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1 Introduction

Stimulated emission of radiation and a principle of laser were known since the beginning
of the 20" century. However, due to technical complications the first working example was
constructed in 1960 by Maiman and collective. It allowed to generate higher intensities
of light and therefore helped to discover a new class of optical effects. These include
nonlinearities which are important for my study.

In general, the dependence of a vector of electric intensity E and a vector
of polarization P is not linear. A consequence of this relation is dispersion - the refractive
index and the velocity of propagating light wave change with electric intensity E.
Moreover, the superposition theorem does not hold and the wave frequency is influenced
by a material which it passes through.

Differences between the linear and nonlinear dependence E(P) lead to various effects,
e.g. second-harmonic generation, phase matching, parametric up-conversion, optical
parametric amplification or the white light generation (see section 2.2). The mathematical
description of mentioned phenomena is rather difficult and is not a part of this thesis.

Ten years after the discovery of the first working laser, Shapiro and Alfano reported
an effect called spectral broadening, which led to white light generation [8]. They explained
it through self-phase modulation and four-wave mixing. However, this was not sufficient
and since then many attempts have been introduced to describe the generation of the white
light. Nowadays, the pulse-self steeping leading to optical shock wave formation is taken
as the main process of the supercontinuum generation, see e.g. [1].

In the laboratory of optical spectroscopy where this work has been done, the transient
spectroscopy using the pump-probe method is measured.

The spectra of the white light continuum are generated by crystal plates made from
sapphire with thickness about 2-3 mm. The reason is an effort to have supercontinuum with
as small group velocity dispersion as possible. The main aim of this thesis is to examine
possibilities for wider spectral range of measuring apparatus, mainly in the way of enhancing
the supercontinuum generation. For example, in article [10]|, the thicker plates (5mm)
are used. They generate beautiful broadband spectra but with significant group velocity
dispersion.



2 Nonlinear Optics

In this chapter, we consider the basic relations of description of nonlinear phenomena.
With their help, step by step, we reach our main target- supercontinuum generation which is
a combination of these effects. The most used literature is a book Nonlinear optics written by
Boyd [1] and from this reason, its reference will not be written at the end of each paragraph.

2.1 Basic equations of nonlinear optics

To better understand the meaning of the optical nonlinearity, we have to consider
how polarization P(t) of a material depends on an applied optical field E(t) [1, 4].
In a linear and isotropic dielectric medium, the polarization is directly proportional
to the electric field

P(t) = eoxE(1), (2.1)

where ¢ is the permittivity of vacuum and y is the linear susceptibility. We can generalize
the previous equation by expressing polarization P(t) by power series in the electric field E(t)

P(t) = eoxVE®) + XPE*(t) + x\YE3 () +--- ] = PO®) + PP t) + PO{#) +---, (22)

where y™,n € N are nonlinear optical susceptibilities of the n-th order.

In (2.1) are P(t) and E(t) scalars. It is the consequence of having linear and isotropic
dielectric medium. But in general, these quantities are vectors and x™,n € N become
tensors. We also assumed no energy losses and no dispersion.

Further, we consider only the second term in the Eq. (2.2)

PO(t) = eox @ E2(1). (2.3)

Materials characterized by this relation are referred as second-order nonlinear optical
media [2].
We move to investigating the interaction of two harmonic waves
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The total wave E(t) is given by superposition of these particular waves
E(t) = Ei(t) + Ex(t)
A substitution to Eq. (2.3) yields

P(2)(t) = gox? [E2(t)e~ 2t 4 E2(f)e 22t 4 2, (t)EQ(t)e—i(w1+w2)t
+ 2B, () By (H)e "7 + c.c] + 2e0x P [E1 Ey* + BBy,

where c.c. denotes a complex conjugation. Using the elementary trigonometric relations
1
cosacos B = Q(cos(oz + B) + cos(a — ),
1
cos’ o = 5(1 — cos 2a),

we can write the polarization in separate terms belonging to different frequencies

Poy, = 50X(2)E12 (SHG),
Py, = €0X(2)E22 (SHG),
Py 1w, = 260X P ELE, (SFG), (2.4)
P, = 20X\ P E By (DFG),
Py = 2eox P (ELEy* + FyEyY) (OR).

The shortcuts in the brackets denotes names of effects which we want to describe. They are
namely second harmonic generation (SHG), sum-frequency generation (SFG),
difference-frequency generation (DFG) and optical rectification (OR). In the following text,
the shortcuts are occasionally used for brevity.

2.2 Important processes and phenomena

In the previous section, we generalized the Eq. (2.1) for polarization by power series (2.2) in
an applied field £. We also considered only the second order term, which yielded to the Eq.
(2.3). As already mentioned above, this relation describes the second-order nonlinear media
and it is linked with various processes. However, if we have a medium (crystal) with a central
symmetry, the second order polarization P is identically zero. The lowest nonlinear
contribution is given by P while the fourth and higher order terms can be again neglected.
These media are usually called the Kerr’s media (see Section 2.2.7) and they are connected
with phenomenons like the third harmonic generation (THG) and the self-action effects (see
Section 2.2.8). Since the Kerr’s media and related phenomena are the most important for
our work, we approach to more precise description of them.



2.2.1 Sum-frequency and difference-frequency generation
As we introduced in the Eq. (2.4), the sum-frequency generation is described by the term
Pleer = QSOX(Z)ElEQ.

The waves F; and Fy, proceeding through a second-order optical medium (see also fig. 2.1),
sum to one wave F with frequency

W3 = W —|—w2,

A practical application of this equation is tuning the wavelength of lasers. For example, if we
choose one of the input waves as the output of a laser with a frequency in the visible region,
which is fixed, and the second one as the output of a laser with a frequency again in the visible
region, which is tunable, then we can produce a tunable radiation in the ultraviolet region.
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Figure 2.1: The description of the sum-frequency generation. This figure is taken from [1]
(a) Simplified scheme.
(b) Energy-level diagram

According to (2.4), difference-frequency generation is determined by the condition
Py = 260X P E\Ey*.

It is analogous to the sum-frequency generation, except that in the case
of difference-frequency generation, the frequency of the generated wave is the difference
of the two input waves. We use it to produce a tunable infrared radiation.

The main difference between SFG and DFG is illustrated the figure 2.2. Consider two
waves with frequencies w; > wy proceeding the second-order nonlinear medium. We assume
that w; is sufficiently high to excite atoms of the medium and wy, was chosen to be
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Figure 2.2: The decription of the difference-frequency generation. This figure is taken from [1]
(a)Simplified scheme.
(a) Energy-level diagram.

Wy = w; — ws. An excited atom moves to lower energy level by interaction with photon
of frequency wy emitting a photon of the same frequency w,. Because of the energy
conservation, it returns to its ground state emitting photon of frequency ws (see fig. 2.2
(b)).

The part (b) shows a photon energy-level diagram. Energy conservation implies that
every photon with the frequency ws created by difference frequency generation. Usually, we
call SFG as up-conversion and DFG as down-conversion process. The up and down attribute
corresponds to the "direction" of the frequency change. Up-conversion is another special case
of sum frequency generation as well as SHG. Up-conversion materials can be used to visually
detect infrared radiation or to up-converse lasers which, because of up-conversion process,
have larger output power|2].

A special case of sum-frequency and difference-frequency generation is optical
rectification. A condition w; = wy has to be satisfied in the Eq. 2.4. Then w3z = 0 and DC
signal is generated. Optical rectification is based on the inverse process to electro-optic
effect and it is one of the main mechanisms of generation of terahertz radiation in the laser
optics [5].

2.2.2 Optical parametric oscillator

When we described the process of the difference-frequency generation, we mentioned
stimulate emission with frequencies wo, and ws. If we put a nonlinear medium, e.g. crystal,
used in DFG process into an optical resonator, we can achieve that w, and ws will be
very high (both or at least one of them). Frequency w; = ws + ws is usually called



the pump frequency. Frequency ws is called the signal frequency and ws is known as idler.
Such a device is tunable because we can satisfy the condition w; = wy + ws
for some frequencies ws, wy < wy and its name is optical parametric oscillator|1, 2|.

2.2.3 Second-harmonic generation

In the linear approximation, optical properties of materials depend only on the light
frequency. This frequency is constant as the light passes through the material. However,
optical properties of real materials are, in general, functions of frequency and light intensity
(even other parameters). Moreover, the frequency is not constant yet, so we have to find
out the influence of hight light intensities on the material. Further, we deal with nonlinear
quadratic dependence according to Eq. (2.3)[1, 5.

Let us consider a laser beam whose electric field is

E(t) = Ee ™ + c.c, (2.5)
where E is a constant amplitude. Substituting to Eq. (2.3) we get explicitly
P(t) = 260 P EE* + (eoxP E%e ™" 4 c.c.). (2.6)

The first term is contribution of the second-order polarization at zero frequency
and the second term is a contribution at frequency 2w. The latter term is responsible
for the generation of radiation with the second harmonic frequency 2w. The second
differentiation of the first term with respect to ¢ gives zero, so it can not lead to the second
harmonic generation. But it leads to a process known as optical rectification, which we
mentioned before.

Practically, the effect is used to change the frequency of radiation. In the visual region
of spectrum, this effect causes a change of outgoing beam color, so we can transform radiation
e.g. from the infrared region into the visible region. The process is, however, more difficult
as we described. Additional conditions have to be satisfied. We discuss them more precisely
in the section 2.2.6.|5]

2.2.4 Third-harmonic generation

Light generation with a tripled frequency to the initial one is called third-harmonic
generation. In this process, three photons (e.g. from the same laser beam) are annihilated
while only one at corresponding frequency is created. The polarization in Kerr’s media can
be taken as

P(t) = PU(t) + PO(t) = s xVE(t) + XD E* (1)), (2.7)

where P((t) is the linear and P®)(t) is the third-order nonlinear polarization and x() is
the linear and x®® is the third-order nonlinear susceptibility.



In general, related effects are observable only at higher intensities of light than are
needed in the case of the second-harmonic generation, except media with the central
symmetry. In noncentrosymmetric crystals, the frequency tripling, phase-matched
by anisotropic crystals (see Section 2.2.6), is implemented through cascaded second-order
nonlinear-optical effects |7, 5.

2.2.5 Four-wave mixing

Four-wave mixing is a generalized case of the harmonic generation with a cubic
nonlinearity x® [5]. Consider an interaction of three traveling waves F,(t), Fy(t) and Es(t)
with frequencies wy, wy and ws . This situation is analogous to the process with two
traveling waves Fj(t) and Fs(t) in the second-order optical medium which we previously
described (see Section 2.1). However, when we add the third wave with the frequency ws,
we get 44 different possible frequencies. For example for positive frequencies

3&)1,3&)2, 3W37

(w1 + Wy + U)g), (w1 + wa — w;;),(wl + w3 — CUQ), (CUQ + w3 — wl), (28)
(2&)1 + (,dg), (2w1 + W3), (2&)2 + CU3),(QCU2 + wl), (2&)3 + wl), (2(,03 + WQ),
W1,Ws, W3.

The first three expressions describe the third-harmonic generation (THG). The possible
mizing processes are expressed in the second row. Other expressions in brackets describe
the sum-frequency generation (SFG) and the diference-frequency generation (DFG).

2.2.6 Phase-matching

When we want to reach high efficiency of radiation frequency changes, we need to have
a same velocity for waves located in a medium. It is often not easy to satisfy, since
in the most nonlinear optical media, the refractive index is an increasing function of frequency
n = n(f). In anisotropic uniaxial crystals, on the other hand, it is possible. [5]

As the incident light passes through an anisotropic uniaxial crystal, this incident light is
split into two polarized rays. One of them is known as the ordinary ray
(o-ray) and the other one as the extraordinary ray (e-ray). The first ray follows Snell’s law
and has polarization in a direction perpendicular to the optical axis. The refractive index
and the propagating velocity do not depend on the angle of propagating light. We can
describe this dependence by a circle (see figure 2.3 (a)). In contrast, the second ray
does not follow Snell’s law and has polarization in the direction of the optical axis
of the medium. [6].

The value of the refractive index is same for both rays (e-ray, o-ray) only if they pass
the medium in the direction of the optical axis. In other directions for extraordinary ray,
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Figure 2.3: Propagation of e-ray and o-ray in an anisotropic uniaxial crystal.
(a) Positive crystal. (b) Negative crystal.
This figure is taken from the book Optics by Eugene Hecht.

the value of the refractive index is lower (a negative crystal) or higher (a positive crystal)
than in the previous case. We can describe this dependence by an ellipse. See Fig. 3. [5]

If we are lucky enough to choose the best combination of ordinary ray (the pump wave)
and extraordinary ray (the second harmonic), we may reach a point where the both rays
will propagate with the same velocity long enough to make the energy trasformation
(between the pump wave and the second harmonic) effective. This phenomenon is called
phase-matching and its advantage is in possibility to repeat this process to generate even
harmonic frequencies (2w, 4w, ...).However, the phase-matching condition

Ak =0 (2.9)

where k is the wave vector, has to be satisfied This condition is often difficult to achieve
because of an effect known as normal dispersion: n = n(f), where n is the refractive index.

I5].

For example, if we have w3 = w; + ws (SFG), we get the wavevector mismatch
Ak = ky + ky — ks, (2.10)

Since we are interested in the condition for perfect phase-matching with collinear beams, we

use Eq. (2.9) leads to
N3z W i YD1

2.11
c & & ( )

where c is the wave velocity. The condition for the second harmonic generation with w; = w»
and w3 = 2w, requires
n(wy) = n(2w). (2.12)

8



We can see that n(w) can not increase monotonically with w. This dependence is
more complicated.|5]

One of the most common procedure to acheieve the phase-matching condition (2.9) is
the use of birefringence in crystals. In birefringent crystals, the wave with highest frequency
w3 = wy + woy is polarized in the direction that gives it the lower of two possible refractive
indices (Boyd, page 81). A negative uniaxial crystal with n. as the lower refractive index
is shown in Figure 2.4. Not all crystals display birefringence (see Table 2.1). In 1965,
Midwinter and Warner defined two types of phase matching in crystals. Two lower-frequency
waves with the same polarization belong to the type I and two lower frequency waves
with orthogonal polarization belong to the type II.|2]

A

n

refractive index

Y

frequency, @

Figure 2.4: Dispersion in a negative uniaxial crystal. For a positive uniaxial crystal n. and n, indices are swapped.

This figure is taken from [1]

Table 2.1: Optical classification of crystal systems

System Linear Opt. Classification - properties

Triclinic, monoclinic, orthorhombic | Biaxial - show birefringence

Trigonal, tetragonal, hexagonal Uniaxial - show birefringence

Cubic [sotropic- no birefringence, no phase-matching

In practice, we use two methods to reach phase-matching in crystals: angle tuning
and temperature tuning. The first one is based on dependence of the angular orientation
of the crystal on the propagation direction of the incident light. The second one is based
on the temperature dependence of refractive indices.|[1]

In Figure 2.5, we can see differences among an ideally phase-matched crystal, a quasi
phase-matched crystal and non-phase-matched crystal. Quasi phase-matching is another
method for energy transformation. The advantage consists in using this method
in the isotropic materials.
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Figure 2.5: Phase-matching. The curve PM is perfect phase-matched. The curve QPM is quasi-phase-matched.

This figure is taken from www.hcphotonics.com.

Many phase-sensitive nonlinear processes, such as SFG, DFG, parametric oscillation
and four-wave mixing, require phase matching to be efficient. = However, to make
these effects in crystals possible, we have to assume that the phase-matching
condition depends on a length of used crystals. We recognize two possibilities: The first one
is already familiar to us. The wave vector k satisfies (2.9). It implies the linear dependence
between the crystal length and the amplitude of the output wave. The second case includes
a limit Ak — 0 and the possibility that the wave at the econd harmonic frequency is still
generated.  Then, the dependence between the crystal length and the amplitude
of the outgoing wave is described by a sinus function. For increasing Ak, we have to use
shorter and shorter crystal length to satisfy the phase-matching condition.

2.2.7 Electrooptic effects

Static electric field applied on an isotropic optical medium can cause this medium to become
anisotropic. The refractive index of the material changes with the strength of the applied
field. In some materials, this dependence is linear and it is called the linear electrooptic effect
or Pockels effect. However, in some materials, the change in the refractive index depends
quadratically on the field strength. This quadratic dependence of the refractive index is
known as the quadratic electrooptic effect or Kerr electrooptic effect. The linear electrooptic
effect can occur only in noncentrosymetric materials.|1, 6]

Crystals are the most common anisotropic materials. Without an electric field,
these crystals are uniaxial. The refractive index is in a direction of the propagating light.
Hence, these crystals display no birefringence. On the other hand, if the electric field is
applied in the direction of the crystal optical axis, the crystal becomes biaxial and displays
the birefringence.|3]

The main use of the Pockels effect is in a device called the Pockels cell, which is used

10



as an electrooptic light modulator or as a Q-switch in an optical resonator. It serves
to stop a generation of laser pulses for a specified time which is used for Q-switching
of the open resonator. The principle of Q-switching is in a change of the resonator losses.
Usually, the Pockels cell is placed between two crossed polarizators (half-wave) or between
one polarizator and a reflective mirror (quarter wave). At the begining of the Q-switching
process, one of the resonator mirrors is out of service because of the closed Q-switch.
The resonator losses are huge and the generation of laser pulses is impossible. On the other
hand, the population inversion increases (the state in which more atoms or molecules are
in higher excited energy states than in lower unexcited energy states). Then, in a specified
time (of the highest inversion), the Q-switch is opened. The the resonator losses are
minimized and the short giant puls is generated.|3]

Anologous to the Pockels cell is the Kerr cell which uses the Kerr effect. This cell quickly
modulates the light but a disadvantage is a large amount of energy needed for its function.

2.2.8 Self-action Effects

An effect of a light beam passing through a nonlinear medium modifying its own propagation
is called the self-action effect. Generally, it is based on the Kerr effect [1, 5]. In the following
we shortly describe just several particular phenomena belonging to this class.

A self-focusing effect is the result of a dependence of a refractive index on the electric
field intensity E. If the refractive index is an increasing function of the intensity E, the light
beam modifies the optical properties of a material in a such way' that it acts as a positive
lens. Therefore, the rays approach to each other, as it is illustrated in Figure 2.6. [5]

—

Figure 2.6: Self-focusing.

The opposite effect to self-focusing is a  self-defocusing effect. Now, the refractive index
decreases with increasing intensity E.The light beam has for that reason tendency to defocus.
The situation is pictured in the figure 2.7

Diffraction plays a important role in an effect named self-trapping of light. 1t is the balance
between the self-focusing and the diffraction what makes the propagating light beam to have
a constant diameter as it passes through a material. For illustration see the figure 2.8.

The intensity of a laser beam can be varied in time. The impact is that the refractive
index has almost the same functional dependence on time as the intensity of the laser beam

Tt is related mainly to different beam intensities in the center than at the edges.

11



Figure 2.7: Self-defocusing.

Figure 2.8: Self-trapping.

E = E(t). We talk about self-phase modulation. This modulation of the refractive index
produces a phase shift in pulses. The front of the pulse is shifted to lower frequencies
(red-shift), while the back of the pulse is shifted to higher frequencies (blue-shift).
For ultra-short pulses, this effect leads to significant spectrum-broadening.|6]

For intense very short broadband pulses, the intensity dependence on the refractive index,
as was decribed in the Section 2.2.7, shows a deviation. Generally, the puls has a gaussian
time evolution but after passing through a nonlinear medium, it displays a phenomenon called
self-steeping. In the case of the positive refractive index n, the group velocity of the pulse
peak slowed down more than the edges of the pulse and it leads to an increasing slope
of the trailing part of the pulse. Then, an optical shock wave is formed when the trailing
edge is infinitely steep.

Group velocity dispersion is an effect when the group velocity of light in an optical
medium depends on the optical frequency or wavelength. It is responsible for broadening or
compression of ultrashort pulses.

2.3 Supercontinuum Generation

A spectral broadening which appears in a profile of a short intense pulse propagating
through a nonlinear optical medium is called supercontinuum generation. Many teories try
to explain this phenomenon over the years. At present, a combination of various third-order
nonlinear effects such as self-phase modulation and four-wave mixing leading to a spectral
broadening of the pulse|6, 7| and the pulse self-steeping leading to shock-wave formation are
the two most likely mechanisms of supercontinuum generation.|1]

12



3 Materials and Methods

The white light generation requires high intensities of a laser beam to be generated.
For this purpose, the laser system The Spectra-Physics Spitfire®Ace!™  providing
100 femtosecond pulses with a central wavelength around 800 nm and 1 kHz repetition rate
was used. A setup of the apparatus used in our experiments is shown in the Figure
3.1 (a) and (b), respectively. It consists of a laser source, two mirrors, two variable filters,
an aperture, a lens, a plate (quartz, sapphire and YAP!) and a spectrometer. In part
(c) of the Figure 3.1 are pictured various distances, which were measured to get
quantitative comparison of generated spectra. I denoted by f; s; L; «; z; [ in order
the following characteristics: the focal length; the equidistant distance between two spectra
measured by one turn of a micrometer; the distance between the center of the used crystal
and the point where the supercontinuum was measured; the angle between L and s;
the distance between the center of a lens and the crystal plate; the distance
between the crystal and the spectrometer.

The pulses from the laser system (1) were reflected by mirrors (2) on two metalic
reflective neutral density filters (3) whose task was to reduce the intensity of radiation.
Thanks to them, I was able to generate white light without damaging the plates
and to observe the qualitative dependence of white light on energy of incoming pulses.
The pulses continued through an iris aperture with adjustable diameter of the opening -
a small device reducing the amount of radiation. The aperture plays an important role
because it determines how collimated and homogeneous the rays are. If the aperture is
small, the rays are highly collimated and the result is a sharp focus.
In front of and behind the aperture, the input power P; and output power P, of the laser
beam were measured by Coherent® FieldMax II-TOP Laser Power and Energy Meter
with OP-2 IR and OP-2 VIS sensors. Then, the collimated rays passed
through the converging lens, where they were focused, and continued to one of the three
plates (quartz, sapphire or YAP). These plates were used as the medium for the white light
generation.  Their thickness was only 2 mm to minimize group velocity dispersion.
After that, the white light continuum continued through one of Longpass/Shortpass
dichronic filters to a Sol 1.7 TE Cooled Linear InGaAs Array Spectrometer by B&W Tek
with wavelength range from 900 to 1700 nm or to a USB2000+UV-VIS by OceanOptics

LA shortcut for Yttrium Aluminum Perovskite.
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with wavelength range from 190 to 1100 nm. Longpass filter used in this experiment served
to transmit light of wavelength higher than 825 nm, other wavelengths were reduced. So, it
serves as a filtration of the pump to prevent a damage of the spectrometer. The shortpass
filter had the similar function. It reduced values under 780 nm and served to get only
the spectra in the visible region.  After that, the white light continuum entered
a spectrometer and for various parameters (focal length, power, aperture diameter...) its
spectra were measured (see Chapter 4).

When the crystal YAP was used as the medium, two qualitatively different continuum
spectra were generated, depending on relative position with respect to the lens focus. These
spectra are shown, e.g. in Figure 4.5. I named them YAP orange (Y,) and YAP green (Y})
because of their appearance.

The measurements of the distance between the center of the used crystal and the point
where the supercontinuum was measured L, the distance between the crystal
and the spectrometer [ and the distance between the center of a lens and the crystal plate
z were taken by a meter with a measurement error =1 mm. The distance s was obtained
by a micrometer with a measurement error equal to £0.01 mm. This error is also
characteristic for the diameter of the iris aperture. The focal length tolerance was given by
the seller as +1%. The values of cut-off and cut-on were read from the graphs of spectra.
Cut-on is a wavelength at which the transmission increases to 50% throughput in a
longpass filter. Cut-off is a wavelength at which the transmission decreases to 50%
throughput in a shortpass filter.

14
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Figure 3.1: (a) An experimental setup - scheme. (b) Our setup - photography. (c¢) The description of all paremeters used in

this setup
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3.1 Quantitative description of supercontinuum spectra

Quantitative comparison of supercontinuum spectra is not straightforward as it may seem.
Appropriate physical entities have to be chosen for description. We tried to figure out one
possible way.

Initially, it is necessary to calculate the overall intensity of WL by integrating
of a spectrum. The graph of a spectrum generated on sapphire is shown in Figure 3.2.
The whole light intensity area I can be expressed as

I=> 1. (3.1)

The white light intensity I is a function of energy in a pulse P, the distance between
the plate and spectrometer L and the quantity of pulses N (the number of pulses integrated
by spectrometer). The intensity of light is indirectly proportional to the square of distance
L from the source (I; = Iy/L?) and increases with increasing energy P and number of
integrated pulses N (I; = IpPN). Then, the standardized light intensity is given by

LS I
300 1 L 1 " | " 1 L | " 1 L |
|
250 -] :"/ H&\ =
J J | L
/ |
200 \\ -
5 150 | \/\ L
4 f t
100 J/ Lk/uh =
< )J . F
so| / »M M r
h ol
i (,,V"/f M%WMWWM;MWWMMMWwW‘WW VMW i %/\w
0 : T T T T T T T T T T T :MW
450 500 550 600 650 700 750
Alnm]

Figure 3.2: A white light spectrum generated on a sapphire plate

The next comparison of the white light continuum spectra is by its angular dependence.
Supercontinuum spectra have not the same profiles in the various directions. The angle «
between L and s is given by

a = arctan(s/L). (3.3)

as is shown in Figure 3.1 part(c).
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4 Spectra

In this chapter, the various graphs of the supercontinuum spectra generated in quartz,
sapphire and YAP are shown. Here, they are compared in four various ways and separated
into the visible and the infrared region. The first comparison takes only one crystal
and compares its spectra for all focal lengths (f = 75,100, 150,200,250 and 300 mm). In
the second one all three crystal plates are taken for the same focal length and then their
white light spectra are compared. In the third way, the differences between measured
and standardized spectra are shown. Finally, only the best spectra from the previous
comparisons are taken and their angular dependence is shown. In the last section
of this chapter, the examples of spectra with wrong parameters are shown.

4.1 Visible spectral region

4.1.1 Spectra of quartz, sapphire and YAP for various focal lengths

1000 L I I L L I | 8

f=75mm I ﬂu f=75mm
f=100mm }‘ 74 | ——f=100mm| [
800 | f=150mm ot r f=150mm

—— f=300mm 1, f=300mm| [~

,>
s
Ifau]

e N
Ty
i

Figure 4.1: The comparison of sapphire with (a) measured values (b) standardized values
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Figure 4.2: The comparison of sapphire with , cut-off = 395nm, cut-on = 765nm
f=7bmm, z = 77mm, d = 2mm, P; = 21.10mW, P, = 1.56mW, a = 254°, [ = 50mm, cut-off = 410nm, cut-on = 755nm.
f =100mm, z = 104dmm, d = 2.5mm, P; = 21.77TmW, P> = 2.41mW, a = 253°, | = 53mm, cut-off = 395nm, cut-on = 765nm.
f =150mm, z = 154mm, d = 5.5mm, P; = 4.75mW, P> = 2.91mW, a = 242°, [ = 80mm, cut-off = 450nm, cut-on = 730nm.
f =300mm, z = 310mm, d = 5.5mm, P; = 7.48mW, Py = 3.67TmW, o = 248°, [ = 70mm, cut-off = 460nm, cut-on = 765nm.
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Figure 4.3: The comparison of Quartz with cut-off = 430nm, cut-on = 770nm
(a) standardized values (b) standardized values of Quartz with f = 75mm divided by 10

f=75mm, z = 75mm, d = 2.0mm, P; = 20.32mW, P> = 2.10mW, a = 289°, [ = 50mm, cut-off = 385nm, cut-on = 755nm.
f =100mm, z = 100mm, d = 3.0mm, P; = 22.25mW, P> = 2.756mW, o = 282°, | = 57mm, cut-off = 380nm, cut-on = 765nm.
f =150mm, z = 155mm, d = 5.5mm, P; = 5.19mW, P> = 3.39mW, a = 185°, [ = 80mm, cut-off = 450nm, cut-on = 735nm.
f =200mm, z = 200mm, d = 5.0mm, P; = 4.28mW, Py = 2.18mW, a = 215°, [ = 64mm, cut-off = 380nm, cut-on = 785nm.
f =250mm, z = 254mm, d = 4.0mm, P; = 10.73mW, P> = 4.68mW, a = 215°, [ = 100mm, cut-off = 380nm, cut-on = 730nm.
f =300mm, z = 318mm, d = 4.0mm, P; = 14.25mW, Py = 3.65mW, a = 20°, [ = 45mm, cut-off = 650nm, cut-on = 765nm.

f =300mm, z = 316mm, d = 4.0mm, P; = 7.51mW, P, = 3.90mW, a = 20°, [ = 43mm, cut-off = 430nm, cut-on = 770nm.
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Figure 4.4: The comparison of YAP with cut-off = 400nm, cut-on = 770nm.

(a) measured values (b) standardized values
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Figure 4.5: The comparison of YAP with cut-off = 400nm, cut-on = 770nm.

Yy:f = 75mm, z = 75mm, d = 1.5mm, P; = 22.19mW, P, = 1.29mW, a = 223°, | = 55mm, cut-off= 400nm, cut-on= 755nm.
Yo:f = 75mm, z = 78mm, d = 2.0mm, P; = 21.87TmW, P, = 1.43mW, a = 223°, | = 52mm, cut-off= 400nm, cut-on= 755nm.
Yy:f =100mm, z = 102mm,d = 2.0mm,P; = 22.98mW, P, = 1.77mW,o = 223°, | = 53mm, cut-off= 420nm, cut-on= 755nm.
Yo:f = 100mm ,z = 100mm,d = 2.0mm,P; = 22.52mW,Py = 1.75mW,a = 223°, [ = 55mm, cut-off= 400nm, cut-on= 760nm.
Y:f = 150mm, z = 155mm, d = 5.5mm, P; = 5.12mW, P> = 3.24mW, o = 185°, [ = 70mm, cut-off = 430nm, cut-on= 740nm.
Y:f = 250mm, z = 251lmm,d = 3.5mm, P; = 10.80mW, P, = 3.71mW,a = 245°, | = 97mm, cut-off = 430nm, cut-on= 730nm.
Yy:f = 300mm, z = 295mm, d = 3.0mm, P; = 14.46mW, P> = 3.98mW,a = 245°,] = 65mm, cut-off= 430nm, cut-on= 765nm.
Yo:f = 300mm, z = 296mm, d = 4.0mm, P; = 7.45mW, Py = 3.85mW, a = 245°, | = 64mm, cut-off = 430nm, cut-on= 770nm.
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4.1.2 The comparisons

of crystals
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Figure 4.6: The comparison of quartz, sapphire and YAP with with f = 75mm, cut-off = 385nm, cut-on = 755nm for
(a) standardized values (b) standardized values and Quartz values divided by 10.

Q: z = 75mm, d = 2mm, P; = 20.32mW, P, = 2.10 mW, o = 289°, [ = 50mm, cut-off = 385nm, cut-on = 755nm.
S: z = T77mm, d = 2mm, P; = 21.10mW, P> = 1.56mW, o = 254°, [ = 50mm, cut-off = 410nm, cut-on = 755nm.
Yy: z =75mm, d = 1.5mm, P; = 22.19mW, P, = 1.29mW, a = 223°, | = 55mm, cut-off = 400nm, cut-on = 755nm.
z =78mm, d = 2mm, P; = 21.87TmW, P> = 1.43mW, a = 223°, [ = 52mm, cut-off = 400nm, cut-on = 755nm.
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(b)

with with f = 100mm, cut-off = 380nm, cut-on = 765nm for

Figure 4.7: The comparison of quartz, sapphire and YAP

(a) measured values (b) standardized values.
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Figure 4.8: The comparison of quartz, sapphire and YAP with f = 100mm, cut-off = 380nm, cut-on = 765nm.
Q: z =100mm, d = 3mm, P; = 22.25mW, Py = 2.75 mW, a = 282° | = 57mm, cut-off = 380nm, cut-on = 765nm.
S: z =104mm, d = 2.5mm, P; = 21.77mW, Py = 2.41mW, o = 253°, [ = 53mm, cut-off = 395nm, cut-on = 765nm.

Yy: z =102mm, d = 2.0mm, P; = 22.98mW, P> = 1.77TmW, o = 223°, [ = 53mm, cut-off = 420nm, cut-on = 755nm.
Yo: z = 100mm, d = 2mm, P} = 22.52mW, P> = 1.75mW, a = 223°, | = 55mm, cut-off = 400nm, cut-on = 760nm.
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Figure 4.9: The comparison of quartz, sapphire and YAP with f = 150mm, cut-off = 380nm, cut-on = 740nm for
(a) measured values (b) standardized values.
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Figure 4.10: The comparison of quartz, sapphire and YAP with f = 150mm, cut-off = 380nm, cut-on = 740nm.
Q:z = 1556mm, d = 5.5mm, P; = 5.19mW, P> = 3.39 mW, o = 185°, | = 70mm, cut-off = 450nm, cut-on = 735nm.
Q 2:z = 150mm, d = 5.5mm, P; = 4.41mW, P = 2.90mW, a = 185°, [ = 55mm, cut-off = 380nm, cut-on = 740nm.
S: z = 154mm, d = 5.5mm, P; = 4.75mW, Py = 2.91mW, o = 242°, | = 80mm, cut-off = 450nm, cut-on = 730nm.
Y: z = 155mm, d = 5.5mm, P; = 5.12mW, Py = 3.24mW, o = 185°, | = 70mm, cut-off = 430nm, cut-on = 740nm.
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Figure 4.11: The comparison of quartz and YAP with f = 250mm, cut-off= 380nm, cut-on= 730nm.
Q: z = 254mm, d = 4.0mm, P; = 10.73mW, Py = 4.68mW, a = 215°, [ = 100mm, cut-off= 380nm, cut-on= 730nm.
Y: z = 251lmm, d = 3.5mm, P; = 10.80mW, P> = 3.71mW, a = 245°, | = 97mm, cut-off= 430nm, cut-on= 730nm.
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Figure 4.12: The comparison of quartz, sapphire and YAP with f = 300mm, cut-off= 380nm, cut-on= 765nm for
(a) measured values (b) standardized values.
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Figure 4.13: The comparison of quartz, sapphire and YAP with f = 300mm, cut-off= 380nm, cut-on= 765nm.
Q: z = 318mm, d = 4.0mm, P; = 14.25mW, P> = 3.65mW, a = 20°, [ = 45mm, cut-off = 650nm, cut-on = 765nm.
Q 2: z =316mm, d = 4.0mm, P, = 7.51mW, P, = 3.90mW, a = 20°, [ = 43mm, cut-off = 380nm, cut-on = 760nm.
S: z=310mm, d = 5.5mm, P; = 7.48mW, Py = 3.67TmW, a = 248°, | = 70mm, cut-off = 460nm, cut-on = 765nm.
Yy: 2 =295mm,d = 3.0mm,P; = 14.46mW,P> = 3.98mW, o = 245°, | = 65mm, cut-off = 430nm, cut-on = 765nm.
Yo: z =296mm, d = 4.0mm, P; = 7.45mW, P> = 3.85mW, a = 245°, | = 64mm, cut-off = 430nm, cut-on = 765nm.
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4.1.3 Angle dependence
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Figure 4.14: The comparison of quartz for various angles
Q: z = 75mm, d = 2mm, P; = 20.32mW, P> = 2.10 mW, a = 289°, | = 50mm, cut-off = 385nm, cut-on = 755nm.

24



1 ' 1 '

180 . 1 . 1 . ! . 1

160 4 — a=-1.86°
- —— a=-1.49°
140 —a=-1.12°
- o =0.00°
120 4 —a=0.74°
1 —a=1.12°
~ 100 ——a=1.86°
5 |
<
= 80 -
60 -
40 -
] : M ‘
20 | ‘« M y\i“ "
il i
g &“'ly}gi‘, ‘ﬁ w“ﬂ ulm“"*f‘c‘n'\ |
T ; T . T T T . T : T
450 500 550 600 650 700 750

Alnm]

Figure 4.15: The comparison of sapphire for various angles

S: z = 77mm, d = 2mm, P; = 21.10mW, P> = 1.56mW, o = 254°, [ = 50mm, cut-off = 410nm, cut-on = 755nm.
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Figure 4.16: The comparison of YAP orange for various angles
Yo: z =T78mm, d = 2mm, P; = 21.87TmW, P> = 1.43mW, a = 223°, [ = 52mm, cut-off = 400nm, cut-on = 755nm.
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4.2 Infrared region

4.2.1 Spectra of Quartz, Sapphire and YAP for Various Focal
Lengths
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Figure 4.17: The comparison of quartz with cut-off = 900nm, cut-on = 1460nm for
(a) measured values (b) standardized values.
f="7bmm, z = 78mm, d = 3.0mm, P; = 21.38mW, P> = 3.21 mW, a = 290°, [ = 59mm, cut-off = 900nm, cut-on = 1050nm.
f =100mm, z = 100mm, d = 3.0mm, P; = 22.11mW, P> = 2.46mW, a = 282°, | = 55mm, cut-off= 900nm, cut-on= 1060nm.
f =150mm, z = 152mm, d = 3.0mm, P; = 21.45mW, Py = 3.40mW, o = 267°, | = 59mm, cut-off= 900nm, cut-on= 1100nm.
f =200mm, z = 198mm, d = 4.0mm, P; = 4.58mW, P> = 2.20mW, a = 215°, [ = 75mm, cut-off= 900nm, cut-on= 1460nm.
f =300mm, z = 290mm, d = 5.0mm, P; = 7.31mW, P> = 3.49mW, o = 20°, | = 71mm, cut-off= 900nm, cut-on= 1150nm.
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Figure 4.18: The comparison of sapphire with cut-off = 900nm, cut-on = 1460nm for
(a) measured values (b) standardized values.
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Figure 4.19: The comparison of sapphire with cut-off = 900nm, cut-on = 1170nm.
f=7bmm, z = 77mm, d = 2.0mm, P; = 21.63mW, P> = 1.56mW, a = 252°, [ = 60mm, cut-off= 900nm, cut-on= 1100nm.
f=100mm, z = 100mm, d = 2.5mm, P; = 21.62mW, P> = 2.51mW, a = 252°, [ = 52mm, cut-off= 900nm, cut-on= 1130nm.
f =150mm, z = 153mm, d = 3.0mm, P; = 19.19mW, P, = 3.52mW, a = 252°, | = 75mm, cut-off= 900nm, cut-on= 1120nm.
f =200mm, z = 197mm, d = 4.0mm, P; = 4.60mW, P = 2.25mW, a = 248°, | = 74mm, cut-off= 900nm, cut-on= 1170nm.
f=300mm, z = 289mm, d = 5.5mm, P; = 7.58mW, P> = 3.17TmW, a = 248°, [ = 70mm, cut-off= 900nm, cut-on= 1070nm.
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Figure 4.20: The comparison of YAPwith cut-off = 900nm, cut-on = 1450nm for
(a) measured values (b) standardized values.
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Figure 4.21: The comparison of YAP with cut-off = 900nm, cut-on = 1450nm.

Y: f = 75mm, z = 79mm, d = 2.0, P; = 22.09mW, P> = 1.60mW, o = 223°, | = 60mm, cut-off= 900nm, cut-on= 1400nm.
Yy:f = 100mm,z = 102mm,d = 2.5mm,P; = 16.81mW,P> = 1.78mW,a = 223°,l = 50mm, cut-off= 900nm, cut-on= 1120nm.
Yo:f = 100mm,z = 100mm,d = 2.0mm,P; = 16.97mW, P> = 2.36mW,a = 223°, [ = 52mm, cut-off= 900nm, cut-on= 1400nm.
Yy:f = 150mm,z = 147mm,d = 3.0mm,P; = 20.87TmW,P> = 2.69mW,a = 223°,l = 66mm, cut-off= 900nm, cut-on= 1250nm.

Yo:f = 150mm, z = 152mm, d = 3.0mm,P; = 19.20mW,Ps = 2.34mW,a = 223°, | = 61mm, cut-off= 900nm, cut-on= 1400nm.
Yy:f =200mm ,z = 202mm, d = 4.0mm,P; = 4.53mW, P = 2.21mW,a = 236°, | = 69mm, cut-off= 900nm, cut-on= 1200nm.
Yo:f = 200mm, z = 206mm, d = 5.0mm,P; = 4.50mW,Py = 2.20mW,a = 210°, [ = 80mm, cut-off= 900nm, cut-on= 1450nm.
Y:f = 300mm, z = 290mm, d = 4.0mm, P; = 7.20mW, Py = 3.16mW, a = 245°, [ = 71mm, cut-off= 900nm, cut-on= 1250nm.
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4.2.2 The comparisons of crystals
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Figure 4.22: The comparison of quartz, sapphire and YAP with f = 75mm, cut-off = 900nm, cut-on = 1430nm for
(a) measured values (b) standardized values.
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Figure 4.23: The comparison of quartz, sapphire and YAP with f = 75mm, cut-off = 900nm, cut-on = 1430nm.
Quartz: z = 78mm, d = 3.0mm, P; = 21.38mW,P> = 3.21 mW, a = 290°, | = 59mm, cut-off = 900nm, cut-on = 1050nm.
Sapphire: z = 77mm, d = 2.0mm, P; = 21.63mW,Py = 1.56mW,a = 252°, [ = 60mm, cut-off = 900nm, cut-on = 1100nm.

YAP: z = 79mm, d = 2.0mm, P; = 22.09mW, P» = 1.60mW, a = 223°, [ = 60mm, cut-off = 900nm, cut-on = 1430nm.
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Figure 4.24: TThe comparison of quartz, sapphire and YAP with f = 100mm, cut-off = 900nm, cut-on = 1430nm for

(a) measured values (b) standardized values.
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Figure 4.25: The comparison of quartz, sapphire and YAP with f = 100mm, cut-off = 900nm, cut-on = 1430nm.
Q: z = 100mm, d = 3.0mm, P; = 22.11mW, P> = 2.46 mW, a = 282°, | = 55mm, cut-off = 900nm, cut-on = 1060nm.
S: z = 100mm, d = 2.5mm, P; = 21.62mW, Py = 2.51mW, o = 252°, | = 52mm, cut-off = 900nm, cut-on = 1130nm.
Yy: 2 =102mm, d = 2.5mm, P; = 16.81mW, P> = 1.78mW, o = 223°, [ = 50mm, cut-off = 900nm, cut-on = 1120nm.
Yo: z = 100mm, d = 2.0mm, P; = 16.97TmW, Py = 2.36mW, a = 223°, | = 52mm, cut-off = 900nm, cut-on = 1430nm.
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Figure 4.26: TThe comparison of quartz, sapphire and YAP with f = 150mm, cut-off = 900nm, cut-on = 1440nm for
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(a) measured values (b) standardized values.
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Figure 4.27: The comparison of quartz, sapphire and YAP with f = 150mm, cut-off = 900nm, cut-on = 1440nm.
Q: z = 152mm, d = 3.0mm, P; = 21.45mW, P> = 3.40 mW, a = 267°, | = 59mm, cut-off = 900nm, cut-on = 1100nm.
S: z = 153mm, d = 3.0mm, P; = 19.19mW, P, = 3.52mW, o = 252°, [ = 75mm, cut-off = 900nm, cut-on = 1120nm.
Yy: 2 =14Tmm, d = 3.0mm, P; = 20.87mW, P> = 2.69mW, a = 223°, [ = 66mm, cut-off = 900nm, cut-on = 1250nm.
Yo: z = 152mm, d = 3.0mm, P; = 19.20mW, Py = 2.34mW, o = 223°, | = 61mm, cut-off = 900nm, cut-on = 1440nm.
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Figure 4.28: The comparison of quartz, sapphire and YAP with f = 200mm, cut-off = 900nm, cut-on = 1460nm for
(a) measured values (b) standardized values.
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Figure 4.29: The comparison of quartz, sapphire and YAP with f = 200mm, cut-off = 900nm, cut-on = 1460nm.
Q: z = 198mm, d = 4.0mm, P; = 4.58mW, P> = 2.20 mW, a = 215°, | = 75mm, cut-off = 900nm, cut-on = 1460nm.
Yy z=202mm, d = 4.0mm, P; = 4.53mW, P> = 2.21mW, o = 236°, | = 69mm, cut-off = 900nm, cut-on = 1200nm.
Yo: z =206mm, d = 5.0mm, P; = 4.50mW, P, = 2.20mW, a = 210°, [ = 80mm, cut-off = 900nm, cut-on = 1450nm.
S: 2z =197mm, d = 4.0mm, P; = 4.60mW, Py = 2.25mW, a = 248°, | = 7T4mm, cut-off = 900nm, cut-on = 1170nm.
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Figure 4.30: The comparison of quartz, sapphire and YAP with f = 300mm, cut-off = 900nm, cut-on = 1400nm for
(a) measured values (b) standardized values.
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Figure 4.31: The comparison of quartz, sapphire and YAP with f = 300mm, cut-off = 900nm, cut-on = 1400nm.
Q: z =290mm, d = 5.0mm, P; = 7.31mW, P> = 3.49 mW, a = 20°, [ = 7T1lmm, cut-off = 900nm, cut-on = 1150nm.
S: z =289mm, d = 5.5mm, P; = 7.58mW, Py = 3.17TmW, a = 248°, | = 70mm, cut-off = 900nm, cut-on = 1070nm.
Y: z = 290mm, d = 4.0mm, P; = 7.20mW, P, = 3.16mW, o = 245°, | = 71lmm, cut-off = 900nm, cut-on = 1250nm.

33



4.2.3 Angle dependence
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Figure 4.32: The comparison of quartz for various angles

Q: z=198mm, d = 4.0mm, P; = 4.58mW, Py = 2.20 mW, a = 215°, [ = 75mm, cut-off = 900nm, cut-on = 1460nm.
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Figure 4.33: The comparison of sapphire for various angles
S: z=197mm, d = 4.0mm, P; = 4.60mW, Py = 2.26mW, o = 248°, | = 74mm, cut-off = 900nm, cut-on = 1170nm.

60000 . L . L . I . ! . I

|

= 30000 A

I]a.

20000 |

10000 4 /|

T T T
1200 1300 1400

Alnm]

- T T
900 1000 1100

Figure 4.34: The comparison of YAP orange for various angles
Yo: z = 206mm, d = 5.0mm, P; = 4.50mW, P> = 2.20mW, a = 210°, [ = 80mm, cut-off = 900nm, cut-on = 1450nm.
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4.3 Examples of wrongly generated spectra

In this section, the graphs with wrong parameters are shown. For example, when a high
power beam passes through the crystal, then some oscillations emerge in the profile of its
white light spectrum. There was an effort to generate single filament white light, where these
ocsillations do not appear. This is shown in Figure 4.35. Different situation is pictured in
Figure 4.36. There are some parameters for which the white light continuum is not generated.
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Figure 4.35: Oscillations in spectra with too much input power P>
Y: z = 251lmm, d = 5.5mm, P; = 10.80mW, P> = 4.71mW, a = 245°, [ = 97mm, cut-off = 430nm, cut-on = 730nm.
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Figure 4.36: No spectral broadening
S: z = 254mm, d = 5.5mm, P; = 10.67mW, P> = 4.60mW, o = 238°, [ = 100mm
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5% Results and Discussion

The supercontinuum spectra depend on the various parameters, e.g. the diameter of the iris
aperture d, the power P, ! or the focal length of the used converging lens f. All parameters
can be found below the figures of measured spectra in Chapter 4. There, we can see four
various comparisons of the white light spectra of the three plates (quartz, sapphire and
YAP).

At first sight, the order of quality of supercontinuum spectra differs from that with
standardized spectra as can be seen in Figure 4.1. For final conclusions the relation
of the standardized light intensity (Eq.3.2) was used and with its help, the first comparison
of suprecontinuum spectra was made. For example, in Figure 4.1, part (a), the highest
intensity was measured for sapphire with f = 300 mm, on the other hand, in part (b),
where standardized spectra are presented, it is f = 75 mm with the highest intensity and
the best spectral broadening. The overall result of this comparison is that the plate with
the best behaviour for the white light generation in the visible region for various focal
lengths is quartz. This statement is confirmed by values in the Table 5.1. In it the
calculated areas of spectrum intensity under the curve are there. This method of
computation has been described in Section 3.1.

The table 5.1 contains six columns: the focal lengths and the names of used plates. The
last three columns belong to YAP. When we were successful, two kinds of the white light
spectra were generated in YAP. These values are in the fourth and fifth column. There is no
need of the sixth column. However, for some focal lengths, only one spectrum was generated
in YAP, and its value is written in the sixth column. In this case, two previous columns in
the same row are not used.

For sapphire with f = 250 mm, the value of spectral area is missing. No white light was
generated (see Fig. 4.36). It may be caused by the high power passing through the plate.
As we can see from the values below the figure, its power magnitude is twice the size than
in other cases. In Fig. 4.35, the same mistake is shown for the YAP spectrum. In this case
the large amount of energy caused the oscillations in its spectral profile.

From the table 5.1 and all comparison graphs in the visible region in Chapter 4, we can
conclude that the most prominent spectral broadening was generated by use of the lens with
f = 75mm. On the other hand, the worst white light continuum was generated for the lens
with f = 300 mm. So, we may say that, in the visible region, with increasing focal length

'the power measured behind the aperture
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the quality of the generated white light continuum decreases.

Table 5.1: Calculated values of the white light spectra intensity in the visible region

flmm] | Igla.u.] | Is[a.u] | Iyvy|a.u] | Iv.Ja.u.] | Iv|a.u.]
75 18724.19 | 1390.93 | 2177.72 3293.60 X
100 2915.13 | 64291 820.79 1279.75 X
150 566.91 513.15 X X 268.04
250 509.97 X X X 49.00
300 191.81 90.04 31.67 35.02 X

The same methods were applied in the infrared region, but they led to different results.
The spectra in Section 4.2 show that YAP is the crystal with the best spectral broadening.
The values in the table 5.2 confirm this result and add the best focal length f = 200 mm.
Unfortunately, there is no apparent relation between the focal length and the quality of the
white light spectra in NIR spectral region in our experiment.

Another important thing in the comparison of the white light generation in crystals is the
temporal stability. Not all spectra were stable in time. If we use sapphire for supercontinuum
generation, its spectra are stable in time. Quartz has the similar property. On the other
hand, the spectral broadening caused by YAP is unstable and after a short time it disappears.
The reason of its behaviour may be in a heat dissipation abilty of the crystals. The resulting
supercontinuum is the combination of several nonlinear effects, it is therefore highly sensitive
of the laser beam parameters and the nonlinear media. When the laser beam passes through
a medium, this medium gets warmer and the structure of YAP may be more sensitive than
other crystal structures. So, when the YAP was used, it was neccessery to put a barrier in
front of the crystal plate to stop the laser beam in passing through it, or move with the plate
before every measurement.

Table 5.2: Calculated values of the white light spectra intensity in the infrared region

flmm] | Igla.u.] | Isa.u.] | Iy,Ja.u.] | Iv,|a.u.] | Iy[a.u.]
75 1479.66 | 1533.75 X X 1775.94
100 2200.30 | 1736.35 | 1338.75 2745.78 X
150 1104.68 | 495.26 790.60 1493.32 X
200 2287.39 | 1877.98 | 3836.49 3853.00 X
300 115.11 123.04 X X 628.18

Supercontinuum generated in sapphire is shown in Fig. 5.1. We can see colored concentric
circles caused by the four-wave mixing, self-phase modulation and self-steeping effects and
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by satisfying the phase-matching condition (see Eq. 2.9) for the corresponding wavelength
(see Section 2.1) [9]. The colors move outward from red to blue. The spectral profile of
concentric circles is shown in Fig. 4.15. There is an angular dependence of the white light.
We can see that intensity peaks move by the changes of the angle to the left (blueshift) or
to the right (redshift).

Figure 5.1: Supercontinuum generated by sapphire plate
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6 Conclusions

The main aim of this thesis was to find the best configuration for the white light generation
in the UV, visible and the near IR spectral region. The energy of the input pulse, the
iris aperture diameter, the focal length of the converging lens and the crystal plates (YAP,
quartz and sapphire) were changed to reach the best spectral broadening. In the end, the
UV spectral region was not studied. The C'aF5, crystal plate was not measured due to the
lack of time.

The most suitable crystal plate for supercontinuum generation in the visible region is
quartz with focal lenght f = 75 mm. If we want to generate supercontinuum in sapphire
or YAP, we should use lens with f = 75 mm to reach the best spectral broadening. In this
experiment, the quality of the white light continuum decreases with increasing focal length.

Another situation occurs in the infrared region. There, the best focal length for all crystal
plates for supercontinuum generation is f = 200 mm. In the comparison of crystals with this
focal length, the most significant crystal was YAP. However, its spectra were unstable. When
the YAP was used for supercontinuum generation, we had to move with it or put the barrier
in front of it to stop the laser beam in passing through this crystal plate. If we do not want
to take care of the spectrum stability, the next in order is quartz. In this region, nothing
could be said about the dependence between the quality of the supercontinuum spectra and
the focal length.
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