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Abstract

Hybrid quantum systems have become a rapidly growing and highly promising
field of research, combining the huge success of quantum optomechanics in ex-
ploiting the quantum nature of mechanical systems with the advantages of the
well-established experimental techniques of ultracold quantum gases.

In this experimental framework, the “Nano-BEC” project in the collaborating
groups of K. Sengstock and R. Wiesendanger at the University of Hamburg aims at
coupling a Bose-Einstein condensate in an optical lattice to a cryogenically cooled
membrane inside a fiber cavity via radiation pressure.

For the centerpiece of this hybrid quantum experiment, a manufacturing system
for the fabrication of fiber Fabry-Pérot cavities was successfully planned, establis-
hed and employed.

The compact setup enables laser machining of concave, ultra low-roughness pro-
files on fiber tips, combined with direct interferometric profile analysis using both
phase-shifting interferometry and a fast, efficient fringe fitting method. By adjus-
ting the beam spot size of the processing laser, fiber profiles with radii of curvature
between 25 µm and 500µm are easily accessible. In order to create the cavity mir-
rors, these profiles are deposited with a high reflective coating.

This way, a stable fiber Fabry-Pérot cavity with high mode purity and coupling
efficiency of 94 % was manufactured for the study of opto-mechanical interactions
in a membrane-in-the-middle system. As a strong indication for optomechanical
coupling between the membrane motion and the intracavity light field, amplitude
modulations at the resonance frequency of the membrane were observed in the
pump light of the fiber cavity after the cavity was stabilized with a side-of-fringe
lock.





Zusammenfassung

Hybride Quantensysteme haben sich zu einem schnell wachsenden und vielfältigen
Forschungsfeld entwickelt, welches den großen Erfolg der Quanten-Optomechanik
in der Erschließung von Quanteneffekten in mechanischen Systemen mit den ex-
perimentellen Errungenschaften der Physik ultrakalter Quantengase vereinigt.

In diesem Forschungsrahmen zielt das
”
Nano-BEC“ Projekt der kollaborieren-

den Forschungsgruppen von K. Sengstock und R. Wiesendanger an der Universität
Hamburg darauf, mittels Strahlungsdruck ein Bose-Einstein Kondensat in einem
optischen Gitter mit einer kryogenisch gekühlten Membran in einer Fasercavity zu
koppeln.

Für den zentralen Membran-Cavity-Aufbau dieses hybriden Quantenexperimen-
tes wurde ein Produktionssystem zur Herstellung der Faser-Fabry-Pérot-Cavities
erfolgreich geplant, umgesetzt und angewendet.

Das kompakte System ermöglicht die Erzeugung von konkaven, optisch glatten
Profilen auf Faserenden durch Laserbearbeitung, kombiniert mit direkter inter-
ferometrischer Oberflächenanalyse. Für die Analyse der Interferenzbilder werden
gleichermaßen ein schneller und effizienter Fit der Interferenzmuster, sowie das
Phasenschiebeverfahren angewendet. Um die Cavity-Spiegel herzustellen, werden
die Faserprofile mit einem reflektierenden Schichtsystem bedampft. Durch Varia-
tion des Laserstrahldurchmessers auf der Faser können alle relevanten Spiegel-
krümmungen der Fasercavities im Bereich von 25 µm bis 500 µm produziert wer-
den.

Auf diese Weise wurde eine stabile Faser-Fabry-Pérot-Cavity mit hoher Mo-
denreinheit und einer Einkopplungseffizienz von 94 % hergestellt, um die optome-
chanischen Wechselwirkungen in einem Membran-Cavity-System für verschiedene
Cavity-Parameter zu untersuchen. Als starkes Indiz für optomechanische Kopp-
lung zwischen der Membran und dem Pumplicht der Fasercavity wurde eine Am-
plitudenmodulation des Lichtes bei der Resonanzfrequenz des Membranoszillators
gemessen. Dafür wurde die Fasercavity mit einem Side-of-fringe-Lock stabilisiert.
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1. Introducion

Within a short period of one decade, the experimental techniques of quantum op-
tics have been adapted to the completely different regime of solid state physics
and a new scientific community has focused on the study of quantum states in me-
chanical systems [1]. This new and promising field of optomechanics exploits the
interactions between light and mechanical resonators, sparked by the pioneering
experiments of Braginsky in 1967 [2]. Fueled by the rapid improvements in the de-
velopment of new materials, interesting new optomechanical systems were realized,
using superconducting devices [3], optomechanical crystals [4], whispering gallery
mode resonators [5–7] or micromechanical oscillators [8–10]. In order to reach the
quantum regime, these systems can be cooled using laser cooling techniques similar
to the experimental methods of ultracold quantum gases.

These techniques enabled quantum optomechanics to approach an important
milestone – the preparation of a mechanical system in the quantum mechanical
oscillator ground state. Recently, this ambitious goal was achieved in three dif-
ferent mechanical systems, which were cooled to the ground state with a mean
occupation of less than one vibrational quantum in the corresponding mechanical
mode [3, 10,11].

Macroscopic systems entering the quantum regime are the gateway to fascinat-
ing phenomena like Einstein-Podoslky-Rosen entanglement between optical and
mechanical modes [12] or new nonclassical states, such as squeezed states of light
or mechanical motion [13, 14]. These new states are powerful tools for high pre-
cision measurements like in gravitational wave detection [15], where the quantum
fluctuations of light are squeezed in order to alter the borders of fundamental
quantum limits. Moreover, nonclassical states in macroscopic systems are an ex-
tremely promising prospect for testing quantum theory itself at the transition
between the microscopic world and the classical, conceptual world of our everyday
experience [16–19].

The huge success of exploiting novel quantum systems sparked the idea to create
hybrid quantum systems [20–22], combining the advantages of atomic and molecu-
lar physics, quantum optics and the thriving field of mechanical quantum systems.
Recent achievements in this field are the coupling of a cantilever to a single spin Q-
bit in a nitrogen-vacancy center in diamond [23–25], which allows for a sensing of
the quantum fluctuations of the mechanical resonator. Also the coherent coupling
of cold atoms to superconducting microwave cavities [26, 27] was demonstrated,
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1. Introducion

which represents a promising technique for long-time Q-bit storage in quantum
information processing [28,29].

All hybrid quantum experiments mentioned above rest upon short-range cou-
pling between the different involved quantum systems. This implies great experi-
mental challenges of isolating both systems from the environment, while maintain-
ing good control over both systems. A new approach was proposed in 2010 [30],
where the retroreflection of a micromechanical membrane creates an optical lattice,
that traps a cloud of cold atoms. This long distance coupling of the membrane
and the atomic cloud, which was already realized [31], provides the advantage of
excellent control over the well-isolated modular subsystems. Furthermore, laser
cooling of the atoms in the optical lattice provides a damping mechanism for the
membrane motion [32]. In order to enhance the optomechanical interaction, the
membrane can be placed inside a Fabry-Pérot cavity. This sophisticated setup
represents a promising route towards ground state cooling of the membrane [32]
and the entanglement between the membrane motion and the atomic cloud [33].

Regarding these exciting scientific goals, we focus on the realization of a hybrid
quantum system consisting of a cryogenically cooled micromechanical membrane
inside a fiber Fabry-Pérot cavity coupled to a 87Rb Bose-Einstein condensate.
These two systems will be housed in individual vacuum chambers and interact via
a coupling laser.

ωm
30 mK
HV

UHV

ωat

Figure 1.1.: Sketch of the experimental setup with a fiber based coupling
scheme between the cryogenically cooled membrane and the cold atoms in
an optical lattice.

Interfacing both systems with a fiber based coupling scheme has several experi-
mental advantages: Optical fibers are well-suited for cryogenic applications, since
no windows are required to couple the laser into the cryostat. Moreover, the fiber
cavity setup with a semitransparent membrane in the middle represents a sophis-
ticated optomechanical system, without any compromises on the quality of the
mechanical oscillator or the properties of the cavity [34].
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As shown in [32], a crucial premise for reaching the quantum ground state of the
membrane motion is a cryogenic precooling, which is why the membrane will be
cooled to 30 mK using a dilution refrigerator. This custom-made apparatus was
specifically designed in the group of R. Wiesendanger and produced by Oxford
Instruments, in order to provide ultra-high vacuum compatibility and reduced
vibrational noise.

In the scope of this thesis, a manufacturing system for the fabrication of fiber
Fabry-Pérot cavities was established. The developed setup enables the production
of fiber cavities at a large variety of possible cavity geometries, which provides the
experiment with a flexible and custom opportunity to optimize the fiber cavity
parameters. A fiber cavity consists of two reflectively coated, concave fiber ends,
which represent the mirrors of a small cavity. These concave structures on the
fiber ends are created by a focused CO2-laser pulse, that ablates material from the
fiber surface [35]. As a crucial part of the manufacturing setup an interferometric
profilometer was established, which allows for a high-precision surface analysis of
the resulting fiber profiles. This profilometer enables the fabrication of specifically
curved mirror structures on the fiber ends and the production of customized fiber
cavities.

Using the developed manufacturing system a stable fiber cavity was produced
for an optomechanical setup with a membrane oscillator located inside the cavity.
This flexible setup allows for the testing of different membrane types, locking
techniques, laser cooling schemes of the membrane, and for the coupling of the
membrane to the atomic cloud at room temperature.

Structure of the thesis

Regarding the essential role of the surface profiling for the fiber cavity manufac-
turing, the second chapter of this thesis treats the interferometric surface analysis.
After presenting the developed interferometer setup the interferogram analysis is
discussed. In the analysis, the fiber profiles are calculated from the interferograms,
which can be divided into two different analysis methods. On the one hand, a sim-
ple fringe fitting method is used and, on the other hand, the application of the
so-called phase-shifting interferometry, which allows for a pixelwise reconstruction
of the fiber profile without any a priori assumptions.

In the third chapter the fiber processing by laser machining is discussed, pref-
aced by a general discussion of surface treatment with laser radiation. After this
theoretical approach, which gives an insight in the relevant processing parame-
ters and the nature of the material ablation, the CO2-laser processing setup is
presented. Afterwards, the CO2-laser is characterized in terms of power stability,
beam quality and beam profile, which enables the calculation of the focused CO2-
laser beam on the fiber surface, as described in the following section. At the end
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1. Introducion

of this chapter the fiber processing procedure is presented, giving an insight in the
practice of manufacturing fiber cavities. Finally, a conclusive assessment is given,
which evaluates the performance of the developed fiber processing setup.

The forth chapter deals with the establishment of a fiber cavity in an optome-
chanical membrane-in-the-middle setup. In order to give an overview of the rele-
vant optical parameters of fiber cavities, the chapter starts with a calculation of
the cavity mode and the coupling efficiency into the cavity. In the following, the
fiber cavity setup is presented, including the characterization of the used cavity
fibers. Finally, the measurements of the reflection and transmission signals of the
fiber cavity are discussed. These measurements characterize the established fiber
cavity in terms of coupling efficiency, mode purity and cavity finesse, and allow
for a detection of the optomechanical coupling between the membrane and the
intracavity light field.

In conclusion, the fifth chapter gives an outlook and summarizes the results of
this thesis.
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2. Interferometric Surface Analysis

In order to manufacture fiber cavities, it is crucial to ensure two important prop-
erties of the concave profiles on the fiber tips. On the one hand, the fiber profiles
need to have a defined shape, since the radius of curvature (ROC) of the cavity
mirrors determines the stability and coupling efficiency of the resonator. On the
other hand, it is essential to locate the center of the concave profile exactly on the
fiber core, which has a diameter of typically less than 5µm. Otherwise, the mirror
surface on the fiber core will not be perpendicular to the fiber, which might be
a problem for the cavity alignment and resonator stability. These two properties
are hard to obtain visually, because the desired fiber profiles are very shallow and
hardly perceptible using a microscope. Furthermore, the fixing of the fiber in the
V-groove has a reproducibility of only about 100 µm without a defined rotational
degree of freedom. Because of this, the fiber profile needs to be analyzed directly
after processing and without removing it from the V-groove, because an external
analysis after removing a fiber from the groove could only determine the position
of the profile on that specific fiber surface and would destroy the knowledge about
the absolute position of the CO2-laser focus relatively to the fiber processing stage.

A powerful tool to overcome these difficulties is an interferometric, non-contact
profilometer. Commercial profilometers like for example a white-light interfer-
ometer are very expensive and hard to interface with the fiber processing setup.
Therefore, a home made interferometer was established, based on a monochro-
matic light source with a very short coherence length. The usage of only one
single wavelength limits the determination of absolute height values, because the
corresponding phase of the interferogram is only obtainable modulo 2π. However,
the interferometer fulfills our purposes, since we expect the concave fiber profiles to
be monotonic functions with a defined shape. This assumption enables the calcula-
tion of the concave profiles of the processed fiber tips from the interferograms and
especially the radius of curvature. Also an easy way to perform phase-shifting in-
terferometry with our interferometer is presented, which allows for reconstructing
the complete surface profile without any a priori assumptions.

This chapter gives an insight of the interferometer setup, just as the crucial steps
for the alignment. After that, two techniques for the analysis of the interferograms
are presented. Firstly, the faster method using a direct fit of a sinusoidal function
to the fringes and, secondly, the usage of phase-shifting interferometry. The end
of this chapter deals with the validity of the interferomteric analysis. Therefore,
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2. Interferometric Surface Analysis

the profile of a processed fiber was analyzed with an atomic force microscope in
order to compare it with the interferometrically calculated profile. This surface
scan could also give an estimate on the surface roughness of the processed fiber
tips.

2.1. Interferometer setup

In order to analyze the fiber surfaces interferometrically, it is necessary to estab-
lish an optical imaging system, which magnifies the image of the fiber and makes
the interference pattern more easily accessible. Especially suitable for this is a
Twyman-Green interferometer [36], a modification of the Michelson interferom-
eter, where one of the mirrors is replaced by the surface to be measured. The
interferometer consists of a microscope arm for the imaging and a reference arm
for the interferometry. This setup allows a flexible combination of imaging sys-
tem and interferometer, whereat the interferometer can be switched on and off by
blocking the reference arm.

CO2-Laser

Parabolic Mirror

Flip Mirror

Resonant Cavity LED

CCD

Fiber

Translation Stage

Reflecting Substrate

x,y

z,θ,φ

x,y,θ,φ

x

z

BS

x,y,z

x,z,θ,φ

CCD

Type
Wavelength
Coherence length
Optical magnification

Twyman-Green Interferometer
650 nm
180 µm
17

Figure 2.1.: Sketch of the interferometer setup, which is integrated in the
CO2-laser processing setup using a flip mirror.
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2.1. Interferometer setup

The position of the interferometer should be adjustable, in order to ensure a per-
pendicular illumination of the fiber. Furthermore, the distance between the fiber
and the imaging lens should be variable to adjust the optical magnification. There-
fore, all the components of the interferometer are implemented into a cage-system
and the whole interferometer is installed on a translation stage, in order to vary
the distance to the fiber. This allows a flexible handling of the interferometer,
without ruining the critical alignment between the individual components.

Figure 2.1 shows the interferometer setup, which uses a resonant cavity LED
(λ = 650 nm, divergence 90◦, coherence length = 180 µm) as light source. It is
installed on a 5 axis mount in order to guarantee an on-axis illumination of the
cage system, which simplifies the alignment of the interferometer. Though the
short coherence length of the used light complicates the alignment, it has the
great advantage of creating the interference only in a short range before and after
the fiber surface, while all kinds of parasitic interference fringes are suppressed.

The divergent beam from the LED gets collimated by an aspheric lens (f =
4.5 mm) and shines on a 50/50 beam splitter, that reflects half of the light for the
imaging and transmits half of the light for the reference beam.

Imaging arm

The imaging arm consists of an aspheric lens (f = 25 mm), that focuses the light on
the fiber via a silver flip mirror, which can be turned aside for the fiber processing.
The fiber surface scatters back around four percent of the light, which goes back
through the same lens and creates an image of the fiber on the CCD camera. The
distance between the CCD camera and the imaging lens should be chosen such that
the magnification of the fiber image is larger than 15 due to the finite resolution
of the CCD camera. The magnification M can be determined by counting the
number n of pixels (size: 5.2× 5.2 µm) of the fiber image and comparing it to the
well known diameter d of the fiber.

M =
5.2 · n
d

(2.1)

Figure 2.2.: Image of the fiber on the CCD
camera without interference. It shows the fiber
core as a bright spot in the center of the fiber,
as well as the crack on the upper edge, which
is caused by the fiber cleaving.
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2. Interferometric Surface Analysis

For a magnification of M ≈ 15 the distance between CCD camera and imaging
lens is around 50 cm. In order to design the setup more compactly, a silver mirror
is used to reflect the imaging light and effectively halve the length of the imaging
beam on the optical table.

Figure 2.2 shows an image of a fiber on the CCD camera. In the center of the
fiber the core is visible as a bright spot, as well as the crack on the upper edge which
arises from cleaving the fiber. In the region of the crack the image gets blurred
because of the limited imaging quality and depth of sharpness. As presented in
the next chapter, these limitations of the imaging can affect the contrast and
resolution of the interferograms but only for very deep and steep profiles, which
are less interesting for the fabrication of fiber cavities.

Reference arm

Interference between the light of the imaging and the reference arm is only possible
if the light that gets transmitted through the beam splitter into the reference arm
propagates the same optical path length as the light in the imaging beam, because
of the short coherence length of the RC-LED. Therefore, the optics of the two
arms have to be be equal, which is why the reference arm contains the same kind
of lens as the imaging arm. Furthermore, the phase shift due to the convex shape
of the imaging lens, which would create concentric interference fringes, can be
compensated by the second lens in the reference arm. This lens is fitted in a x-
y translation mount and can be shifted transversely. Shifting this lens plays an
important role for the fiber processing (see chapter 3), because this way an eventual
tilt between the reference and the imaging wave front can easily be removed.

Instead of the fiber, the light in the reference arm gets reflected by an uncoated
glass wedge substrate, which has approximately the same reflectivity as the fiber.
The angled wedge substrate eliminates the parasitic reflex from the back of the
substrate, which would not interfere with the imaging light but create a continu-
ous offset in the interference signal and reduce the interferometric visibility. The
substrate is fitted tiltable in a θ-ϕ mount and is also installed on a translation
stage, in order to scan the length of the reference arm.

Figure 2.3.: Image of the fiber on the CCD
camera with interference fringes. These fringes
arise from an uneven fiber surface.
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2.2. Alignment of the interferometer

The reflected light from the substrate shines back on the beam splitter and inter-
feres with the imaging light, creating an interferometric modulation of brightness
in the fiber image on the CCD camera. Thereby, the substrate serves as a constant
phase reference for the distorted wave front from the uneven fiber surface, which
makes the interferogram interpretable.

The reference arm contains also a zero aperture iris diaphragm. This way, the
reference beam can be shut off completely and an image of the fiber without in-
terference can be acquired, which represents the offset of the interferogram, that
is very useful for the analysis of the interferograms. Figure 2.3 shows an interfer-
ometric image of the fiber for an open iris.

The complete interferometer setup is mounted fixed on an aluminum plate, which
is installed on a translation stage, that enables the movement of the whole setup
along the axis of the imaging arm. This way, the magnification M of the fiber
image can be varied, whereat the length of the reference arm has to be matched
simultaneously.

Figure 2.4.: Photograph of the interferometer setup. The orientation of
the setup corresponds to the sketch of fig. 2.1.

2.2. Alignment of the interferometer

Once the interferometer is aligned, it is very robust and unsusceptible for mis-
alignment, which can be easily corrected. By contrast, it is very difficult to reach
this stable state for the first time, because the relevant parameter space contains
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2. Interferometric Surface Analysis

at least three critical parameters. Firstly, the length of the reference arm has to
be adjusted within an interval of around 90 µm (half the coherence length). Sec-
ondly, the lens position in the reference arm has to be adjusted within an interval
of less than 5 mm because otherwise the interference contrast is vanishingly small
(since the interferometer requires the superposition of two images with the same
sharpness) and, thirdly, the reference beam and the imaging light from the fiber
have to be superimposed properly while scanning the other parameters. This is
why it is necessary to embark on an efficient alignment strategy, which is outlined
briefly. A more detailed instruction for the alignment is given in appendix A.2.

For the alignment it is useful to remove the lens in the reference arm, since it
only increases the number of critical parameters, while it is much easier to add
it afterwards. If the beams inside the cage system are then adjusted on-axis, one
can move the whole interferometer setup on the table in order to illuminate the
fiber perpendicularly and superimpose the reference and imaging light. After that,
the length of the reference arm can be scanned in order to find the interference.
Finally, the lens in the reference arm can be added whereat the length of the
reference arm has to be matched because of the diffraction index n > 1 of the lens,
which enlarges the optical path length.

2.3. Interferogram Analysis

If a focused CO2-laser pulse produces a concave profile on the fiber surface, the
resulting interferogram can be acquired immediately on the CCD camera. Calcu-
lating the actual profile from these interference fringes is a nontrivial task though,
since it depends on the phase of the interference, which is only obtainable modulo
2π. Hence, the phase is not defined completely and it is not a bijective function,
which is why there is no distinct functional dependency between the interference
signal and the sought fiber profile.

In this section two methods are presented to circumvent this problem. On
the one hand, suitable assumptions on the fiber profile f(x, y) allow for a fit to
the interference signal Iint(x, y) ∼ cos(2k f(x, y)), which represents a fast but
sometimes vague analysis of the fiber profiles (sec. 2.3.1). On the other hand, the
complete fiber surface with arbitrary profiles can be reconstructed using different
phase shifted interferograms and a complex algorithm (sec. 2.3.2). This method,
called phase-shifting interferometry (PSI), only works for interferograms of high
visibility. It is more powerful, but not as fast as the fitting method, since it requires
much more computational power.

The interferometer produces an two-dimensional interferogram by superimpos-
ing two wave fronts: one is a flat reference wave front with spatially constant
phase ϕ0 from the substrate and the other is a distorted wave front Φ(x, y) from

10



2.3. Interferogram Analysis

Figure 2.5.: Irradiance as a
function of phase difference be-
tween the light of the two inter-
fering beams.

the fiber surface, whose shape f(x, y) is to be measured. The spatial constancy
of ϕ0 is crucial for the further calculation and can be achieved by translating the
lens in the reference arm (with the x-y mount), in order to compensate an even-
tual tilt of the reference wave front relative to the measured wave front Φ(x, y).
Let EF(x, y) and ES(x, y) be the complex field amplitudes reflected from the fiber
and the substrate, that interfere in a plane P ∈ R2 inside the beam splitter. The
irradiance of the interferogram can be written as

Iint(r) = |EF(r) + ES(r)|2 = EF(r)E∗S(r)

= |EF(r)|2 + |ES(r)|2 + 2 Re
(
EF(r)E∗S(r)

)
⇔ Iint(r) = IF(r) + IS(r) + 2

√
IF(r)

√
IS(r) cos

(
2k f(r)− ϕ0

)
, (2.2)

where IF(r) and IS(r) are the irradiances of the two beams, k = 2π/λ and r ∈ P .
The irradiance is plotted in fig. 2.5 as a function of the phase difference between
the two beams. The information on the fiber profile is encoded in the phase of this
function: ϕ0 is some arbitrary phase depending on the absolute phase difference
between imaging and reference beam and the profile depth function f(x, y) creates
an additional phase difference of 2kf(x, y) between these two beams. The factor
of 2 accounts for the light going back and forth along the path difference caused by
the fiber profile. For a profile depth ∆f = λ/4, the phase shift of the interferogram
is λ/2 and the total phase varies by π. Hence, the height difference between a dark
and a bright fringe on the interferogram corresponds to λ/4 = 163 nm.

In literature, equation 2.2 is frequently written as

Iint(r) = a(r) + b(r) cos
(
2k f(r)− ϕ0

)
, (2.3)

where a(r) denotes the background irradiance and b(r) represents the amplitude
modulation of the interference [37]. The modulation depth of the interference can
be described by the interferometric visibility, which is defined as

V =
Imax − Imin

Imax + Imin

.

In terms of equation 2.3, this can be written as V (r) = b(r)/a(r).

11



2. Interferometric Surface Analysis

2.3.1. Interference fit

In order to calculate the profile function from the interferograms, we constrain
the fits on cuts through the center of the pattern in x and y direction. The fit
parameters of the x and y profile can be averaged at the end. Since the visibility
of the interference is often limited, which makes it difficult to perform an accurate
fit, the visibility has to be enhanced by taking into account the fiber image without
interference. After presenting this enhancement method, the functional principle
of the interference fit is treated at the end of this subsection.

(a) Interferogram (b) Fiber image

Figure 2.6.: (a): Interferogram Iint(x, y) of a concave fiber profile with
concentric interference fringes and (b): Image IF(x, y) of the same fiber
without interference.

Enhancement of visibility

By means of the interferogram in figure 2.6, the need for an enhancement of vis-
ibility can appropriately be illustrated. Consider an ideal visibility V = 1, corre-
sponding to perfect destructive interference for all the dark fringes. In this simple
case, the interference signal in x direction could be considered as

Iideal(x) =
I0

2

(
1 + cos

(
2k f(x) + ϕ0

))
,

where I0 denotes the maximum intensity. A fit to this function could easily be
performed, since the only required fit parameters would be the constants I0 and
ϕ0, as well as the function parameters of f(x). In general, the interferometric
visibility is V < 1 and the interference signal can not be described by Iideal. This
is because the interference signal has to be treated as a modulation of the
fiber image, which itself has an inhomogeneous intensity distribution. Generally,
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2.3. Interferogram Analysis

the deeper the fiber profiles, the more visible and inhomogeneous the profiles will
become on the fiber image, corresponding to a fluctuating background a(x) that
reduces the interferometric visibility. Furthermore, deep fiber profiles limit the
interferometric visibility due to the limited imaging quality and depth of sharpness
of the interferometer.

Plot 2.7 shows the irradiance distribution of the interference signal and the fiber
image of fig. 2.6. The interference signal has a fluctuating offset and a varying
visibility V (x), which makes it difficult to fit the signal for arbitrary fiber profiles.
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Figure 2.7.: Irradiance of a cut
in x direction through interfero-
gram Iint(x) (blue) and fiber im-
age IF(x) (red) of fig. 2.6.

Since the interferogram is a modulation of the fiber image, the knowledge of the
fiber image can highly improve the quality of the interferometric analysis. This
fact emphasizes the great advantage of the two-wave interferometer setup, which
allows for acquiring the interferogram and the fiber image separately.

Equation 2.2 describes how the interference signal is related to the fiber image.
This expression can be simplified using the fact that the substrate irradiance IS(x)
can be treated as constant:

Iint(x) = IF(x) + c1 + c2

√
IF(x) cos

(
2k f(x)− ϕ0

)
, c1, c2 = const

All the required information on the fiber profile is encoded in the relative phase
∆ϕ(x) = 2k f(x) of the cosine function, while the interference signal Iint(x) and
the fiber image IF(x) are known quantities. In order to obtain at most a pure
cosine from the data, which allows for a much better fit, one can rewrite:

c2 cos
(
2k f(x)− ϕ0

)
=

Iint(x)− IF(x)− c1√
IF(x)

≡ Iint(x)√
IF(x)

− Ioff(x) ,

where Ioff(x) denotes a slowly varying irradiance function, that only consists of
the irradiance from fiber and substrate image.

13



2. Interferometric Surface Analysis

In practice, the function Iint/
√
IF − Ioff still retains offset fluctuations. These

fluctuations can be eliminated by taking the derivative, which does not affect the
periodicity of the interference signal. On the other hand, it transforms the function
Iint/
√
IF into a periodic function without offset, that contains all the information

on the fiber profile. Finally, Ioff can be neglected, because it only represents an
offset fluctuation that contains no relevant information. This leads to the final
expression for the intensity signal Ifit(x) in x direction, that allows for a much
better fit to the interference fringes:

Ifit(x) =
d

dx

Iint(x)√
IF(x)

. (2.4)

Plot 2.8 shows the fit of the function ∂x cos
(
2k fα(x)−ϕα

)
to the enhanced inter-

ference signal Ifit(x) and the reconstructed fiber profile. Though the derivative in
Ifit does not change the periodicity of the signal, it transforms the signal into an
odd function. Hence, the derivative in the fit function can not be omitted. The fit
function was considered as fα(x) = α1

√
α2 + (x− α3)2 with αi = const, in order

to account for the large curvature in the center of the profile and the rather linear
slope on the edges.
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(a) interference fit
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(b) reconstructed profile

Figure 2.8.: (a): Fit to the enhanced interference signal Ifit(x) of fig. 2.7.
(b): The reconstructed fiber profile.

This example demonstrates two aspects. On the one hand, it shows that including
the fiber image in the signal Ifit can highly improve the quality of the interfero-
gram data. Because of this, one should always acquire a reference image without
interference when acquiring an interferogram. On the other hand, it shows that
the choice of a suitable fiber profile function allows for a fit on large scales to the
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2.3. Interferogram Analysis

interference signal, whereat the periodicity of the interference signal can be main-
tained with high accuracy. Hence, reconstructing major parts of the fiber profile
∼ 50 µm is possible using the fit method.
By contrast, the manufacturing of fiber cavities only requires the determination
of the fiber profile close to the fiber core in a region smaller than 10µm, since
the cavity mode field diameter on the fiber is confined to this area. An efficient
method for applying the interference fit to small domains of the interferogram is
presented in the next part of this section.

Application of the fit method

As described in the previous part of this subsection, the background of the in-
terference signal can be filtered out, in order to obtain the signal Ifit from the
interferogram. This passage discusses how the sinusoidal fit to this signal should
optimally be performed. This includes the assumptions on the profile f(x) and
the interval ∆x in which the fit should be performed.

The only relevant profile parameter for manufacturing fiber cavities (except for
smoothness) is the radius of curvature (ROC) R in the center of the profile. This is
because the ROC for fiber cavities is generally larger than 100µm, while the cavity
mode field diameter on the fiber has approximately the same size as the fiber core,
which is around 5µm (see chapter 4). Therefore, the small region around the core
is approximately parabolic, and thus completely defined by the ROC. This can be
understood as follows. Generally the ROC R(x) corresponds to the radius of the
circle with the same tangent and the same curvature as the function f(x). It is
defined as:

R(x) =
(1 + f ′(x)2)

3
2

f ′′(x)
. (2.5)

Let the minimum of the profile be at x0 = 0, hence f ′(x0) = 0 and the ROC
becomes

R ≡ R(x0) =
1

f ′′(x0)
. (2.6)

Let ft,0(x) =
∑∞

k=0 akx
k be the taylor expansion of f(x) at x0 = 0. Then the

ROC is completely defined by the quadratic term of the taylor series: R = ( 1
a2

)2.
This illustrates the fact that is makes no sense to extend the fit range ∆x of the
function f(x) to an interval where higher order taylor coefficients become relevant,
because they do not provide further information on R. Often the profile can on
large scales be approximated by a gaussian or other functions like in fig. 2.8,
but the apparent gain of information due to the larger fit interval is irrelevant.
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2. Interferometric Surface Analysis

Moreover, the fit in the center of the profile might be less accurate. Because of
the above argument, a parabola should be chosen as the fit function f(x), which
also corresponds to the function with the least a priori information on the profile
(nothing but having a local minimum). The fit interval ∆x should be chosen as
small as possible, in order to guarantee a parabolic shape of f(x). This demand
is limited by the finite resolution of the interferometer, given by the wavelength
λ, since ∆x should also include at least two oscillations of the interference signal.
If λ is too large, ∆x can not be chosen such that it fulfills these two conditions.
However, for our application, it shows that λ = 650 nm allows for sufficiently small
fit intervals ∆x for all the relevant ROC.

Figure 2.10.: Interferogram of a concave fiber
profile and the parabolic fit in x and y direction
to the signal Ifit (the rectangle denotes the fit
interval of 30 µm). ROC are Rx = 360 µm and
Ry = 381 µm.
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The above figure shows the interferogram of a typical concave fiber profile, that
can be used for building a fiber cavity. Before acquiring the interferogram it is
useful to remove the bright spot of the fiber core, since it represents a parasitic
background signal (this can be achieved by simply touching the other end of the
fiber, since the bright spot occurs due to the back reflex from the opposing fiber
surface). It is also useful to acquire several phase shifted interferograms (see sec.
2.3.2) and perform the fit to more than one interferogram, which also enhances the
accuracy of the fit results. A parabolic fit to the enhanced interference signal Ifit in
x and y direction using the parabolic fit function ffit(x) = ∂x

(
2k p1(x−p2)2 +p3

)
is
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2.3. Interferogram Analysis

shown below the interferogram. The fit interval is ∆x = 30 µm and it includes one
single dark ring fringe of the interferogram. The resulting ROC are Rx = 360 µm
and Ry = 381µm, which corresponds to a 95 % match, assuming the actual profile
to be rotationally symmetric. The fit to the interference signal is very accurate,
without any significant deviations from the data. This shows that within the fit
interval the profile can be regarded as parabolic with good accuracy.

2.3.2. Phase-shifting interferometry

The advantage of phase-shifting interferometry (PSI) is that it is based on a point-
by-point reconstruction of the phase of the interferogram, in contrast to global
fringe fitting methods like the one outlined above. Hence, PSI requires no a priori
information on the surface profile and the size, number, and the shape of the
fringes is completely irrelevant for the analysis.

In PSI a series of phase shifted interferograms I(x, y, t) is produced with a
relative phase δϕ(t) between the two interferometer arms:

I(x, y, t) = a(x, y) + b(x, y) cos
(
Φ(x, y) + δϕ(t)

)
. (2.7)

Measuring the resulting sinusoidal irradiance fluctuations at a certain point (x0, y0)
allows for calculating the phase Φ (x0, y0) of the wave front to be measured. Using
a point-by-point analysis, PSI can reconstruct the wrapped phase (modulo 2π) of
the complete interferogram. This discontinuous wrapped phase can be unwrapped
using well known algorithms to recover the true, continuous phase of the wave
front, that represents the profile of the surface under observation.

PSI is a well established technique that has been developed since early 1970’s
and most diverse methods and algorithms exist by now. In this context, only the
fundamentals of PSI can be described, but an exhaustive treatment of the field can
be found in the textbook Optical Shop Testing [36] from Daniel Malacara or the
somewhat more current textbook Interferogram Analysis for Optical Testing [37]
from the same author.

Phase shifting method

There exist several techniques to shift the phase between the two interferometer
arms. Most commonly, the reference mirror is mounted on a piezo actuator, that
translates the mirror in the direction of the optical axis. Other techniques use
a rotating glass plate, that effectively enlarges the optical path length. Also the
different orders of diffraction from a grating, whose phase differs by multiples of
2π, can be used in order to vary the phase of the two beams.

Besides the different methods of shifting the phase, there exist several possibil-
ities of the time dependent phase shifts: linear shifts δϕ(t) = αt, sinusoidal shifts
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2. Interferometric Surface Analysis

δϕ(t) = α sin(ωt), triangular shifts or discontinuous shifts δϕ(t) =
∑

i αiδ(t− ti).
In the following is described how different PSI algorithms can be applied depending
on the specific kind of time dependent phase shift.

In our case the phase shift is simply caused by pushing carefully on the op-
tical table (or placing a small object on the table). This minimal bending creates
a continuous phase shift due to small length variations of the two interferometer
arms, which allows for successively acquiring different phase shifted interferograms.
It shows that phase shifts up to 10 · 2π are easily accessible, while practically only
shifts in the order of π are required. It is important to stress two points concerning
this phase shifting method. Firstly, that no recognizable tilt between reference and
imaging wave front arises from this bending, which means that the fringes keep
their concentricity and center position and only the relative phase δϕ(t) varies.
This assumption is crucial for the PSI algorithm, as outlined in the following.
Secondly, the phase noise due to the manual stress on the table is insignificantly
larger than the normal phase noise due to vibrations and air circulation.

PSI algorithms

In the simplest case, the phase Φ(x, y) can be reconstructed using a series of
interferograms with equally spaced discrete phase steps δϕi. From equation 2.7 we
get

Ii = a+ b cos(Φ + δϕi) , (2.8)

where the x and y dependence is implicit. Suppose we know the phase steps δϕi =
−α, 0, α, than this equation contains three unknowns: a, b, and Φ. Hence, three
different interferograms I1,I2,I3 are sufficient to solve the linear system of equations
for Φ. Therefore, one can use the addition theorem Ii = a + b cos(δϕi) cos(Φ) −
b sin(δϕi) sin(Φ) in order to obtain the wrapped phase

Φ mod 2π = tan−1

{(
1− cos(α)

sin(α)

)
I1 − I3

2I2 − I1 − I3

}
.

This is the so called 3-step algorithm of PSI. If a fourth interferogram I4 is included
into the analysis, equation 2.8 has a unique solution for the phase Φ even with
arbitrary phase steps α. This 4-step algorithm is called Carré-algorithm and uses
four equal phase steps δϕi = −3α,−α, α, 3α [37].

One disadvantage of the above algorithms is the requirement of equally spaced
phase steps, since otherwise the calculated phase will be incorrect. An elegant way
to overcome this technical problem is to introduce a spatial or temporal carrier
frequency into the interferogram and use Fourier transform methods to filter out
the phase Φ. This can be expressed in a very general manner as:

I(xc) = a+ b cos(ω0xc + Φ) , (2.9)
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2.3. Interferogram Analysis

Figure 2.10.: Phase reconstruction with a spatial carrier: (a) interfero-
gram with tilt, (b) Fourier transform of the interferogram, (c) wrapped
phase, (d) unwrapped, concave phase [37].

where the normal x and y dependence is implicit and xc refers to a spatial or
temporal coordinate that creates the carrier of frequency ω0. Introducing a spatial
carrier in x direction can be achieved by a large tilt about the y axis, as shown
in figure 2.10 (a). Equation 2.9 can be expanded into:

I(xc) = a+
b

2
ei(ω0xc+Φ) +

b

2
e−i(ω0xc+Φ) ≡ a+ g eiω0xc + g∗e−iω0xc .

The aim is to filter out the background a and one of the complex exponentials.
Taking the two-dimensional Fourier transform leads to F [I(xc)] = A(ω) + G(ω −
ω0) + G∗(−ω − ω0). The second term can be filtered out by multiplying this
Fourier transform with a suitable frequency transfer function (FTF) H(ω). Now
the wrapped phase Φ can be recovered by taking the inverse transform: F−1(G) =
g = b

2
eiΦ and hence:

Φ mod 2π = tan−1

[
Im(g)

Re(g)

]
.

This method is well-established in interferometry and is often referred to as the
Fourier transform method. Though it is based on the same basic equation
2.9 and uses similar methods, it is not directly connected to PSI, since it requires
only one single tilted interferogram in contrast to PSI using several phase shifted
interferograms.
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2. Interferometric Surface Analysis

In PSI an algorithm similar to the Fourier transform method above can be applied,
since a linear phase shift δϕ(t) = ω0t between the interferograms represents a
temporal carrier frequency. Equation 2.9 then describes a temporally oscillating
signal I(t) = a+b cos(ω0t+Φ), whose phase Φ at the origin (t=0) is the phase to be
determined. This can be achieved by the temporal convolution with a quadrature
filter h(t) = hr(t) + ihi(t) (corresponding to a multiplication with a FTF H(ω) in
Fourier space like outlined above):

Φ mod 2π = tan−1

{
hi(t) ∗ Is(t)
hr(t) ∗ Is(t)

}
,

where Is(t) =
∑

n δ(t − nT ) represents the N temporal samples of phase shifted
interferograms used for the analysis. The general theory of quadrature filtering in
PSI was reviewed in [38].

For our analysis we use a special two-step PSI algorithm recently published
in [39] with a free MATLAB routine available on the internet. It suppress the DC
background a in the signal I(t) of equation 2.7 by applying a high-pass filter, in
order to obtain the signal Ĩt = b cos(Φ+ω0t) from two phase shifted interferograms,
denoted by the times t = 0, 1. A so-called spiral phase transform operator

SPT{·} = F−1

(
ωx + iωy√
ω2
x + ω2

y

F{·}

)
,

that was introduced in [40], transforms the cosine into its quasi quadrature signal
SPT{Ĩt} = i exp(iη)b sin(Φ+ω0t), where η is the angle between the fringe normals
and the x axis. If this direction map η is known, the wrapped phase is given by

Φ mod 2π = tan−1

(
−ieiη SPT{Ĩt}

Ĩt

)
.

The direction map η can be obtained by an optical flow algorithm that tracks
the fringe movement using two phase shifted interferograms. This makes this PSI
algorithm especially useful for our application, since it only requires these two
interferograms with an arbitrary relative phase shift (excluding a shift of exactly
π).

Phase unwrapping

All PSI algorithms using interferograms based on one single wavelength can only
reconstruct the wrapped phase modulo 2π. Therefore, a special algorithm is re-
quired in order to obtain the true, continuous phase that represents the shape of
the wave front from the surface to be profiled. If the interferogram satisfies the
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Nyquist criterion (at least two pixels per fringe), the phase unwrapping in one
dimension is straight forward, because it implies that the phase difference between
two neighboring pixels can not exceed π. If so, multiples of 2π are added. Phase
unwrapping becomes a lot more difficult in two dimensions or in the presence of
phase noise. It is a well-established technique and several different algorithms
were developed. Even a built in MATLAB function, called unwrap, exists. A
good overview on phase unwrapping algorithms can be found in the article of M.
Peck [41] or in [37]. Also a whole textbook on this topic was published [42].

For our analysis we use a special unwrapping algorithm developed by M. Costan-
tini, which reduces the unwrapping problem to the well known problem of finding
the minimum cost flow on a network [43].

Application of PSI

The application of PSI for reconstructing the phase of the interferograms of a fiber
surface is presented exemplarily on the two phase shifted interferograms in figure
2.11. Interferogram A was already analyzed using the fit method in the previous
section. It shows that before executing the actual PSI algorithm, it is useful to
perform a signal enhancement similar to the method presented for the interference
fit. The Psi algorithm itself suppresses the background using a high pass filter, but
dividing the interferogram by the square root of the fiber image before executing
the algorithm can highly improve the results and prevent errors in the PSI phase
reconstruction.

(a) Interferogram A (b) Interferogram B

Figure 2.11.: Two phase shifted interferograms A and B of a concave fiber
profile.

Figure 2.12 shows the wrapped phase of the interferogram data calculated with
the two-step PSI algorithm outlined above. This discontinuous phase can be un-
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wrapped using the algorithm from M. Costantini, in order to obtain the true,
continuous phase of the fiber profile.

From equation 2.3 we know that the phase of the interferogram is connected to
the fiber profile by the relation

Φ(x, y) = 2k f(x, y) (2.10)

with k = 2π/λ. Hence, the continuous phase values can easily be rescaled in order
to obtain the fiber profile f(x, y). The right side of figure 2.12 shows the rescaled,
unwrapped phase which corresponds to this sought fiber profile f(x, y).
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(a) Wrapped phase (b) Scaled, continuous phase f(x, y)

Figure 2.12.: Reconstructed phase of the interferogram data in 2.11, using
a two-step PSI algorithm.

Unlike the fit method, PSI can easily reconstruct the phase of the whole concave
profile including the edges. Figure 2.13 shows a cut in x and y direction through the
center of the profile f(x, y), which allows for the determination of the total depth
z0 = 1.3 µm of the profile. Nevertheless, sinusoidal artifacts from the PSI algorithm
occur in the continuous phase (visible especially on the slope of the profile). These
artifacts were also observed using the integrated MATLAB unwrapping function,
but it also shows that the effect can be reduced by choosing a suitable pair of
phase shifted interferograms.
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(b) Profile cut f0(y)

Figure 2.13.: Cut in x and y direction through the center of the fiber profile
f(x, y) of figure 2.12 obtained by PSI. The profile depth is d0 = 1.3 µm.

The reconstruction of the complete profile also allows for an estimation of the
region where the profile is parabolic. This region is about 30µm in diameter. A
parabolic fit to the center of the profile within this interval resulted in the ROC
Rx = 347 µm and Ry = 314 µm.
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(b) fit in y direction

Figure 2.14.: Parabolic fit to the profiles f0(x), f0(y) of figure 2.13. ROC
are Rx= 347 µm and Ry= 314 µm. Fitrange: 25 µm.

In order to compare the results of PSI and in interference fit method, an inter-
ference fit has been performed for the exact same profile cuts f0(x) and f0(y).
Figure 2.15 shows the interference fits in x and y direction for both interferograms
A and B of figure 2.11. The total average of these four calculated ROC from the
interference fits is R̄fit= 309 µm, which corresponds to a 94 % match to the aver-
aged ROC R̄PSI= 330 µm calculated with PSI. This result demonstrates that both
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methods are highly consistent, even though their methods are strongly different: a
point-by-point phase reconstruction in PSI versus a global fit of the interferograms.

Nevertheless, the consistency of both methods was to be expected, since both
methods are based on the same assumption 2.10, that the phase of the interfero-
gram is linearly related to the profile. A more general validation of the interfero-
metric analysis is given in the next section.
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Figure 2.15.: Interference fit to the profiles f0(x), f0(y) of interferograms
A (above) and B (below). The ROC are RA,x= 308 µm, RA,y= 335 µm,
RB,x= 287 µm and RB,y= 305 µm. Fitrange: 25 µm.

Another important kind of information accessible through PSI analysis is the eccen-
tricity of the profile contours, that is, a statement about the rotational symmetry
of the fiber profile. Figure 2.16(a) shows the contour plot of the reconstructed
profile f(x, y). The deviation of the contour lines from the ideal circular shape
can be determined through an ellipse fit 1

The eccentricity of an ellipse can be expressed in terms of the flattening factor
g = 1 − b/a that denotes the variance between the semi-major axis a and semi-
minor axis b of the ellipse. Figure 2.16(b) shows the flattening factor of the contour
lines as a function of their radius r (corresponding to b for small g). This plot
shows that g is in the order of a few percent with a local minimum in the center
of the profile. This means that the crucial area in the center of the profile can
be regarded as rotationally symmetric with good accuracy. The oscillation of g is

1Using the MATLAB routine fit ellipse c© Ohad Gal 2003.
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probably related to the sinusoidal artifacts observed in the profile cuts in figure
2.13, that might be of different size in x any y direction and, hence, lead to an
oscillating eccentricity.
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Figure 2.16.: Contour plot of profile f(x, y) in figure 2.12 (colorbar in
µm) and the flattening factor g as a function of radius r from the center of
the profile.

2.3.3. Validity of interferometric analysis

In the application of the interferometric surface analysis several qualitative and
quantitative errors are conceivable. One qualitative error could be that the inter-
ferograms do not represent correctly the shape of the measured wave front (and
hence also the fiber profile). For example this could be caused by a distortion
of the wave fronts by the optical elements. However, this possible error can be
excluded: interferograms of plane surfaces show that reference and imaging wave
front can be regarded as plane on large scales about 0.5 mm. Constant relative
phase differences between the two beams only arise due to uneven surface profiles.
This can clearly be seen in figure 2.17, that shows a plane glass substrate with
small concave features produced by a focused laser pulse.

Therefore, the substrate was tilted in order to create a constant phase shift on
a large area (fine adjustment by translating the lens in the reference arm). Since
the phase of the interferograms only arises from the surface profile to be measured
(assuming no tilt), one can deduce that equation 2.10 holds and the fiber profile
is uniquely defined by the phase of the interferograms.

Nevertheless, even if the phase of the interferograms qualitatively represents the
shape of the fiber profile, several quantitative errors are possible.
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(a) Interferogram without tilt (b) Interferogram with tilt

Figure 2.17.: Interferograms of a plane glass substrate with round crater
after processing it with a laser pulse. Dimensions of the interferogram:
400× 300µm.

These quantitative errors might be systematic errors like for example a false scaling
of the interferograms due to an imprecise calculation of the optical magnification
2.1. Also simple mistakes in the interference fit routine can not be ruled out with
certainty. Therefore, the interferomertic analysis of a concave fiber profile (see
figure 2.18) was compared to an atomic force microscopy (AFM) scan of the same
fiber 2.

The AFM scan data in x and y direction through the center of the profile and a
parabolic fit to these data are shown in figure 2.19(a,b). Since the orientation of
the fiber after the processing could not be reproduced for the AFM analysis, the
two axes a and b does not correspond to the axes x and y in the interferogram
data. The interval within the profile has been scanned is only around 15µm and
the resulting ROC are RAFM,a = 108 µm and RAFM,b = 96 µm, corresponding to
an averaged ROC of R̄AFM = 102 µm.

2AFM scan performed by the group of Prof. Roland Wiesendanger

Figure 2.18.: Interferogram of a steep
concave fiber profile used for the compari-
son to an AFM analysis.
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(c) Interference fit in x direction
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(d) Interference fit in y direction

Figure 2.19.: (a),(b): Parabolic fit to the AFM scan of the fiber profile
in figure 2.18. (c),(d): Interference fit to the interferogram.

Since the fiber profile is quite deep compared to the typical profiles used for man-
ufacturing fiber cavities, the image of the fiber has an inhomogeneous intensity
which results in a large background of the interferogram. Therefore, the interfero-
metric data is useless for the PSI analysis and only the interference fit method can
be used in order to determine the ROC of the profile. The fit range of 15 µm of the
interference fit was adapted to the AFM data region. Figure 2.19(c,d) shows the
interference fit to the interferogram in figure 2.18. The resulting ROC are RInt,x =
118µm and RInt,y = 110 µm, corresponding to an averaged ROC of R̄Int = 114 µm.
The averaged ROC of the AFM and the interference analysis differ only by
10 %, which is a good validation of the interferometric analysis.

Another interesting information obtainable from the AFM scan is the surface
roughness of the fiber in the center of the profile, since the roughness determines
the quality of the cavity mirrors. The roughness can be expressed through the
root mean square (rms) difference between an optimal fit and the AFM data in a
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2. Interferometric Surface Analysis

small region. Figure 2.20 shows a gaussian fit to the AFM data in an interval of
8 µm around the center of the fiber profile. Since the fit is very accurate, the rms
error can be interpreted as the surface roughness, which is only 2 nm.

4 6 8 10 12
0

30

60

90

axis a [µm]

z 
[n

m
]

Figure 2.20.: Gaussian fit to
the center of the fiber pro-
file obtained by AFM analysis.
Rms difference between data
and fit: 2 nm.

28



3. Fiber processing

The realization of a stable fiber cavity requires the fabrication of microscopic,
concave, ultra low roughness mirror profiles. The first fabrication of a fiber cavity
was demonstrated in 2006 [44], using a separately produced mirror layer that was
attached to the ends of the fibers 1. This elaborate and modular manufacturing
process can be simplified efficiently by creating the concave mirror profiles directly
on the fiber surface. Such a fiber cavity was manufactured for the first time in 2010
[45]. In order to produce the concave fiber profiles, single CO2-laser pulses were
used, which could remove material in a controlled manner through evaporation. A
thin melt layer on the resulting profile smooths the surface on a short scale due to
the surface tension. This way, extremely low-roughness features can be produced,
which can be used as high reflective mirrors for the cavity. A detailed description
of this technique was published in a following paper 2011 [35].

In the scope of this master thesis, a fiber processing setup based on the laser
machining technique mentioned above was established and successfully employed.
The experimental realization of such a setup using a CO2-laser requires the ab-
erration-free focusing of the laser to small beam radii w and very large power
densities, which requires an efficient alignment technique. In this chapter the fiber
processing setup is presented, as well as the crucial steps for the alignment. Before
that, a brief insight is given into the theoretical account of processing materials
with lasers, which shows that the material ablation depends strongly nonlinearly
on the beam parameters. These nonlinear effects of the material removal dramat-
ically increase the dependency of the resulting fiber profile on small variations of
the beam parameters, which is why the CO2-laser was characterized in terms of
power stability and beam profile. These measurements are discussed in section 3.3,
followed by the calculation of the focused beam in section 3.4. Due to the power
fluctuations of the CO2-laser and the resulting constrains on the reproducibility of
the processing, the operating procedure has to be adapted in order to maximize
the reproducibility of the desired profiles. This operating procedure is presented
at the end of the chapter, as well as the range of possible profiles and processable
types of fibers. Finally, a conclusive assessment of the fiber processing setup is

1In the fabrication, etched convex micro lenses were used that were smoothed by the resolidifi-
cation of a photoresist. These lenses served as a template for a dielectric coating layer. The
thin coating layer could be lifted off from the microlens after gluing the fiber on top.
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3. Fiber processing

given, including possible future improvements and current drawbacks.

3.1. Laser-matter interactions

Among several other applications, CO2-laser light is a powerful tool for surface
treatment of fused silicia, which makes it especially suitable for processing optical
fibers. The main reason for that is that the infrared (IR) radiation of wave-
length 10.6µm gets absorbed in this material within the first few micrometers
at a large absorption coefficient, which enables controlled surface melting. The
surface-minimizing effect of the surface tension induces a directed melt flow that
can efficiently smooth out surface roughness, as far as the valley-to-peak distance of
the surface irregularities is comparable to the thickness of the melt layer. This phe-
nomenon is the basis for the well-established technique of polishing optical surfaces
with lasers [46], [47]. If the melted volume is not only a nearly two-dimensional
layer compared to the work piece as in the above case, but extends significantly
into the processed object, the surface tension will form a convex structure, since
the volume with the smallest surface is a sphere. This effect can be used for ex-
ample for creating spherical micro lenses at optical fiber ends [48], [49] or on glass
plates [50]. Surface melting works for moderate intensities high enough to reach
the softening point of fused silicia at 1600 ◦C [47]. At higher temperatures above
2000 ◦C material removal due to evaporation was mainly studied as an unwanted
side-effect of damage repair and polishing. In this context, a theoretical treatment
of the laser-matter interaction was published in 2003 [51], whose account for the
material removal due to evaporation is outlined in the following.

The ablation rate of the CO2-laser radiation depends on the surface temperature
of the processed material. Consider the simple model of a half space filled with
a homogeneous medium. The two-dimensional surface temperature distribution
induced by a gaussian laser beam with irradiance profile I(r) = I0 exp(−2r2

w
) is

given by the expression [51]

T (r, t) =
Aw2I0

2
√
π

√
κ

D

∫ t

0

e
− r2

w2/2+4Dt′

√
t′(w2/2 + 4Dt′)

dt′ , (3.1)

where I0 is the irradiance and w the 1/e2-radius of the beam, A is the absorption
coefficient, κ is the thermal conductivity and D is the thermal diffusivity (Numer-
ical values for fused silicia at room temperature are A = 0.85, κ = 1.38 W

m K
, D

= 7.5 × 10−9 m2

s
[35]). The temperature in the center of the laser spot can be

evaluated analytically:

T (0, t) =
AwI0√

2πκ
arctan

(√
t

τ

)
, with τ =

w2

8D
. (3.2)
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3.1. Laser-matter interactions

Asymptotically, this temperature in the center approaches the stationary value
Ts = AI0w

√
π

2
√
πκ

, where the onset of the temperature steady state regime is governed
by the characteristic time scale τ , which can be referred to as the thermal time.

The surface temperature determines the ablation rate of the laser beam. The
velocity of the ablation front is given by the expression [51]

v(r, t) = v0e
− U

kBT (r,t) , (3.3)

where U = 3.6 eV is the latent heat of evaporation per atom and v0 = 3.8 × 105

cm
s

. The temporal evolution of ablation rate and temperature are shown in figure
3.1 for the case where the steady state temperature is 2245 kelvin and the steady
state ablation rate is 50 µm

s
. The plot shows that the onset of the steady state

temperature is fast, in the order of 10 τ . At 100 τ the temperature reaches 94
percent of the steady state value, where the ablation rate is only about 30 percent
of its steady state value. This is caused by the strongly nonlinear dependence
of the ablation rate from the temperature. The example shows that the ablation
rate steady state develops much slower than the temperature steady state and
one must assume that the evaporation process will take place in the nonstationary
regime, since in our application the typical laser pulse durations tp ≈ 10 ms are
much smaller than the typical τ = 170 ms at w = 100 µm.

Since the temperature depends on the beam parameters (waist w0, irradiance I0)
with respect to its steady state value Ts and also with respect to its characteristic
time scale τ = w2

8D
, the ablation rate is very sensitive to small variations of beam

parameters. This simple model neglects all kinds of nonlinearities, especially the

strong increase of thermal conductivity at high temperatures κ(T ) ≈ κ0

(
1 + ( T

T0
)
)

with κ0 = 0.01 W
m K

and T0 = 1200 kelvin, or the boundary condition set by the
finite size of the fiber that modifies the transverse heat conduction. Although the
increase of thermal conductivity at high temperatures reduces the sensitivity of
the ablation rate to variations of the beam parameters, the qualitative ablation
behavior in fiber processing is reproduced well by the linear model for short pulses
[35] using κ as a constant fitting parameter.

The temporal evolution of the concave profile f(r, t) can be evaluated by inte-
grating the ablation rate over time:

f(r, t) =

∫ t

0

v(r, t′) dt′ . (3.4)

If the pulse duration is much longer than the thermal time τ , the surface tem-
perature is approximately equal to the stable temperature Ts and the total profile
depth in the center (f(0, t)) is

ds(t) = v0t e
− U

kBTs (3.5)
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3. Fiber processing

Figure 3.1.: Temporal evolution of the temperature T (0, t) and the ablation
rate v(0, t) for Ts = 2245 kelvin. Time in units of thermal time τ [51].

growing linearly in time, with a strong exponential dependence on the beam pa-
rameters, which define Ts. For short pulses of duration tp ≈ τ in the order of the
thermal time, the temperature increases until the end of the pulse. Expanding the
temperature to first order around t = tp yields T (t) = T (tp) + T (tp)(t − tp) and
calculating the integral 3.4 results in

dp = v0
kBT (tp)

U
e
− U

kBT (tp) . (3.6)

In this case of short laser pulses the total depth of the profile is determined mainly
by the temperature T (tp) at the end of the pulse. This is the relevant regime for
the fiber processing.

3.2. Fiber processing setup

The centerpiece of the fiber processing setup is a CO2-laser with a maximum output
power of 28 W. The CO2-laser is water-cooled and pumped with high voltage that
can be controlled with a micro controller connected to the high voltage power
supply.

In order to create concave profiles on optical fiber ends, the beam spot size of
the laser has to be in the same order of magnitude as the fiber surface, which is
about 100µm. Therefore, the CO2-laser beam has to be tightly focused with the
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3.2. Fiber processing setup
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Figure 3.2.: Sketch of the fiber processing setup including the interfero-
metric profiler described in chapter 2.

highest possible imaging quality, since an asymmetry of the beam spot is spread
to the resulting profile. Because of the high IR absorption coefficient of usual glass
lenses, only lenses made of IR transparent materials like for example Zinc Selenide
(ZnSe) or Germanium can be used for focusing a CO2-laser. However, this setup
uses an 90◦ off-axis parabolic mirror (diameter 25.4 mm, f = 50.8 mm). Unlike
lenses, which focus the light by diffraction, parabolic mirrors focus the light by
reflection, which is why parabolic mirrors have the advantage of good achromatic
behavior. An off-axis parabolic mirror can focus the light at an angle to the
incoming light, because it represents only a small segment of a larger paraboloid,
the so called parent paraboloid. The disadvantage of parabolic mirrors is the strong
coma and aberrations that occur if the incoming light is not perfectly parallel to
the symmetry axis of the parent paraboloid.

Figure 3.2 schematically shows the fiber processing setup including the interfero-
metric profiling system described in the previous chapter, which is integrated in
to this setup using a silver flip mirror between the fiber and the parabolic mir-
ror. Both the fiber and the parabolic mirror are mounted on translation stages:
an x-y-z stage for the fiber and a five-axis mount for the parabolic mirror, which
is crucial for the alignment and the fiber processing. In the alignment process,
light from a red laser diode (LD) (λ = 660 nm) is coupled into the fiber on the
translation stage. For reasons of functionality, the laser driver for this red LD
was designed such that it also serves as the power supply for the interferometer
LED and it can easily be switched over between LD and LED drive current. The
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3. Fiber processing

red LD from the fiber shines on the parabolic mirror and the outgoing, collimated
beam is then superimposed with the CO2-laser. In order to check the collimation
at a large distance, one of the mirrors in the beam path is fixed on a magnetic,
detachable mirror mount, that can easily be removed. The red laser spot can then
be regarded on a paper screen and adjusted rotationally symmetric at a distance
of at least 5 m from the parabolic mirror. After this collimation adjustment the
red LD and the CO2-laser can be superimposed by guiding them through two iris
apertures using one beam walk for each beam: one before the apertures and one
after, corresponding to two mirrors before and after the apertures. With this setup
both beams can independently be guided through the apertures, which simplifies
the alignment. Superimposing the two laser beams ensures three important things:
firstly, that the CO2-laser shines in parallel to the fiber axis, secondly, that the
CO2-laser hits the fiber and, thirdly, that the focusing is aberration-free (ensured
by the collimation alignment of the red LD). A more detailed description including
a step-by-step instruction for the alignment of the fiber processing setup will be
given in appendix A.1.
All parts of the fiber processing setup, including the CO2-laser power supply,
water-cooling system and the drivers for the red LD and interferometer LED, are
mounted on a single breadboard (size: 120× 45 cm). This compact design makes
the whole setup very mobile and easily transportable to the place where the fiber
cavity will be manufactured, which reduces the contamination of the processed
fibers before the coating.

3.3. CO2-laser characteristics

As described in the previous section 3.1, the ablation process on the fiber surface
critically depends on the beam parameters like the beam radius wp at the position
of the fiber end or the beam irradiance. In order to calculate the focused beam,
which enables the determination of wp, the beam quality of the CO2-laser has to
be measured (in terms of M2), as well as the axial beam profile (beam radius) of
the CO2-laser. After presenting the measurements of the beam quality and beam
propagation, the power stability of the laser is discussed on the basis of single pulse
power measurements.

3.3.1. M2-measurement and beam divergence

The quantity M2 denotes the ratio between the divergence angle of a laser beam
and the divergence of an ideal gaussian beam with the same waist w0. M2 is equal
to 1 only for an ideal gaussian beam, which has the smallest possible divergence.
Otherwise, it has larger values, which is often caused by higher order modes of the
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3.3. CO2-laser characteristics

laser resonator. The deviation from the ideal gaussian beam for M2 > 1 does not
qualitatively change the axial shape (beam radius) of the beam propagating in z
direction

w(z) = w0

√
1 +

(
z

zR

)2

. (3.7)

Only the Raleigh range zR =
πw2

0

M2λ
gets modified by the factor of M2. M2 is also a

measure of focusability of a laser beam, which can be expressed through the beam
parameter product

w0Θ = M2 λ

π
, (3.8)

where Θ is the divergence half-angle. This equation implies that the larger the
value of M2 for a given beam with divergence Θ, the larger the focus waist w0.
Since the fiber processing requires small focus waists, M2 is of special interest
not only because of the information on the axial beam propagation w(z), but also
because it defines the smallest possible focus waist if the beam is focused.
M2 can be determined by focusing the laser and measuring the beam radius

w(z) around the focus position zf and at distances much larger than the Raleigh
range zR. In practice, this corresponds to a measurement of the divergence Θ
and the focus waist w0 in equation 3.8. Therefore, the CO2-laser was focused by
a ZnSe-lens (f = 100 mm) and the outgoing, divergent beam was focused again
on a detector using another ZnSe-lens (f = 200 mm). An established method of
measuring the beam radius is to use an optical chopper wheel, that interrupts
the beam periodically. If an oscilloscope is triggered to the slope of the shut-off
signal, the beam radius can be obtained by measuring the width of the curve, while
averaging over time reduces the signal to noise ratio. However, this technique can
not be applied in this case, since the CO2-laser is intrinsically pulsed at a frequency
of about 1.5 kHz (see sec. 3.3.2). Consider a focus waist of about 200µm, then a
chopper wheel with radius 5 cm rotating at only 1 Hz already has a shut off time
on the 1 kHz time scale. Effectively, this pulsing reduces the number of sampling
points of the shut off curve, which limits the accuracy of the measured signal width.

Therefore, the beam radius was cut off manually using the knife-edge tech-
nique, where a razor blade is moved through the beam with a translation stage.
The detector behind this aperture records the integral of the gaussian beam ir-
radiance between −∞ and the position of the razor blade. Without the aper-
ture the total integrated power Ptot for an gaussian beam with irradiance profile
I(x, y) = I0e

−2(x/wx)2e−2(y/wy)2 is given by

Ptot = I0

∫ ∞
−∞

e−2x2/w2
x dx

∫ ∞
−∞

e−2y2/w2
y dy =

π

2
I0wxwy . (3.9)
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Consider the knife-edge is being translated in the x direction, then the transmitted
power behind the razor blade at position x is given by

P (x) = Ptot − I0

∫ x

−∞
e−2x′2/w2

x dx′
∫ ∞
−∞

e−2y2/w2
y dy

=
Ptot

2

[
1− erf

(√
2x

wx

)]
, (3.10)

using the definition of the error function erf(x) = 2√
π

∫∞
0

exp(−u2) du. Figure 3.3

shows the transmitted power P (xi) for different values xi of the razor position and
the fit of the error function 3.10 using wx as a fitting parameter. This way, the
beam radius wx in x direction can be measured for a certain z position along the
beam path.
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Figure 3.3.: Transmitted Power
P (xi) for different values xi of the
razor position and the fit of an er-
ror function (eq. 3.10) to these
data points using wx as a fitting
parameter

Using this technique, the beam radii w(zi) along the beam path were determined.
Figure 3.4 shows the measured beam radii around the focus position zf , using M2,
w0 and zf as fitting parameters. An optimal fit results in a value of M2 = 1.2,
which was to be expected for a typical CO2-laser and which shows that the beam
has a good beam quality, as well as a good focusability. Regarding the fact that
the laser beam is rotationally symmetric to good approximation (see sec. 2.3.2 on
profile eccentricity), the beam quality was only determined in one direction, even
though theoretically it could have different values for different directions in the
x-y plane.
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Figure 3.4.: Measured beam
radii w(zi) around the focus po-
sition zf and the fit of a gaussian
beam profile (eq: 3.7), using M2

as an additional fitting parame-
ter. The fit results in M2 = 1.2.

The deviations of the measured beam radii from the ideal gaussian profile are
probably caused by laser power fluctuations on a long time-scale of minutes (see
sec. 3.3.2) that effectively distort the error function power curve during the mea-
surements and lead to imprecise results for the beam radii.

The knowledge of M2 enables the determination of the axial beam profile and
divergence of the CO2-laser. Since three different known radii w(z) uniquely define
the gaussian beam for a given M2 = 1.2, the beam radius was measured two times
in front of the laser and one time close to the parabolic mirror at a distance of
about 3 m from the laser. Figure 3.5 shows the fit to these data points, resulting
in a waist of w0 = 1.8 mm and a Raleigh range of zR = 75 cm. At the position of
the parabolic mirror the beam already has a diameter of about 1.5 cm. The reason
for this large divergence in spite of the relatively small value of M2 is the large
CO2-laser wavelength of 10.6 µm.
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Figure 3.5.: Axial beam pro-
file of the CO2-laser (laser end
at z = 0) as a fit to three mea-
sured beam radii, assuming M2 =
1.2. Resulting beam parameters:
zR = 75cm, w0 = 1.8mm.

3.3.2. Power stability

As described in section 3.1, the beam irradiance I0 is linearly related to the temper-
ature T (r, t) on the fiber surface, which in turn exponentially effects the ablation
rate 3.3. While two of the major processing parameters (pulse duration tp, beam
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size wp) are easily controllable, the beam power P = π
2
I0w

2 corresponding to I0

underlies statistical fluctuations. These power fluctuations strongly constrain the
reproducibility of the fiber processing. In order to give an estimate on the relative
size of the pulse-to-pulse fluctuations, the CO2-laser was focused on an IR detector
and the signals from single laser pulses of duration 8 ms were integrated over time
to obtain the pulse power Pp. Figure 3.6(a) shows a typical detector signal of
a single, short CO2-laser pulse. The peaks represent the intrinsic pulsing of the
CO2-laser of about 1.5 kHz.

Figure 3.6(b) shows the integrated pulse powers Pp of 10 different pulses recorded
every 10 s. The relative standard deviation is 12 %, which is large with respect to
the strongly nonlinear dependence of the ablation rate from the pulse power.
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Figure 3.6.: (a): Detector signal of a single 8 ms laser pulse. (b): Inte-
grated pulse powers of 10 different laser pulses recorded every 10 s. Relative
standard deviation of pulse powers: 12 %.

An established way to reduce the power fluctuations is to preheat the CO2-laser,
that is, running the laser for a certain time before the fiber processing while block-
ing the beam. In order to measure the effect of the preheating on the power
fluctuations, the power of ten pulses (duration 8 ms, distance ≈ 10 s) was mea-
sured after different preheating times of the laser. Also two different preheating
methods were regarded: pulsed preheating and CW preheating.

These measurements are shown in figure 3.7. For different preheating times every
data point represents the mean power of ten pulses and the error bars represent
their standard deviation around this mean. The size of the errorbars can be
regarded as the short-term fluctuations of the laser, while the changing value
of the mean powers for different preheating times corresponds to the long-term
instability of the CO2-laser power.
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3.3. CO2-laser characteristics

The size of the errorbars does not change significantly for the different preheating
times and neither for the pulsed preheating, nor for the continuous case could be
revealed any dependence of the power fluctuations on the preheating. This fact
constrains the reproducibility of the fiber processing. However, it also means that
the size of the short time-scale fluctuations stays constant all the time, no matter
how the CO2-laser has been used before. This in turn means that during the fiber
processing the relative power fluctuations on a short time-scale will always
be around 7 % and most likely below 10 %.
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(a) Pulsed preheating
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(b) Continuous preheating

Figure 3.7.: Mean power of ten laser pulses (duration 8 ms, distance ≈
10 s) and their standard deviation denoted by errorbars for different pre-
heating times (pulsed and CW) of the laser. Mean over these relative
standard deviations (size of the errorbars): (a) 7 % and (b) 6.5 %.

It shows that the long time-scale power fluctuations, represented by the changing
value of the mean powers in figure 3.7, are even larger than the short-term fluc-
tuations. This can be seen in 3.8, which shows the relative fluctuation of mean
powers as a function of the preheating time. The relative standard deviation of
these long-term fluctuation is 9 % for the pulsed preheating and 13 % for the
CW preheating, where the maximum relative distance between two different mea-
sured mean powers is 46 %. Averaging over the relative standard deviations for
pulsed and CW preheating leads to a value of 11 %, which significantly affects the
fiber processing cycle, as described in the following section 3.5.

It is noticeable, however, that the mean power after a preheating time of 300 s
has the value of the long-term mean power (black solid line) for both pulsed and
CW preheating. Hence, it might be reasonable to check the power stability of the
laser for even larger preheating times, as well as the temporal evolution of the
short-term fluctuations after a large preheating time.
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Figure 3.8.: Relative fluctuation of
CO2-laser mean power in fig. 3.7 (red
circles) for different preheating times
with (◦): Pulsed and (+): CW preheat-
ing.

3.4. Beam focusing

As described in section 3.2, after the alignment of the fiber processing setup the
fiber is located in the focus of the parabolic mirror. However, the CO2-laser is
not focused at the focus position f of the parabolic mirror and the fiber surface,
since the CO2-laser beam is divergent (see sec. 3.3.1). As a result, the CO2-laser
focus is located behind the fiber surface at a distance f + ∆f from the parabolic
mirror. The focused laser beam and the focus shift ∆f can be calculated using the
complex beam parameter q of the gaussian beam, defined as q(z) = z + izR. The
complex beam parameter can also be expressed through the radius of curvature of
the wave front R(z) and the beam radius w(z):

1

q
=

1

R(z)
− i 1

µw2(z)
, µ :=

π

M2λ
. (3.11)

Using the ray transfer matrix of a lens, the complex beam parameter gets trans-
formed by the parabolic mirror as follows:

q′ =
Aq +B

Cq +D
,

(
AB
CD

)
=

(
1 0
− 1
f

1

)
(3.12)

⇒ 1

q′
=

1

q
− 1

f
. (3.13)

Comparing this expression to equation 3.11 results in

R′ =

(
1

R
− 1

f

)−1

(3.14)

Hence, the parabolic mirror effectively transforms the wave front radius R of the
beam before the mirror to a wave front radius R′ of the focused beam. The wave
front radius R of the incident beam at the parabolic mirror position zm = 3.06 m
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Figure 3.9.: Sketch of the beam focusing of the red LD and the CO2-laser, whose
focus is shifted ∆f = 810 µm behind the focus f of the parabolic mirror.

(measured from the waist of the laser) can be calculated by R(zm) = zm

(
1+
(
zR
zm

)2
)

= 3.25 m. Using equation 3.14, the resulting transformed radius R′ of the focused
beam is R′ = 51.6 mm with f = 50.8 mm. This automatically yields the focus
position f + ∆f of the CO2-laser, since R′ ≈ f + ∆f to very good approximation.
It follows that the CO2-laser focus is shifted ∆f = 810 µm behind the fiber end.

The focused CO2-laser beam is defined by R′ and the beam radius w′ = w(zm)

on the parabolic mirror, which is also known to be w(zm) = w0

√
1 + (zm/zR)2 =

7.5 mm. Rewriting equation 3.11 leads to the beam parameter of the focused beam

q′ =
1

R′
((

1
R′

)2

+
(

1
µw′2

)2
) + i

1

µw′2
((

1
R′

)2

+
(

1
µw′2

)2
) ≡ z′ + i z′R (3.15)

⇒ z′R = µw′20 =
1

µw′2
((

1
R′

)2

+
(

1
µw′2

)2
) ,

which results in a CO2-laser focus waist after the parabolic mirror of w′0 = 34µm
and a Raleigh range of z′R = 230µm. The Raleigh range is very small compared
to the distance z′ = f + ∆f between the waist and the parabolic mirror, which
shows that the above approximation of R′ ≈ z′ is very accurate. Alternatively,
z′ can be calculated exactly using equation 3.15. The focused CO2-laser beam is
now uniquely defined by its waist w′0 and the Raleigh range z′R, which enables the
calculation of the focused beam radius w′(∆z), where ∆z is the distance from the
initial fiber alignment position (at the focus of the parabolic mirror):

w′(∆z) = w′0

√
1 +

(
∆z + ∆f

z′R

)2

. (3.16)

It follows that for ∆z = 0 at the focus of the parabolic mirror, the CO2-laser beam
radius is w′(0) = 123µm.
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3. Fiber processing

3.5. Fiber processing procedure

Before the fiber processing setup can be used for producing specific fiber profiles,
the whole setup including interferometer and fiber processing setup has to be
aligned properly in a highly iterative procedure. Once a certain pre-alignment was
performed, the system remains in that pre-aligned state as long as the setup is not
changed or strongly disturbed. Nevertheless, every fiber processing cycle requires
a new fine-alignment and the determination of a suitable pulse parameter regime.

After a brief discussion of the pre-alignment, which is only necessary if the setup
is established for the first time or the existing setup was changed significantly, the
crucial fine-alignment is outlined. The detailed description of the alignment is
given in appendix A.1. After discussing the alignment, the methods of producing
specific fiber profiles are treated, as well as the processing of different typed of
fibers.

3.5.1. Alignment of the fiber processing setup

Pre-alignment

First of all the fiber processing setup has to be aligned as described in section 3.2,
that is, the red LD from an alignment fiber is collimated by the parabolic mirror
and is also superimposed with the CO2-laser. The position of the fiber in this
state will be referred to as the initial fiber position. The next thing that has to be
accomplished for a successful fiber processing is that the interferometer is aligned
properly with respect to this initial fiber position.

Before the alignment fiber can be removed, the initial fiber position has to be
defined for a correct positioning of the following fibers. The initial position ∆z =
0 in the direction of the fiber axis will be defined by the point, where the fiber
is sharply imaged on the CCD camera (and the interferometric visibility has a
maximum), which can be determined with good accuracy in the order of 20µm.
The initial x-y position of the fiber can be defined with high accuracy in the order
of single micrometers by marking the fiber core in the CCD camera program. As
long as the whole imaging system including the CCD camera is not moved, this
method together with the z-translation in order to create a sharp image allows
for the three-dimensional determination of the initial fiber position. The fiber
processing setup is now pre-aligned and the alignment fiber can be removed and
be replaced by a test fiber in order to perform the fine-alignment, which is described
in the following.
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3.5. Fiber processing procedure

Fine-alignment

The pre-alignment described above is necessary if anything changes in the beam
path of the fiber processing or the interferometer setup, or one of these two systems
gets misaligned. Nevertheless, even if that is generally not the case, every fiber
processing cycle requires a new fine-alignment of the x-y fiber position relatively to
the CO2-laser beam, which can not be preserved on a scale of single micrometers
over several days. If the fiber processing setup is properly aligned, one can assume
that the CO2-laser hits the fiber surface (if not, the fiber processing setup has to
be realigned, followed by the pre-alignment described above). The exact position
of the CO2-laser beam can be determined interferometrically by firing a test laser
pulse on the fiber surface. The center of the resulting profile can be marked by
drawing a small circle around the center of the concentric interference fringes. In
an iterative process this procedure has to be repeated until the center of the profiles
is always centered on the circle mark and the fiber core. It shows that once this
fine-alignment was performed, the CO2-laser pulses are reproducibly centered on
the same marked position with a deviation of less than 2 µm.

Another important aspect of the alignment is not only the position of the CO2-
laser spot, but also the shape of the produced profiles. Aberrations in the beam fo-
cusing can cause elliptic or non-concentric interferograms, corresponding to asym-
metric fiber profiles (see appendix B). These aberrations occur at a large-area
illumination of the mirror and can be eliminated by reducing the beam diameter
on the mirror, which can be simply achieved by closing the iris aperture before
the parabolic mirror and cut off the outer part of the CO2-laser beam that is
responsible for the aberrations.

Since the iris aperture critically decreases the transmitted power of the beam
with respect to the required beam parameters for the fiber processing, the iris
should be opened to a diameter that combines maximal power at small aberrations.
The transmitted power of a gaussian beam through an aperture of radius A is given
by

P (A) = I0

∫ A

0

2πr e−
2r2

w2 dr = Ptot

[
1− e−

2A2

w2

]
, (3.17)

which results in a transmitted power of P (A= 4mm) = 0.65 Ptot, for a beam radius
wiris ≈ 5.5 mm at an iris diameter of 8 mm.

3.5.2. Processing parameters and resulting profiles

Once the fine alignment was performed and the CO2-laser spot was marked in the
CCD camera program, the system is prepared for the manufacturing of specific
fiber profiles. Since for all focus positions ∆z the rotational symmetry is assured

43



3. Fiber processing

by the alignment procedure described above, the remaining task is to create a
profile with a specific ROC, that is centered exactly on the fiber core.

Therefore, a suitable regime in the three-parameter space of pulse power Pp,
pulse duration tp and beam radius wp(∆z) on the fiber has to be found. In practice,
the pulse power (that can be adjusted with a potentiometer connected to the CO2-
laser power supply) is not changed during a fiber processing cycle. It should be
fixed at a certain value in a power interval defined by two constrains: On the one
hand, the power should be large enough to get the evaporation process started in
a reasonable time tp < 25 ms without melting the fiber (which happens for long
pulses and leads to distorted fiber surfaces). On the other hand, it should be not so
large that the relevant durations tp have to be smaller than 4 ms. This is because
the minimum time steps ∆tp = 0.5 ms adjustable by the CO2-laser micro controller
have to be small compared to tp, in order to enable the necessary fine-tuning of
the pulse duration. If the diameter of the iris aperture is changed during the
alignment procedure, it might also be necessary to adjust the laser power because
of the power attenuation behind the iris (see equation 3.17). For an iris radius of
A = 4 mm, the laser power was set to 20 W.

Having fixed one of the three processing parameters, only the pulse duration tp
and the focus position ∆z (which defines the beam radius wp on the fiber) remain
for the manufacturing of specific profiles. Pulse durations tp should be in the range
of 4− 25 ms (because of the reasons mentioned above) and focus positions ∆z can
be chosen in a range from =800 µm in the CO2-laser focus to 500 µm, where the
beam spot size is so large that the irradiance falls below a critical value for the
ablation process. In principle, every desired ROC could be achieved by varying
tp for a fixed position ∆z. This is because the ROC is infinitely large for an
infinitesimally flat profile after a very short pulse, and decreases fast for deeper
profiles produced by longer pulses.

(a) Small ROC (b) Large ROC

Figure 3.10.: Interferograms of fiber profiles with (a) very small ROC = 25 µm
and (b) large ROC = 500 µm, achieved by varying the beam radius wp on the fiber.
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3.5. Fiber processing procedure

Hence, creating extremely shallow profiles could produce large ROC even for small
beam radii. The limiting factor for this is the size of the short-term power fluctua-
tions of the CO2-laser, resulting in a very small reproducibility of these extremely
shallow profiles. This is why the focus position ∆z should be used for controlling
the profile ROC and the pulse duration should be used only in order to assure
a moderate profile depth of 1 − 2 µm. The focus position ∆z can be adjusted
with micrometer precision and stays fix at a certain value, which makes it easily
controllable.

For moderate profile depths, the achievable ROC lie between 25 µm in the CO2-
laser focus at ∆z = =800 µm and 500 µm at ∆z = 300 µm. The parameters for
the manufacturing of fiber cavities with ROC of around 300 µm were ∆z = 300µm
and tp ≈ 10 ms. Due to the long-term power fluctuations of the CO2-laser of more
than 10 % (see sec. 3.3.2), it is not possible to determine absolute values for the
necessary pulse durations for producing specific ROC at specific focus positions,
since these values can vary about 300 %.

3.5.3. PM fiber processing

So far, only single mode (SM) fibers with cladding diameter of 125 µm were dis-
cussed. However, for many applications it would be useful to have the advantages
of polarization maintaining (PM) fibers in a fiber cavity setup. Therefore, PM
fibers with a cladding diameter of 125 µm were processed with laser pulses in or-
der to produce the same kind of concave profiles as for the SM fibers described
before. It shows that the laser machining of PM fibers is more difficult than it
is for SM fibers, since the different thermal properties of the stress cores and the
surrounding cladding of the PM fiber lead to distorted, asymmetric profiles after
the evaporation and melting process. However, for small beam radii wp on the
fiber surface it is possible to maintain a small region around the fiber core that is
rotationally symmetric. Three different regimes can be distinguished. Firstly, if
the fiber is processed at moderate beam radii without defocusing (∆z = 0), the
heat of the CO2-laser impact affects the stress cores and the surrounding cladding
so differently, that the whole fiber surface gets distorted during the ablation pro-
cess, which is shown in figure 3.11(a). In this case, the profile around the fiber
core is not rotationally symmetric and not usable as a cavity mirror. In the second
case, using small beam radii at large defocusing around the CO2-laser focus at ∆z
= =800 µm, the profile can still be asymmetric, but contains a small region around
the fiber core, where the profile remains rotationally symmetric, as shown in figure
3.11(b). In the third case the pulse duration tp is so small (or the pulse power,
respectively) at the same position close to the CO2-laser focus that the profile has
only a very small diameter and is constrained to a small region around the fiber
core, as shown in figure 3.11(c). This way, the stress cores are not affected at all
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3. Fiber processing

(a) Regime 1, large wp

Figure 3.11.: Interferograms of pro-
cessed PM fibers at (a): large beam ra-
dius wp ≈ 130 µm, (b),(c): small beam
radii wp ≈ 40 µm. In regime 2 and 3 the
profile in the center is rotationally sym-
metric, which allows for the application
of the PM fibers as cavity mirrors.

(b) Regime 2, small wp (c) Regime 3, small wp

and the whole profile is rotationally symmetric. In the last two mentioned regimes,
the manufacturing of a fiber cavity with PM fibers is conceivable.

Figure 3.12 shows the contour plots of the PM fiber profiles (b) and (c) in
figure 3.11, obtained by PSI analysis of the fiber interferograms. It shows that
both profiles can be regarded as rotationally symmetric within a region of around
15µm in diameter, which is larger than the typical mode field diameter wm on the
cavity mirrors (see section 4.1). The resulting ROC of the profiles are RPM,b =
110µm for profile (b) and RPM,c = 250 µm for profile (c). Both ROC are suitable
for the application in a fiber cavity.

In practice, the second processing regime of profile (b) is the most applicable,
since the extremely shallow profile (c) has a smaller reproducibility.
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Figure 3.12.: Contour plot of the fiber profiles (b) and (c) in figure
3.11, obtained by PSI analysis (colorbar in µm). Rotationally symmetric
region: Ø ≈ 15 µm.

3.6. Assessment of the setup performance

The established fiber processing setup for the manufacturing of FFPC has to be
measured against the following evaluation factors: the range of producible ROC,
the quality of the profiles in terms of symmetry, positioning and roughness and
the reproducibility of the processing procedure. Regarding the possible ROC of
the profiles, it can be said that all relevant ROC for the manufacturing of fiber
cavities can be produced, since resonators with the smallest producible ROC have
very small coupling efficiency and nearly plane-parallel resonators with ROC much
larger than 500µm start to become unstable. Especially the interesting range of
ROC between 100 µm and 400µm is easily accessible with this setup. Producing
ROC larger than 500µm is currently constrained by the usage of the iris aperture
in the beam path of the CO2-laser, which decreases the beam radius on the fiber
surface and effectively leads to smaller ROC. Figure 3.13 shows a fiber profile with
large ROC of 600 µm, that was produced with a relatively small defocusing of
∆z = 200µm and without the iris aperture in the CO2-laser beam path. How-
ever, because of the strong aberration effects of the parabolic mirror described in
subsection 3.5.1, the manufacturing of a rotationally symmetric profile without
the iris aperture has poor reproducibility. If this problem could be solved, the
manufacturing of ROC even larger than 600 µm would be conceivable. A simple
future improvement of the setup could be the shortening of the CO2-laser beam
path length or beam shaping, in order to reduce the beam radius on the parabolic
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3. Fiber processing

Figure 3.13.: Interferogram of a fiber
profile with large ROC of 600 µm, pro-
duced at a defocusing ∆z = 200 µm and
without iris aperture.

mirror without using the iris aperture. This way, the aberrations of the parabolic
mirror could be avoided without reducing the laser power, which would enable a
larger defocusing ∆z for the fiber processing. The quality of the produced profiles is
constantly high and only rotationally symmetric profiles are produced. Hence, the
only critical point is the aberration-free focusing achievable by a proper alignment,
while the CO2-laser has a good beam profile, that enables the reliable production
of round concave fiber profiles.

The centering of the profiles on the fiber core can be performed very precisely,
since the position of the CO2-laser focus can be determined with a high accuracy
of about 2 µm without any perceptible variations of the focus position. Therefore,
the simple visualization of the fiber core and the simple marking of the laser spot
represent a fast and efficient method. A stable alignment and a high mode purity
of the fiber cavity also indicates a good centering and quality of the produced fiber
profiles (see section 4.2.2).

The main drawback of the setup is the fluctuation of power of the CO2-laser,
which strongly reduces the reproducibility of the fiber processing. Concerning
this, the long-term fluctuations are the reason why it is not possible to determine
absolute values of processing parameters (tp, ∆z) for the creation of specific ROC.
Furthermore, if at a certain time of the long-term fluctuations a suitable set of
parameters was determined, that corresponds to the current average power, the
processing still remains a statistical procedure that takes several efforts, due to the
short-term power fluctuations. Hence, the major improvement of the whole setup
would be the usage of a CO2-laser with high power stability. Nevertheless, the
manufacturing of 1-3 FFPC at one day is a realistic value. Especially the direct
visualization and the fast interferogram analysis with the fit method are the reason
for the good productivity of the established setup.
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4. Fiber Cavity

In the context of this master thesis, a fiber cavity with high coupling efficiency
for an opto-mechanical setup was established, which is presented in this chapter.
This opto-mechanical setup represents a membrane-in-the middle system, where a
thin semi-transparent membrane interacts with the light field inside a fiber cavity.

In order to built a fiber cavity from two processed concave fiber ends, the fiber
surfaces have to be deposited with a high reflective coating and placed face to
face very close to each other. If light is coupled into one of the fibers and the
distance L between the fiber ends fulfills the resonance condition L = n λ

2
, n ∈ N,

a standing wave can develop between the two fiber mirrors. This cavity mode has a
very small waist of typically less than 5µm and a mode field radius on the mirrors
in the same order of magnitude, since the Raleigh range is generally smaller or
comparable to the cavity length L. Hence, the laser mode in the cavity can be
regarded as a small, non-divergent beam with a diameter in the order of the fiber
core, as depicted in the figure below. The calculation of the cavity mode and the
optimal coupling efficiency between the fiber and the cavity mode is discussed in
the next section.

Figure 4.1.: Schematic sketch of a
FFPC made from two single mode fibers
and the small cavity mode, depicted be-
tween the fiber ends.

After discussing the nature of the cavity modes, the fiber cavity setup and the
crucial steps for the alignment is presented. The cavity alignment is complicated
not only by the critical transverse positioning due to the small size of the cavity
mode, but also by the extremely narrow width of the resonances. Furthermore,
the insertion of a membrane inside the fiber cavity requires that the fibers can be
moved apart and then moved back together, which is why one of the fibers was
mounted on a piezo-driven macroscopic translation stage.

After the presenting the cavity setup, the cavity is characterized through mea-
surements of the cavity transmission and reflection signals. These measurements
reveal the coupling efficiency from the fiber into the cavity, the purity of the cav-
ity modes and the cavity finesse. In order to detect optomechanical interactions
between the intracavity field and the membrane motion, the power spectrum of
the reflected light from the cavity was measured.
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4. Fiber Cavity

4.1. Cavity and coupling parameters of fiber cavities

For a given cavity length L the spacing ∆ν between two neighboring resonance
frequencies of the TEM00 mode is known as the free spectral range FSR:

FSR =
c

2L
. (4.1)

For fiber cavities the FSR is extremely large, due to the small length of the cavity.
The spectral resolution of the cavity, given by the ratio between the FSR and the
full width at half-maximum δν of the resonance frequencies, is called the cavity
finesse. A similar relation holds in real space, where the spacing ∆L = λ

2
between

two resonances is connected to the spatial width δL of the resonances:

F =
FSR

δν
=

∆L

δL
. (4.2)

The reason why the finesse is connected to the width of spectral or spatial res-
onances is that it is a measure of the photon lifetime inside the cavity, which is
determined by the loss mechanisms of the cavity. Regarding these losses, the fi-
nesse can be expressed through F = 2π

Ltot , where Ltot is the total round trip loss
of the cavity, including transmission through the mirrors, absorption in the mirror
surface and scattering. As long as these losses are the only relevant loss mecha-
nisms in the cavity (neglecting clipping losses for example, see below), the finesse
depends only on the reflectivities R1 and R2 of the mirror coatings:

F =
π (R1R2)

1
4

1−
√
R1R2

, (4.3)

which simplifies to F = π
√
R

1−R in the symmetric case of equally reflective cavity
mirrors. Regarding opto-mechanical setups, the finesse is the essential quantity of
a cavity, since the opto-mechanical coupling strength is proportional to the finesse:
g ∼ F [32].

For long fiber cavities the finesse is no longer independent of L, since in this case
clipping losses become relevant, that is, the mode field diameter wm on the mirrors
exceeds the mirror diameter D (the region where the fiber profile is approximately
spherical). Moreover, the coupling efficiency between the fiber mode and the cavity
mode decreases for large wm. This is why it is reasonable to regard the axial beam
profile w(z) of the cavity mode. In the symmetric case of equal mirror ROC, the
waist is given by [52]

w0 =

√
λ

2π
(L (2R− L))

1
4 . (4.4)
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With expression 4.4, the mode field radius wm on the mirror at L
2

becomes

wm = w0

√
1 +

(
λL

2πw2
0

)2

=

√
λL

π

(
1

1−
(
1− L

R

)2

) 1
4

. (4.5)

Consider a fiber cavity with a ROC R = 100 µm and a length L = 50 µm. The
cavity mode at these parameters has a waist of only 3.3 µm at a wave length λ =
780 nm and a mode radius wm of only 3.8 µm, comparable to the core diameter of
a usual SM fiber. This is because the Raleigh range zR = 44µm is in the same
order of magnitude as the cavity length L.

In order to calculate the power coupling efficiency ε between the fiber and cavity
mode, the two modes can be approximated by gaussian beams. While the cavity
mode is fully determined by R and L, the outgoing gaussian beam from the fiber
is affected by the lensing effect of the curved fiber surface with refractive index
nf , which increases its divergence. The expression for ε was derived in [45] as a
function of mode field radius wf in the fiber, wm and ROC R:

ε =
4(

wf

wm
+ wm

wf

)2

+
(
πnfwfwm

λR

)2
. (4.6)

Since equation 4.5 expresses wm as a function of R and L, the coupling efficiency ε
can also be plotted as a function of only these two parameters, as shown in figure
4.2.
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Figure 4.2.: (a): Coupling efficiency ε for a symmetric cavity as a function
of cavity length L and ROC R. (b): ε as a function of cavity length L for
two different symmetric cavities a and b with Ra = 150 µm (red) and Rb
= 300 µm (blue).
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The coupling efficiency critically depends on the mode field radius wf in the fiber,
which has been considered as wf = 2.5µm, as specified by Thorlabs for the used
fibers.

As can be seen from figure 4.2(a), a maximal coupling efficiency of more than
0.95 can be achieved for short cavities of lengths smaller than 10 µm and for ROC
larger than 150 µm.

The coupling efficiency has a maximum for small values of the cavity length L
and decreases fast for larger values of L. This can be illustrated by a cut through
the color map at different ROC R, which is shown in figure 4.2(b). For Ra =
150µm the maximum coupling efficiency can be achieved at L = 8µm. For Rb

= 300µm the slope of the coupling efficiency is even larger and the maximum
coupling efficiency is shifted to a smaller value of only 4µm. Due to the shallow
concave mirror profiles of the fibers, these short cavity lengths are possible to
realize.

4.2. Establishment of a fiber cavity

In order to construct a fiber cavity, several fiber ends with concave profiles with
ROC around 300µm were produced by laser machining, in order to achieve a large
coupling efficiency ε regarding the theoretical prediction depicted in the colormap
of figure 4.2.

Figure 4.3 shows the interferograms of two fibers1 that were used for the con-
struction of the cavity. The profiles are centered accurately on the fiber cores,
which are visible as bright spots in the center of the fibers.

(a) Fiber A (b) Fiber B

Figure 4.3.: Interferograms of two fibers used for the construction of a
fiber cavity. ROC are RA = 260 µm and RB = 265 µm.

1780HP SM fiber, cladding diameter 125 µm, by Thorlabs
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The interferograms were analyzed by PSI and the interference fit method and the
results were averaged afterwards, resulting in RA = 260µm for fiber A (with a 96 %
match between PSI and fit analysis) and RB = 265µm for fiber B (92 % match
between both methods), which shows that the ROC of the two cavity fibers can
be regarded as equal with high accuracy.

For a ROC of 260 µm and a moderate cavity length L = 50 µm the resulting
mode field radius on the fiber surface is wm = 4.6 µm at a wavelength of λ =
780 nm, which means that the cavity mode is located within a small region around
the fiber core.
In order to create the mirrors on the fiber surfaces, the fiber ends were deposited
with a dielectric coating using 13 alternating layers of Magnesium fluoride and
Zinc sulfate. The coating has a theoretical reflectivity of R = 99.48 % for the
desired wavelength of λ = 780 nm. According to equation 4.3 the resulting finesse
for this mirror reflectivity is F ≈ 600.
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Figure 4.4.: Calculated re-
flectivity of the fiber coating
as a function of wave length,
which has a value of R =
99.48 % at λ = 780 nm.

4.2.1. Fiber cavity setup

A flexible design of an optomechanical membrane-in-the-middle setup demands
the possibility of testing different types of membranes and a variable positioning
of the membrane inside the cavity. Furthermore, a simple transfer of the whole
setup into a vacuum chamber should be possible. These requirements were met as
follows.

For the construction of the fiber cavity, the two coated fiber ends were fixed
in V-grooves, in order to ensure a defined and stable positioning of the cavity
fibers. One of these V-grooves was glued on a piezoelectric shearing actuator
(displacement 30 nm/100 V) that translates the fiber end parallel to the fiber axis
and enables a scanning of the cavity length. This is necessary because of the
extremely narrow width of the resonances, since the spatial tolerance ∆L for a
given resonant cavity length L is connected to the Finesse F of the cavity and
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Piezo

z

z,θ,φ

Figure 4.5.: Sketch of the fiber cavity setup with a membrane inside
the cavity. The left fiber V-groove is mounted on a piezo, the right on
a translation stage (max. displacement ∆z = 30 mm). The membrane is
mounted tiltable (by a piezo-driven mirror mount) on a translation stage
(max. displacement ∆z = 8 mm).

is in the order of single nanometers. The shearing piezo is also used to lock the
cavity in the later experiment.

After the cavity was aligned, the other V-groove was glued on a macroscopic,
piezo-driven translation stage2. This configuration can be seen in figure 4.5, which
shows a sketch of the fiber cavity setup.

The translation stage allows for the insertion of a membrane between the two
cavity fibers, or the replacement by another membrane. Therefore, the fibers
can be moved apart with the translation stage and after the positioning of the
membrane they can be moved back together. The membrane3 is glued directly to
a round steel frame, which is fixed in a tiltable, piezo-driven mirror mount. In
order to position the membrane along the cavity axis, this mirror mount for the
membrane is also installed on a macroscopic translation stage4.

All parts of the cavity setup are mounted on a aluminum base plate, which
enables a simple transfer of the aligned setup into a vacuum chamber. The vacuum
allows for an undamped membrane motion and a longer ring-down time of the
membrane oscillations. Therefore, all parts of the setup including the translation
stages and the mirror mount are suitable for vacuum. A more detailed description
of the fiber cavity setup is given in the Bachelor thesis of Philip Rothfos [53].

2MS.030.3090 by mechOnics, (max. displacement 30 mm, min. step size 15 nm)
35.0 mm× 5.0 mm frame, widow size 1.5 mm× 1.5 mm, thickness 50 nm, stoichiometric silicon

nitride membrane by Norcada
4MS.030.0890 by mechOnics, (max. displacement 8 mm, min. step size 15 nm)
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Alignment of the setup

Before the fiber ends can be moved back together after the insertion of the mem-
brane, the membrane has to be moved very close to the fixed fiber end on the
piezo. The membrane positioning has to be controllable in the order of 10µm,
which can be achieved by using a microscope camera with a large free working
distance: if the membrane approaches the fiber, the reflection of the fiber on the
membrane becomes visible and as long as the mirror image and the fiber end are
visually separable, the membrane does not touch the fiber end.

Before the membrane was placed between the fibers, the fiber cavity was aligned
and optimized in terms of coupling efficiency and purity of the cavity modes.
Therefore, the V-groove above the translation stage was clamped to a five-axis
positioning arm, consisting of a tiltable mirror mount on an x-y-z stage. For
the alignment, a laser of wavelength 780 nm was coupled into one of the cavity
fibers and the reflection and transmission of the cavity were regarded on a fast
photo diode, while scanning the cavity length in the nanometer regime with the
shearing piezo. This is necessary, since the resonances have a spatial width of less
than 1 nm, assuming a finesse of F ≈ 500. For the enhancement of the coupling
efficiency between fiber and cavity the transverse alignment in the x-y plane is the
most critical. This is caused by the small mode field diameter of the cavity mode
on the fiber, which has to be centered exactly on the fiber core. The tilt between
the fibers is less critical for the size of the cavity resonances, but has to be adjusted
such that only the TEM00-modes, corresponding to pure, well isolated Lorentzian
resonances, will develop in the cavity.

After the alignment process with the positioning arm, the V-groove was glued
to the aluminum block on the translation stage using UV curing epoxy adhesive,
whereupon the positioning arm was removed.

4.2.2. Measurements on the fiber cavity

In order to measure the resonance signal of the of the transmitted light through
the cavity, a laser beam of wavelength 780 nm was coupled into one of the cavity
fibers, while the cavity length L was scanned periodically around a cavity resonance
by the piezo. The shape of the transmission resonances provides information on
the purity of the cavity modes, since the shape of the pure TEM00-resonances is
expected to be a Lorentzian function. However, the transmission signal does not
provide any information on the ratio between the power of the light before the
cavity, the light coupled into the cavity and the final transmission signal. This
is because the absolute power before the cavity in the input fiber is not known,
due to many undetermined loss mechanisms: the coupling efficiency at the input
cavity fiber or the losses of the fiber splice that connects the short cavity fiber to
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Figure 4.6.: Sketch of the setup for the measurement of the reflection and
transmission signal of the fiber cavity.

an extension fiber.
Therefore, the reflection signal of the cavity was measured additionally to the

transmission signal. This represents a large gain of information, since the off-
resonance reflection signal defines an absolute power scale that can be compared
to the reflection signal on resonance. If also the power of the transmitted light
is measured at lowest possible losses, the relative power transmission through the
cavity can be determined by comparing the transmission signal and the off-resonant
reflection signal.

Cavity measurement setup

For the measurement of the reflection and the transmission signal of the fiber
cavity, two polarizing beam splitters were used. This is shown in figure 4.6, which
depicts the setup of the cavity measurement.

A laser of wavelength 780 nm was coupled via a beam walk into the input cavity
fiber (mode matching optics are neglected in figure 4.6). The reflected light from
the cavity mirror, that leaves the input fiber in the opposite direction, has to be
polarized linearly using a λ/4 wave plate and afterwards the linear polarization has
to be adjusted with a λ/2 wave plate, such that all the light from the cavity gets
reflected by the two beam splitters and shines on the photo diode. The light that
gets transmitted through the cavity and leaves the output fiber is polarized in the
same manner using two wave plates. Without the adjustment of the polarization,
the power of the reflected and transmitted light on the photo diode would strongly
depend on the positioning of the fibers on the optical table. However, the polarizing
optics and the focusing of the two beams on the photo diode allows for an absolute
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4.2. Establishment of a fiber cavity

comparison between the powers of the reflected and transmitted light, as described
in the following.

Cavity coupling efficiency and transmission

The Lorentzian reflection signal of the fiber cavity was obtained by periodically
scanning the cavity length around a cavity resonance with the piezo under one
of the fiber V-grooves. Figure 4.7 shows the reflection signal and a Lorentzian
fit to the data. The minimum of this reflection signal corresponds to the cavity
resonance, where the main part of the light is coupled into the cavity. In all the
following measurements of the reflection signal, the small background noise sig-
nal of the photo diode is subtracted from the data, which means that the coupling
efficiency can easily be determined as the ratio between the reflection signal on res-
onance and the off-resonant value. Hence, a vanishing reflection signal corresponds
to a 100 % coupling efficiency into the cavity.

Regarding the fit to the data, it shows that the measured reflection signal rep-
resents a Lorentzian resonance with high accuracy. This implies that the cavity
modes are pure TEM00-modes, which is a sign for a high quality of the cavity
mirrors.

The above measurement was performed during the cavity alignment process,
where one of the V-grooves was clamped to the positioning arm. Before the V-
groove with the fiber was glued to the aluminum block on the translation stage,
the fiber was aligned such that the reflection on resonance was minimal and an
optimal coupling efficiency could be accomplished. After the epoxy adhesive under
the V-groove was cured with UV light and the positioning arm was removed, the
reflection signal was measured again, in order to compare the coupling efficiencies
before and after the bonding of the V-groove.
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Figure 4.7.: Reflection
signal of the fiber cavity
(while scanning the cavity
length with a piezo) and a
Lorentzian fit to the data
points. Coupling efficiency
into the cavity: ε = 89 %.
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4. Fiber Cavity

Figure 4.8 shows the reflection signal of the cavity before and after the bonding
of the V-groove. The measurement shows that the effect of cure shrinkage does
not significantly affect the cavity alignment for the used epoxy adhesive and the
alignment method using the positioning arm, since the high coupling efficiency of
more than 90 % has not changed significantly after the bonding.

Though the coupling efficiency could be optimized compared to the measurement
in figure 4.7, the resonances before and after the bonding slightly deviate from the
ideal Lorentzian shape, regarding the edges of the resonances. This phenomenon
was not observed for the transmission resonances, as described in the following.
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Figure 4.8.: Reflection signals of the fiber cavity before (a) and after
(b) the aligned V-groove has been glued to the aluminum block on the
translation stage. Coupling efficiencies are εa = 92 % and εb = 94 %.

In order to measure the relative transmission through the cavity, the transmission
signal was compared to the reflection signal. Therefore, the reflection signal was
acquired while blocking the reflection beam and vice versa, which is shown in figure
4.9. The data was acquired a few days after the bonding of the fiber cavity and the
ratio between the minimal reflection and the off-resonance reflection signal reveals
that the coupling efficiency declined to 71 %.

The transmission signal through the cavity is depicted in the same plot 4.9 below
the reflection signal. Assuming the lossless acquisition of the reflected and trans-
mitted light power on the photo diode, the ratio between the transmitted power
on-resonance and the off-resonant reflection signal yields the relative transmission
through the fiber cavity of 29 %.
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Figure 4.9.: Reflection
(above) and transmission
signal (below) of the fiber
cavity measured separately
by blocking the reflection and
transmission beam, respec-
tively. Coupling efficiency
into the cavity: ε = 71 %.
Relative transmission through
the cavity: 29 %.

It shows that the asymmetric deviation form the Lorentzian function on the edges
of the reflection signal does not spread to the transmission signal, which represents
a Lorentzian resonance with high accuracy.

Coupling efficiency vs. cavity length

In order to compare the theoretical expression 4.6 for the coupling efficiency ε
with the experiment, the coupling efficiency was measured as a function of the
cavity length L, which was scanned in the range between 20 µm and 130 µm using
the macroscopic translation stage. The cavity lengths were measured by taking
photographs of the cavity using an optical microscope, where the known diameter
of the fiber was used as a relative length scale in order to determine the optical
magnification.

Figure 4.10.: Photograph of the cavity
fibers taken through a microscope that
was used for the determination of the
cavity length.

Since the measured coupling efficiencies were shifted to lower values than the an-
alytic curve, this calculated curve was scaled linearly with a fit parameter. This
constant shift of the coupling efficiency could possibly be caused by a contamina-
tion of the cavity fibers or by misalignment. The simple scaling fit resulted in a
factor of 85 %. Figure 4.11 shows the the measured coupling efficiencies and the
scaled, analytically obtained curve ε(R = 260 µm, L) of the coupling efficiency. For
cavity lengths smaller than 100 µm, the plot shows very good qualitative agree-
ment between the measured coupling efficiencies and the scaled, analytic curve,
which is why the scaling fit was performed only to the data in this region.
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Figure 4.11.: Measured
coupling efficiencies for
different cavity lengths
L (blue) and the cor-
responding analytically
obtained curve (red) for
R = 260 µm, λ = 780 nm
and wf = 2.5 µm. The
analytical curve was
scaled linearly by a fit
parameter of 85 %.

Determination of the finesse

Regarding expression 4.2, the cavity finesse can be measured spectrally by coupling
a white-light source into the cavity and comparing the FSR between different
resonant wavelengths to the width of the resonances. This method requires highly
resolved wavelength measurements and could not be performed with the necessary
precision. Since the relation 4.2 for the finesse in frequency space also holds in
real space, the finesse can be measured by scanning the cavity length over two
neighboring resonances at nanometer precision. However, this was also limited by
the small displacement per voltage of the shearing piezo, which would require a
peak-to-peak voltage of more than 1000 V in order to scan the distance of λ/2 =
390µm between two resonances.

Nevertheless, a scan over three cavity resonances was measured before the fiber
cavity was bonded, by simply touching the positioning arm that clamped one of
the V-grooves. This large scan is shown in figure 4.12, which illustrates the high
mode purity of the fiber cavity: within the FSR between the three resonances no
parasitic cavity modes were observed.

For a meaningful scan the temporal axis has to scale linearly with the cavity
length, that is, the scan velocity has to be constant. This assumption is accurate,
since the distances between the peaks differ only by 1 %. According to equation
4.2, the resulting cavity finesse from the Lorentzian fit to the data is F = 270.
Therefore, the total widths of the three fit curves were averaged.

The huge deviation of the measured finesse from the calculated value from the
reflectivity of the mirrors could have several reasons. For example the actual
reflectivity of the mirrors could be smaller than the theoretical value or the total
losses of the cavity could be larger than expected.
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Figure 4.12.: Transmission signal of the cavity for a large scan over
three resonances obtained by manually shifting the cavity length L and
a Lorentzian fit to the three resonances. Cavity finesse: F = 270.

Optomechanical interactions

After the membrane was inserted into the fiber cavity the power spectrum of the
reflected light from the cavity was measured with a spectrum analyzer, in order to
detect to optomechanical interactions between the membrane and the intracavity
light field. Therefore, the fiber cavity was stabilized using a side-of-fringe lock
(at the slope of the reflection resonance). At a frequency of 276 kHz the power
spectrum showed a narrow resonance peak.

The observed resonance could be driven mechanically by attaching an oscillating
piezo actuator to the cavity setup, which produced a nonlinear enhancement of
the resonance. This is a strong indication that the peak in the power spectrum
is an optomechanically induced amplitude modulation of the reflected light from
the cavity. Furthermore, the resonance was only observed if the fiber cavity was
locked. The frequency of 276 kHz also suits well to the value of 261 kHz of the
fundamental mode of the membrane, which was mentioned in [54] for the same
kind of membrane as used in our setup.
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4. Fiber Cavity

Figure 4.13.: Power spectrum of the reflected light from the fiber cavity with
a membrane inside the cavity after applying a side-of-fringe lock (Center fre-
quency 276 kHz, frequency span 250 Hz). The resonance peak at 276 kHz is a
strong evidence for an optomechanically induced amplitude modulation in the
reflected light. The resonance was also driven by a piezo attached to the cavity
setup, which resulted in a nonlinear enhancement of the resonance.

62



5. Conclusion and Outlook

Within the scope of this thesis, a manufacturing system for the production of fiber
Fabry-Pérot cavities was developed. Using focused CO2-laser pulses, this setup
enables the fabrication of concave profiles on fiber ends, which can be deposited
with a reflective coating in order to create small cavity mirrors. As a centerpiece
of this system, an interferometric profilometer was established, which allows for a
high-precision surface analysis of the fibers. This allows for the determination of
the position and shape of the fiber profiles, which is crucial for the manufacturing of
fiber cavities. Two different analysis methods of the interferograms were employed.
Firstly, a fast one-dimensional fringe fitting method, which represents an efficient
technique for the determination of the profile ROC during the fiber processing
cycle. Secondly, a complete reconstruction of the whole fiber profile using phase-
shifting interferometry (PSI). PSI allows for the determination of the absolute
depth, rotational symmetry and shape of the profiles. Both methods show very
good agreement and could be validated with good accuracy by comparing the
interferometric analysis to an AFM scan of a specific fiber profile.

Enabled by the interferometric profilometer, the fiber profiles can be centered
very precisely on the fiber core. Furthermore, the interferograms reveal a con-
stantly high rotational symmetry of the profiles in case of a proper pre-alignment.
By altering the beam spot size of the CO2-laser on the fiber surface, this setup
allows for the production of all relevant mirror curvatures for the fiber cavities
in a range between 25 µm and 500µm. Limited by the power fluctuations of the
used CO2-laser, the established fiber cavity manufacturing system shows a good
performance of creating one to three fiber cavities with specific ROC per day.

In addition to the processing of usual single mode fibers, also polarization-
maintaining (PM) fibers were successfully laser machined, using small beam spot
sizes of the CO2-laser. This technique could enable the production of fiber cavities
with PM fibers, which would significantly enhance the possible applications for
the fiber cavities.

In order to get an understanding of the concepts of fiber cavities, the typical
regime of cavity parameters was discussed, including a characterization of the
cavity modes and a calculation of the coupling efficiency. By means of these
results, a symmetric fiber cavity with mirror curvatures of 300 µm and estimated
reflectivity of around 99.5 % was produced.
This fiber cavity was installed for an optomechanical membrane-in-the-middle
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setup, which allows for the insertion of a membrane inside the fiber cavity. The
fiber cavity was characterized through measurements of the cavity reflection and
transmission signals. These measurements show that the alignment and the high
coupling efficiency of more than 90 % could be maintained after the final fixation
of the fiber cavity. The calculated, qualitative behavior of the coupling efficiency
as a function of the cavity length could be verified experimentally with good ac-
curacy. Furthermore, the cavity shows a high mode purity in the transmission
signal, which also enabled the determination of the cavity finesse F = 270. After
a membrane was inserted into the cavity, amplitude modulations at a frequency
of 276 kHz were observed in the pump light of the cavity, which is a strong evi-
dence for an optomechanical coupling between the intracavity light field and the
membrane motion.

In the future, the established optomechanical setup will be used for the study of
different fiber cavity geometries. This way, different cavity parameters for the later
hybrid quantum experiment can be tested and the optimal cavity geometry can be
determined. An interesting modification could be the usage of planar-concave fiber
cavities instead of bi-concave configurations, which would allow for a maximum
coupling efficiency equal to 1.

Furthermore, the optomechanical setup enables the testing of different types
of membrane oscillators. These could be trampoline oscillators with reduced res-
onance frequency, thinner membranes with reduced optical absorption or mem-
branes made of different materials.

With the established optomechanical setup it is possible to test different coupling
and cooling schemes between cold atoms in an optical lattice and the membrane
at room temperature. For example, the modulation depth of the optical lattice
could be varied by choosing different reflectivities of the fiber cavity mirrors. In
the case of asymmetric reflectivities of the two cavity mirrors, the cavity exhibits
a finite reflectivity even on resonance.

Several cooling schemes of the membrane are conceivable and could be tested.
In case of near resonant coupling between the atoms and the membrane, which
means that the oscillation frequency of the membrane needs to be equal to the
excitation frequency of the atoms in the lattice, the membrane could be cooled
sympathetically by laser cooling the atoms [22]. Adapting the atomic oscillation
frequency could be achieved by tuning the depth of the optical lattice. Active
feedback cooling represents another possible cooling mechanism for the membrane.
In order to create a velocity dependent damping of the membrane, the position of
the membrane has to be detected extremely precise. This could be achieved by
using homodyne detection.
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A.1. Fiber processing alignment

Pre-alignment

First of all, the fiber processing setup has to be aligned as described in section 3.2,
that is, the red LD from the fiber is collimated by the parabolic mirror and is also
superimposed with the CO2-laser. This can be achieved as follows.

The proper collimation of the red LD from the fiber is complicated by the strong
aberration effects of the parabolic mirror. Firstly, the fiber should be translated
to a height of around 10 cm, which is the beam height of the CO2-laser and the
interferometer. From this point, the collimation of the LD should be adjusted
only by moving the parabolic mirror. Figure A.1 shows a sketch of the alignment
process of the parabolic mirror. The red spot from the LD should be regarded on
a screen at a distance of at least 5 m from the parabolic mirror (a large distance
enhances the accuracy of the alignment). The most critical degrees of freedom are
the translation of the parabolic mirror perpendicular to the beam from the fiber in
x direction and the rotation in the horizontal plane at an angle Θ. As depicted in
figure A.1, this transforms the round laser spot into a linear spot, which is either
vertical or horizontal. In order to remove a tilt of this horizontal line, the parabolic
mirror can be tilted in ϕ direction (rotation about the z axis). The beam spot size
can be varied by translating the parabolic mirror in z direction, which changes the
focusing (the distance between the mirror and the fiber). If the red LD is focused
to a small spot, the x alignment can be performed more accurately and the spot
should be adjusted as round as possible. Finally, the size of the round spot can
be adapted to the spot size directly after the parabolic mirror by focusing in z
direction. After the collimation alignment of the parabolic mirror, the magnetic
flip mirror can be moved back into the beam path and the collimated beam of the
red LD can be directed through the two iris apertures.

In order to direct the CO2-laser through the iris apertures, the beam spot can be
visualized using thermal paper from usual Deutsche Bahn tickets. Therefore, the
CO2-laser has to be used in pulsed mode (≈ 5 ms pulses at a distance of around
5 ms) until a small dark spot appears on the thermal paper in the center of the
iris aperture.

If the red LD is properly collimated and the CO2-laser and the red LD are
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Figure A.1.: Sketch of the alignment process of the parabolic mirror. The
red spots of the LD on the screen illustrate the effects of misalignment of the
parabolic mirror and the corresponding degrees of freedom that can be used for
compensating the misalignment. Translation in x direction (fine alignment)
and rotation in the horizontal plane (rough alignment) transforms the spot
from a vertical line over a round spot to a horizontal line. The tilt in ϕ
direction (rotation around the z axis) can be used in order to compensate a
tilt of the linear red spot against the horizontal plane. The beam spot size can
be adjusted by translating the mirror in z direction.

directed through the two iris apertures, the pre-alignment of the fiber processing
setup is almost complete. The position of the fiber in this state will be referred
to as the initial fiber position. The next thing that has to be accomplished for
a successful fiber processing is that the interferometer is aligned properly with
respect to this initial fiber position (see appendix A.2). This means that the
interferometer has to be translated such that the imaging arm creates a sharp
image of the fiber on the CCD camera, and that the fiber is well illuminated
perpendicularly to the fiber surface. Furthermore, the length of the reference arm
has to be matched in the order of 20 µm to the length of the imaging arm, in order
to maximize the interferometric visibility.

From this point, the initial fiber position ∆z = 0 in the direction of the fiber
axis will be defined by the point, where the fiber is sharply imaged on the CCD
camera (and the interferometric visibility has a maximum). Hence, from now on
the interferometer should not be moved anymore and the sharpness of the fiber
image has to be adjusted only by the fiber translation stage. This way, the

66



A.1. Fiber processing alignment

fiber can be removed from the V-groove and be replaced by another fiber, which
can easily be translated to the initial fiber position ∆z = 0, where the fiber image
is again sharp. Since the depth of sharpness of the imaging system is very small,
this point can be determined with good accuracy in the order of 20 µm.

However, the sharpness of the fiber image can only define the initial position
of the fiber in the z direction of the fiber axis. Since the fixing of the fiber in
the V-groove has a reproducibility of only about 100µm in the x-y plane of the
fiber surface, the initial x-y fiber position has to be marked before the alignment
fiber can be removed. This can be done by drawing a circle around the fiber in
the CCD camera program, which can be saved to a file and be reloaded at any
time to reconstruct the initial fiber x-y position. As long as the whole imaging
system including the CCD camera is not moved, this method together with the
z-translation in order to create a sharp image allows for the three-dimensional
determination of the initial fiber position. The fiber processing setup is now pre-
aligned and the alignment fiber can be removed and be replaced by a test fiber in
order to perform the fine-alignment, which will be described in the following.

Fine-alignment

The pre-alignment described above is necessary if anything changes in the beam
path of the fiber processing or the interferometer setup, or one of these two systems
gets misaligned. Nevertheless, even if that is generally not the case, every fiber
processing cycle requires a new fine-alignment of the x-y fiber position relatively to
the CO2-laser beam, which can not be preserved on a scale of single micrometers
over several days. If the fiber processing setup is properly aligned, then one can
assume that the CO2-laser hits the fiber surface (if not, the fiber processing setup
has to be realigned, followed by the pre-alignment described above). The exact
position of the CO2-laser beam can be determined interferometrically by firing
a test laser pulse on the fiber surface. Therefore, the lens in the interferometer
reference arm has to be translated such that the phase of the interferogram is
constant around the fiber core, as shown in figure A.2. For the fine-alignment the
fiber surface does not have to be perfectly flat, as for the production of FFPC,
which means that the phase of the interferograms does not need to be constant
over the whole fiber surface. Besides, this is only the case for a fraction of less
than ten percent of all cleaved fibers, which could not be improved, even with three
different fiber cleavers. Figure A.3 shows the interferogram of a cleaved fiber that
could be used for the production of a fiber cavity. If the tilt of the interferogram
was removed, the silver flip mirror of the interferometer can be turned aside in
order to fire a laser pulse on the fiber. A typical pulse duration for a test pulse
is about 7 ms at a laser power of 20 W. If the flip mirror is then turned back, the
resulting concave fiber profile creates an interferogram of concentric interference
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(a) Interferogram with tilt (b) Interferogram with com-
pensated tilt

Figure A.2.: Interferogram of a fiber surface before (a) and after (b)
compensating the tilt by moving the lens in the reference arm.

fringes, whose center corresponds to the center of the CO2-laser spot. This spot
can be marked by drawing a small circle around the center of the fringe pattern.
The fiber can now be removed and cleaved in order to produce a new test fiber
surface. After placing the fiber back in the V-groove and moving the translation
stage to the initial z position (where the fiber image is sharp), the fiber can be
translated in the x-y plane until the fiber core is centered in the circle mark. The
fiber core is only visible due to the back reflex from the other end of the fiber, which
is why both fiber ends have to be cut properly with a fiber cleaver. In an iterative
process this procedure has to be repeated until the center of the interferograms of
the profiles is always centered on the circle mark and the fiber core. It shows that
once this fine-alignment has been performed, the CO2-laser pulses are reproducibly
centered on the same marked position with a deviation of less than 2 µm.

Another important aspect of the alignment is not only the position of the CO2-
laser spot, but also the shape of the produced profiles. Aberrations in the beam

Figure A.3.: Interferogram of a well-cleaved
fiber that could be used for the production of
a fiber cavity.
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focusing are minimized by a proper alignment of the fiber processing setup. How-
ever, it shows that even with an optimal pre-alignment the interferograms can be
elliptic or non-concentric, corresponding to asymmetric fiber profiles (see B). This
is caused by the strong coma and aberration effects of the parabolic mirror that
increase for a large-area illumination of the mirror. These aberration effects can
be eliminated by reducing the beam diameter on the mirror, which can be simply
achieved by closing the iris aperture before the parabolic mirror and cut off the
outer part of the CO2-laser beam that is responsible for the aberrations.

(a) Iris Ø 20 mm (b) Iris Ø 8 mm

Figure A.4.: Interferograms of two successively produced fiber pro-
files with iris aperture diameters of 20 mm (a) and 8 mm (b). The
profile in case (a) is elliptic.

It has been observed that the aberrations and asymmetric profiles occur for beam
diameters larger than 1 cm on the parabolic mirror. Since the iris aperture critically
decreases the transmitted power of the beam with respect to the required beam
parameters for the fiber processing, the iris should be opened to a diameter of
8 mm, corresponding to a maximal power at small aberrations.

A.2. Interferometer alignment

Setup alignment

The setup alignment has to be performed only if the interferometer is built up for
the first time.

• Move the red LED in order to illuminate the setup on the optical axis of the
reference arm.
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• Move the wedge substrate to the optimal z position (≈ distance between
beam splitter and lens in the reference arm + focal length = 25 mm). Tilt
the substrate such that the reflected beam is also on the optical axis (this
way, the translation in z direction does not change the position of the beam).

• Move the whole interferometer setup in order to create a sharp image of the
fiber on a screen (small bright spot) and superimpose the image of the fiber
with the beam from the wedge substrate.

• Replace the screen by the CCD camera and vary the z position of the sub-
strate until the interference appears on the fiber image.

• Place the second lens in the reference arm. The surface of the wedge substrate
should be sharply imaged on the camera by moving the lens in the z direction.
Furthermore, the position of the reference beam should not change by placing
the lens in the reference arm. Due to the finite diffraction index n of the
lens, the optical path length increases. Therefore, the length of the reference
arm has to be shortened by 2× thickness of lens × (n− 1) ≈ 4 mm.

• Vary the length of the reference arm until the interference is again visible.

• Vary the z position of the lens in the reference arm in order to maximize the
interferometric visibility.

Fine-alignment

Once this setup alignment was performed, the whole interferometer setup has to be
moved in order to optimize the imaging quality and the perpendicular illumination
of the fiber.

• Move the whole interferometer setup such that the fiber is illuminated per-
pendicularly (in case of a tilted illumination, fringes appear on the edges of
the fiber image). Therefore, the silver flip mirror between the interferometer
and the fiber should be adjusted at an angle of 45◦ to the fiber axis. The
fine-alignment can be achieved through a vertical tilt of the silver mirror.

• Move the whole interferometer on the translation stage, in order to adjust
an optical magnification larger than 15. The length of the reference arm has
to be adjusted afterwards in order to create the interference.

• Maximize the interferometric visibility by moving the lens in the reference
arm in z direction.
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(a) Non-concentric profile (b) Elliptic profile

(c) Elliptic and non-concentric pro-
file

(d) Strongly elliptic profile

Figure B.1.: Iterferograms of different asymmetric fiber profiles
caused by the aberrations of the parabolic mirror.

71



B. Interferograms

(a) Deep profile (b) Distorted profile

Figure B.2.: Interferograms of fiber profiles produced by too long
laser pulses. (a) Too deep profile, lowering the interferometric visibil-
itly. (b): Distorted profile through melting of the fiber surface.
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