beam at the focal region of

the pulsed beam.
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Figure 2.8: The principle of Kerr Lensing effect.

Let us consider a Kerr medium with a thickness of d.usesuppose that d is small compared to
either the Raleigh range o or the induced focal length.f A guassian beam is incident. The

waist of this laser beamadsy. The nonlinear index introduces such a phase shift:

Ap(r 1) = —kldw

0

_ 2 (2.8)
= ka2 W20y
Mo Cuo

where I(t) =1 (r = 0, t) is the intensity on axisof equation (2.8) we get
B =2nk,I(t)d/(n, aj). Substituting in equation (2.7), we find for the Kerreeffinduced
lensing:

_ N7,
" 8n,Pd

where P = ”Cdsl (t)/2 is the power.

31



ABCD matrix can be usedq to evaluate the intensity dependent losses introducedeny K
lensing in a particular cavity’]. The ABCD matrix of the resonator is calculatedsath a

position, which is starting from a reference plane atghbsition of the Kerr medium. For low

A B
intensity, for which the Kerr effect is negligibld\l , = is the ABCD matrix. At
CO DO

high intensity, this matrix is modified by the nonlindeamsing effect as follows:

M_l 0| o B,

o1y
fnI CO DO

A B

C D
0 0

:|\/|0+
A B
f f

Here f, is a quantity dependent on time. The complex beam parargeteniquely characterizes
a Gaussian beam. The inverse complex radius of euevaf the beam, at the location of the Kerr
medium, S =1/4 =1/R-iA /(/w’) is a solution (eigenmode) of the cavity round trip

eqguation:
~ +Ds
=5+ 5 = C Df
A+Bs

ml

(2.9)

where S, is the eigenmode if not considering the Kerr lensingiltiglying both sides of

equation (2.9) by the denominator then differentiating aftex, and that the variation of the

matrix elements A and B is null in the particulareca$ Kerr lensing. It will introduce:
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where the substitutions®dC =—-A,/ f,, & =-B,/f,, and @z = /[77|Im(§0)|] have
been made.

The meaning of the change in the complex beam parang@&tés that the lensing effect results in
a change in beam size at any location in the cavitgrdlis a positon where, ideally, the
self-lensing results in the largest reduction in be&a®. Sypically, an aperture is used at such a

particular location of the cavity. The ABCD matrix tle@nnects the reference point of the cavity

An Bn

. The complex
C, D

m m

(location of the Kerr lens) to the position of the apextis. M =

beam parameter at the aperture is:

" A +B,

The relationship of the relative change in beam sizbeatipertured w/w,, and the change in

s _C,+tD,s
S

inverse complex radius of curvaturés,, is:

OW, _ _1Im(&,)
W, 2Im(,)

The change in beam parametd8 at the point of reference can infer the change in beam

parameter at the aperturés, :
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All of the information necessary to estimate the effgicKerr induced lensing on a cavity is
contained in the equation (2.10). As a coarse estimateffestive diameter wfor the aperture
could be defined, such that the transmission factor woul b& =~ (W, / Wy,)?, where B and R

are the power of the pulse respectively after and befereghrture. It follows that:

AP=P,-PF
2
Wi
--pa-
Wi
f J
=-P|1- V\éa 1-2 Vym (2.11)
WmO WmO
ak
1+ 0
Ps

where a = 1-(w,/ Wmo)2 is the power loss coefficient at the aperturg is the beam size at zero
power at the aperture g@wmet 8 W), and

P, =(o): lm@){l—( We )2} )

mO m0

is the equivalent “saturation power” of the Kerr leamgerture combination which can be
calculated by substituting expression (2.10) o, To the first order, the action of Kerr
lensing combined with an aperture on the pulse power idasitoi the action of a fast saturable
absorber on the pulse intensity. The stronger absorptidheopulse leading and trailing edges

than at the pulse peak results in the pulse compression.
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2.1.2.11 Additive pulse mode locking

To subtract some energy from the pulse wings and tnaitsfe the pulse center is a simple
method to compress a pulse. An implementation of this igl@alditive pulse mode locking. In
the situation of additive pulse mode locking, the outpuseig reinjected into the laser, with a
phase modulation such that the pulse center and leadiggasttl in phase with the intracavity
pulse, and the pulse tail out of pha8e.auxiliary cavity is necessary other than the maintgavi

in order to “reinject” a fraction of the output pulse.

2.2 Three ultra fast laser systems

Diode pumped all-solid-state ultra fast lasers are piogifor mini-invasive refractive surgery
and keratoplasty. A fundamental systematical study comggultra fast laser tissue interactions
is crucial before applying the state of the art lasdnrtelogy to ophthalmic applications. Three
diode pumped all-solid-state ultra fast lasers, namelyd:glass femtosecond laser, a Yb:KYW
femtosecond laser, and a Nd:YAG picosecond laser are gvaivthis research. The pulse width

of the ultra fast laser ranges from 800 femtoseconds to 2Cepmads.

2.2.1 Nd:glass femtosecond laser

Refractive surgery in the pursuit of perfect visiong(e20/10) requires firstly an exact
measurement of aberrations induced by the ¥eahd then a sophisticated surgical approach. A
recent extension of wavefront measurement techniqueadanqtive optics to ophthalmology has

guantitatively characterized the quality of the humae. ejhe next milestone towards perfect
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vision is developing a more efficient and precise laselpstand evaluating minimal-invasive
laser surgery strategies. Femtosecond all-solid-stateAM@ders based on passive mode locking
and chirped pulse amplification are excellent candidaiesye surgery due to their stability,
ultra-high intensity, and compact tabletop size. Furthermtaking into account the peak
emission in the near IR and diffraction limited focusiabilities, surgical laser systems
performing precise intrastromal incisions for corneal flapection and intrastromal corneal
reshaping promise significant improvement over today’s Péftmtive Keratectomy (PRK) and
Laser Assisted In Situ Keratomileusis (LASIK) techmiguwhich utilize UV excimer lasers.
Through dispersion control and optimized regenerative ifiogtion, a compact femtosecond
all-solid-state laser with pulsed energy well above tt@B threshold and a kHz repetition rate is
constructed¥].

For self-starting, reliable femtosecond pulse generatiorsemiconductor saturable absorber
mirror (SESAM) produces sub 200 femtosecond pulses with ahedgarepetition rate. The
pulse energy available from passively mode locked oscillasoet present limited to values
around 1 nJ by the available pump power (several Waitbhagh repetition rate (typically 100
MHz, in our case 76 MHz). The output pulses from this tzdoil laser have to be temporally
stretched in order to avoid distortion or damage to opticalpooents in the following
amplification stage.’f] Here, we take direct advantage of the broad spectruotiagsd with
ultrashort pulses. Stretching is achieved by beam dispewsioh subsequent time domain
redistribution (chirp) of its spectral components. Flretched pulses are then coupled into the
amplifier laser with an electro-optic crystal (Pockeled). To provide the necessary pulse energy
required by practical applications of short-pulse lasgtems, a successful design approach
modularizes the laser system units dedicated to pulseagemeand amplification. Such a system
is commonly termednaster oscillator-power-amplifier (MOPA). The idea is to use a small, well
controllable oscillator laser to generate a traifogf-energy ultrashort pulses and to amplify the

pulses to useful energy levels by a separate amplificatage. For ultrashort pulse amplification
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the following properties are important: sufficient bandwidtighhgain, low noise, and good beam
quality. An amplification scheme tharovides efficient energy extraction from the amplifier
laser medium, excellent amplitude stability and a Iyediffraction limited output beam, is the
concept ofregenerative chirped pulse amplification. Inside the regenerative amplifier, the pulse
is circulated through the active laser material andsgaimergy upon each pass. This buildup
process saturates to the maximum pulse energy after apptekirh00 round-trips. At this point,
all the extractable energy has been transferred to tee pat inevitable cavity losses then begin
to reduce the pulse energy. After reaching the buildup mamjntioe pulse is therefore ejected
from the amplifier. The amplified pulses are recomprddn a grating compression stage to 800
femtoseconds. Due to the limited amplification bandwidththe laser active material (gain
narrowing) and uncompensated higher order dispersion, the érmifee duration cannot be

fully recovered in a simple grating compressor.
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Figure 2.9: Schematic drawing of the diode pumped Nd:glass d&allaser system. The seed
pulse from the Nd:glass fs pulse oscillator is amplitigda Chirped-Pulse-Amplification unit.
The pulse is stretched and compressed by a single hologtegrtgmission grating. FR: Faraday

Rotator, PBS: Polarized Beam Splitte#: Quarter waveplate.
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2.2.2 Yb:KYW femtosecond laser

Usually chirped pulse amplification (CPA) technology is leggpto amplify ultra shorts pulses
[**. A disadvantage of this technology is its relative cteipy and the requirement for very
precise alignment of the stretcher and compressor. The igkreenerative amplifier concept
uses a large cross sectional area to avoid high pealsitigerand thus eliminates the need for
CPA. One such laser system is involved in my resediréd.a thin disk Yb:KYW femtosecond
laser system’f]. This system consists of an oscillator, a telescofeaan separation unit, and an

amplifier.

Yb:Glas Oszillator

Figure 2.10: Schematic drawing of the diode pumped Yb:KYWdsatond laser system. A thin

disk amplification unit amplifies the seed pulse from thallasor.
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2.2.3 Nd:YAG picosecond laser

The Nd:YAG picosecond all-solid-state laser has a keingiructure compared with the other two
laser systems. Neither pulse stretching nor dispersiotracas required. One may get a 20

picoseconds pulse with 2@n maximum pulse energy.
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Chapter 3 Ultra fast laser tissue interaction

3.1 Human eye and the structure of the cornea

3.1.1 Anatomy of human eye

The human eye is the organ, which gives us the sensghdf allowing us to learn more about
the surrounding world than any of the other five sensesu$® our eyes in almost everything we
do, whether reading, working, watching television, writingetter, driving a car, or countless
other activities. Sight is the most precious of the figasges, and many people fear blindness
more than any other disability.

The eye allows us to see and interpret the shapes, cafarslimensions of objects in the world
by processing the light they reflected or given off. The isyable to see in dim light or bright
light, but it cannot see objects when light is absent. Tieechanges light rays into electrical
signals then sends them to the brain, which interpinete electrical signals as visual images.

The eye is set in a protective cone-shaped cavity enskull called the orbit or socket and
measures approximately one inch in diameter. The absuirounded by layers of soft, fatty
tissue, which protect the eye and enable it to turtyeasi

Six muscles regulate the motion of the eye. Among the mgrertant parts of the human eye are

the iris, cornea, lens, retina, conjunctiva, the rieg@and the optic nerve.
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Figure 3.1: Anatomy of human eye

3.1.2 Structure of the cornea

We obtain more than 80% of our information from the ewkworld by means of visual function.
Good vision depends on the cornea and lens as refractiyeooemts. The cornea serves as the
gateway into the eye for external images. Maintenasfceorneal shape and transparency is
critical for refraction. The cornea accounts for mowrmnttwo-thirds of the total refractive power
of the eye. A slight change in the corneal contour mag tesult in refractive error. Small
changes in the smoothness of the corneal surface oe itotl thickness of the cornea also can
lead to visual distortion. Recently, however, refractuegery for the transparent cornea has been

introduced. In this procedure, the curvature of the cornemdlified either by cutting the stroma
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or by laser ablation of normal corneal tissue. Givendlinical efficacy of refractive surgery, it is
important to understand the anatomic and physiological respdasssrgical injuries of the
cornea in addition to corneal pathology.

The cornea is a transparent avascular tissue thatpissed to the external environment. The
anterior corneal surface is covered by the tear filnd the posterior surface is bathed directly by
the aqueous humor. The transparent cornea is contimwdhsthe opaque sclera and the
semitransparent conjunctiva. The highly vascularized limbusch contains a reservoir of
pluripotential stem cells, constitutes the transitionezbetween the cornea and sclera. The shape
of the anterior corneal surface is convex and asphdni ahterior surface is transversely oval as
a result of scleralization superiorly and inferiorly.

The adult human cornea measures 11 to 12 mm horizontal\® dadll mm vertically. It is
approximately 0.5 mm thick at the center, and its thickneesases gradually toward the
periphery, where it is about 0.7 mm thick. The curvaturéhefcorneal surface is not constant,
being greatest at the center and smallest at the peyiphhe radius of curvature is between 7.5
and 8.0 mm at the central 3mm optical zone of the corneaewthe surface is almost spherical.
The refractive power of the cornea is 40 to 44 diopters andiemestabout two-thirds of the
total refractive power of the eye.

The optical properties of the cornea are determined byratsparency, surface smoothness,
contour, and refractive index. Corneal transparency deesewhen collagen fibers becomes
heterogeneous (as occurs in fibrosis or edema); incidgst are scattered randomly and the
cornea loses its transparency.

The corneal epithelium and tear film contribute to thaintenance of the arrangement of
collagen fibers in the stroma. Both the mean diameteeach collagen fiber and the mean
distance between collagen fibers are relatively homagenend are less than half of the
wavelength of visible light (400 to 700 nm). This anatomiargement is thought to be

responsible for the fact that scattering of an incidayt of light by each collagen fiber is
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canceled by interference from other scattered raysy@lg light to pass through the cornea. In
individuals with dry eye, the loss of normal lubricatemd reduced supply of biologically active
substances result in superficial punctate keratopathy,hwhicharacterized by a rough corneal
surface. Given that the spherocylindrical surface efctrnea has both a minor and a major axis,
changes in corneal contour caused by pathological corgliteuch as scarring, thinning, or
keratoconus, or by refractive surgery, render the surtagdarly or irregularly astigmatic.

Both the anterior and posterior surfaces of the corneailoot® to its optical function. The total
refractive index of the cornea reflects the sum afaion at these two interfaces as well as the
transmission properties of the tissue. The refradtidices of air, tear fluid, corneal tissue, and
agueous humor are 1.000, 1.336, 1.376, and 1.336, respectively. Thevefpawer of a curved
surface is determined by the refractive index and adéus of curvature. Refractive power at the
central corneal is about-43 diopters, being the sum of that at the air-teard4 diopters),
tear-cornea 5 diopters), and cornea-aqueous humot- § diopters) interfaces. Most
keratometry and topography measurements assume a staridartiveeindex of 1.3375.

The structure of the cornea is relatively simple camgavith that of other parts of the body.
Other avascular tissues of the body include the letrepus body, and components of joints. The
cell types that constitute the cornea include epitheé#ls, keratocytes (corneal fibroblasts), and
endothelial cells. Epithelial cells are derived frora #pidermal ectoderm, whereas keratocytes
and endothelial cells are of neural crest (neuroectodermigii.ofhe precise arrangement of the
various components of the cornea contributes to its pemescy and strength. The cornea
consists of three different cellular layers and tworfatees: the epithelium, bowman” s layer, the
stroma, Descement” s membrance, and the endotheliumpdents of the cornea interact with
each other to maintain the integrity and function oftitsue.

The cornea is suffused by the tear film anteriorly andth®y aqueous humor posteriorly. It
contains almost all of the aqueous components of blomotyding albumin and globulins, but

few of the cellular components. This characteristicdnigportant for understanding both the
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regulatory mechanisms that underlie maintenance of nomwpaheal integrity and the
pathobiology of various corneal diseases. Alterationsheéx components of tear fluid or the

aqueous humor may result in pathological changes inotimea.
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Figure 3.2: Structure of cornea. An overview of the copreger is shown below. The thicker
epithelium is facing anteriorly (left). (Therefore, thetside of the eye would be to the
left.) Underneath the epithelium is Bowman's memhravigich is a condensed region that
begins the cornea proper. Finally Descemet's membranatligie opposite side, just underneath

the mesothelium. The anterior chamber faces to the righ

3.1.2.1 Epithelium

The corneal and conjunctival epithelia are continuous agether form the ocular surface. The
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corneal epithelium is composed of nonkeratinized, sedtiffquamousepithelial cells. The
thickness of the corneal epithelium of humans is approei;n&0 micron, which is about 10% of
the total thickness of the cornea. Epithelium is tamtsover the entire corneal surface. The
corneal epithelium consists of five or six layers o&éhdifferent types of epithelial cells: two or
three layers of superficial cells, two or three layafrsving cells, and a monolayer of columnar
basal cells, the latter of which adhere to the basememtbrane adjacent to Bowman's layer.

The epithelium, together with the tear film, contties to maintenance of the optically smooth
corneal surface. In individuals with dry eye, the swfa€the corneal epithelium is dehydrated
and becomes pitted and irregular. This loss of smoothness apitielial surface results in
degradation of the optical image and consequent blurred visimther important physiological
role of the corneal epithelium is to provide a barrieretdgernal biological and chemical
substances insults. The presence of junctional conplee@veen adjacent corneal epithelial cells

prevents passage of chemical substances into the deggrsrdéthe cornea.

3.1.2.2 Bowman's layer

An acellular membrance-like zone known as Bowman's l&yeat the interface between the
corneal epithelium and stroma in humans. It is 12 mi¢hick. It is a random arrangement of
collagen fibers and proteoglycans. The collagen fibersoinrBan’s layer are primarily collagen
types T and III. The diameter of these fibers is 20 to 30 micron, whicimallerthan that of the
collagen fibers present in the corneal stroma which B @235 micron thick.

Bowman'’s layer is considered to be the anterior portioth@fcorneal stroma. The anterior
surface of this layer, which faces the basement merapiarsmooth. Given that the collagen
fibers in Bowman's layer are synthesized and secreted rbgnadt keratocytes, they appear

continuous with those in the stroma.
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3.1.2.3 Stroma

The stroma constitutes the largest portion, more 8@, of the cornea. Many characteristics of
the cornea, including its physical strength, stabilitysbbpe, and transparency, are largely
attributable to the anatomic and biochemical propedfate stroma. The uniform arrangement
and continuous slow production and degradation of collaigersfin the stroma are essential for
corneal transparency.

The corneal stroma consists of extracellular mak@xatocytes, namely corneal fibroblasts, and
nerve fibers. The cellular components occupy only 2% to 3theofotal volume¥]. More than
70% of the dry weight of the cornea is the collagen. &hmdlagens are mostly typé , with
smaller amounts of typeHI, V, and VI [*¥[*9).

Individual collagen fibers in the corneal stroma candbserved by transmission electron
microscopy. The collagen fibers in the stroma are highlfotmiin diameter with change from
22.5 nm to 35nm*f]. The distance between the collagen fibers is also highifprm [*]. The
regular arrangement of collagen fibers is a major detemmi of corneal transparency. Any
disturbance in the uniformity of interfiber distance wiluse the loss of corneal transparency.
Each collagen fiber exhibits a characteristic crosatsn pattern with a periodicity 67 nm. In
the corneal stroma, the collagen fibers form aboutl&6@lla [?]. Each lamella courses parallel
to the surface of the cornea from limbus to limbuswBen collagen fibers in the corneal stroma
are various glycosaminoglycans and most of them are hyahlurditeese glycosaminoglycans
bind to core proteins to form proteoglycans. Glycosaminoglycaves thee ability to absorb and
retain large amounts of water. The major glycosaminalysahyaluronan in the embryonic eye.
Proteoglycans are thought to modulate collagen fibrillogeng¥]. Keratocytes are the
predominant cellular components of the corneal stroma. spiedle-shaped keratocytes are
scattered between the lamella in cross-section. Thelseextend long process and the process of

neighboring cells are connected at their tips by gap junci§pdhe gap junctions in these cells
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are functional and serve to transmit intercellulanaig.
Keratocytes possess an extensive intracellular cytdskelacluding prominent actin filaments.
This property allows the cells to contract and may be resdiplenfor the maintenance of corneal

shape and for the packed structure of collagen.

3.1.2.4 Descemet’s membrane

Descemet’s membrane is a thin layer adjacent to st Collagen fibers in the stroma are not
continuous with those in Descemet’s membrane. Descemmetmbrane adheres tightly to the

posterior surface of the corneal stroma and reflects lzamyge in the shape of the stroma.

3.1.2.5 Endothelium

A single layer of corneal endothelial cells covers the piosteurface of Descemet’s membrane
in a well-arranged mosaic pattern. These cells are unlifos micron thick and 20 micron wide
and are polygonal in shape. The most important physioloficetion of the endothelium is

regulation of the water content of the corneal stroma.

3.1.3 Collagen

Collagen is the major structural protein in the human bédéput one quarter of all the protein in
the human body is collagen. It is nearly everywhere #ns a relatively simple molecule.

Collagen, as the most abundant protein in the human botiyndees the unique physiological
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and optical properties of the connective tissues includimgea. Collagen is composed of three
chains that are wound together in a tight triple heli>er€hs also another property of collagen: it
is able to generate second harmonics signals (SHG). §higdsult of the non-centrosymmetric

build up of the collagen fibrils.

Figure 3.3: Schematic of the collagen structure. Stagindpe top with the molecular structure
and ending in a schematic drawing of a collagen fibrit @an be seen in electron microscope

pictures.

3.2 Laser tissue interaction

Numerous studies investigated the interaction of pulaser radiation with bulk material. A

common finding is that the short pulse damage is détestic in nature and the threshold is
lower with shorter laser pulses. There are a few diffetypes of laser tissue interaction, which
are described here.

There are five types of laser tissue interaction: gdtmmical interactions, thermal interactions,

photoablation, plasma-induced ablation, and photodisrugtfnAll these seemingly different
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interaction types share a single common datum: the dbasic energy density ranges from
approximately 1 J/cmto 1000 J/cth Thus a single parameter distinguishes and primarily
controls these processes: the duration of laser expaghich is mainly identical with the
interaction time itself.

The map of laser tissue interactions is shown beldw. unit of power density is W/dnxthe unit

of exposure time is seconds. Two diagonals show constargyefieences at 1 J/chrand 1000
Jicnf. Divided by time scale there are four regions: continusage or exposure times bigger
than one second for photochemical interaction; exposimes from one minute to one
microsecond for thermal interactions; exposure timesifone microsecond to one nanosecond
for photoablation; exposure times smaller than one nanoddooiplasma induced ablation and

photodisruption. The difference between the latter twatitbated to different energy densities.

| ] ]
a 015 1l A g "
’ Photodisruption
102 -
s : Photoablation
I"] .
= : ' 2
O g9 Plasma— g 2.,
et [0 ™ : 3 .
- induced R
= e
ablation \ B o
> \
= 107 3
fs
%, 5
5 10
= Thermal interaction
o
S
10° -
Phetochemical interaction
1077 |- N
] N
J | | | | |
15 =

T3 T T LN Vo I s e MR Vs e e 10°

Figure 3.4: Map of laser tissue interactions. Modified fRwninois [9].
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3.2.1 Photochemical Interaction

Photochemical interactions take place at very low powaesitles, for example 1 W/dmand
long exposure times range from seconds to continuous Whaeemain idea of photochemical is
to use a chromophore receptor acting as a catalysextiited states have the ability to store
energy transferred from resonant absorption, and theitidaéen leads to toxic compounds
leaving the photosensitizer in its original state. Thitiésreason its other name is photosensitized

oxidation.

.2.2 Thermal Interaction

The name thermal interaction comes from the incraaséocal temperature which is the
significant parameter change. Either continuous waveasase pulsed lasers can induce the
thermal effects. While photochemical processes are gfiearned by a specific reaction pathway,
thermal effects generally tend to be nonspecific acogrth Parrish and Deutscf(][ Different

in the duration and peak value of the tissue temperathieved, the thermal interaction can be

distinguished as four types: coagulation, vaporization, véaton, and melting.

3.2.3 Photoablation

Srinivasan and Mayne-Banton discovered the phtoablatfentdfrst ['¥]. They identified it as
ablative photodecomposition, in other words that matesidecomposed when exposed to highly

intense laser irradiation. The precision of the etclpragess and the lack of thermal damage to
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adjacent tissue are the main advantages of this abl&iaimer lasers have the photoablation
ability to direct breaking of molecular bonds by high ened)y photos and are popular in

refractive corneal surgery today.

3.2.4 Plasma-Induced Ablation

A phenomenon called optical breakdown will occur when obtaipmger densities exceeding
10" Wicnt in solids and fluids or 8 W/cnf in air. A bright plasma spark is clearly visible with
this effect. Without thermal or mechanical damage iggu¢ can be removed very cleanly and
well defined by this effect. Another name for plasmaug®et ablation is plasma mediated
ablation. It was investigated and discussed by Teng[&l,aStern et al1’], and Niemz et al’f].
Both synonyms express a generally well-accepted interjpretétat this kind of ablation is
primarily caused by plasma ionization itself. The loe#dctric field strength E is the most
important parameter of plasma-induced ablation and it datesmwhen optical breakdown is
achieved. If E exceeds a certain threshold value, it snéa applied electric field forces the
ionization of molecules and atoms; then the breakdown scdlre local power density | is

expressed by the electric field strength as:
1
I(r,zt) = EeocE2

where ¢ is the dielectric constant and c is the speed of liglasr®d generation due to an
intense electric field is called dielectric breakdown ndymd&he name optical breakdown
especially emphasizes that light is strongly absorbedebglésma.

Puliafito and Steinert describe the initiation of plasmaegation as a two-fold proces¥|[
Either Q-switched pulses in the nanosecond range or mode laderdoulses in the picosecond
or femtosecond range can induce the microplasma. Tkeaseelof electrons due to thermal

ionization, which is called thermionic emission, is thitial process for the generation of free
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electrons in Q-switched pulses. The intense laser pirseice the high electric field which cause
multi-photon ionization in mode locked pulses. Normally cohieadsorption of several photons
provides the energy needed for multi-photon ionization. Mplitton ionization is achievable
only during high peak intensities as in picosecond or femtodelzmer pulses because of the
coherence requirement. In both cases at beginning a fewoelednitiate an avalanche effect,
leading to the accumulation of free electrons and ions.fif$t step is that a free electron absorbs
a photon and accelerates. The second step is thatdblerated electron collides with another
atom and ionizes it. The result is two free electrams laoth have less individual kinetic energy
than the initial electron. The thietep is that these free electrons absorb photons, aaieeler
strike other atoms, and release two more electronsseTsieps will continue on and more and

more free electrons will be induced.
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Figure 3.5: Initiation of ionization with subsequent electavalanche.

Due to the increased absorption coefficient of the indpté&sina one important feature of optical

breakdown is that it renders an energy deposition in nominadgkly absorbing media.
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Therefore transparent tissue like cornea can becomget tdrmedical laser application. In order
to achieve optical breakdown the irradiance must be intemsegh to cause rapid ionization so
that losses do not quench the electron avalanche. SmitlHaught indicated that during the
avalanche ionization process the main loss mechanisgnmelastic collisions and diffusion of

free electrons from the local volun®][

3.2.5 Photodisruption

Plasma formation and shock wave generation are physifadtefassociated with optical
breakdown. Cavitation and jet formation may additionally taleee if breakdown occurs inside
soft tissues or fluids. Different from the plasma indliablation, secondary effects of the plasma
at higher pulse energies like shock waves become more sigmifisfter Krasnov introduced the
photodisruption effect Aron-Rosa et al and Kankhauset &trther investigatecd®f][*[*9. The
tissue is split by mechanical forces during photodisruptiothe breakdown region the effect is
plasma induced ablation while in the adjacent regioreffexts are shock wave and cavitation.
Since adjacent tissue can be damaged by disruptive faheepresence of these effects is often
an undesired but associated symptom. Picosecond and femtosecoes qauls reduce the
disruptive effects with the ability to generate of high pesdknsities with considerably lower
pulse energies. Niemz found that in the case of picosecosdspablation without mechanical
side effects takes place at incident power densities efvaimes the plasma threshofd][ The
difference between the plasma induced ablation and phoiptan is the different power energy

during the process as shown in Figure 3.6.
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Figure 3.6: Distinction of plasma induced ablation and photqgatisruaccording to applied

energy density.
Photodisruption is a multi-cause mechanical effectistawith optical breakdown. Shock wave

generation and cavitation are the primary mechanisompleted by jet formation if cavitations

collapse in fluids and near a solid boundary. Their relatimresch other is shown in Figure 3.7.
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Figure 3.7: Physical processes associated witlcaldireakdown.

Plasma formation, shock wave generation, cavitatiod, janformation take place on different
time scales. Plasma formation begins during the lasise and lasts for a few nanoseconds. This
is the same time for the free electrons to diffust® ithe surrounding medium. Shock wave
generation starts during plasma formation and is agedcigith the plasma expansion. After it
generation of the shock wave propagates into adjacent tesd slows down to an ordinary
acoustic wave. Cavitation is a macroscopic effect aadtation bubble performs several

oscillations of expansion and collapses.
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Figure 3.8: Time scale of the processes that compose thadsnaption.

3.3 Second harmonic generation in collagen

Collagen, as the major component of corneal tissumlalis the unique properties of second
harmonic generation (SHGY?[. We used the second harmonic gereration for a thigsho
experiment and for the microscopic effects of femtosedaser intrastromal surgery. Here we
introduce the principle of second harmonic generation.

Collagen is composed of three parallel, intertwined, puddices. In collagen type | two of these
strands are the same while the third one is slightly réiffe As a result of this, the collagen
molecule has cylindrical symmetry about its long axis. Merehoose the polar axis as the z axis,

choose x and y axis as an arbitrary orthogonal seplare that is normal to the z axis. Induced
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by optical fields E(c) , the components of the harmonic generatiB2a) are [9):

P, (20) = B,E2(w) + B|E2(w) + EX(y))
P, (20) = 2B,E, (W)E, (@) (3.1)
I:)y (26()) = 2ﬁlEy (C()) Ez (CU)

where B3=8,77,B1=B 5x=B 2y =B xox =B yzy = ...

These equations follow from the form of the @iezoelectric tensor as given by Fukaf}, the
formal equivalence to the hyperpolarizability tensor, andatisaimed validity of the Kleinmafi]
symmetry conditions. Kleinman symmetry means thatoalithe elements in the nonlinear
susceptibility tensor that are connected by permutatiomdafes that are equal.

Within a fibril the collagen molecules are aligned patadle that the above equations also
describe the second harmonic generation by a single fber a

B fibrit = N B molecule

here N is the number of the molecules inside the fibridm this point a fibril can be treated like
a simple, supergiant molecule. This assumption is approXdynederect as long as the sample
geometry and fibril dimensions are such that thetikelgphases of the various optical fields do
not vary appreciably over an individual fibril. Thepeximent setup as Figure 3.9 was used by

Shmuel Roth and Isaac Freurid.[
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POLARIZER

TENDON

Figure 3.9: Setup to explain the second harmonic genematamiiagen.

With this experimental geometry Shmuel Roth and Isaagnéreneasured the intensity of second

harmonic generation for which the harmonic is polarizedlfed to the tendon axis,| iw(a'),

and normal to the tendon axip iw(a’), as a function of the angle that the incident laser

polarization makes relative to the Z- axis. The exterefdrence frame is denoted by XYZ as
shown in Figure 3.9, the fibril reference frame by xyinasquation (3.1), and we assume the z
axis, the fibril axis, to be the polar anglé and the azimuthal angl@ relative to the XYZ
frame.

At the location of the fibril the incident laser fieldrsists of two orthogonal components

oriented along the tendon Z- and X-axes which is writteminit amplitude as
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E, (w) =cosa
i5 . (3.2
E,(w) =g sina

in the birefringent tendon the two components of the Iggepagete with different phase

velocities so that we have the factbr én the the equation (3.2). The components of the fields
equation (3.2) give rise to the fieldg=, (@), E,(w) and |, (@) of equation (3.1) in the

fibril reference frame. These produce the nonlinear @ations of equation (3.1), which then

combine in the tendon frame as macroscopic components whichenwritten as

2i0

P, =A+Be’+C,e

Within the tendon the relative phasgé varies from location to location. Because of this we

2
average PJ(Za))‘ over all & , writing for the second harmonic intensity

| f“:‘pj (2&))‘2, with

P = A+B+C

Assuming cylindrical symmetry about the tendon axis fordik&ibution of fibril orientations, A
B?, and & of the equation above are averaged overdallA normalized distribution functiori
(9) is used to describe the orientation distribution offiibgls. The reason for this arises from
the fact that stretching the tendon does not complstedighten the individual fibers but leaves a
residual wavy pattern. This can be approximated by a sinusoidng along the Z axis with the
displacement, for example, in the X-Z plane we have

X=a sin(kZ)

The angle 9 that the fibrils comprising the fiber make with thexfsds easily seen to be

0 = tan'[akcos(kZ)]

by introducing this normalized distribution functiohl ( © ) which describes the fibril
orientations then we obtain
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| 2(a) = Qsin® a + Rsin? 2a + Scos' a 3.3)
| %“(a) =Tsin" a +Qsin? 2a + Reos' a '

with
Q= %{(3/92 ~10p+11)1, + (- 602 + 280 -30)1, + (30 ~180 +27)1 }
=114 (2070, +(o? -8p 1), + (-7 +6p-9).

s=91,+(6p-18)1, +(0* -6p+9)I,
Lo (0% +6p+9)+(-150% +18p+9)1, + (1507 ~54p + 27) 4}

(3.4)

16|+ (-5p2 +30p-45)1,
where p =3,/ ,
O
|, = [dfcos"en(6) (3.5)
0
the maximum possible angular displacementfigax. All constants are neglected in equation
(3.4) since the results of measurement are alwaydativesintensities. In equation (3.5) max =
tari'(ak). TI(0)d 0 may be seen to be proportional to the length of arc over whicbhanges

by no more than @, in other words,II( ¢ ) is proportional to one over the curvature, so that

except for normalization,

. 1
e = [kcos2 9>(ak)2 —sin? gL+ (ak)2]]
To verify these consideratins a perfectly ordered arrafibafs is considered, i.e.,0 max =0,

since this represents a reasonable first approximatidretadtual situation and provides a useful

initial guide to the interpretation of the measurementish this assumption it may be written

2w — [P ,82 4
|5 (a)—lﬁlsln a+[3 cos'a

: (3.6)
| () = ﬂlsinz 20

A plot of equation (3.6) can be seen as Figure 3.10.
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Chapter 4 Nonlinear Laser-Tissue

Interactions Experiments

In this chapter the experiments and results of my Plu@lysire described. It is composed of five
parts. The first part introduces the preparation of é&xperiments, including the sample
preparation and the knife-edge method. The second part iné®@dunew method to determine
the threshold of the cornea, i.e. detecting the plasn spa the second harmonic generation
signal at the same time. The third part introduces owa @hst laser system and microscope
method determining the threshold. The fourth part introdubesrésults coming from the

multi-photon microscope by second harmonic generation. d$tephrt introduces the effect of

spot split grating.

4.1 Preparation for experiments

4.1.1 Porcine cornea preparation

All excised porcine eyeballs were obtained from the Istalghterhouse. The corneas were cut
just before the experiment to insure that the corneas Wmea status similar to the live ones.
Some corneas already had damaged epithelium so we carefulbved the epithelium before the
experiment. Some corneas had intact epithelium so wneel all the parts of the cornea to
experiment. The cornea was translated between experist@is, so that each site was
illuminated only once. During the experiment the 4% PhaspBuffered Saline (PBS, pH 7.4)
solution was sprayed regularly on all the samples inraerevent them from dehydration.

After the experiment the tissues were immediatelgdiwith freshlypreparedparaformaldehyde
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(4% in PBS, pH 7.4) to be checked by multi-photon microscope later

4.1.2 Knife-edge method of determining the focusz

The application of lasers to investigate biophysicalnpheena requires knowledge of the waist
diameter of a focus beam. Although techniques such asaeing %, multiphoton ionization
yields [?], and fluorescence correlation spectroscdfydredict accurate results, such methods
are either too complicated for most general applicatmmthey rely on specific experimental
procedures not easily adaptable to other experiments. Gamedd the square of the diameter of
a spot burned by the laser beam with the logarithm ohtiemalized power absorbed is another
direct method for determining beam diametéPk [n addition, a photoelectric detector array can
probe directly the intensity profile of the las&f.[

Another method involves gradual eclipsing of the lasembeg a sharp knife-edgé’[. The
intensity of the unmasked portion of the laser beam waasumed while the knife-edge
intersected the laser beam in a direction perpendicuitiret propagation axis of the laser beam.
If the laser beam is in the TElImode then the beam profile is described by the Gaussian li
shape {7, that the signal measured by this method is representesh kintegrated Gaussian
function. In principle the laser beam diameter can bermgted. This method is simple,
inexpensive, and pretty effective at the same timeadttraditionally been used with mechanical
scanning laser beam width measurements as in our €asehe experiment setup is shown in
Figure 4.1. By moving the knife-edge we measured a seriggowér. The different values
between the two adjacent points will shape a Gausgian Tihe full width at half maximum

(FWHM) in the fitting line is considered as the widthtloé laser beam.
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powermeter

translator

Figure 4.1: Knife-edge method to measure the spot size dbtls laser beam.

Though observing the intensity of plasma coming from the pagee focus point of laser beam,

one can roughly determine the position of the focus objestfeeus point and lable it as the zero
point in the laser beam’s propagation axis. In frontraf behind this zero position | measured a
series of spot sizes with the knife-edge method. Theafatze knife-edge method measured in
the zero position is listed in Table 4.1. The two pictlrelew are laser beam width at zero point

and laser beam width at a five micron meters behindzéhis point.
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Table 4.1 knife-edge data at zero point.

Position (mm)

Measured power (mW)

Calculated painan)

22.418

5.300

0.000

22.415 5.300 0.240
22.410 5.060 0.770
22.405 4.290 0.920
22.400 3.370 1.300
22.395 2.070 0.860
22.390 1.210 0.460
22.385 0.750 0.220
22.380 0.530 0.280
22.375 0.250 0.070
22.370 0.180 0.030
22.365 0.150 0.070
22.360 0.080 0.072
22.355 0.008 0.001
background 0.007
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Figure 4.2: Calculated power distribution based on knife-edgesumnement at zero position.
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67



By processing all data with the standard full width at Inadfximum (FWHM) a curve of the

focus laser beam diameter near to the focus point was diidwenpicture is shown below. From
the figure it appears that the spot size of the focus peiabout 20 micron meters. It is really
small and is very difficult to measure precisely. FroguFe 4.2 and Figure 4.3 it is obvious that
the data in Figure 4.3 is better than the data in Figureod @idtribution as a Gauss function. The

reason is because the smaller focal point is the moreuttift is to measure precisely.
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Figure 4.4: Focal spot size near the focus point of the folojestive, which was used in the

experiment.

In all the experiments we used the beam expander toilfulié focus objective, so that we
believe the objective is fully used and the diameteheffocal point can be calculated frahe

formula as {9
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h =o.611
NA

For our Nd:glass femtosecond laser the wavelength is 1054 emadius of focus point size
after our focus objective is 5.36 m because the numerical aperture of the focus objective is
0.12 and the index refractive of air is 1. For our Nd:YAGopecond laser the radius of focus
point size is the same with the same objective. orYd:KYW femtosecond laser the radius of
focus point size is 5.24m for a running wavelength at 1030 nm and is 5.29 for a running
wavelength at 1040 nm. Then the focal point areas for teseslare 9.03< 10’ cnf, 8.63 X

10" cnt, and 8.79XX 10’ cnf.
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4.2 Combined plasma and SHG signals for determinain of

the threshold

In the last decade, a lot of research in the fieldeaitdbsecond eye surgery has proved that it has
the advantage of combining high ablation precision withimized side effects’{]["?. In the
year 2000, the first in-vivo studies on flap creation viiimtosecond laser as the first procedure
of LASIK were evaluated in USA and reported in 2063[The most promising application of
femtosecond laser eye surgery is the introstromaliabl§t][°]. More and more reports about
this research field appeared in animal experimefi |. Initiated by multi-photon absorption
and laser induced optical breakdown, the high-pressure leaenglnon-thermally dissociates
the dense corneal tissue thereby enabling mini-invasiteastromal cornea surgery. The
laser-affected region is highly localized, leading to prealslation with minimized side effects
["®. For best eye surgery results it is important to do Hiatian on energies that near the cornea
threshold. It is also necessary to know the femtosecaat &blation threshold dependence on
corneal depth and laser pulse width. The threshold ablatisrdetacted by different methods in
former research including fluorescein angiography (FA) Bcattered light detectind®], CCD
camera checking of the plasma spdfk fand monitoring individual plasma emissions by a lens
[81].

Here we report a new method to determine the thresholdeafdimea, i.e. detecting the plasma
spark and the second harmonic generation signal at thetgam We use the same objective for
focusing the laser to the cornea sample and for collettimglasma spark signal. Since the most
promising application of femtosecond laser eye surgetfyeisntra-stromal ablation, knowing the
ablation threshold dependence on corneal demthsignificant importance.

Laser-induced plasma mediated ablation, also knowraser-Induced breakdown, relies on

nonlinear absorption in the target that is achieved wheatarial specific irradiance threshold is
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exceeded®f]. Plasma formation thus plays an important role teractions of high power laser
irradiation with matter. The threshold radiant expodorebreakdown determines the possible
precision of the laser effects used for ablation oseadifon. The plasma spark becomes an
important signal for the threshold. At the same timestmond harmonic generation signals will
decrease because the collagen in the focus point is ddnaag looses the ability to generate the
second harmonic generation signals. In this report theltblg was determined by the plasma
spark and the second harmonic generation at the sarae Timee SHG signal from the cornea
collagen helps to focus the laser beam precisely toskeets at different depths. Porcine cornea
samples were treated with three diode pumped all-solid-st@a fast lasers, namely, a Yb:KYW
femtosecond lasef, a Nd:glass femtosecond lasé}, fand a Nd:YAG picosecond laser. The
pulse width of the ultra fast laser ranges from 800 femtogkcto 20 picoseconds. The Nd:glass
femtosecond laser is a femtosecond all-solid-state based on passive mode locking and
chirped pulse amplification (CPAY. For self-starting, reliable femtosecond pulse generation,
semiconductor saturable absorber mirror (SESAM), as orikeoénd mirrors in the oscillator,
produces sub 200 femtosecond pulses at 76 MHZ repetitior[¥3tf%8]. The output pulses from
this oscillator laser are temporally stretched in CPAorider to avoid damage to the optical
components in the following amplification stage. Thetsted pulses are then coupled into the
amplifier laser cavity with an electro-optic crystbgkel’s cell) §]. After reaching the buildup
maximum, the pulse is ejected from the amplifier cavitye amplified pulses are compressed in
a grating compression stage to femtosecofds Pue to the gain narrowing effect and
uncompensated higher order dispersion, the original pulse @augnot be fully recovered in a
simple grating compressor. The best record is 800 femtosecBgdshanging the distance
between the retro reflector and the grating we can eebkdyge the pulse width continuously

from 1.6 picoseconds to 5 picoseconds as shown in Figure 4.5.
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Figure 4.5: Change of pulse width with movement of the iposif retro reflector in Nd:glass

femtosecond laser system.

Usually chirped pulse amplification (CPA) technology is &bto amplify ultra-short pulse&”.

A disadvantage of this technology is its relative caripy and the requirement for precise
alignment of the stretcher and compressor. The thin rdig&nerative amplifier concept uses a
large cross sectional area to avoid high peak intensityttars eliminates the need for CPA| |
GTI mirrors are employed in the regenerative amplifie compensate the GVD[. The
Yb:KYW femtosecond laser involved in this research is gesysvhich consists of an oscillator,
a telescope, a beam separation unit, and an amplifiebh@steecord of pulse width with it is 600
femtoseconds. Since the GVD in the system is not geipensated for by the GTI mirrors, the
pulse width increases with the number of roundtrips inatmplifier. When the pulse energy
reaches a high level because of the self phase moduldtepulse width will not increases again.
Figure 4.6 and Figure 4.7 show the pulse width as a functioourfdtrips for two different

wavelengths. In Figure 4.6 the laser is running at waveler@ith nm and in Figure 4.7 the laser
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is running at wavelength 1030 nm. For a different open timénefPockel’s cell it requires a
different roundtrip time in the amplifier. All the memements are done with the same pumping
current of the crystal in the amplifier to be suratthther conditions are the same and that just the

roundtrip times change.
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Figure 4.6: Pulse width as a function of the roundtrip ttneavelength 1041 nm.
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Figure 4.7: Pulse width as a function of the roundtrip tineravelength 1030 nm.
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The Nd:YAG picosecond all-solid-state laser has a singttecture compared with the other two
laser systems. Neither pulse stretching nor dispersiotrataa required. One may get a 20
picoseconds pulse with 200pm maximum pulse energy.

The same laser beam delivering system was used to roekehe ablation condition was not
changed during the experiment with different laser soursbsexcised porcine eyeballs were
obtained from the local slaughterhouse as was stated b&f@ecorneas were cut just before the
experiment to be sure that the corneas were in thecbadition like the live ones. The optical
breakdown threshold was determined by monitoring light emittedgiplasma formation in the
cornea when illuminated by single laser shots and by thasity change of the second harmonic
signals (experimental setup, Fig 4.8). The cornea was moweeddre shots, so that each site was
illuminated only once. After the experiment the tissweere immediately fixed with freshly
prepared paraformaldehyde (4% in PBS, pH 7.4). This was doneassortd could check the
effect with a multi-photon microscope later.

The laser intensity from the laser source was continyaitenuated using a half wave plate and
a polarizer. A beam expander was used to totally fill theyexgerture of the focus objective. A5
X, 0.12 numerical aperture (NA) objective was used to focaidatber inside the tissue and to
collect the plasma spark signal from the cornea sampieough the PMT these signals are
shown in the oscilloscope in real time to determine theshimid immediately. A 2%, 0.4
numerical aperture (NA) was employed to efficientlylect the SHG signal. Through the PMT
these signals are connected to a 16bit stereo-mode supported sodrnid e computer. The
dichroic mirror is used for reflection of near infrareddalight and transmission of plasma spark
light. An infrared beam block filer and a second harmonic $iglagk in front of the reflection
light path photo-multiplier tube (PMT) ensured that illumioatilight and second harmonic
signals were excluded and only plasma spark light from ¢thneee tissue was recorded. An
infrared beam block filter and a band pass filter in fronttle transmission light path

photomultiplier tube (PMT) ensured that illuminatiomhi and plasma spark signal were
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excluded and only second harmonic signals from the coismeetivere recorded.
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Figure 4.8: Experimental setup: three ultra short lase¢esgsprovided laser pulses ranging from
800 femtoseconds to 20 picoseconds in pulse width. The interidite input laser beam could
be changed continuously while keeping other parameters cqonstet as spot size. Porcine
cornea was mounted on a computer controlled motorizedldtems stage for the so-called
one-on-one damage experiment. The plasma spark emissiarttie focal region was collected
with the objective to put it into a photo-multiplier tubeMP) using appropriate filters to block

the reflective laser light and second harmonic signal.
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The laser-induced optical breakdown (LIOB) has already bemstigated by other methods. We
use the same focus objective that focuses the laske tootnea sample. This is done to collect
the plasma spark signal to get a precise measuremetme Aaitne time it records the intensity of
the second harmonic signals with another confocal objective.also more effective and more
precise to collect the signal of the plasma spark in thig. By checking the oscilloscope it is
easy to determine the threshold for a single laser shqird=#.9 shows that typical signals come
from second harmonic signals and plasma sparks. Thegyadghronized with the laser pulse.
From the top to the bottom the first signal in the scrafetihe oscilloscope in Figure 4.9 is the
signal; it comes from the pockell’s cell inside the lasgtems and indicates one single laser
pulse. The second signal in the screen of the oscilloscopégure 4.9 shows that the signal
comes from the second harmonic generation in thegefi in cornea stroma. The thgignal in

the screen of the oscilloscope in Figure 4.9 shows thatghal comes from the plasma spark.
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Figure 4.9: This shows that the monitoring of signals fteensecond harmonic generation also

shows that plasma sparks can be measured at the sammttiraesingle oscilloscope.
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Figure 4.10 shows the threshold situation. The signal fitanptasma spark comes and is the
criterion for the threshold. The meaning of the signalthen screen of the oscilloscope is the

same as in the figure 4.9.
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Figure 4.10: Determining the threshold by the plasma spgmkls

While monitoring the signal of the plasma spark in thélloscope, the intensity of the second
harmonic signal, which comes from the cornea stromaederded by the 16bit stereo-mode
supported sound card in a computer. At each power valualsigre recorded for five seconds at
a sampling frequency of 44000Hz. Figure 4.11 shows a typicatste of this signal.

When the plasma spark appears it means that the fakereid optical breakdown (LIOB) is

occurring. The tissue in the focus point is ablated andusecaf this it losses the ability to

generate the second harmonic generation (SHG) sigh&scauses the intensity of the SHG to
decrease. Figure 4.12 clearly shows this phenomenon. The jgorgeorded by the power meter.

Since the only point of concern is the decreasing pdirthe intensity of SHG, there is no

transformation from power to energy needed here. Thehibicb$s the point at 22 mW of power.

Figure 4.11 shows the change of the Sgighal as one increases the power of the focus laser
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beam. Figure 4.13 shows the change of the plasma signal asxcmrases the power of the focus
laser beam. In Figure 4.14 these two graphs are combinednandan see the tendency at the
threshold is very clear: when the plasma increasessécond harmonic signal decreases. By
combining the appearance of the plasma spark and the sleatthe second harmonic signals,

one can precisly determine the threshold of the corneahat
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Figure 4.11: SHG intensity is recorded by computer on a stancd
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Figure 4.14: The different tendency of plasma and SHGeahtleshold.

By ablating the same cornea with different lasers dffdreint pulse widths, the laser ablation

threshold dependence on laser pulse width, may be systatyasiudied. In several experiments,

a square-root dependence of the laser fluence at thehttideof LIOB on the pulse duration, is

observed T][%[*]]. According to our results the ablation threshold is propoati to the square

root of the laser pulse width for 20 picoseconds and a feas@ionds pulse width. As an

example the threshold is 4.8 Jfcfar 20 picoseconds and 1.57 Jfcior 2.86 picoseconds. This

is consistent with previous studies. The ablationsthoéd is 0.73 J/cm2 for 800 femtoseconds,

and 1.15 J/cm2 for 1.63 picoseconds. These values are dolitde than the square root of the

laser pulse width. The reason is because for a sharsg, @ multi-photon phenomena becomes

significant. Due to the inhomogenity of the cornea, theiance of the data depends on the
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differencebetween corneas. Some corneas show large differencésefthresholds in different
places. It is then necessary for real eye femtoselam®t surgery to use more ablation energy
than threshold energy. From Figure 4.15 it is obvious thathibger laser pulse width introduces
the lower threshold. Due to the technical difficulty in thenstruction of shorter pulse
femtosecond laser systems and the fact that, previsaaneh proved with very short laser pulse
widths the threshold increases agdfih[*], the few hundred femtoseconds laser is best qualified

for eye surgery.

clata
square root

threshold unit:J/em’

—
M |
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Figure 4.15: The threshold of LIOB as a function of lasésegowidth inside the porcine cornea

stroma. The solid line represents the square root law.
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Because the SHG signal is intrinsic to the collagemrdieg the SHG signal makes it possible to
focus the input laser beam into the cornea stroma. Tihidn @é the focal laser inside the stroma
can be achieved through the computer controlled motorizesldtaom stage. The LIOB threshold
using femtosecond laser intrastromal ablation is syatieally investigated through the different
depths inside the stroma with a series of pulse widths.dBpendence of the corneal ablation
threshold on the depth of the stroma is not significarthén first 200 um inside the stroma.

Figure 4.16 shows the data for a pulse width of 1.6 picoseconds.
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Figure 4.16: The dependence of the threshold of LIOB on thé défite cornea stroma. The
pulse width is 1.6 picoseconds.
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Table 4.2 gives the data from 20 picoseconds. From thedwfsice of the cornea five data were
recorded at different depths inside the stroma. Firstadl smount of energy, which is below the

threshold, is used to focus the laser beam inside theacetoema. The cornea was moved from
behind the position of the focal point to the focal point andh@tsame time the signal from the

cornea was monitored by the oscilloscope. When the lasen lveas focused on the cornea
stroma, there was the signal from the second harmamergtion. Then the laser beam was
focused on the surface of the cornea stroma sinceettomd@ harmonic signal only came from the
stroma itself. Using the computer controlled motorizeshglation stage one can input the laser
beam into a few hundred micron meters below the stroma surfdwen the threshold was

measured. After this the laser beam was moved into ereliff depth below the stroma surface

and then the threshold was measured again. One typaiiment result is shown in Table 4.2.

Table 4.2 Threshold as a function of depth in stroma for 20 mionds laser pulse.

Depth in stroma from surfacet) Threshold (J/cr)
0 4.12
40 4.43
80 4.30
100 4.19
140 4.52

This study confirmed that the plasma-mediated ablatiché cornea is a function of laser pulse
width. Namely the plasma sparks and the second harmenéraion signals were detected at the
same time. The ablation threshold is proportional tostipgare root of the laser pulse width,

which is consistent with previous studies. The variapicéhe data depends on the difference
between the corneas. Some corneas display largeediffes in the threshold measurements. It is

necessary for real eye femtosecond laser surgery tmose ablation energy than the threshold.
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Due to the real difficulty in construction of shorfarse width femtosecond laser systems and the
fact that, as former research proved, with very slamerl pulses the threshold increases again, a
few hundred femtosecond laser is the best for eye surgerglighle and accurate method to
determine the ablation threshold in the different depthshefcbrneal stroma was proposed.
Based on experimental findings, an 800 femtosecond laser gulygtimal for intra-stromal
corneal surgery due to minimized thermal and nonlineacesff Within the typical flap cutting
depth (150 — 200 um) for microkeratom-free LASIK, the cornéddten threshold is nearly

independent of the corneal depth.

84



4.3 Ultra fast laser and microscope systems

4.3.1 Experiment set up

From the 1970s a lot of research focused on the lasee tistaraction. The threshold was the
basic topic of this field. Ham et a[ introduced the first subnanosecond scientific report on
injury to the retina. There were three histologic segbbotographs along with brief explanations
of the injury. The threshold was determined as ED50 asritezion. The ED50 (effective dose
50) is the amount of material required to produce a specdfett in 50% of an animal
population. Three of the same authors gave more detabettetr descriptions than their original
paper in Science’{. The criterion for determining when damage had occumes, namely the
appearance of an ophthalmscopically visible lesion agxpesure site after irradiation. Electron
and light microscopy photographs were presented along wlighadled description of each of this
in this paper. Further progress was made by Cain et atdertaining the ED50 pulsed at 530 nm
[%%. A unique aspect of this report was the use of both @iséslions and fluorescein angiography
(FA) techniques to determine the thresholds. Visible observavas found to be demonstrably
more sensitive then FA.

Visible observation of the lesions to determine thestioé&l was used. Figure 4.17 shows the
construction of the ultrafast laser and microscope systdm® Nd:Glass femtosecond laser and
Nd:YAG picosecond laser were integrated with the microscopmugh a thin film polarizer the
two laser beams were integrated together and were puthat microscope. Adding a mirror
holder inside the microscope introduced the laser beam iattisdue. By moving the translation
stage, which holds the tissue it could burn the tissitie tive laser. Removing the mirror holder
for the laser and using the eyepiece one can obseneffdut of the irradiation. Although the
focal point for laser and visible light has little diféeice, one can still see the lesions with the

eyepiece. A little adjustment of the tisspesition will give a perfect visible observation of the
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Figure 4.17: Ultra fast laser and microscope system
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4.3.2 Experiment results

By controling the speed of the tissue one can makeicaitaue appear in the field of vision of
the eyepiece. When half of the ablation bubbles apipear that is ED 50 and one can measure
the laser power after the objective, which focuses ter loeam into the cornea. With the help of
the eyepiece one can precisely focus the laser beaahe ittee cornea. Changing the position of
the tissue translation stage one can measure thghtiid change inside the cornea stroma. Our
Nd:Glass femtosecond laser is a CPA system. By changinglithence between the retro
reflector and the grating one can easily change the puldth Wtvom 1.6 picooseconds to 5
picoseconds as shown in Figure 4.4. A series of laser pidsles were studied for the threshold
in different depths within the cornea stroma. Table 4@ns the threshold change with laser

pulse width.

Table 4.3 Threshold as a function of laser pulse width detedniy visible observation.

Laser pulse width (ps) 0.8 1.7 3 20

Threshold (J/cA) 0.7 1.32 1.77 5.54

Figure 4.18 shows the threshold as function of depth insideastr@ma for laser pulse width at

1.7 picoseconds. The data is obtained by visible observation.
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Figure 4.18: The dependence of the threshold of LIOB on thé défite cornea stroma. The

pulse width is 1.7 picoseconds. The data is obtained by visibdevaiion.
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4.4 Second harmonic generation imaging of cornealrema

In the 1990s a new idea for the microscope came from a bgintes [%). ultra fast lasers took the
place of a normal light sources. The novel two-photoarlasanning fluorescence microscope
appears to be a powerful tool in cell biology and tissue phogy [°%. Microscope imaging is
obtained from nonlinear optical processes induced by the hiljta photo flux, for example,
multi-photon absorption, multi-harmonic generation, foawves mixing, and coherent Roman
scattering 1Y]. The two-photon microscope has advantages when compéttedhe traditional
optical microscope. The first advantage is that the thatgn microscope does not need an extra
pinhole to get diffraction limited resolution and depthcdimination. The second advantage is
that the two-photon microscope greatly reduces photo damab&axhing effect outside the
laser focus.

The Zeiss LSM 510 NLO laser scanning multi-photon microscdpésg, Jena, Germany) was
used to observe the LIOB effect in cornea stroma by Sig@als from cornea stroma. The SHG
imaging experiment setup is illustrated in Figure 4.19. A ppbirte femtoseond laser (Coherent
Inc, Santa Clara, USA) is the excitation laser seufn advantage of this laser source is the
wavelength tunable from 700 to 1000 nm. The Ti:sapphire emisgwelength was set to 880
nm in our research. The laser intensity was atteduasing an acoustic optic madulator (AOM
Zeiss). A 40X 0.8 NA water immersion objective was employed for higiokation imaging of
the sample. The signal of SHG coherent generating frollagen emits predominantly in the
transmission direction{4. Therefore, a 63X 1.4 NA oil immersion objective was employed to
efficiently gather SHG signals. Band pass filter (440Mpand infrared beam block filters were

used to ensure the PMT in transmission direction jesirdeed the SHG signals from the cornea.
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Figure 4.19: Conceptual drawing of SHG imaging experiment.

In the intrastromal ablation procedure the plasma medi@blation effect ionises the tissue in the
focal point. The plasma exits in cornea via diffusiorvieg a bubble there. Such bubbles inside
the stroma cannot maintain the original shape. Whenpsaldappens the cornea curvature is
influenced directly. The multi-photon microscope was useevtduate the ablation strom&d.
Then the bubble shape introduced by LIOB was most integesThe typical case is the
intrastromal ablation by a single laser pulse. The eféstngle laser pulse ablation is illustrated
in Figure 4.20. The two-photon microscope gives us a cleaepbf the laser tissue interaction
effects. When the laser pulse energy is set to aboutitmes above the threshold; then the laser
induced cavitation bubble can be recognized very well. THagasi fibers reaction after bubble
formation is very clearly seen. From where the redvesrare, the collagen fibers in the edge of

the bubble were not coagulated or damaged by the laser piigehy often happens in laser
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thermal ablation. The collagen surrounding the bubbleaslynentouched indicating very small
side effects. This smooth edge is good for laser surgenyhermore, the reduction of thermal

damage minimizes the possibility of side effects iredasurgery, and is beneficial for the

wound-healing process.

Figure 4.20a: Single laser pulse induced ablation bubble.

Figure 4.20b: A single laser pulse induced ablation bubble.
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A three-dimensional stack imaging of a cornea struatwodified by ultra fast laser pulse gives
the same conclusion. As shown from any side of thelbublthe Figure 4.21, the pictures shown
here give nearly the same outcome. From the XY crestsos of the bubble in Figure 4.21, one
can see that the bubble is like an ellipse in spaakjrad direction the border of the bubble is
also very clear and smooth. No further expansion of tidslbumakes it possible to control the

ablation depth of femtosecond laser precisely in Z direction.

Figure 4.21: Three-dimensional stack imaging of ablation babble
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For a single bubble one can get a perfect result but fay habbles the result is not ideal. The
sizes of the different bubbles change over quite a vadge. As can be seen from Figure 4.20,
the bubble size in the left is about 20 micro metersamdier while the bubble size in the right
is about 10 micro meters in diameter. The laser pulse sigtawn by the oscilloscope are
constant so that the laser pulse is stable. Fromiffezesht laser systems one can get the same
structure as shown in Figure 4.20. The best possible relsprcomes from the inhomogeneity

of cornea stroma itself,
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4.5 Spot split grating

The inhomogeneity of cornea stroma introduces the irregligéibution of the ablation bubble
size. The uncontrollable difference of ablation buldiie will lead to unexpected curvature of
the cornea for the intrastromal refractive surgergeQdea for resolving this problem is to
overlap part of the ablation bubbles. One possible methoddizvide the input laser beam and let
separate beams parallel very near so that the ablatibblds introduced by them will mix
together and give one uniform big bubble.

Damman-grating is employed for this purpose. This element waevkte homogenous
illumination. It works best with collimated beams bigoawith divergent or convergent beams.
The wavefront is modulated by the phase pattern throughekbment. Two or three beams
emerge behind the element by constructive and destructivdenetece, each consists of the
incident angular spectrum. These are shifted by thetadingdio sin(angle)=wavelength / period
length of the phase-pattern. Such spot split grating wasrptite laser beam path after the beam
expander. By changeing the angle of the grating to the bettmapd the distance between the
separate lasers beams also changes. This results iistiiiteution of the ablation bubble size. To
put the grating on the right angle introduces a uniformtiaoldbubble in the cornea stroma as

illustrated in Figure 4.22 and Figure 4.23.
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Figure 4.22: The inhomogeneity of cornea stroma introdueesrégular distribution of the

ablation bubble size.

Figure 4.23: More uniform bubble size with the spot splitiggahtroduced.
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Chapter 5 Dissertation Conclusions

Diode pumped all-solid-state ultrafast lasers are progiifr mini-invasive refractive surgery
and keratoplasty. A funda mental systematical study comue ultrafast laser tissue interactions
is crucial before applying the state of the art lasghirtelogy to ophthalmic applications.

Porcine cornea samples were treated with three diode pumdpsolid-state ultrafast lasers,
namely, a Nd:glass femtosecond laser, a Yb:KYW femtoselesed, and a Nd:YAG picosecond
laser. The pulse width of the ultrafast laser pulsegas from 800 fs to 20 ps. The corneal
ablation threshold as a function of the laser pulse vadththe depth in the corneal stroma was
precisely determined by simultaneous monitoring of thengitg of the laser-induced plasma and
the second harmonic signals coming from the cornea stroma.

This study confirmed in a new way that the plasma mediablation in the cornea is a function
of laser pulse width. Namely the plasma spark and tbenseharmonic generation signal were
detected at the same time. The ablation threshold is pimpalrto the square root of the laser
pulse width, which is consistent with previous studiese @apendence of the corneal ablation
threshold on the depth of the stroma is not significanhe first 200 um. One can determine the
LIOB threshold by observing the ablation bubble. One adsodetermine the LIOB threshold by

observing the plasma spark. These two methods have theseasitvity level.
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