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Chapter 1

Introduction

Fibre optics is currently a rapidly developing field in physics. Fibres are more
than just a waveguide, today they take the technical progress in telecom-
munication and medicine to the next level. But they are also a state of the
art tool for fundamental physics.

In particular optical waveguides with submicrometre diameters have
been of interest during the last years due to a whole range of unique prop-
erties. In such a microfibre, light is tightly confined over a large length of
up to several centimetres. This high intensity “infinite focus” is accessible
from outside the fibre due to the strong evanescent field. It makes optical
microfibres an useful tool for light-matter interaction experiments.

To explore the applicability of OMF for nonlinear spectroscopy, I studied
the interaction of gaseous caesium with the evanescent light field of the
microfibre. For this purpose, the microfibre has been placed into a caesium
vapour in a heated vacuum chamber.

In the first part of this work, the unambiguous optical detection of cae-
sium is presented. This was done using a modified saturation spectroscopy
method, where it was possible to detect caesium vapour by light absorption
in the evanescent field of the fibre. In a next step the caesium vapour in
the chamber has been characterised and its temporal evolution has been
studied.

After detecting caesium, I have investigated the nonlinear light-matter
interaction in the evanescent field of an optical microfibre. The high intensi-
ties around the microfibre were used to achieve harmonic generation in the
presence and absence of a caesium vapour. The results provide an insight
into the sensitivity of this effect and its dependence on the material around
the fibre.

Finally I can conclude that optical microfibres can be used as sensitive
detectors for atomic vapours, but also as a platform for nonlinear optics
research.
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Chapter 2

Optical microfibres

2.1 Microfibres design

Optical microfibres (OMF) are circular optical waveguides with a sub-mi-
crometre diameter. They are produced from bare, standard (commercial)
optical fibres. A typical optical fibre is shown in Fig. It consists of a
core and a cladding, as well as a coating for protection. The refractive index
of the core is higher than the one of the cladding. Light coupled into the
core is therefore guided due to total internal reflection at the core-cladding
interface.

Coating

Cladding

Core

Figure 2.1: Standard optical fibre with core (violet), cladding (blue) and a
coating (yellow).

An OMF is pulled from such a fibre using the so called flame-brushing
process [1,2]. The fibre coating is removed for this process. After pulling, our
OMF samples consist of an unprocessed pigtail, a down-taper, a constant-
diameter thin part (waist), an up-taper, and another pigtail (Fig. [2.2)). The
waist diameter is on the order of 300 nm to 500 nm.

In the waist the refractive index step between the cladding and air (or
vacuum) is large. This and the small diameter of the waist cause a strong
transverse confinement of the propagating mode and a strong evanescent
field. More than half of the total power is guided around the fibre waist

(Fig. [2.2).
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Figure 2.2: A: An optical microfibre consists of an unprocessed standard
part, the taper where the diameter changes and a thin part (waist). B:
Light travelling trough the waist is guided mostly outside of the fibre in the

evanescent field.

The intensity in the evanescent field is comparable to the intensity of
a tightly focussed free-space beam. However, while in free space the focus
depth is only on the order of the wavelength, in case of an OMF tight
confinement is kept over the whole waist length. Currently the waist length
on the order of 10 mm can be reliably obtained, meaning 10* increase of the
focus depth. This makes OMFs a suitable tool for light-matter interaction

experiments.
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Figure 2.3: The OMF is pulled from a commercial fibre. Two translation
stages pull the fibre apart while it is softened by a flame.

2.2 Microfibre manufacturing

To manufacture an OMF the “flame-brushing” technique is used . The
fibre is heated to the viscous condition and, simultaneously, pulled at both
ends. The pulling machine setup (Fig.[2.3)) mainly consists of two translation
stages and a hydrogen-oxygen flame. The fibre is fixed on the translation
stages with two holding magnets on each side. The fibre coating between the
translation stages has to be removed so that the uncoated and cleaned part
of the fibre can be heated by the burner. While soft, the fibre is stretched to
a desired waist diameter. The translation stage also moves the fibre relative
to the flame. The increased effective flame width allows better control of the
taper profile than a static flame. The movement of the stages is computer
controlled and enables a theoretical precision of £5 % in diameter [3].

The decision on the desired waist diameter depends on the application of
an OMF sample. Our Ti:Sapphire-laser operates between 840 nm to 1020 nm.
The necessary waist diameters to generate third harmonic light in the first
modes (HEj2, TM3;) can be calculated. They are in the range of 350to
450 nm (see Fig. [2.6).

For measurements with e.g. light-matter interaction, an intense evanes-
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cent field at the waist, and hence a thinner diameter, is beneficial. This
consideration has to be weighed up against the stability of the OMF in the
vacuum chamber.

2.3 Microfibre properties

2.3.1 Light propagation in OMF

Light coupled into the input on an OMF sample (pigtail A) is guided in
the fundamental mode LFy; to the down-taper. There, the core diameter
becomes smaller and the guided mode is transformed. The taper shape
is important for its transmission properties. 1 use shallow slopes which
ensures that the core-guided mode LFy7"® is transformed adiabatically into
the cladding-guided mode LP5*4™8 [4].

In the waist of an OMF the core diameter has become insignificantly
small and light is guided by the cladding air interface (see also Fig. . In
a mathematical model the waist of an OMF can therefore be regarded as
a glass cylinder surrounded by air. The electric field vector E of a mode
propagating through it can be written in cylindrical coordinates (r, ¢, z) as

E(r, o, z,t) = E_j_(r, ®) exp(ifz) exp(—iwt)

where 8 = w/vpn = wneg/c, neg is the effective refractive index, E 1 (r,d)
the transverse electric field distribution, ¢ the time, w the angular frequency
of light, vy, the phase velocity and c the speed of light in vacuum. n.g can
be determined by numerically solving the eigenvalue equation for the step-
profile fibre, as shown in [5]. The solutions for different diameters and modes
are calculated by our Matlab program [6] and plotted in figure When
the diameter of an OMF becomes smaller, more of the light propagates in
the evanescent field in air. Therefore the effective refractive index becomes
smaller and closer to the refractive index of air. The same is true for the
opposite case, when neg approaches ngladding for larger diameters of an OMF.

In the up-taper, the light is transferred back into the core. After it has
been guided out through pigtail B, it can be analysed with a transmission
of over 90 %.

2.3.2 Harmonic generation in OMF

The nonlinear properties of standard optical fibres have been studied al-
ready [7]. The high intensities in optical microfibres lead to even stronger
nonlinear effects. They can be used to generate third harmonic light (third
harmonic generation, THG), as it was expected due to the non-zero third or-
der nonlinearity of silica (x(®)) and experimentally observed by Akimov [§]
and Grubsky [9]. Also second harmonic generation (SHG) has been ob-
served [10, [11]. Its origin could be explained by Leaegsgaard as a surface
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and bulk multipole x(?) effect of the fibre [12], which is formed through a
multiphoton process involving pump and SHG light.

2.3.3 Phase matching

Figure 2.4: Matched phases of fundamental and harmonic light in an OMF'.

In order to achieve efficient THG, the phases of the initial and the har-
monic waves have to be equal along the whole waist (phase matching, see
Fig. . Due to material dispersion the refractive index increases for shorter
wavelengths (considering the same mode). ng, or ng, respectively, would
always be greater than n,. Hence, phase matching can only be achieved
with two different modes. With vy, = ¢/neg the phase matching condition
follows:

Tleff, fundamental = 7Tleff, harmonic

These phase matching points can be calculated as described above. As shown
in the example in figure the fundamental mode of the initial wave has
several interception points with higher modes of the third harmonic wave at
different fibre diameters. For different wavelengths phase matching occurs at
different diameters. Calculating all the interception points for many different
wavelengths enables us knowing the phase matching wavelengths of different
modes for a given fibre diameter (Fig. .

This effect can also be used to determine the waist diameter experi-
mentally: The third harmonic and/or second harmonic response strength is
measured for different wavelengths of the exiting fundamental. The maxi-
mum THG signal corresponds to the waist diameter [13].



12 CHAPTER 2. OPTICAL MICROFIBRES

1.5¢
N silica

14+

13}

Nnair 1

OI.1 I OI.2 I OI.3 I 0‘.4 I 0.5
Diameter [um]

Figure 2.5: Effective refractive index for different modes depending on the
waist diameter. The red line is the fundamental mode at 852nm (w), the
violet lines show higher modes at 283 nm (3w). The thinner the waist diam-
eter, the closer neg to neg of air (more light is guided outside the fibre).
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Figure 2.6: From calculating all the phase matching points one can obtain
a relation between the harmonic wavelength and the waist diameter.
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Caesium

The high intensities in the evanescent field outside of the OMF (see sec-
tion can be used to generate efficient third harmonic light if a material
with a high third order susceptibility is present around the OMF. Caesium
gas has been used already to generate third harmonic light with a high in-
tensity free space beam [14]. It is therefore a promising candidate for THG
with an OMF.

The presence of caesium itself can be detected, using the OMF for spec-
troscopy: light in the evanescent field outside of the OMF is absorbed due
to electron transitions in the caesium atom which can be detected in an
absorption spectrum.

3.1 Nonlinearity of caesium

Most nonlinear optical effects can be described as a frequency-mixing pro-
cess. If the induced dipole moment of the material responds to an applied
electric field E, this dipole moment per unit volume P(¢) in a medium can
be written as

Pt) ~ xVE@) + xPE*(t) + XD E3 (1) + ...

where (™ are the n-th order susceptibilities of the medium which describe
the polarisability of the material. For frequency tripling a high x(®) therefore
is required.

3.1.1 Wavelength dependence of y(*)

The exact value of Y of caesium strongly depends on the wavelength of the
incident light and the amount of atoms The closer the wavelength to the
resonances of caesium, the higher Y3 (Fig. . Within the wavelength
range of our Ti:sapphire laser sectlon h, the peak-values of x® are
at the D2 transition of caesium at 852.3nm and at the D1 transition at

13
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Figure 3.1: X3 of caesium for different wavelengths. [15]

894.6nm. At these transition wavelengths, light can excite the caesium
atoms into higher states and is absorbed. Hence, there is a trade-off between
maximising x® and avoiding light absorption.

3.1.2 Vapour pressure

Fig. shows Y3 which is x®) of caesium per atom per cubic centimetre.
This means the strength of the third harmonic light that is generated with
caesium depends also on the number of atoms NV in the field of the fibre and
therefore on the interaction volume of the light with the atoms.

NV
3) — <)
X X 1cm?

Hence, in order to compare the third order nonlinearity of caesium to other
materials, the number of caesium atoms in the evanescent field around the
OMF and also the volume in which the field extends have to be known.

The number of atoms depend on the vapour pressure of the caesium and
therefore on the temperature. The vapour pressure can be calculated using
the vapour pressure model given by [16], which is

3830

logiopv = 2.881 +4.165 — T
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Figure 3.2: Vapour pressure of caesium for different temperatures

where py is the vapour pressure in torr, and 7' is the temperature in Kelvin.
The accuracy of this model is given to be better than & 5%. A plot of
the vapour pressure for different temperatures is shown in Fig. [17]. For
the used value of 70°C in the caesium reservoir, the vapour pressure is
~ 1 x 10~* mbar.

To estimate the interaction volume V of the light with caesium atoms,
the mode-field diameter of the light in the waist is a good guess. The mode-
field diameter determines the distance from the surface of the fibre, where
the intensity of the light has decreased to 1/e. For a typical fibre with a
0.44 pm waist diameter, is can be simulated to extend ~ 300 nm out of the
fibre. The interaction volume therefore can be written as the hollow cylinder

Vinode-field — Viibre =0 - T (Twaist + 300 nm)Z -l (7avvaist)2

With a waist length [ of 2 mm the interaction volume is equal to ~ 1400 pm?.
Knowing the volume and the vapour pressure of caesium, the number of
atoms in the field can now be calculated with the ideal gas law

pV = N/{bT

where V' is the interaction volume, N the number of atoms and k; the
Boltzmann constant. The number of atoms in that volume is calculated to
be on the order of 3000 atoms (for a vapour pressure of 1 x 10~4 mbar).

With x®) = G N V/1cm3 the effective third order nonlinearity for this
specific case hence is 4.2 x 10713 esu. This is ~ 30t to 40 times larger than
the x©® of fuse silica [18, |19].
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3.2 Light absorbed by caesium

In order to benefit from the high x®) of caesium, it has to be brought in the
evanescent field of the OMF. To check whether caesium is present there, an
absorption spectroscopy method is used. The light in the evanescent filed of
the OMF can be absorbed by caesium at certain well known wavelengths.
They are defined by transitions of electrons to higher atom levels of discrete
energy. However the absorption spectrum is not discrete but broadened in
energy by several effects. This leads to a specific dip” shape of the spectrum.
This shape will be studied in theory in this section and will be compared to
real measurement data in section [l

3.2.1 Voigt profile

The frequency that is needed to excite a specific transition in an atom is
broadened by mainly two effects. The lifetime of the excited state and the
speed of the atoms.

Due to the Heisenberg uncertainty principle, the finite lifetime of an
excited state of the atom causes an uncertainty in energy.

AEAt 2

Do | St

with energy E and time t. This broadening of a discrete transition is de-
scribed with a Lorentzian profile [20]

Y
Llv)= ———
R )
where v is the frequency and -y is the the natural linewidth.

Due to the speed of the free caesium atoms, the absorption profile is also
Doppler broadened. Light with a frequency v below the transition frequency
vy can be absorbed by atoms moving (with the velocity v) in the opposite
direction than the photons. The optical Doppler effect shifts the frequency
of the light seen by the atom

V=1 (1 + B)
c

to the transition frequency. Light will be absorbed. The same is true for
the opposite case at frequencies above the transition frequency.

The Doppler effect broadens the discrete transitions with a Gaussian
profile
exp (—12/(20%))

oV 2

Gv) =

where v is the frequency and o is the standard deviation.
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Gauss profile (red)
Lorentz profile (green)
2 Voigt profile (black)

Figure 3.3: Gauss profile (red) with ¢ = 1, Lorentz profile (green) with
v = 1. After convolving the two functions, one obtains a Voigt profile
(black).

To describe the absorption spectrum of an atom completely, both effects
have to be taken into account. The Gauss profile and the Lorentz profile are
convolved (Fig. , resulting in a Voigt profile. It describes the absorption
spectrum of a two level system.

V(v)=(GxL)(v) = /G(T)L(V —T7)dr

3.2.2 Hyperfine splitting

Real absorption spectra usually do not only consist of one transition as
described before. The classical energy levels of an atom are split into a
fine structure when considering an electron spin. The energy corrections
break the degeneracy of the energy levels and split the spectral lines due
to spin-orbit coupling effects. This fine structure is split further into a
hyperfine structure due to interactions between the nucleus of the atom and
the electrons. Allowed transitions between these levels follow selection rules.
Let us consider the D2 transition of caesium.

The D2 transition in the caesium atom is the transition from the 623, /2
to the 62P3 /2 level. These levels are split into hyperfine levels with different
total angular momentum F (with F = I + J, where I is the nuclear spin and
J is the angular momentum of the shell, Fig. |3.4)). Transition that do not
violate the selection rule AF = 0, £1 are allowed.

For this work, a diode laser that pumps from the F = 3 level is used.
The observable electric dipole transitions therefore are from F = 3 to F’ =
2,3,4. All the three transitions are subjected to the Doppler broadening and
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Figure 3.4: Caesium D2 transitions hyperfine structure, with frequency split-

ting between the hyperfine energy levels [17].
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Figure 3.5: Three Voigt profiles of different strength for the three hyperfine
transitions F = 3 to F’ = 2,3,4 of the caesium D2 line. The frequency scale
is centred to the F = 3 to F’ = 3 transition.
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Figure 3.6: Dashed line: The sum of three weighted Voigt profiles determines
the theoretical absorption spectrum of caesium at the D2 line, pumped from
F = 3.

have a natural linewidth. When shone through caesium gas, the absorption
spectrum expected from this laser hence consists of three Voigt profiles for
the tree transitions. The weight of each profile depends on the transitions
strength whereas the position of each profile is determined by the transition
energies (Fig. [3.5). These values can be taken from [17].

The plotted sum of these three Voigt profiles is shown in Fig. [3.6

5 3 15
737 — 1512247 MHz) + 2w + (v + 201.2871 MHz)

with the frequency v and centred to the F = 3 to F’ = 3 transition. The
function is asymmetric due to the different strengths of the transitions and
their asymmetric positions in frequency space. It will be used in section
to fit measurement data of the caesium absorption.
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Chapter 4

Experimental setup

A general overview of the setup that was used to measure THG in different
atmospheres and to detect caesium, is given in Fig. [L.1] A light source is
coupled into the OMF. The thin part of the sample is installed in a vacuum
chamber. The output of the fibre is connected to a detection part, where
the power or a spectrum can be measured. Before coupled into the OMF,
the light source passes a beam sampler. The second beam can be directly
coupled into the detection part. This enables comparing the signals before
and after the fibre sample.

Beam sampler

Laser > % —

Power meter Vacuum chamber

and
Spectrometer

Figure 4.1: General setup with light source, a fibre sample in a vacuum
chamber and a detection part.

21
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4.1 Apparatus

4.1.1 Vacuum system

The main experimental part of this work is a vacuum chamber. All of the
measurements I have done take place in this chamber. It enables working
with the fibre sample in different atmospheres and pressures.

1 80 °C i Flushing (dry N,)

ST

Turbomolecular pump
A : Pressure 107 mbar

! Pressure gauge

Figure 4.2: Vacuum chamber with a pump part, the main part (with a fibre
sample) and a caesium reservoir.

In order to work with caesium gas, the chamber has to fulfil certain
requirements. A separable, heatable caesium reservoir with a caesium am-
poule is needed to obtain the gas. The distribution area of this reactive
chemical should be reduced, the gas should particularly not come in contact
with the pump. Also it should be possible to change the fibre samples by
opening the chamber. By doing so, caesium must not react with air or water.
Hence, the vacuum chamber is split into three main parts: a pump-ventilate
part, a part with a fibre sample inside (main part) and a caesium reservoir
(Fig. [4.2).

To achieve a high caesium vapour pressure and maximise the amount of
caesium gas in the chamber, as much air as possible has to be pumped out.
Hence, ultra high vacuum (UHV: < 10~" mbar) is the pressure range I used.
For UHV all the vacuum components have to be ConFlat (CF). CF flanges
are made of stainless steel an can be used up to 500°C. Caesium is very
aggressive and reacts with copper gaskets that are usually used to connect
CF parts. Therefore silver-coated copper gaskets have been used with the
vacuum parts that come in contact with caesium. The silver is not etched
by the caesium.

The heart of the pump section is a turbo-molecular pump (Oerlikon
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Pressure
gauge

Cs reservoir

Figure 4.3: A CAD drawing of the complete vacuum system.

Leybold PT70 F-compact). It reaches pressures down to 10~ mbar. The
pump stands on the laboratory floor, as opposed to the other elements that
are fixed on an optical table. This reduces vibrations which could influence
the measurements. For the same reason, the intake flange of the pump
is connected to the rest of the setup with a flex hose. The pump can be
disconnected with a standard UHV valve.

The main part of the apparatus is where the fibre samples are installed
with the spread fixation. It is closed with a CF-Swagelok adapter with a
Teflon ferrule used as a feedthrough (see Section [4.2.2)). In order to replace
the fibre sample, the chamber has to be opened. Therefore the caesium
reservoir needs to be separated from the main part. Standard UHV valves
can not be used for this purpose. They contain rubber gaskets which are
etched by the caesium. Instead an all-steel valve (VAT series 57.1) is in-
stalled. It can withstand operation temperatures up to 350 °C and can be
used with aggressive gases like caesium.

The main part is connected to the pump part with another all-steel
valve (VAT series 57.1) in order to protect the pump and the pressure gauge
(IONIVAC ITR 90) from caesium. While working with caesium gas, this
valve is always closed. The pressure inside the main part can than not
longer be measured by the pressure gauge.

The caesium part itself is made of two nipples. A cracked caesium am-
poule is located at the bottom of the lower nipple. Since caesium is very
reactive with air, this part should always be kept under vacuum.

In order to work in a nitrogen atmosphere and also to ventilate the cham-
ber, a nitrogen supply is connected. To not spoil the chamber with water,
the nitrogen I am using passed through an drying cartridge (MicroTorr In-
line by Pure Gas Products).

A full 3D CAD drawing of the vacuum system is shown in Fig.
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- Heating shell
Csat70°C
Figure 4.4: A small element of Mick- Figure 4.5: Heating shell around
enhagen’s DAW heating jacked used the vacuum chamber with tem-
for the caesium reservoir. perature settings.

4.1.2 Heating system

To obtain caesium in a gaseous form, a heating system is needed. The
caesium will always condense at the coldest point, therefore the main part
of the chamber has to be kept at higher temperatures than the caesium
reservoir. Hence, the heating system needs to provide the possibility to
control the temperatures separately for each part of the chamber (main
part, caesium part). For the same reason the heating should provide an
stable and even distribution. It ensures that the set temperatures are kept
at any point of the chamber and no caesium will condense anywhere but in
the reservoir. Like this, caesium will only be present in the main part as a
gas.

Mickenhagen’s DAW is the heating system of our choice for this purpose
(Fig. [4.4). The full heating setup consists of aluminium shells, heating
jackets, aluminium foil and sensors connected to a controller.

The custom-made aluminium shell is attached to the vacuum parts for a
smoother heat distribution and to even out the irregularities of the nipples
(difference in diameter between tubes and flanges). It is attached to the
nipples and valves such that they are covered completely (Fig. .

Five full area metal heating elements are slid over the shell. They cover
the chamber nipples of the main part and the caesium part completely.
Unlike a heating wire, the full area jackets contain no splintery insulation
fibres. Hence, frequent opening of the chamber is possible without residual
fibres getting into the vacuum system. Three larger jackets are used to heat
the main part of the chamber. Two more cover the caesium part. Each
separate jacket is computer controlled separately.

To heat up the chamber, the final temperature is set with a heating
controller. Also the heating speed is important: different materials have
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Figure 4.6: Infrared photo of the hot vacuum chamber 80 °C.

a different coefficient of thermal expansion. Therefore the copper-gasket
steel-nipple connection can become leaky when the temperature changes
too quickly. The all-steel valves that I am using are specified to 1°C per
minute. Hence, for this work I always used the heating speed 0.7°C per
minute, to not risk problems with the valve. Also VAT limits their valve to
a temperature gradient (between input and output flange) of 70 °C.

The temperatures around the jackets can be very different depending
on where it is measured. At the edges, or next to a slit, the temperature
can be up to 20 °C lower than inside the shell. To measure the temperature
reproducibly at the same point and with the best accuracy, the sensors are
therefore fixed. I installed one sensor for each heating jacket at the inside
wall of the shell. They are fixed with clamps and then connected to the
heating controller. The heating current for each jacket is adaptive to the
measured temperatures of the sensors.

In an infrared photo (Fig. one can see that the heat is mainly lost
at the slits of the heating jackets. For a better efficiency and an even heat
distribution, the jackets are therefore covered with three layers of aluminium
foil.

The cooling down process also is computer controlled. However, the steel
nipples and the aluminium shell store a lot of heat. Therefore no action has
to be taken by the controller to provide cooling down with 0.7 °C per minute.
In fact all the parts cool down much slower. In doing so, the main part cools
slower than the caesium part due to its larger volume. This is of critical
importance in case of an electrical power breakdown. The caesium reservoir
will cool down faster than the main part automatically and no caesium will
condense inside the main part of the chamber.

After a full heating cycle to 120 °C with a Teflon ferrule feedthrough, the
chamber stays tight. A final pressure of 5.3 x 10~7 mbar was reached after
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baking out for two days.

4.1.3 Optical setup

The used light sources depend on the experiment: A tunable Ti:sapphire
laser for THG (Spectra Physics Tsunami 850 nm to 1000 nm, pumped with
Spectra Physics’ Millenia Pro 15sJ), a diode laser scanning the D2 line of
caesium used for the caesium detection (Toptica DC110), or a white light
source (Avantes AvaLight-HAL) for spectra analysis have been used for this
work.

The detection part consist of either a silicon power meter (Thorlabs
PM100D with S120VC head), a thermal power meter (Thorlabs PM100D
with S310A head), or a photomultiplier (Hamamatsu H5784-03), depending
on the measured light powers. For spectral analysis an Avantes spectrometer
(AvaSpec 3648-UA-25-AF) was used.

A more detailed description of the optical setup is given before every
experiment.

4.2 Using fibre samples

4.2.1 Types of optical fibres

Since and OMF it is pulled from standard optical fibres, one has to choose
between a great many of different fibres that are available on the market.
They differ in many parameters like e.g. material and diameter (see ta-
ble . The parameters determine the field of application of the optical
fibre.

In order to do experiments with caesium around the D-lines, my fibres
need to transmit infrared light between 840nm to 1020nm (the working
range of the Ti:Sapphire laser). For efficient harmonic generation, all the
light also has to be guided in the L Py mode (see section . Hence, the
fibre needs to be single mode for these infrared wavelengths. Fibercore’s
SMB800-5.6-125A fibre matches these requirements.

With the infrared working range between 840 nm to 1020 nm, third har-
monic light between 280 nm to 340 nm can be generated in the waist of an
OMF made of SM800. The exact wavelength of the generated UV light de-
pends on the diameter of the waist. Since the core of SM800 is germanium
doped, it absorbs UV light. SM800 can therefore not be used to guide the
UV light to the output of the sample (pigtail B). Hence, a pure silica core
UV transmitting fibre like Ceramoptec’s UV50-125A has to be connected
permanently after the up-taper of the OMF.

The two types of fibre have to be connected before the pulling process,
using a fusion splicing machine (Fujikura FSM-30S). The fibre lengths are
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Figure 4.7: An OMF spliced from SM800 and UV50. Third harmonic light
is generated in the SM800 waist and can be guided out by UV50.

choose in a way that after pulling the whole up-taper, down-taper and waist
will be made of SM800. Pigtail B will consist of UV50 fibre.

The spliced fibre is pulled with the pulling machine as described in sec-
tion A sketch of an often manufactured spliced OMF sample is shown

in Fig. .7

4.2.2 Fibre in the vacuum chamber

Fibre holder

In order to store a samples, it is permanently fixed on a holder. Small
droplets of UV cured glue hold the uncoated pigtail of the OMF right after
the taper regions (see Fig. . A cover is fixed around the holder. The
pigtails are clamped additionally to the cover to grant additional protection.

Holder in the chamber

To have caesium reach the waist of the OMF, the sample cover is removed
before it is put into the vacuum chamber. Since the fibre is uncoated in
holder, it can easily break when touching the metal edge. Therefore I im-
proved the sample holder with an elongation piece, which is screwed to one

Fibercore SM800 Ceramoptec UV50

Type Single mode Multimode
Core diameter 5.6 pm 50 pm
material Ge-doped fused silica Pure silica
. diameter 125 pm
Cladding material Pure silica F-doped silica
. diameter 250 pm
Coating material Dual acrylate

Cut-off wavelength

660 nm to 800 nm < 1020 nm

Table 4.1: Properties of the fibre types used.
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Figure 4.8: Microfibre fixed in a Figure 4.9: Enlargement piece
holder with glue and protected by enabling bending of the fibre in

a cover. the chamber.

end of the holder. It makes it possible to fix the fibre additionally with a
clamp through the coated part (see . Bending the pigtail to install the
sample into the chamber becomes unproblematic.

In order to fix the holder inside the nipple of the chamber, it is connected
with a spread fixation. The fixation consists of two plates connected with
screws. The fixation can be spread apart with the screws until the distance
between the plates is big enough to tightly fix the holder inside the nipple

(see Fig. 4.11)).

Fibre feedthrough

Since the optical setup is not inside the vacuum chamber, the fibre pigtail
is fed out the chamber in order to do the measurements. No heat-resistant,
commercial connector exist for this purpose. Instead a Swagelok adapter
with a ferrule is used.

Fibre Chamber\

]

I

- I
Teflon \
ferrule Nut

Figure 4.10: Teflon ferrule used as a fibre feedthrough.
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Figure 4.11: Sample installed in the vacuum chamber. A spread fixation
holds the sample inside the nipple. The chamber is closed with a Swagelok
adapter and a Teflon ferrule used as a feedthrough.

Standard metal ferrules require metal coated fibres. Since the types of
fibres needed for my experiments are not available with a metal coating,
another type of ferrule is used. This ferrule is a home-made solid Teflon
cylinder that matches the dimensions of commercial ferrules [21] (Fig. [4.10).
Two holes are drilled into the Teflon to feed the fibres. The hole diameter
is chosen such that the coated fibre can be threaded through and sealing of
the chamber is possible. A hole diameter of 300 pm has turned out to be a
good choice for the 250 pm diameter coated fibre pigtails. After screwing the
Swagelok nut on the adapter, the soft Teflon presses directly on the acrylate
fibre coating making the chamber tight.

The inexpensive ferrules can be easily manufactured and replaced after
each opening of the chamber.

4.3 Caesium in the chamber

In most of my experiments caesium gas is used. In this section the method
of how to obtain caesium gas in the chamber and where to pay attention
while working with caesium is demonstrated.

With only one valence electron, caesium is a very reactive alkali metal
and has to be handled with care. In air, caesium can spontaneously start
burning. In water it explosively reacts to caesium hydroxide (2Cs + 2H20
— 2CsOH + Hgz) which is a very strong base and can etch silica [22]. Hence,



30 CHAPTER 4. EXPERIMENTAL SETUP

it is stored in evacuated ampoules. The melting point of caesium is very
low (28.7°C) such that touching the ampoule causes the caesium to melt
already.

By fluorescence with a caesium-resonant laser the authenticity of the
ampoule has been checked. Then the cracked ampoule was installed inside
the caesium reservoir of the vacuum chamber. To avoid liquid caesium in the
workspace, the ampoule has been cooled down with liquid nitrogen before it
was cracked. Once inside the chamber, it was pumped out immediately to
avoid reactions with air. The vacuum has to be kept all the time. Therefore
the caesium reservoir is always disconnected with a valve during the fibre
samples are changed.

To further avoid reactions of the caesium with water inside the chamber,
it is always baked out after new fibre samples are installed. This reduces
the amount of water inside the chamber. The caesium reservoir itself can
never be baked out, since at high temperatures there is already caesium
vapour present which can spoil the pump. This means it is either possible
to pump out the chamber (while baking) or having the caesium reservoir
open. Due to the fact that the caesium reservoir is not baked out, large
amount of caesium will remove all the residual water by itself in a minor
chemical reaction.

Once the chamber is baked the pump is disconnected and the caesium
reservoir can be opened to obtain a caesium vapour around the OMF. When
the OMF needs to be replaced, the caesium has to condense back into the
reservoir first. Hence, the caesium reservoir is cooled down faster than the
chamber. Once everything has cooled down, the reservoir is disconnected
and the OMF can be replaced by opening the Swagelok adapter.

4.4 Challenges and limitations

To obtain a dense caesium vapour, the temperature needs to be increased
(see section . The heating system and the Teflon ferrule can be used
up to 300°C. Still there are factors that limit the operation temperature of
the chamber.

Most of all the fibre coating: the dual acrylate is only specified up
to 80°C. 1T tested the chamber up to 120°C and is stayed tight. The
feedthrough was not affected by the softer coating. Still the acrylate starts
degrading. It has been observed after replacing the fibre that it had a brown-
ish look, whereas burned coating material also trickled on the walls of the
chamber. There are fibres with a different coating material specified for
higher temperatures, but not this specific single mode infrared fibre with a
silica core that I need for my experiment (see section .

Another limiting factor is the thermal expansion of the fibre holder. With
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a expansion coefficient of a = 23.2 x 1079 K~!, the aluminium expands by
Al = lpaAT = 350 um

while heating the holder by AT = 100° (where [y = 15cm is the length of
the holder). The expansion coefficient of silica on the other hand is much
lower: o = 0.5 x 1079K~!. This means that during heating the fibre is
stretched and can rip. To avoid this problem, I unstretched the samples
after pulling, using the translation stages of the pulling machine. Like this
the OMF slightly sags when it is glued to the holder at room temperature,
but becomes straight in the hot chamber environment.
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Chapter 5

Caesium detection

Within this work, third harmonic light is generated with OMFs. In order
to know whether the THG is indeed due to caesium, it is crucial to know
if caesium atoms are present in the evanescent field of the OMF. The cae-
sium can be detected using the method of absorption spectroscopy: light
coupled into the OMF will be absorbed if its frequency hits a transition of
the caesium atom. The energy is absorbed to excite electrons into a higher
state. Therefore a decrease in the light transmission will be visible for that
frequency. If this absorption peak can be detected at the very characteristic
D1 or D2 line wavelengths of caesium, the presence of free caesium atoms
around the fibre is proven.

5.1 Absorption spectroscopy

The absorption spectrum of caesium is on the order of 1 GHz. A spectrom-
eter or an optical spectrum analyser have not the sufficient resolution to
detect this narrow absorption dip. Therefore a single-frequency laser is used
to detect the caesium absorption by scanning the laser frequency on the
Gigahertz scale while measuring the transmission.

5.1.1 Setup

A diode laser (Toptica DC110 at 22.1°C and 48 mA) with a spectral width
of only ~ 100 kHz, scans over the frequency range of the D2 line of caesium
(pumping from the F = 3 state). The frequency is selected with a mov-
able, piezo-controlled diffraction grating at a scanning speed of 30 Hz. The
frequency of the laser has to be tuned mode-hop over a larger range than
possible with the grating. Hence, the diode current also has to be modu-
lated. This current modulation enables scanning the full caesium D2 line,
but also changes the power of the beam continuously.

In order to detect caesium around the waist of the OMF, the setup

33
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Figure 5.1: Setup for caesium absorption spectroscopy

shown in Fig. [5.1]is used. To determine the absorption due to caesium, the
light power before and after the sample has to be compared. Therefore the
beam is first coupled into a fibre splitter. It splits the beam with a ratio of
7.125:1. The lower power output of the splitter is connected to the OMF in
the vacuum chamber, the other output is directly connected to a amplified
photodiode (homemade model with 1 MS resistor). Its voltage is used as
the power reference signal. The output of the OMF is connected to a second
amplified photodiode of same type to detect the power after the fibre.

The photodiode voltages are measured by an oscilloscope. Since the
repetition rate of the scan is 30 Hz, the electronic high-frequency noise can
be cut-off from the measurement using a low-pass filter. I used a 1.2k}
resistor with a 4.7 nF capacitor to cut-off frequencies higher than 28 kHz.

5.1.2 Frequency calibration

In order to detect caesium around the OMF with the D2 transition, the
laser diode has to be tuned to the correct transition frequency. Since my
photodiodes can only detect only the transmitted light power in time due
to the scanning laser, a caesium reference is needed to know the exact fre-
quencies. Hence, one part of the beam (Fig. is shone through a caesium
reference cell. With a saturation spectroscopy setup a characteristic caesium
absorption spectrum can be detected from that cell if the proper frequency
has been hit. The saturation spectroscopy setup is part of a polarisation
spectroscopy setup that was already used in use in our group. Therefore it
was easy to access and will not be further described here.

To convert the measured data into frequency-space, the absorption spec-
trum from the caesium reference cell is used. Since the saturation spec-
troscopy is Doppler-free, Lamb dips are visible in the spectrum of the refer-



5.1. ABSORPTION SPECTROSCOPY 35

U / Umax

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

Time [s]

Figure 5.2: Absorption spectrum measurement versus time. With power af-
ter sample (red), power reference (blue), and Doppler-free calibration signal

(green).

ence cell beam (see Fig. . They almost correspond to the hyperfine tran-
sitions mentioned in Section with an error of less than + 2 % (checked
with the polarisation spectroscopy setup). The frequencies of these hyper-
fine transitions are well known (see Fig. [3.4). Therefore the Lamb dips can
be used to convert the time axis of the measurement into a frequency axis.

5.1.3 Measured absorption

Fig. shows a typical absorption measurement taken with the OMF. In
this measurement, the caesium reservoir was open for two weeks at 70 °C.
The average power before the OMF is 20nW. The green line shows the
calibration absorption spectrum from the caesium reference cell. The blue
curve displays the power reference before the OMF. The red curve is the
power after the OMF with a caesium absorption dip visible. All the curves
have a slope due to the current modulation of the laser diode.

It is crucial to carefully subtract the dark voltages of the photodiodes to
ensures that the powers are comparable. To process the data and analyse
the shape of the absorption spectrum, the normalised power after the sample
(red) is divided by the normalised power reference (blue). By this manner
it is possible to compensate the changing power of the laser.

The obtained normalised absorption spectrum in frequency space can be
compared to the theoretical model described in section This fit varies
only the width of the Doppler broadening (Gaussian o) and the natural
linewidth (Lorentzian ), as well as the relative transition strength of the
spectrum (y-position). The position in terms of frequencies (x-position) is
fixed due to the well known transitions.
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Figure 5.3: Caesium absorption spectrum measurement compared to two
theoretical model. Green line: without power correction, black line: with
power correction.

The resulting fit curve is shown in Fig. |5.3| (dashed green line) and meets
the theoretical expectations satisfactory. However, it does not match the
asymmetry in the shoulders of the spectrum. Considering the frequency-
depending power modulation explained in section the incident laser
power for lower frequencies is lower than for higher frequencies. In addition,
the higher the power, the more caesium atoms around the fibre waist can
be excited. In this case more atoms become saturated and cannot absorb
light. Therefore the transmission through the fibre will increase with higher
powers.

Since the lifetime of the excited state determines when an atom is able to
absorb another photon, this power effect affects the Lorentzian part of the
Voigt profile. The Gaussian part depends only on the temperature. Adding
this power factor into the Lorentzian part of the Voigt profile as described
by gives

~
2+ (1+4¢-APv)))

with AP(v) the known power modulation and v a scaling factor (as a new
fit parameter).

The power adapted fit is shown in Fig. with a black line.

The standard deviation of the Gauss profile (the fit parameter o) should
coincide with the theoretical Doppler broadening at 80 °C (the temperature
in the chamber).

L(v) = -

vy kT
Otheoretical = D,/ = 174 MHz
C m
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where 1 is the transition frequency of 351.73 THz, c is the speed of light,
ky is the Boltzmann constant, 7" is the temperature in the chamber (353 K)
and m is the mass of a caesium atom (2.21 x 1072 kg).

The width of the Lorentzian profile (the fit parameter «) should coincide
with the natural linewidth of caesium D2 line.

1
“Ytheoretical = T = 5.2 MHz
T

where 7 is the lifetime of the excited state (30.4ns|17]).
The widths obtained from fitting different measurements taken at dif-

ferent days (meaning with a different amount of caesium atoms around the
OMF) are averaged:

o =178(6) MHz, ~ = 65(10) MHz

where the error is the determined by the standard deviation from the mean
value.

The results show that the theoretical Doppler broadening is described
well by the fit. However, the measured natural linewidth is ten times larger
than the theoretical values. Hence, additional broadening effects might affect
the measurement. They are discussed in the next section.

5.1.4 Influences on the dip shape

The theoretical model of the absorption spectrum of the D2 line does not per-
fectly coincide with the measured data. In particular there still is an asym-
metry in the shoulders of the Voigt profile and a much too broad Lorentz
width.

This can be mainly due to two effects. First of all the time of flight
broadening: The caesium atoms around the OMF have a speed of

[ kT
v = kb— = 148.5ms!
m

where kj is the Boltzmann constant, 7" is the temperature in the chamber
(353K) and m is the mass of a caesium atom (2.21 x 1072 kg). Then the
shortest possible interaction length of one of the caesium atoms with the
evanescent field of the OMF is determined by a direct incident trajectory
perpendicular to the surface. Assuming the size that the evanescent field
extends from the OMF to be = 300 nm by simulating the 1/e decrease in
intensity. Hence, the shortest possible interaction time between the atom
and the light is tipteraction = /v =~ 2ns. This is shorter than the lifetime
of the excited state (30.4ns). The linewidth of the transition in that case
is not longer determined by to the natural linewidth, but by the time of
flight.[20]. This can explain the deviation in the Lorentzian .
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Since caesium interacts with the fibre, another broadening effect can
occur: the van der Waals broadening. Caesium atoms close to the surface
of the fibre are perturbed by van der Waals forces. Their energy is red-
shifted by AE ~ 1/r%. Therefore this shift has a larger effect on atoms
close to the surface of the fibre but barely on the atoms further away. The
asymmetric van der Waals potential hence broadens the absorption spectrum
asymmetrically [24, |[25]. This effect could therefore explain the asymmetrical
deviation in the shoulders of the measured absorption spectrum from the
theoretical model.

5.2 Effects of caesium vapour

The presence of caesium is not only noticeable with absorption spectroscopy.
Due to the high reactivity of caesium it reacts with the materials used in the
vacuum chamber. These reactions are only observable after cooling down
the chamber and opening the Swagelok adapter.

After opening the chamber there is a penetrative smell for some seconds.
Even though the chamber is flushed with dry nitrogen, this could be a
reaction of residual caesium in the chamber with the surrounding air. Also
noticeable is the colour change of the fibre coating and the Teflon ferrule.
The once transparent fibre coating is shimmering slightly yellow. The inner
surface of the Teflon ferrule is dark brown or black. The mentioned effects
are not observable when using sample at 80 °C without caesium vapour.

5.3 Characterizing the caesium absorption dip

5.3.1 Absorption with different laser powers

As mentioned in section the maximal absorption depends on the light
power. For higher powers more atoms are saturated and cannot absorb more
photons.

This effect can be measured by changing the average laser power coupled
into the OMF with neutral density filters (using the same setup Fig.
The data is taken and analysed as described in section The maximal
absorption value (dip depth) is calculated and plotted versus the power
before the sample (Fig. . This measurement has been repeated several
times within 16 days with the caesium reservoir opened permanently. In
the result a clear dependence of the dip depth on the power is visible. The
absorption of higher powers is lower because the atoms get saturated. The
theoretical absorption is given as

1
1+5(P)

where S is the saturation factor and P is the power [20].

Absorption
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Figure 5.4: Caesium dip depth vs. power at different days.

This easy model function has been fitted to the data and is plotted in
Fig. .4 with a dashed line (S(P) as a fitting parameter). Since the power
distribution in the evanescent field of the OMF is not homogeneous, the
measurement does not agree with this theoretical line. The light intensity
in the evanescent field depends on the distance from the fibre. There can
be intensities high enough to saturate the atoms closer to the fibre. On
the other hand, there will always be intensities low enough to be absorbed
by caesium atoms further away from the surface. This behaviour has been
studied and numerically solved by [25]. This explains the strong deviation
of the simple theoretical absorption model from the measured data.

It is as well noticeable that the dip depth shifts upwards. The longer
the caesium reservoir is opened, the more atoms are around the OMF and
more light is absorbed. This indicates that the amount of caesium atoms is
increasing very slowly and is not in an equilibrium even after several days.

5.3.2 Temporal evolution of the absorption

It is important to know when the caesium vapour inside the chamber has
build up and the amount of caesium around the fibre stays constant. There-
fore the above mentioned temporal effect is studies in more detail. In order
to do so, the power before the sample is fixed to 20nW. The absorption
spectrum after the OMF is analysed at different days using the method
described in section The dip depth versus time is shown in Fig. [5.5
Again a temporal effect is observable (as seen in section . After a
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Figure 5.5: Caesium dip depth vs. time with fixed power.

longer waiting time with the caesium reservoir open (at 70°), the dip depth
and thus the absorption increases. It is noticeable that I was no able to
detect caesium within the first two hours. The increase of the absorption
in time seems to have two different slopes. During the first 3 to 4 days, the
absorption increases slower than after the fourth day. This could be due to
a gettering effect. The first caesium atoms entering the chamber stick to the
walls and are chemically adsorbed. Some of the atoms might also react with
residual water or the silica of the fibre. Once the walls are covered with a
mono-layer of caesium the amount of gaseous caesium increases quicker.

The build up of caesium vapour is not infinite. After about two weeks the
transmission trough the OMF drops to below 0.1 percent. This could be due
to caesium sticking on the waist of the fibre. It might pollutes the surface
and light is scattered out. Also it is thinkable that CsOH (from a caesium
reaction with water) etches the silica [22] and constrains the transmission
properties of the fibre.

5.3.3 Cleaning the fibre with light

As mentioned above, the transmission trough the OMF decreases when ex-
posed to caesium vapour for over two weeks. If this is due to caesium sticking
on the waist of the OMF, it might be possible to remove it (partially).

For this, light of higher power (1 pW to 250 ptW) is coupled into the OMF
by changing the neutral density filters in the setup (see Fig. . Fig. |5.6
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shows the output power of the sample while removing all the filters for a
short time (shot). After reinstalling the filters, the transmitted power is
higher than before. The fibre waist has been cleaned.

Comparing the transmission though the OMF for different powers results
in Fig. For powers higher than 200 pW the transmission has reached its
original value of 20 %. After “cleaning” the fibre with light and reducing the
power back to a very low value (required for the absorption measurement),
the transmission still is much lower. This is is not due to a new contami-
nation with caesium atoms since this effect was also measurable when the
caesium has been removed from the chamber.

It can be the case that not all of the caesium sticking to the fibre was
removed. Even tough there was no gaseous caesium detectable any more
with the spectroscopy method, it could still stick to the waist and scatter
out a constant, small proportion of the light. This of course affects rather
low power beams. Unfortunately the caesium detection measurements are
exactly done with lower powers. Hence, a “spoiled” OMF has to be replaced.
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Chapter 6

Third harmonic generation
with caesium

When a caesium vapour around the OMF has been obtained and detected,
the high intensities in the evanescent field of the fibre can be used to generate
third harmonic light from the caesium atoms. The strength of the generated
light in the presence and absence of caesium is compared in this chapter.

6.1 Setup
Ti:sapphire Beam
A=840..1020 nm  sampler
1..2ps pulse

Objective

Spectrometer chhrom
mirror

1.6 mW

=

Vacuum chamber

Power meter

UV pass filter

Photomultiplier
Figure 6.1: Setup used to detect THG with an OMF.

The third harmonic light can be detected after the OMF using the setup
shown in Fig. [6.1l To obtain the needed high powers in the OMF (see
section , a Ti:sapphire laser is used in pulsed mode (A = 840 — 1020 nm,
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pulse length ~ 1 —2ps) and coupled into the OMF. The wavelength of the
laser has to be tuned to a wavelength, where the phase matching condition
(depending on the waist diameter of the OMF) is fulfilled (see section [2.3.3]).
Third harmonic light in the UV range then is generated: by the fused silica
of the fibre, as well as by the caesium atoms around the waist.

The generated third harmonic light is very weak (~ 0.1 nW) compared to
the power of the Ti:Sapphire laser after the OMF (1.6 mW in the infrared).
Hence, the UV light has to be detected with a photomultiplier (PMT). Even
tough the PMT is blind for infrared light, filtering it is necessary to avoid
heating of the PMT which can cause charge movement and increase the
noise. To separate the UV from the infrared light after the output of the
OMF, a dichroic mirror is used. It transmits infrared light and reflects
the UV third harmonic light. Still a small amount of infrared light can be
reflected by this mirror (0.01 %), this is why an additional UV-pass filter is
installed right before the PMT. That way, it is possible to detect the third
harmonic light with low noise which will be tested as a next step.

6.2 Characterising THG without caesium

THG is measured with the above mentioned setup. The measurement is
done without caesium fist, using the non-zero () of silica to generate third
harmonic light. This is to have a comparison value and to study the be-
haviour of the THG in the chamber. For the measurement, the infrared
power after the OMF is kept constant at 1.6 mW at 944nm (phase match-
ing condition for the used fibre sample). Also the pulse width is not changed
in order to be able to compare the results.

Since the chamber is flushed with dry nitrogen while a sample is installed,
the taken reference value is for a nitrogen atmosphere. The THG is also
monitored while pumping the nitrogen out of the chamber. It turns out
that the pumping process has a big influence on the THG. Its strength can
change by more than 50%. Hence, a more detailed investigation of the
influence of nitrogen (and air) on the THG can be found in the appendix
(section [A]).

A comparison of the strength of the THG in nitrogen, in vacuum and
in baked vacuum (30hour at 80°C) for the same OMF is summarised in
table [6.1] The THG in vacuum is over three times higher than in dry
nitrogen. After baking at 80 °C, the THG is approximately 20 % lower than
before baking, but still higher than in nitrogen. This could indicate the
influence of water on the THG (see section [A)).

Even though the reference values for the THG are fluctuating, an im-
provement with caesium should still be visible due to its higher ().



6.3. THG IN CAESIUM VAPOUR 45

PMT signal, V

In nitrogen In vacuum After baking In caesium

2.4(5) 7.8(5) 6.3(5) 1.2(5)

Table 6.1: Third harmonic strength in different atmospheres, measured with
a PMT gain of 1.5 x 10° and an infrared power of 1.6 mW at 944 nm.

6.3 THG in caesium vapour

The reference values of the THG in nitrogen and in vacuum are now com-
pared with caesium. The same setup as shown in Fig. is used.

The caesium valve is opened and kept open for 10 days, such that the
vapour pressure of caesium is already high but not too high to affect the
transmission properties of the OMF (compare section @ . The presence
of caesium is checked with the spectroscopy setup (section @

Once the presence of caesium is confirmed, third harmonic light is gen-
erated. The infrared power is kept at 1.6 mW again. The UV light should
be generated by both, silica and caesium. The result of this measurement
is shown in table 6.1. The strength of the THG in caesium is lower than
without caesium (6.5 times lower than in vacuum).

After measuring for less than two minutes and shining in 1.6 mW during
this time, the transmission started dropping. This transmission drop during
measuring with higher powers (in the milliwatt range) has been observed
several times. However, the measurements done in section did not
show such an early “pollution” of the fibre after 10 days. It could therefore
be a light induced effect. In vacuum the fibre is not cooled by air. Hence,
the high light power heats up the fibre waist. This energy might start a
chemical reaction with caesium. The fibre could not be “cleaned with light”

(section [5.3.3)) afterwards.

6.4 Discussion

It has been observed that the strength of the THG varies a lot in different
atmospheres (table [6.1). The enhanced THG due to caesium could not be
observed. Still it remains unclear whether the measured third harmonic
light is only due to silica, or also generated by caesium.

I have contacted Prof. Jim Franson from the University of Maryland
who has done experiments with rubidium vapour around OMF [26]. He has
observed a similar drop in the fibre transmission if the fibre is exposed to
the atoms for too long. He suggests that the rubidium can form clusters on
the fibre waist and these clusters can scatter light.

The same could be true for caesium. Clusters on the fibre would affect
UV light more than infrared light. Therefore the loss of UV light would
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Figure 6.2: SEM picture of a gold coated OMF waist. The visible bumps
are due to high UV powers .

be larger than the drop in infrared transmission, which is what I observed:
increasing the infrared power back to 1.6 mW to even out the lower trans-
mission, did not make the third harmonic recover to its initial value.

Also the caesium could react with the silica, as seen in the mentioned
light induced effect. Residual water can react with caesium to form CsOH
which is known to etch glass . This also matches the observation in ap-
pendix [A] which indicates the influence of water on the THG. Both effects,
the etching and the clustering, destroy the uniformity of the waist. The
diameter of the waist would no longer stay constant which results in a wors-
ened THG.

It is known from measurements with an electron microscope that UV
light can produce bumps on the fibre surface (Fig. . The mentioned
unevenness of the waist hence can also be produced due to a high amount
of UV light. It is imaginable that a lot of third harmonic light has been
produced by the caesium and corrupted the the waist of the OMF.

Unfortunately the limited time of this work did not allow more measure-
ments to study these problems.



Chapter 7

Summary and outlook

It has been shown in this work that an optical microfibre can be fed into a
vacuum-tight chamber where harmonic light could be generated under con-
trolled atmospheres. It has been found that the surrounding atmosphere has
a significant influence on the harmonic generation, which might be explained
by the amount of water present in the chamber.

Also it was possible to prepare a caesium vapour atmosphere around
the optical microfibre where already small amounts of caesium atoms could
be detected reliably. This demonstrates that microfibres are a useful and
sensitive tool for spectroscopy.

Third harmonic light also could be obtained in a caesium vapour around
the optical microfibre. However, the caesium vapour did not enhance THG
as expected due to its high nonlinearity. It remains unclear whether signif-
icant third harmonic light was generated by the caesium in addition to the
THG from the OMF itself. During my work there was only time for one
trial with a fibre of suboptimal diameter. Therefore the measurement with
caesium should first of all be repeated. Optimally one should produce a fi-
bre that generates third harmonic light closer to the resonances of caesium.
This could improve the x®) by a factor of 10. For this purpose the fibre
pulling process has to be improved to obtain a higher precision in the waist
diameter.

Since the transmission properties of the fibre also have decreased during
the measurement, it seems plausible that caesium has formed clusters on the
waist of the OMF. UV light could thus be scattered out if still generated.
The presence of such clusters should be checked with an electron microscope
to further investigate this problem. If present, one could prevent clusters by
adding an extra heating wire above the fibre waist. This wire should have
a higher temperature than the chamber and should reduce the amount of
caesium condensing on, or sticking to the fibre.

The electron microscope also would answer the question, whether a too
high intensity of UV light has damaged the fibre by forming microscopic
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bumps on the fibre waist. Such damage has been observed by D. Pritzkau
[27] already. Yet the origin of these bumps has remained unclear so far.

Another idea for THG is the usage of different materials with high ()
which are easier to handle. An example would be a nonlinear molecule that
could be adsorbed on the fibre.



Appendices
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Appendix A

Harmonic generation
without caesium

During preparing the measurement for THG with caesium ([6.2)), it has been
observed that pumping out nitrogen of the vacuum chamber has an effect
on the THG. This behaviour has been studied for different atmospheres.

A.1 Third harmonic generation in air and vacuum

THG is measured with the same setup as used before for THG with caesium
(Fig. . The power of the third harmonic light is monitored during pump-
ing out air of the vacuum chamber. The infrared power after the sample
and the laser pulse length are kept constant during the measurement.

The behaviour of the measured third harmonic power during pump-
ing out is shown in Fig. (measured with 5mW of infrared light and
a PMT gain of 2 x 10°): The third harmonic power drops immediately
after the turbomolecular pump is switched on (pressure in the chamber
~ 10 x 1073 mbar) while the infrared power stays constant. Ventilating the
chamber with air, makes the third harmonic almost recover completely.

When the pump is started, a strong fluctuation in the THG power is
visible for a short time. The same is true for the purging process when the
ventilation valve is opened. This could be a vibration effect of the fibre due
to the change in pressure.

A.2 THG in vacuum and dry nitrogen

To better understand why pumping out air causes a drop of the THG, the
experiment is repeated with dry nitrogen and another OMF. The power and
the PMT gain are kept at the same values (5mW of infrared light, PMT
gain 2 x 10° ). However the THG strength can not be directly compared to

o1
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Figure A.1: THG during pumping out and ventilating with air

the previous measurement since it is a different OMF (with a different waist
length).

Pumping out the air of the vacuum chamber (Fig. again shows
the same behaviour as observed in the previous measurement: the third
harmonic power drops in vacuum. But when the chamber is purged with
dry nitrogen, the third harmonic power does not increase back to its initial
value. It even is a little bit lower than before. By pumping out the nitrogen
again, the third harmonic power can be increased back to a value close to the
initial vacuum value. Purging the vacuum with air lets the third harmonic
power recover to a value close to before the experiment.

During the measurements, the infrared power after the OMF was not
influenced by the different atmospheres and stayed constant.

A.3 SHG in air, vacuum and dry nitrogen

To further investigate the sensitivity of the THG to the surrounding atmo-
sphere, it is investigate whether this effect is restricted to the THG only.
Hence, the second harmonic generation from the fibre has been studied. Sec-
ond harmonic light is generated in the OMF by a surface effect despite the
centrosymmetric lattice of the fibre([2.3.2).

The setup to detect SHG is the same as used for third harmonic detection
(Fig. with the exception of the dichroic mirror and the UV-pass filter.
Since the second harmonic light is generated in the visible wavelength range,
the mirror is replace by a cold mirror (Thorlabs FM03), which reflects visible
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Figure A.2: THG during pumping out and ventilating with dry nitrogen

light and transmits infrared. The filter is exchanged with a VIS-pass filter.

SHG has been measured during pumping out the chamber and purging it
with room air and dry nitrogen respectively. The result is comparable to the
behaviour of the THG: the power of the second harmonic light drops during
pumping out air but increases back when ventilating with air. In nitrogen
the second harmonic remains at a value similar to the one in vacuum or
lower.

During all the measurements, the infrared power again was constant at
5mW. The experiment has been repeated with several different fibres. The
strength of the drop in the second harmonic power during pumping out
air does not seem to be related to specific OMF parameters (like the waist
length or the slope of the taper).

Only one OMF exhibited a different behaviour than described above.
The second harmonic light generated in that fibre was not affected by the
pumping and ventilating process at all. The wavelength of this light was
500 nm, whereas the other examined samples generated second harmonic
light between 420nm to 480 nm due to their thinner waist diameter (see
section [2.3.3]). This indicates the wavelengths dependence of the measured
effects.
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Figure A.3: Setup used to detect SHG with a OMF.

A.4 OMPF transmission in air and vacuum

It is unknown whether the drop of the harmonic generation during pumping
out the chamber has something to do with the light generation process
itself, or with the transmission properties of the fibre. To study whether
this effect is a wavelength dependent transmission effect, a blue laser with a
wavelength of 405 nm is coupled into that very OMF that generated second
harmonic light at 500 nm which was not affected by the pumping process
(see section [A.3).

The laser light with a power of 70uW is coupled into the OMF and the
transmitted power is directly measured with a power meter. During pump-
ing out air, a drop of 20 % in the transmitted power is observed (Fig. |A.4)).
During ventilating with air, the transmission recovers. Even tough the drop
in transmission is smaller than observed for THG and SHG, there is a clear
effect on the transmission visible when opening the valves.

The same measurement is repeated with a battery-driven green laser
pointer at 532nm with 65 pW. During pumping out and ventilating with
air, the transmission of the green light did not show a clear drop or increase
(Fig. |A.4). The constant decrease in the transmitted power is due to the
battery of the laser.

Since a clear dependence of the transmission on the wavelength has been
detected, it is interesting to know which wavelengths exactly are influenced
in its transmission during pumping out the chamber. For this purpose a
white light source is coupled to the OMF. The transmission through the
sample is monitored with a spectrometer. The spectrum before and after
pumping out the chamber are compared but no change is visible. This might
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be due to the low powers of the white light source in that wavelength range.

A.5 Results and discussion

It has been observed that the atmosphere surrounding an OMF has an
influence of the harmonic generation and on the transmission properties of
the fibre at certain wavelengths.

The power of the third- and second-harmonic light (wavelengths between
280 nm to 480 nm) is effected in the following way:

Pnitrogen < Pvacuum < Pair

where P is the power of the third or second harmonic light, measured after
the OMF.

An explanation for the degree of the drop during pumping out is not ob-
vious to me. However, a dependence on the wavelength of the light could be
observed. Light above 500 nm seems to be not influenced by the surround-
ing atmosphere. This is not only true for the harmonic generation, but also
for the pure transmission property of the fibre: the transmission of light
with wavelengths shorter than 500 nm was influenced by the atmosphere
surrounding the OMF.

Hence, it is difficult do determine the origin of the influence on the
harmonic light. One could reason that the drop in transmission affects the
harmonic generation non-linearly. Still the reason for this drop remains
unclear. The harmonic generation itself could be influenced by water. As
shown by S. Zabotnov, water in porous silica increases its x(3) compared
to porous silica filled with air [28]. Also Chun-An Tsai was able to enhance
SHG in fused silica with water [29]. He claims that water can from dipole
moments on the surface of the silica.

This is a reasonable explanation for the behaviour that I have measured.
In air, the amount of water is high due to humidity. In dry nitrogen, on
the other hand, the amount of water is very low. However in vacuum the
amount of water is clearly lower than in air but there can be outgassing
from the walls of the chamber. Since during this measurement the chamber
was not baked out, this matches the observed behaviour.

To confirm that there is an influence of water, the measurement could
be repeated in a wet nitrogen atmosphere. During this work unfortunately
there was no time to do this any more. I concentrated on the final goal to
obtain a caesium vapour around the fibre.
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