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ABSTRACT

In order to fully understand the third order nonlinear optical response of materials under high ir-
radiance excitation it is necessary to study the temporal and polarization dependence of nonlinear
refraction and absorption. There are several existing approaches such as Z-scan and pump-probe
techniques to determine those responses. As part of this work, these approaches will be briefly out-
lined before presenting beam deflection, applied from photothermal beam deflection, as an alterna-
tive experimental technique to determine the nonlinear refraction with its temporal and polarization
dynamics. This technique measures the angle of the probe beam deflected via the index gradient
of the material induced by strong excitation beam, to determine both the sign and magnitude of the
nonlinear refraction. The temporal and tensor properties of the nonlinear refractive index can be
determined by introducing a delay line, and by varying the polarization of the excitation and probe

beam, respectively.

To demonstrate the practicality of the beam deflection technique, we performed measurements on
Fused Silica, Carbon Disulfide and Zinc Oxide. Each of these samples shows quite different non-
linear responses. Amorphous fused silica exhibits nonlinear refraction purely from instantaneous
electronic contribution; while Carbon Disulfide shows a much slower response, originating not
only from the electronic contribution but also from non-instantaneous nuclear movements (e.g.
molecular orientation). These two contributions can be separated by varying the polarization di-
rection of the excitation and probe beam. By introducing lock-in detection technique, a sensitivity
of A/5500 can be achieved. In Zinc Oxide, a wide-bandgap semiconductor, we measure both
nonlinear refraction and two-photon absorption simultaneously. Therefore the beam deflection is
a sensitive technique, which can be used to measure the time and polarization dynamics of the

nonlinear response of the material.
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CHAPTER 1: INTRODUCTION

While optics is one of the oldest branches in physics with Ibn al-Haytham due to his "Book of
Optics” (1011-1021)[1] considered father of modern optics [2], the field of nonlinear optics is
rather young. So it was in the 1930’s when Maria Goppert Mayer published her dissertation paper
”Uber Elementarakte mit zwei Quantenspriingen” [42] to explain the simultaneous interaction of
two light quanta. Showing generally, grounded on Diracs dispersion theory [43], the possibility
of what has become known as two photon absorption (2PA) and emission (2PE), her publication
laid the theoretical basis for nonlinear optics involving multi photon processes. So an excited atom
can divide its excitation energy into two photons falling back to its ground state and vice versa
two photons without sufficient energy to excite the atom on their own can still be absorbed as long

as their energy sum is equal to the excitation energy of the atom (see figure 1 for the Jablonski

diagrams).
Excited state Excited state
hv2 hv2
TN Excitation energy N Excitation energy
Virtual state h(v1+v2) Virtual state h(v1l+v2)
hvl hvl
Ground state Ground state

Figure 1.1: Jablonski diagrams for 2PA (left) and spontaneous 2PE (right)

The two step process, that is disconnected through a forbidden transition is modeled with an inter-

mediate virtual energy state, a quantum state with very short life time. So as long as the electron



is found in the virtual state when the second photon hits it, 2PA is possible. Since these effects
are possible, but very unlikely to happen with the provided light sources at time, experimental
confirmation took another thirty years. This was achieved by Franken et al. (1961) [3] with their
discovery of second harmonic generation (SHG) with in a quartz sample and even though the ed-
itorial journalist famously mistook the dim spot from the SHG as dirt and removed it from the
publication, it still marks the beginning of experiments in nonlinear optics. The particular time
for that to happen is not only by chance right after T. Maiman (1960) [4] successful ran the first
laser in ruby crystal and was therefore responsible for an important step in the development of a
new high intensity light source. Whereas for most light sources the polarization P(t) of a material
is approximately proportional to the electromagnetic field strength F(¢), laser light can generate
sufficiently strong electromagnetic fields to enforce a nonlinear response of a material. In terms of
M. Goppert Mayers description, that means the light quanta [42] flux density in the material is high
enough to get a measurable count of 2PA processes despite the low probability for this interaction.
But to stay with the little more plausible classical description, the incoming electromagnetic field
displaces ions and electrons in a medium and generates so an oscillating polarization, which is
phase shifted with respect to the driving field. This material polarization P(¢) can be expressed as

a power series of the field strength E/(¢)

P(t) = eo[XVE(t) + xPE*(t) + xPE*(t)..] = PW 4 P& 1 pB) (1.1)

The quantities YV, x(® and y(® are known as the first, second and third-order nonlinear optical
susceptibility and are in general second rank, third rank and fourth rank tensors. Oscillating charges
are also accelerated charges and therefore emit electromagnetic radiation again, that is now phase
shifted compared to the incident radiation and phenomenological described by the refractive index.

So it will be shown later, that the fourth rank tensor x® contributes and leads to an intensity



dependent refractive index.

n=mng+nsl (1.2)

Consequences like for example self-focusing or self phase modulation make the study of nonlinear
properties of material from a technical as well as from a scientific point of view quiet attractive.
In recent years that caused the invention of several different techniques to determine nonlinear
properties of material. In this work in particular the pump-probe and the Z-scan technique will
be introduced and a the beam deflection technique will be applied in experiments on different
samples. To accomplish a good evaluation on the presented technique, the samples C'S,, fused

silica and ZnO cover a wide range of different material with respectively diverse optical response.



CHAPTER 2: THEORETICAL BACKGROUND

Linear Response

Optics is the subarea of physics that describes the propagation of light and its interaction with mat-
ter. As light is part of the electromagnetic spectrum and classical electromagnetism is completely

described by the well known Maxwell laws, they are the foundation for most optical phenomena.

VD = prec (2.1a)
VB =0 (2.1b)
OB
VxE=—— 2.1¢)
oD

V X H = jfree + (2.1d)

ot

Both the electric field £ and the electric displacement D are appearing in those equations and they

are linked due to the material equations.

Considering just the linear response means the displacement of the electron by an electric field has
to be sufficiently small and therefore the restoring force is proportional to the distance of displace-

ment. In that case only the first term of P(¢) needs to accounted for. Using this aproximation is



leading to the wave equation

OPE ) O°E

V2E = 14 xW =
Ho2o 1+ X 5 = @ g

(2.3)

with the complex index of refraction = n + k. The real part of 1 defines the linear refractive
index and determines the ratio between the vacuum speed of light and propagation speed through
the medium. In combination with the absorption coefficient «, which is coupled to the imaginary
part of the complex index of refraction, most common light matter interaction observations like
absorption, refraction and reflection can be explained. For higher irradiance, however, the first

order approximation is not sufficient to model the physical phenomena.

Nonlinear Response

To discuss the variety of second order order nonlinearities briefly, one can consider an incident

optical field with two frequency components.

E(t) = Eje™™  Eye ™2 1 c.c. (2.4)

Taking only the assumed second order polarization into account.

PO(t) = egx P E(t) (2.5)

This leads to four different groups of polarization responses, Second-Harmonic Generation (SHG)

P(2wy), P(2wy), Optical Rectification (OR) P(0), Sum-Frequency Generation (SFG) P(w; + w»)



and Difference-Frequency Generation (DFG) P(w; — wy). In a photon perspective SHG is il-
lustrated as the creation of one photon with 2w out of two photons with w in a single quantum-
mechanical process. It is most commonly used to convert the output frequency of a laser, which
will be described in more detail at a later stage when the same mechanism is applied in the exper-
iment. The same principle with just two different frequencies instead of twice the same is applied
for SFG and DFG, who are the basis for Optical Parametric Amplifiers (OPA) and Optical Para-
metric Generators (OPG). In Contrast the emerging static term also known as optical rectification
term does not lead to electromagnetic radiation generation, but creates a static electric field across
the nonlinear crystal. Qualitatively different from these second order polarization responses are

the nonlinear effects due to P

PO(t) = eox P E(t)? (2.6)

For instance do third order nonlinear phenomena occur in media with and without inversion sym-
metry and are not vanishing like Y in centrosymmetric media. Again the third order processes
can be distinguished in different classes to describe similar effects. For an incoming field with three
different frequencies that leads to seven different nonlinear processes [6], Third-Harmonic Genera-
tion (THQG), Self Phase Modulation (SPM) or Degenerate Nonlinear Refraction(D-NLR), Degener-
ate Two-Photon Absorption (D-2PA), Cross-Phase Modulation (CPM)or Nondegenerate Nonlinear
Refraction (ND-NLR), Nondegenerate Two-Photon Absorption (ND-2PA), Degenerate Four Wave
Mixing (DFWM), General Four Wave Mixing, Electric Field Induced Second-Harmonic Gener-
ation and the Quadratic Electro-Optical Effect. In this particular work, mainly ND-2PA and the
connected Nondegenerate Nonlinear Refraction (ND-NLR) are of interest. For these nondegener-

ate effects two distinguishable beams are needed, and they are distinguishable either in direction



or frequency.

Ei(z,t) = %El(z)exp(z(klz + wit)) + c.c. 2.7)

Es(z,t) = %EQ(Z)@Ip(l(kQZ + wot)) + c.c. (2.8)

Substituting the resulting electromagnetic field into the wave equation

_1PE(zt)  PPY(z1)

2
\% E<Z7t) 62 atQ = Mo (‘%2

(2.9

leads to the described third order nonlinear phenomena and therefore to a polarization response at

different frequencies. For NLA and NLR just consider the polarization terms at w; and wy

1
P (zt) = §(Pj(w1)el(k”’”1t) + (P (wy)ettkzzmw2t) (2.10)

with

3 6
Pi(w) = ZX(S)(wl;w1)|E1(Z,t)|2E1(2,t)€’klz + ZX(3)(w1;wQ)|E2(z,t)|2E1(z,t)e““z 2.11)

3 6
Pj(we) = Z—LX(3)(w2;w2)|E2(z,t)|2E2(z,t)e’k22 + ZX(S)(WZ;w1)|E1(2,t)|2E2(Z,t)eZk2Z (2.12)



The terms x® (w;;w;) and x® (w;;w;) are the degenerate susceptibilities referring to the self-
induced nonlinearity, while the nondegenerate susceptibility x® (w;; ws) represents a nonlinearity
induced in one beam due to another beam. Considering the polarization response of just one

frequency, the wave equation is simplified

82E1(Z)

( = OE;(z)

+ 221@17) = —w g Pj(wy)e™ (2.13)

With the Slowly Varying Envelope Approximation (SVEA)

82E1(Z) (9E1 (Z)
2k—— 2.14
o ST 19
and regarding phase matching condition A%k = ( the equation can be rewritten
OFE1(z w
1) (D ) B PE + 2O i BPE(2) @15)

This can be separated into real and imaginary part by defining the complex electric field envelope

as magnitude and phase term

E(2) = A1 ® (2.16)

to

dA(z w
c;z( ! - _8nlc]m(X(3)(W1;w1) +2X(3)(W1;W2))A1(2)3 2.17)




do,(z w
) B ) + 2 s (o) @.18)

To define the two-photon absorption coefficient vy and the nonlinear index of refraction n,, one

needs to convert these equations to irradiance using

1
I(z) = énceoAl(z)2 (2.19)
and therefore
. _ W B (1) - 2.2
ag(wr;w;) = 2n20250[m(x (wi;wi)) (2.20)
1 3)
no(wr; w;) = DrPee Re(x" (wy;w;)) (2.21)

Dependent on either degenerate or nondegenerate absorption and refraction, the index ¢ gets the
value 1 and 2. So the NLA and NLR is dependent on x* a fourth rank tensor with 81 individual
elements. Fortunately for most matter samples symmetric considerations help to reduce the number
of independent tensor elements. However, the resulting polarization dynamics will be determined

through the measurement.

Nonlinear Characterization Techniques

While the work is primarily concerned with beam deflection as method to characterize nonlinear

properties of different material, there are other measurement techniques which will be described



briefly to compare them with the used technique.

Pump probe

One measuring method to determine dynamic absorption processes is the pump probe technique,
illustrated in Figure 2. An intense pump is used to create a highly non-equilibrium state in the
sample. The weaker probe beam does not have enough energy to change the properties of the ex-
cited material significantly, it therefore just experiences the absorption [7] or reflection [8] caused

through the electrons in excited states.

Sample

Pump

Probe \

Figure 2.1: Pump Probe schematic

Using pulsed pump and probe allows the characterization of the time dynamics, measuring instan-
taneous and long lived effects. To do so the pulses are time delayed with respect to each other. The
resolution hereby is limited due to the pulse width of the beam. Taking the general rate equations

for the pump probe experiment

de(Z)
dz

= —209np(We, wp) [, (2)I(2) — aop(w,)[,(2)? — a(w,),(2) (2.22)

10



dl(2)

= —20onp(We, wp) I, (2) () — agp(we)Io(2)? — a(we) I.(2) (2.23)

where the index p defines the probe terms and e the terms for the pump. Simplifying the equation
according to the approximation that the probe is weak compared to the pump (,(z) < I.(2)), the
pump is undepleted (dl.(z)/dz = 0), linear absorption is insignificant (o(w,) = a(w) ~ 0) and

there is no D-2PA resonance (aap(w,) = 0) leads to

dly(z)
dz

= _2@2ND(weawp)[p(Z)[e(Z) (224)

The system of equation can be solved [9] under the conditions that broadening during the propa-

gation is negligible and pump as well as probe are transform limited pulses

Qo, Tawpr) = %‘% /_OO (6xp(—(T +;;_ p>2 - F\p/E(erf(T) —erf(r—p)))dr (2.25)

with the normalized transmission (o, 74, W, p, '), the 1PA cross section o, the ratio W = 7,/7,
of probe pulse width to pump pulse width, the two photon absorption parameter I' = LI.as and
the group velocity mismatch p. While a quite capable technique to determine time dynamics of

NLA, the pump probe setup is not able to determine NLR without some additional methods.

Z-Scan

Another technique and probably one of the mainly used one to determine nonlinear characteristics

of materials is the by Sheik-Bahae et al. proposed Z-scan[10].

11



CA detector

Figure 2.2: Z-scan schematic for positive nonlinear refractive index

One distinguishes between open aperture Z-scan (OA) and closed aperture Z-scan (CA). For both
the sample gets moved through the focus of the beam along the z-axis and dependent on the z-
position the intensity is recorded and compared to the reference arm (Figure 2.2). The OA deter-
mines the nonlinear absorption of the sample simply by collecting all the transmitted light after the
sample. When the sample gets closer to the focal spot, the irradiance gets higher and therefore the
absorption rises as well. To measure the nonlinear refractive index an additional aperture is placed
at the far field of the beam, this setup (Figure 2.3) is than referred as closed aperture Z-scan (CA)
and is based on the Kerr lens effect [11]. Since the refractive index is irradiance dependent, the
sample acts as a lens inducing an extra phase front distortion of the incident beam [12]. A positive
n9 leads to a positive Kerr lens, which means that the sample is shifting the focal spot towards

itself.

12



bs lens sample

CA detector

reference
detector Z-axis

Figure 2.3: Closed Aperture Z-scan schematic

Therefore when the sample is placed before the beam focus, the new focal point will be further
away from the aperture plane due the additional focusing power and the transmittance through
the aperture decreases due to further beam expansion. On the other side of the beam focus the
effect is similar leading to an opposite result. Again the new focal point is shifted closer to the
sample but now closer to the aperture plane as well, hence the aperture transmittance increases.
So for positive no, the on z-position dependent transmission results in a valley-peak shape, while
a negative ny would result in a the reversed peak-valley shape. To fit the NLR measurement
with the appropriate n, the presence of NLA and its influence on the CA measurement has to be
considered. A simple division of the CA signal over the OA signal eliminates this distortion (Figure
2.4. This procedure, however, is misleading for high NLA and results in deceptive ny values
[13]. While Z-scan is an effective technique to determine degenerate nonlinear properties, further
adjustments need to be applied to measure nondegenerate nonlinear phenomena, time dynamics
and anisotropy of nonlinearities. Examples for these extensions would be the two-color Z-scan

[14] or the polarization Z-scan [15].

13
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Figure 2.4: OA signal(red), CA signal (black) and Division CA/OA (blue) [16]

Beam deflection

As mentioned before, the single beam Z-scan is a simple and accurate working technique to deter-
mine degenerate nonlinear refraction and absorption. Measuring nondegenerate nonlinearities or
their polarization dependence, however, requires more sophisticated experimental setups like the
two-color Z-scan. Since this is a rather complicated and difficult experiment, a more straightfor-
ward and easier applicable technique is desirable. A known sensitive measurement tool to deter-
mine the absorption spectrum is the photothermal beam deflection initially developed by Boccara
etal. [17]. Here the sample is illuminated by a strong pump beam and dependent on the absorption
coefficient of the respective wavelength, the temperature of the tested material rises. The heat from
the sample introduces a temperature gradient around the surface of the material, which further leads
to a refractive index gradient in the adjacent air. This thermal dependence of the refractive index

is commonly referred to as mirage effect an can be observed in daily life (e.g. streets in the sun)

14



While the pump beam is send directly through the sample, the probe propagates in the air along
the surface and get deflected dependent on the to the absorption coefficient affiliated temperature
change of the material. Following the basic idea and adding some modifications, the beam deflec-
tion principle will be used to measure ultrafast nonlinearities. So will both excitation and probe
beam propagate through the sample and the refractive index gradient is generated not because of

thermal energy, but nonlinear response instead.

Py,

QC-detector

Figure 2.5: beam deflection schematic

To develop the theory for the beam deflection technique, one can start out with ray optics to analyze

the pathway a beam is taking through an inhomogeneous medium with refractive index

n(r) = ng + An(r) (2.26)

The Ray equation, which can be derived from Fermat’s Principle [18], to describe the beam path
can be simplified by considering small inhomogeneties An(r < nyg), only x components of the

gradient of the refractive index An(r) = An(z) and small angles.

(2.27)
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Figure 2.6: Model for deflection angle derivation

Because of the small angle approximation the equation can be rewritten, substituting 6;,(z) =~

0z /0z

Win, _ OAn(z)
0z )~ Ox (2.28)

TL()(

Integration over the length of the sample [ yields

l
Oun(1) — Oin(0) = - / eLPE (2.29)
0

N

Following the derivation of Casperson [19] for photothermal beam deflection. The application of
Snell’s law gives the angle of the exiting beam and therefore the change of direction, due to the

inhomogenous sample.

"OAn(x)
ox

Al = eexit - eenter = / 0z (230)
0
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While the deflection angle Af depends on the gradient of the refractive index , it does not so on the
refractive index. This corresponds to ones perception, since a similar geometry with homogeneous

sample obviously leads to equivalent entering and exiting angle.

Considering the simplified case without NLA and without any Group Velocity Mismatch (GVM),

the two spatially and temporally Gaussian beams are propagated through the sample.

I.(z,y,t) = Iy .exp(—————— — =) (2.31)

_ 2(z* +y%)  (t—m)?
I(x,y,z,t,74) = I p(2)exp(— PR ) (2.32)

Where the excitation beam (index e) generates a refractive index gradient in the sample, that is
experienced by the delayed (7,;) probe beam (index p). The temporal pulse width 7 and the spot
size w(z) are the the half width at 1 /e-maximum (HW1/eM) and I, the peak intensity. The simple
adopted case can be approximated with the model of the earlier derived thin prism. The more

general equation for the beam deflection angle transforms to

I
AQz/ VAn,(x,y,t)ds (2.33)
0

A further assumption concerns the spot sizes of probe and pump beam. To obtain the maximum
deflection, the index gradient has to be maximized as well. Therefore the spot size of the probe
should be small and spatially shifted compared to the spot size of the pump (Figure 2.7).So the

probe experiences an approximately linear index gradient in z-direction and a constant index in
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y-direction. The change of index due to the intensity of the excitation beam in this model can be

written as

Any(z,y,t) = Angeap(—————— — =) (2.34)

with Ang as peak index change.

Normalized Intensity

L
—300

Position um

Figure 2.7: Position of probe w, = 33um and pump w. = 175um, probe is shifted by <= for
maximum deflection

Following the earlier outlined derivation, the beam deflection angle can be calculated as time de-

pendent function.

Af(w,./2,0,t) = exp(—= — =) (2.35)

The deflected probe propagates the distance d to the detector, where the irradiance is expressed
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as[20]

—2m2w? ,((y — AS(1))? + 22) 2
L(z,y,t,d) = Lo(d)exp( p.0 v — ﬁ) (2.36)
p

considering wavelength ), the beam waist w,, , and the pulse duration 7, of the probe. Dependent
on the distance between sample and detector and the beam deflection angle is the lateral shift
AS(t) = df(t) of the probe at the detector. Going further along with the derivation of Ferdinandus
et al. [20], the measured power difference AP, (¢) between left and right side (z-direction) of the

detector is determined due to integration over the z-y-plane of both sides

/ / (x,y,t,d)dzdy — / / (z,y,t,d)dxdy (2.37)

t2 2271w, oL

~ P, oexp(— Tp) W An,(t) (2.38)

where er f(x) ~ x as approximation for small z is used. To establish the NLR from the actual

measured signal integrate over time

AE, [0 AB(t)dt 227w, L
E, ffooo By(t)dt — Mwey/e

(An,) (2.39)

with the sign of the NLR given by the sign of AE,/E, and (An,) averaged index change over the

probe irradiance. If the response times of the nonlinearities are much faster than the time duration
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of the pump pulse, this can be rewritten as[20]

P — (2.40)

Now the nondegenerate bound electronic nonlinear refractive 2n,(\,; A.) index is defined as An,, o =
2n2(Ap; Ae) e 0, S0 in cases with index changes merely due to electronic effects (i.e. bound elec-
tronic nonlinearity) it can be calculated directly from the signal AE,/E,, which is proportional
to the cross-correlation of excitation and probe pulses. For materials with an additional nonlinear
refractive index change component due to non-instantaneous responses (e.g. due to nuclear move-

ment) the signal is the convolution between response of the material and the cross-correlation of

the pulses[20].
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CHAPTER 3: EXPERIMENTAL APPARATUS

Laser system

For this experiment a complete Coherent Legend Elite system with Coherent Evolution pump laser
and external Coherent Vitara-T seed laser was used to supply the necessary beams. The seed laser
(Coherent Vitara-T) is a mode-locked solid-state laser with Ti:Sapphire as gain medium and semi-
conductor pump laser (Coherent Verdi G-Series) exciting at 532nm. The titanium ions 743" are
responsible for the lasing while the sapphire AlsO5 is the substrate. Amplification of Ti:Sapphire
is possible anywhere between 680nm and 1100nm, but the reflectivity of the optics in the cavity
restrict the wavelength range here from 755nm to 860nm. To create ultrashort pulses the Vitara-T
applies Kerr lens modelocking as a passive modelocking technique. In contrast to active mode-
locking setups no additional external signal is needed. A change of intensity leads to a change of
refractive index in material, which is also known as the optical Kerr effect [5]. Therefore fluctu-
ations in light intensity vary the beam diameter in the cavity as well. The Gaussian pump mode
distribution with high gain in the center and low gain at the edges of the gain medium works as
soft aperture. So the relatively low intensity continuous wave mode with big diameter experiences
less gain than high intensity pulse. This dominant pulse then forms the output. While once started,
the pulsed mode continues running by itself, but in order to get high enough fluctuations to cause
Kerr lensing a starting mechanism is needed. In the Coherent Vitara-T this is achieved by changing
the cavity length at proper speed [23]. The output of this seed laser is propagated to the Coherent
Legend Elite amplifier and due to chirped pulse amplification (CPA) amplified. The setup of the
Coherent Legend Elite basically consist of Coherent Evolution pump laser, stretcher, regenerative
amplifier and compressor [24]. CPA was developed from D. Strickland and G. Mourou 1985 [25]

and is a technique to circumvent the amplification limit in consequence of the destruction threshold
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of the gain medium. To realize that, the stretcher introduces a phase whose time derivative is not
constant, known as group velocity dispersion (GVD), on the pulse. Therefore the pulse is chirped
and its time duration is longer. A femtosecond pulse can be broadened up to a factor of 10* with
this technique [26]. Energy conservation now dictates a decrease of amplitude of the stretched
pulse. The longer and decreased (amplitude) pulse can be amplified again without destroying the
gain medium due to the peak intensities. The Coherent Legend Elite amplifies the pulse by a factor
of around 10° [24]. To get the original pulse duration back, the compressor introduces an additional

phase with opposing sign, which eliminates the GVD and therefore shorten the pulse again.

output
amplified pulse
input broadened pulse
stretcher amplifier compressor
compressor
mirror
stretcher .
grating
grating f\ \
r \I grating h
grating

. - mirror

lenses

Figure 3.1: Basic functionality schematic for CPA and possible arrangement for each the stretcher
and the compressor, in the stretcher sketch shorter wavelength are propagating through a longer
path and will be delayed, the compressor on the other hand introduces the opposite effect and
eliminates the GVD again
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There are different possible setups to achieve pulse stretching and compression. The Coherent
Legend Elite uses diffraction gratings similar to the sketches in Figure 3.1, where the positioning of
the grating is crucial to avoid angular chirp [27]. Amplification between stretcher and compressor
is done with two Ti:Sapphire crystals, one used as single-pass amplifier stage and the other one
working as regenerative amplifier. As result an output of pulses with pulse width smaller than
25fs and pulse energies bigger than 12m.J at a central wavelength of 800nm can be achieved [28].
The specific parameters for the experiments are measured independently and will be stated in the

relevant chapter.

Optical Setup

HWP/Pol BS

H_H input
HWP/Pol
telescope Sample on
/ peak filter

Watercell, color filter HWP lens mOVingstageI

WLC
ll ﬂ quad-cell detector

excitation
probe

time delay

U aperture

chopper lens

Figure 3.2: Experimental setup schematic

The incoming beam is separated due to the beam splitter (BS) into excitation and probe beam.
Both beams are send through a combination of half-wave plate (HWP) and polarizer to control and
manipulate their polarization and pulse energy. To measure the temporal response, there is a delay

stage set up in the probe path. Also as mentioned earlier, to satisfy the condition that the spot size
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of the probe needs to be smaller than the one of the excitation beam, a telescope is installed. Inside
the telescope is a water cell to generate a white light continuum (WLC) from the femtosecond
laser pulses. While a complete theory of WLC generation is still considered one of the bigger
unsolved problems in nonlinear optics, it seems that pulse self-steepening [29] leads to optical
shock-wave formation [30] and is therefore the physical reason for WLC generation. Although
an accurate model description of WLC generation is not necessary here, since it is merely an in-
strument to get different wavelengths, what happens to a short intense pulse propagating through a
nonlinear medium is a significant spectral broadening. This effect was first discovered by Alfano
and Shapiro in 1970 [31]. Even though the temporal coherence of the new pulse is low (broad
spectral bandwidth), the spatial coherence remains high. Dependent on the desired wavelength
range, the broadened probe pulse is filtered by a specific color filter. For the experiment with Zinc
Oxide the water cell was substituted with a barium borat BBO crystal to generate the probe with
second harmonic generation (SHG). SHG can be understood in a photon view as the summation
of two photons with energy hw to one photon with energy 2hw. Because of symmetry conditions,
the second harmonic can just be generated in optical anisotropic material. Also phase matching
conditions inside the material have to be met. In the former considered photon view, that simply
means conservation of momentum. This translates to the more practical electromagnetic wave per-
ception to equal phase velocities of exciting wave and second harmonic. In general the condition
is not fulfilled, since the refractive index is wavelength dependent. With the aid of birefringent
crystals, where the refractive index is also dependent on the polarization of the electromagnetic
wave, phase matching is achievable. The index ellipsoid for the uniaxial BBO to calculate the

phase match angle 6,,,, can be expressed as

1 sin®(0,) | cos®(6m)
(@2 ne(2w)? | ng(2w)? 3.1
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with the ordinary n, and the extraordinary n. refractive index. Simple trigonometry leads to the

resulting phase matching angle

!
san(ﬁm) _ no(lw)Q no(21w)2 (32)
ne(2w)?  no(2w)?

Applied on the SHG in the experiment from 800nm to 400nm, the angle is #,, = 13, 57° calculated
from Sellmeier equation with the values of Kato [39]. Going further along the setup, another HWP
is used to change the polarization of the probe with respect to the pump. To adjust the polarization
an additional polarizer set perpendicular to the desired polarization direction is placed in the beam
path. Minimizing the probe with the HWP leads to the required polarization. Both probe and
excitation beam are then focused on the sample, with the smaller probe hitting the sample straight
and shifted spatially to one of the slopes of the excitation beam (see figure 2.7). The excitation is
also modulated at 286 H »z with a mechanical chopper and synchronized with the lock-in amplifier
to eliminate most of the noise, before it gets focused on the sample. To hold the sample, it is
mounted on a movable 3-D stage, which allows precise translation in all directions. The same
stage is also used for the knife edge scan to determine the spot sizes of the probe and the excitation
beam. Hereby the sample is exchanged with a knife edge and moved on the translation stage
through the beam (see figure 3.3). The transmitted power is measured as the knife cuts through
the beam. With known beam profile this measurement leads to the spot size of the probe and the

excitation.

Finally there is the signal detection and data acquisition part of the experimental setup, which is
shielded by an aperture and a peak filter to keep the noise level low. It consists of a quad cell

detector and a lock-in amplifier, who are described more rigorous in the next section.
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Figure 3.3: knife edge schematic (left) and graphical analysis of the probe (right)

Detection

The signal detection in this experiment acquires high sensitivity to measure small nonlinearities.
It consists of an OSI Optoelectronics QD50-0-SD quad-segment diode and Stanford Electronic
SR830 digital and SR510 analog lock-in amplifiers to handle the diodes output and digitize it by a

National Instrument data acquisition card.

Quad cell detector

The principle of quadrant-cell photodiodes is based on separation of the photoactive areas. These
four photodiode elements are isolated by a small gap and the anode of each element is separately
available. Therefore the energy distribution of a light spot over the diode segments can be measured
and its relative position with respect to the center of the detector determined. The four independent

current outputs are then converted to voltage using four transimpedence amplifiers and further
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processed to yield three voltage outputs.

Figure 3.4: Quad cell detector schematic

The difference between left and right

AUL_R = (Ul + Ug) — (UQ — U4) 3.3)
between top and bottom
AUT_B = (Ul + UQ) — (Ug + U4) (34)
and the total voltage
Uy=U+Us+Us + U, (3.5)

where the index number refers to the segment number in figure 3.4. Also an amplification gain

of 10 on the voltage is applied through the first transimpedance stage[21]. Exercising simple
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arithmetic on the output voltages gives the x and y position of the spot

Ur—r
= 3.6
T i (3.6)
Ur_gr
— 3.7
Y U, 3.7

which is the critical information in the experiment.

Lock-In Amplifier

Precise measurements of small AC signals in the presence of strong noise sources can be done
with Lock-in amplifiers. Hereby a technique known as phase-sensitive detection (PSD) is applied
to isolate the signal and get rid of the noise at different frequencies[22]. In our case the signal of
the probe is modulated with a mechanical chopper, to generate the necessary reference frequency.
The signal Uy;,sin(w,t + 6;,) can be defined through the amplitude Uy, the signal frequency w,
and the phase 0;,. Using PSD the signal is multiplied with the lock-in amplifiers own internal

signal Uy, = sin(wpt + 61), which is just the product of two sine waves

Upsa = UsigUpsin(w,t + Og4)sin(wrt + 61) (3.8)
1
= §(U5igULcos((wr —wp)t + b5y — 01) — UsigUrcos((w, +wp)t + b5 +61))  (3.9)

So there are two output signals of the PSD, one at the sum frequency w, + w;, and another one at
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the difference frequency w, — wr. Applying a low pass filter on the PSD output removes the AC
signals and there won’t be anything left unless the two frequencies w, and w;, are equal. Thus the

difference frequency component will be a DC signal and pass the low pass filter.

1
Upsd = §U5igULCOS(95ig — HL) (310)

Considering signal and additional noise,instead of a simple sine wave, the combination of PSD and
low pass filter only detects the signals with frequencies close to the internal lock-in reference fre-
quency. Since the noise is distributed over a wide range of frequencies, most of it gets attenuated.
The hereby for signal detection used Stanford Systems SR830 lock-in amplifier is a digital lock-in,

where multiplication and filtering is done mathematically using a digital signal processing chip.

Experimental Procedure

The first step of the experiment is placing the sample at the beam waist of the probe. Therefore
ZnSe a material with large NLA is used to conduct an OA Z-scan. The beam waist is found at the
position of minimum transmission. To determine the spot sizes of probe and pump, the ZnSe is
exchanged with a knife edge and a knife edge scan is done at the beam waist. For good responsivity
and linearity of the gradient index, the ratio between probe waist w,, and excitation waist w, should
be set from 2 to 5 [20]. The telescope allows adjustments of the spot size of the probe. With the
long lifetime nonlinear absorber Si/NC' zero time delay can be found and therefore the position
where the maximum signal is expected. After replacing the Si/NC with the sample, the position of
the detector can be adjusted. So propagating just the probe should give no signal on the quad cell
detector for left-right or top-bottom. To get an optimal signal the pump direction is adjusted until

the maximum left-right signal is observed, which corresponds to the highest index gradient(see
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figure 2.7). After finishing the temporal and spatial alignment, the left-right signal is recorded
while the delay stage in the probe path is scanned to deliver different temporal delay between
probe and excitation. As first sample fused silica is used to calibrate and reassess the experiment.
In addition the setup allows changing the polarization of the probe compared to excitation (see

optical setup for more details ).
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CHAPTER 4: RESULTS

Fused Silica

Fused Silica is melted natural crystal quartz and so glass consisting of silica in amorphous form. It
has a macroscopic inversion symmetry that does not allow second order nonlinear processes [32].
The ultrafast purely electronic nonlinear response in this isotropic medium, allows the verification
of the calibration of the experimental setup on the one hand and the determination of the probe
pulse duration on the other hand. Due to the ultrafast electronic response, the beam deflection

signal results in the cross correlation between the probe pulse and the excitation pulse.

S(r) = /OO II,(t—T)dt 4.1)

—00

Examining the Fourier transformation of the signal yields

FIS(7)] = S(w) = L(w)],(w) 4.2)

Taking into account Gaussian shapes for signal (see figure 4.1), excitation and probe pulse, it leads

to 72

2 e = TE+ 7'5 as relation between the pulse widths. The signal width 7,5 1S determined in

this measurement, while the excitation width 7, = 47 fs is known due to earlier auto correlation
measurements in order to characterize the laser output. The probe widths 7,, which is influenced
by the WLC generation and the following color filter and is different from the excitation width,
can be calculated using the signal width. The calibration measurement is done with a sample of

fused silica with length L. = 1mm and co polarized excitation and probe (Figure 4.1).
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Figure 4.1: Measured index change An dependent on the delay in fused silica for the co polarized
case with L = 1mm, A\, = 800nm, A\, = 650nm, w. = 175um, w, = 43um, 7. = 47fs,
7, = 135fsand I, = 1,63PW/m?

The pulse width of the probe is determined with the measurement and results to 7, = 135fs.
Following the early thin sample derivation and recognizing the peak index change An = 0.00119,

the nonlinear refractive index of fused silica

Any, = 2n9(Ap; Ae) L 4.3)

is calculated as ny = 0,26 X 10*197%2 which is consistent with the literature value [33]. This
calibration is performed before every measurement and the just realized measurement is used for
the C'S, experiment. But before going more into detail about Carbon Disulfide next chapter, the

co and cross polarized cases (polarization direction between probe and excitation) are measured

for fused silica. The nonlinearity in fused silica is purely electronic and as stated earlier, it is an
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isotropic material which leads to the third order susceptibility relations 1111 = X1122 + X1212 +
X1221, since isotropic nonlinearities should be invariant to rotation of the material. In the Kleinman
limit the susceptibility elements are related by X1120 = X1212 = X1221 [9]. Therefore the ratio of

the susceptibilities and following the peak index changes An.,/Ancoss = X1111/X1122 = 3-

—— co polarized
—— cross polarized

T, =133 s

1, =47fs
T =124fs

0.02

0.01

An

delay(ps)

Figure 4.2: Measured index change An dependent on the delay in fused silica for the co (black) and
cross (red) polarized case with L = 1mm, A\, = 800nm, A\, = 650nm, w. = 175um, w, = 43um,
7. =47fs, 7, = 124fs and I, = 0,43PW/m?

For the co polarized case a peak index change of An = 1,99 x 1072 and for the cross polarized
case the value An = 0,78 x 1072 are observed (see figure 4.2. This leads to a measured ratio
Ang,/Aneoss = 2,5 which is considering particularly the noise level on the peak a satisfying

result.
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Carbon Disulfide

Carbon Disulfide C'S, is a material where the characterization of the nonlinear refractive index is

studied exhaustively. The reason for the uninterrupted interest in the linear diatomic liquid

S=C=8 (4.4)

is the compared to other liquids large nonlinear refractive index [34], which leads to a wide range
of applications like optical switching [35] and limiting [36]. Also the wide transparency range over
the visible and infrared region [37] make C'S; a neat liquid to work with. As mentioned earlier,
before the temporal response of C'S; is measured and therefore the non-instantaneous components
are determined, the calibration with fused silica has to be done (see figure 4.1). The first measure-

ment of C'S, can be seen in figure 4.3.
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Figure 4.3: Measured index change An over excitation intensity versus time delay for the co
polarized case with L = 1mm, A\, = 800nm, A, = 650nm, w, = 175um, w, = 43um, 7. = 47fs,
T, = 135 fs and left fit of the decay
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The decay of the curve reveals two temporal components, that could not been observed in fused
silica. Separate exponential fitting of the two decays lead to a time constant of 339 fs for the fast
response and 1,47ps for the slow response. The reason for the slow response lies in the molec-
ular reorientation relaxation process. By applying an electric field to the liquid, the molecules
become aligned alongside it. Therefore the probe experiences a changed value for the refractive
index. Through thermal movement, that randomizes the molecular orientation, the modification is
reversed as the electric field weakens. Compared to the instantaneous electronic response or the
fast response which is probably a combination of molecular libration, a bound electronic response
(< 170fs) and inter molecular response (400 — 600 fs) [20], the reorientation is relatively slow.
The determined value is within the scope of the literature value [5], considering the slight influence
the other material responses still at the later times and the noise level. A separation of the fast re-
sponses is not possible due to the pulse duration of probe and excitation. Having looked upon the
time dynamics, another dependency of the nonlinear refractive index, the polarization dependency,
can be examined with the experimental setup. This is performed using three different polarization
angles between excitation and probe, 0° (co polarized), 90° (cross polarized) and 54, 7° (the magic
angle) (see figure 4.4). The magic angle is a special angle, where the index change through re-
orientational response is zero. Since the molecules are oriented randomly, they contribute to the
index change either increasing or decreasing. At the magic angle, however, the average angular
dependence goes to zero, which eliminates the reorientational response. To evaluate the results,
the responses can be decomposed in isotropic and reorientational responses with respect to the

polarization angle.

An(0) = Anizo(cos(6) + %sinQ(e)) + Ang.(cos*(6) — %smg(e)) 4.5)

While the factor for the isotropic nonlinearity is already described at the previous section with
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fused silica, is the index change of the cross polarized case negative one half of the co polarized

one.

Time dynamics of CS,

—— Co-polarized
—— Cross polarized
—— Magic angle

An/ly (107)

T4 (PS)

Figure 4.4: Measured index change An over excitation intensity versus time delay for the co
polarized (black), cross polarized (red) and magic angle (blue) case with L = 1mm, A, = 800nm,
Ap = 650nm, w, = 175um, w, = 43um, 7. = 47fs, 7, = 135fs

This can be explained that only the molecules in the plane of the exciting electric field are turned
away from the probe in the cross polarized case, whereas in the co polarized case all molecules are
turned towards the probe. Considering uniformly distributed molecules in all direction, averaging
results in the factor —1/2, with the minus sign taking into account the decreasing effect. The appli-
cation of this equation for the three different responses, leads to the relations for co polarized(0°),

cross polarized (90°) and magic angle (54, 7°)

Anco = Aniso + Anre (46)
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Ancross = _Aniso - _Anre (47)

5)
Anmagic = §Aniso (48)

While the magic angle has no reorientational nonlinearities, the slow responses of the co and
the cross polarized measurements should be in a ratio of —2 and can therefore be compared by
applying the factor on the sampled data. One can recognize in figure 4.5 the responses match as

expected. In particular at later times, where the influence of the fast electronic response vanishes,

the two graphs match exactly.

Reorientational response comparison

—— Co-polarized
—— Cross polarized
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Figure 4.5: Measured index change An over excitation intensity versus time delay for the co po-
larized (black), cross polarized (red) and cross polarized with applied factor —2 (blue) to compare
the reorientational nonlinearities with L = 1mm, A\, = 800nm, A, = 650nm, w. = 175um,
wy, = 43um, 7. = 47fs, 7, = 135fs
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To determine the isotropic and the reorientational contribution, the magic angle response can be

scaled with 9/5 and the here gained isotropic contribution subtracted from the co polarized re-

sponse

9
Anr@ = Anco - Anz’so = Anco - gAnmagic (49)

which leads to the reorientational contribution. The result of this analysis can be seen in figure 4.6.

Decomposition of co-polarized response
4.0
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Figure 4.6: Measured index change An over excitation intensity versus time delay for the co
polarized (black) and decomposition in its isotropic(red) reorientational contribution(blue) with
L = 1mm, A\, = 800nm, A\, = 650nm, w, = 175um, w, = 43um, 7. = 47fs, 7, = 135fs

Now that the reorientational and the isotropic contributions of the nonlinear index change of C'Sy
are determined, one should be able to reconstruct the response at any given polarization angle using
the earlier stated equation. This reconstruction is performed with the cross polarized measurement,

which was not part of the decomposition and is therefore an independent instance to check the
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assumption of just two response sources (isotropic and reorientational).
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Figure 4.7: Measured index change An over excitation intensity versus time delay for cross
polarization (black) and reconstruction from the isotropic and reorientational contributions(red)
L = 1mm, A\c = 800nm, A\, = 650nm, w, = 175um, w, = 43um, 7. = 47fs, 7, = 135fs

This reconstruction (see figure 4.7) works pretty well and verifies the model. Small differences
between measurement and reconstruction may be through small errors in the polarization angle
settings. These are adjusted manually and are therefore just accurate about 1 degree. Also it is
believed that the nuclear response has an isotropic angular dependence, that cannot be resolved

with the given pulse duration.

Zinc Oxide

Zinc Oxide is a direct wide band gap semiconductor with a band gap of 3.37eV (368nm) at room

temperature. Optical properties of semiconductors are dependent on intrinsic and extrinsic effects.
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The optical transitions between electrons in the conduction band and holes in the valence band are
hereby defined as intrinsic, while dopants in the band gap influencing absorption and transmission
are extrinsic [38]. As material with large NLR, 2PA and not negligible group velocity mismatch
(GVM) and group velocity dispersion (GVD), ZnO can be considered a significant test of beam
deflection as technique to measure nonlinear properties. Other than in the previous measurements,
the probe is not generated from WLC but as earlier described due to SHG in a BBO-crystal.
Therefore a new calibration with fused silica has to be performed, to determine the new probe

pulse width (see figure 4.8).
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Figure 4.8: Beam deflection measurement with fused silica for calibration, data(black) and fit(red)
L = 1mm, \. = 800nm, A, = 400nm, w, = 178um, w, = 45um, 7. = 47fs, 7, = 100fs

To measure the 2PA, the experimental setup is changed to a pump probe setup. So the probe is not
spatially shifted compared to the probe anymore and the detector records the total signal instead
of an left minus right signal. This is done for three different excitation pulse energies and the

transmission curves dependent on the time delay can be seen in figure 4.9. One can recognize in
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all three curves, that what is supposed to be the maximum absorption peak at zero delay time, is an
absorption plateau instead. Since the ZnO sample has a finite thickness (L. = 0, 53mm) and the
probe pulse (400nm) moves, because of GVM, slower through the sample than the excitation pulse
(800nm), the excitation pulse can overtake the probe pulse inside the sample. That means different
delay times actually lead to perfect temporal overlap at different positions inside the sample and
therefore to the absorption plateau. Also, because the band gap is bigger than the photon energy
of the excitation beam, the nonlinear responses have to involve virtual processes leading to just

instantaneous responses.
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Figure 4.9: Total transmission in ZnO for three different excitation pulse energies 235n.J(black),
930nJ (red) and 10000J (blue) L = 0,53mm, A\, = 800nm, A, = 400nm, w. = 178um,
w, = 45um, 7. = 47fs, 7, = 100fs

For the same three excitation pulse energies the beam deflection is performed as well (see figure
4.10). It is similarly to the absorption curves evident, that the slope for negative time delay is not

as steep as for zero delay. Since negative delay means the probe reaches the sample before the
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excitation and the two pulses meet on the back of the sample, due to the path through the material
with GVD both pulses get temporal broadened and so lead to the slower response. Fitting the data
for transmission and beam deflection yields the average determined nonlinear absorption o, and
refraction ny coefficient. Their values (ay = 7,2cm/GW and ny = —3,9 X 10~ “em? /GW can
then be compared to the theoretical values. The theoretical value for the nonlinear absorption is

derived similar to pertubation analysis following Cirloganu [40]

\/ E hw1 hWQ
. — K L . 4.10
az(wi; w2) nina By 2( E, E, ) (4.10)
with
(1 +a—1)2 1 1,
Pl ) — 2 4.11
2(1’1,$2) 271.11.% (wl + $2) ( )

and L, as Kane energy parameter, [/, the band gap energy, K an independent material parameter
and coupled to their respective wavelength, the refractive indizes n; and ny [41]. For the calcu-
lation of the nonlinear refraction index, one uses the Raman, Kerr and the quadratic Stark effect

(QSE) to describe the nonlinear processes Gs.

heK /B, hw; hws
; G : 4.12
n2(wbw2) 9 nlang 2( Eg ) Eg ) ( )
While the nonlinear refraction coefficient (theoretical value ny = —4,5 x 10~ em? /GW) is still

comparable, is the value for nonlinear absorption (theoretical value (ay = 11, 7em /GW with 40%
difference pretty far of and so can our beam deflection experiment still not be considered as precise

technique for the characterization of ZnO. A new fit program, handling large GVD could improve
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that.
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Figure 4.10: Beam deflection data of ZnO for three different excitation pulse energies
235nJ(black), 530nJ (red) and 1000n.J (blue) L = 0,53mm, A\ = 800nm, A\, = 400nm,
we = 178pm, w, = 45pum, 7. = 47fs, 7, = 100fs

The determined negative sign of the nonlinear refractive index can be double-checked via a Z
direction scan on the current beam deflection setup and compare it with the equivalent scan for

fused silica. As the sign of the nonlinear refractive index of fused silica is known to be positive.

Noise reduction

One important concern in measuring small signals is always the noise, that reduces the accuracy
of the measurement and the possible resolution. The present experiment already introduces plenty
of noise reduction techniques, like the combination of chopper and lock-in amplifier (electronic)

or the color filter and aperture in front of the detector (optic). To further improve the signal-noise
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ratio a gaussian shape amplifier (CrematCR — 200) is tested. This amplifier accepts step input
functions and translates them into amplified gaussian output functions. The idea is therefore to
filter most of the noise from the signal. For the experiment the cross correlation in fused silica is
performed with and without the gaussian shape amplifier, using the same experimental parameter

(see figure 4.11).
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Figure 4.11: Normalized cross correlation in fused silica with and without gaussian shape amplifier
(right) and noise compared after high pass filter (left)L = 1mm, A\, = 800nm, A, = 400nm,
we = 178pm, w, = 45pm, 7. = 47fs, 7, = 100fs

Both normalized curves do not show big apparent differences as well as the noise levels are still
very similar. Since the results did not promise any improvement on the experimental setup, the

gaussian shape amplifier found no further use in this series of measurements.
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CHAPTER 5: CONCLUSION

The aim of this work was to familiarize ourselves with some of the already established techniques
to measure NLR and NLA of materials and examine a modification of the photothermal beam
deflection as a new method of measurement to determine the nonlinear refractive index. These
goals could be met for the most part. So were the results for the nonlinear refractive index of fused
silica in good agreement with the literature and the difference between cross and co polarized mea-
surement are according to the theory for isotropic material. Slight aberrations in particular for the
comparison of the cross and co polarized measurements can still be explained with the noise level
and therefore in acceptable limits. The time and polarization dynamic measurements for Carbon
disulfide matches the provided theory to a high degree and can so be evaluated as good success for
the effectiveness of the beam deflection measurement. Decomposing the nonlinear response into
isotropic and reorientational response and comparing the result with the cross polarized measure-
ment showed a good agreement. Also resolving NLR into fast and slow response was possible and
the measured slow response was comparable with the literature value. Unfortunately was the used
probe pulse duration too long to further resolve the fast response. The results from the first two
samples left us with just two concerns, reducing the noise level and the pulse duration of the probe.
As main reason for the long pulse duration of the probe, the narrow band pass filter after the WLC
was identified. A series of experiments with different combinations of low and high pass filters
were conducted to shorten the pulse. Even though the idea showed some promise with shorter
pulses, the noise level increased drastically and made this effort mute. Another concern regarding
the pulse length lies in the stability of the WLC and substituting the water cell with an BBO crys-
tal for the ZnO measurement led as expected to a shortening of the pulse duration time. While the
work on the probe pulse duration showed some improvement, the experiment to reduce the noise

level was unsuccessful. Hereby a gaussian shape amplifier was tested and compared to the results
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without. It turned out the noise levels of both measurements stayed about the same and no indi-
cation could be found to justify the use of the additional amplifier. The last experiment conducted
throughout this work, was to determine the nonlinear properties of the wide gap semiconductor
ZnQO. Again this is done using our beam deflection technique and through a slight change of the
experimental setup the pump probe technique. So the pump probe was used to determine the NLA
of the sample and the NLR was measured with beam deflection. Both results are in the same
order of magnitude as the calculated theoretical value, but in particular the measurement for the
NLA is with 40% deviation not an overall satisfying result. Reason for the mismatch seemed to
be the fitting process, that does not account for the large GVD. Although the quantitative results
do not conform with the theoretical value in great accuracy, so can the nonlinear effects like GVM
and GVD still be observed qualitatively. With little reservation can we count the work as success
and the evaluated technique beam deflection as useful and accurate addition to the methods to

determine nonlinear properties of material.

Future Work

There are different things to improve the setup and make it a more effective and variable apparatus.
So could a optical parametric amplifier (OPA) be used to work with two variable wavelength for
probe and excitation, the measurements could then be repeated with different wavelength combi-
nation. This could also enable a shorter probe pulse and the possibility to resolve the fast response
of solvents like C'S;. Another advantage of the OPA could be a reduction of optical noise, since
the generation of the probe pulse will be most likely improved compared to its generation with
WLC and band pass filter. To further reduce the noise level, the current beam deflection setup will

be new assembled to better shield the detectors from electronic noise sources.
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