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CHAPTER 1

Introduction

In 1946, Purcell suggested that placing an atom inside an optical resonator could enhance spontaneous
emission [1], laying the foundation for the field of cavity quantum electrodynamics [2]. One of the
most important figures of merit to characterize the enhanced light-atom interaction in a cavity is the
cooperativity C = g2/2κγ, where g is the coupling strength between atom and cavity, κ is the decay rate of
the intracavity field and γ is the exited state decay rate. Strong coupling (g � (γ, κ)) between atoms and
light inside such a cavity has numerous interesting applications. It can be an important tool in quantum
information processing [3], and provides a method to investigate more fundamental concepts such as
entanglement and decoherence [4, 5]. The atom-light interaction in these systems can be utilized to create
quantum memories, where the information encoded in a flying qubit, here a photon, is transferred to the
internal states of a stationary qubit, here an atom (or atoms) [6].

The coupling strength is related to the mode volume of the cavity by g ∼
d · E ∼ V−1/2, where the mode volume is V = (π/4) · w0 · Lcav with waist
size w0 and cavity length Lcav. Hence, the cooperativity can be increased
by decreasing the mode volume, i.e. by building smaller cavities. This
is of particular interest for application which need a high bandwidth κ

and the strong coupling regime at the same time. To decrease the mode
volume, the radii of curvature of the mirrors must be as small as possible.
Conventional mirror polishing techniques cannot produce arbitrarily small
radii of curvature, posing a technical limit for the use of bulk cavities. In
addition, the size of these mirrors also restricts optical access to the cavity.
Both of these limits can be overcome by fiber-based resonators [7, 8]. In
2006, Steinmetz et.al. reported on a technique to directly attach mirrors to
fiber end facets [9]. This was done in a two step process: First, a mirror is
coated onto a convex substrate, then a fiber is glued on top and lifted off the substrate with the mirror
attached. Later, CO2 lasers came into use to micro-fabricate concave mirrors directly onto the fiber end
facets by ablation and subsequent coating [10]. Treating silica with powerful CO2 lasers had previously
been used to create micro lenses [11], to polish glass surfaces [12] or to repair laser induced damage
[13]. Even though in these cases evaporation had mostly been an unwanted effect, the insight gained by
studying the responsible mechanisms in these contexts became useful when starting to fabricate concave
micro-structures. Since there is a strong correlation between depth and radius of curvature of the resulting
depression [14, 15], the size of Fiber Fabry-Perot cavities manufactured this way also has a natural
stability limit. With decreasing radius of curvature the depth increases such that the stability criterion
for a plano-concave resonator L < R (L < 2R for biconcave) does not allow for cavities with radii of
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Chapter 1 Introduction

curvature below 5 µm (10 µm). Here, further processing techniques must be employed to achieve even
shorter cavities [15]. Newer developments include the use of GRIN lenses to improve mode matching
[16] and dot milling to create larger spherical structures using a series of pulses [17].

The purpose of my thesis project is to set up a new, improved fiber mirror production facility. While
our group already had a laser ablation setup, this system was optimized to produce mirrors with sizes
needed specifically for our experiments, i.e. with a radii of curvature of ∼ 170 µm [18]. One of the
goals of the new setup is a higher versatility, which includes the capability to produce mirrors with
a wide range of radii of curvature. This is necessary as neutral atom-light coupling is not the only
application of fiber cavities, and the requirements on the mirror sizes can vary greatly between them.
Experiments with single ions are performed in cavities with mirror radii of curvature in the range from
about 200 µm-560 µm [19, 20]. Much smaller cavities are employed when coupling to solid state emitters
such as quantum dots or NV-centers. Here, examples for radii of curvature are 42 µm [21] and 18.4 µm
[22] respectively. Other applications of fiber cavities, going beyond the coupling to atoms or quasi-atoms,
include opto-mechanical devices [23], spectral filters for use in computer networks [24], and scanning
fiber microscopes to image nanosystems [25].

A further important goal is to improve the production quality. This will be achieved by using state
of the art elements in our setup. These include a new laser with a wavelength of 9.3 µm1 for a better
control of the ablation process due to higher absorption [26], a phase shifting mirror to create a circularly
polarized beam [27], and high precision translation stages2 for more precise and reproducible fiber
positioning. In addition we will be using a new fiber cleaver3 to reduce mirror decentration.

Finally, I will present the results of the first ablation craters produced with the new setup.

1Coherent Diamond C-55L 9.3
2Aerotech ANT95-L Nanopositioning Stages
3Nyfors AutoCleaver™
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CHAPTER 2

Theoretical Background

To discuss the production of mirrors for fiber cavities, it is useful to give some theoretical background
on optical resonators and their modes, on optical fibers and fiber based resonators, and on the ablation
process itself.

2.1 Optical Resonators

Optical resonators, which efficiently confine and store light, can be employed to enhance the interaction
probability between light and matter. This chapter summarizes the main properties of the type of resonator
used in our Fiber Cavity Quantum Electrodynamics (FCQED) experiments, the Fabry-Perot resonator.

2.1.1 Fabry-Perot Resonators

In its most simple form, a Fabry-Perot resonator consists of a pair of highly reflective mirrors facing each
other. Between them, injected light fields circulate by being reflected back and forth, and can interfere
constructively if meeting certain resonance conditions. These so-called longitudinal modes supported by
the resonator can be pictured either as standing waves1 (figure 2.1 a)) or as self reproducing traveling
waves (figure 2.1 b)). In the latter case, the phase shift picked up at each round trip is

ϕ = 2kd =
4πνd

c
, (2.1)

where ϕ must be a multiple of 2π and d is the mirror spacing, i.e. the cavity length d must be an integer
multiple of λ/2. This condition is fulfilled by an infinite number of equally spaced frequencies with

νq =
q · 2d

c
= q · ∆FSR , (2.2)

where q is an integer and ∆FSR is the so-called free spectral range. This description assumes an ideal,
lossless resonator. Taking into account the losses given by absorption, scattering and finite reflectivities
of the mirrors, one can introduce the round trip intensity attenuation factor r2

= R1R2 exp(−2αsd), where
R1,2 = r2

1,2 are the mirror reflectances and αs denotes losses. The spectral response can then be expressed

1This only applies to the two-mirror configuration introduced here. Other types such as the bow-tie resonator do not have
standing waves.
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Chapter 2 Theoretical Background
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Figure 2.1: a) Intensity of a resonator mode as standing wave. b) Intracavtiy field as self
reproducing travelling wave. c) Incoming, reflected, transmitted and intracavity intensities
of a lossy resonator.
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Figure 2.2: Normalized intensity as a function of fre-
quency inside a lossy resonator for different values
of the finesse.

as [28]

Ires =
Imax

1 + (2F /π)2 sin2(πν/∆FSR)
, with Imax =

I0

(1 − r)2 . (2.3)

The parameter F in eq. 2.3 is called the finesse of the resonator and is defined as

F =
π
√

r
1 − r

(2.4)

As a result, the spectral response of a lossy cavity consists of a collection of resonances with finite line
widths (see figure 2.2). The full width half maximum δν of these peaks can be expressed in terms of the
finesse as

δν =
∆FSR

F
. (2.5)

This relationship provides an experimental way to determine resonator losses.
For light to be able to couple into a cavity, the spacial mode of the incoming beam must match the

transversal cavity mode. This means, wave front curvature and mode field diameter of the incoming
beam must match at the position of the incoupling mirror (see figure 2.3). The part (1 − ε)Pin, where ε is
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2.1 Optical Resonators

R R1 2

Figure 2.3: Mode matched cavity with R1 , R2.: The phase front and the diameter of the
cavity mode and the free-space beam are the same at the mirror positions

the mode matching efficiency, is reflected (see figure 2.2 c)). How much of the mode-matched light is
entering the cavity is determined by the impedance-matching efficiency ηimp with

ηimp =

1 − (
T1 − T2 + 2L
T1 + T2 + 2L

)2 , (2.6)

where T1 is the transmission of the input mirror, T2 is the transmission of the second mirror, and 2L are
the resonator losses. For conventional cavities, the mode matching condition can be fulfilled by shaping
the incoming beam with appropriate optics.

So far, we have ignored the stability criteria of these resonators. Misalignment of the cavity mirrors
as well as diffraction effects can cause light to escape the resonator. Ray confinement can be improved
by using spherical mirrors. Here also only certain configurations provide a stable cavity. Defining the g
parameters g1,2 = 1 + d/R1,2, where R1,2 are the radii of curvature2, the confinement condition for stable
resonators takes the form

0 ≤ g1g2 ≤ 1 . (2.7)

Several special cases of mirror configurations can be seen in figure 2.4. These criteria are the reason, that
even fiber cavities cannot be made arbitrarily short when the mirror is fabricated via laser ablation. In
this procedure, a smaller radius of curvature coincides with a higher structure depth (see section 2.2),
prohibiting stable configurations for biconcave cavities with radii of curvature below . 10 µm [15]. The
fundamental mode of the spacial distribution of light inside Fabry-Perot cavities with spherical mirrors is
given by Gaussian beams, which are further described in the next section.

2.1.2 Gaussian Beams

Gaussian beams are solutions of the paraxial Helmholtz equation ∂2

∂x2 +
∂2

∂y2 − 2ik
∂

∂z

 E = 0 (2.8)

and describe both the resonator modes of optical cavities with spherical mirrors as well as propagating
laser beams. The electric field of its TEM00 fundamental mode traveling in the z-direction is given at a
point in time by:

E(r, z) = E0
w0

w(z)
exp

 −r2

w(z)2

 exp
−i

kz + k
r2

2R(z)
− ψ(z)

 , (2.9)

2Using the definition R < 0 for concave and R > 0 for convex mirrors
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Figure 2.4: Stability of optical resonators. In the white area the
stability criterion 0 ≤ g1g2 ≤ 1 is fulfilled.

where r2
= x2

+ y2 and with the following beam parameters:

Beam Width w(z) = w0

√
1 +

(
z
z0

)2

(2.10a)

Wavefrint Radius of Curvature R(z) = z
[
1 +

(z0

z

)2
]

(2.10b)

Beam Waist w0 =

(
λz0

π

)1/2

(2.10c)

Gouy Phase ψ(z) = arctan
(

z
z0

)
(2.10d)

Beam Divergence θdiv '
λ

πw0
(2.10e)

The parameter z0 is the so-called Raleigh-length, i.e. the distance from the waist at which the beam width
has increased by a factor of

√
2.

In the paraxial approximation the resonance frequencies of the fundamental mode are independent of the
mirror radii R. Corrections to this paraxial model show that for a plano-convex cavity there is a frequency
splitting between the polarization eigenmodes of

∆ν =
∆FS R

2πk
R1 − R2

R1R2
, (2.11)

where R1 and R2 are the radii of curvature along the major and minor axes of a ellipsoid fitted to the
central region of the mirror [27]. This means that the produced fiber mirrors need to be as circular as
possible. In addition to the fundamental mode, there are higher order Hermite-Gaussian, or TEMnm
modes, with more complicated intensity distributions, which are also solutions of the paraxial Helmholtz
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2.1 Optical Resonators

Figure 2.5: Gaussian beam with wave fronts, waist w0, Raleigh length z0, and divergence
angle θdiv

equation 2.8. They add additional resonator modes for cavity lengths of

Lqnm =

(
q +

n + m + 1
π

cos−1 √g

)
λ

2
, (2.12)

where for a plano-concave cavity g = 1 − Lqnm/Reff. This provides a way to experimentally determine
the effective mirror radius Reff [15].
For propagating beams the presence of higher order modes increases the divergence angle θdiv. The
deviation from a perfectly Gaussian beam is then quantified by the beam quality factor

M2
=
π

λ
woθdiv , (2.13)

where for a perfect Gaussian TEM00 beam M2
= 1 .

2.1.3 Fiber Fabry-Perot Cavities

Property Polished mirrors [29] Fiber Cavity [30]

Length l0 158.5 µm 93.4 µm

Mode waist w0 23 µm 4.4 µm

Mode volume Vmode 70 000 µm3 1 400 µm3

Coupling strength g0 18 MHz ·2π 120 MHz ·2π

Finesse F 1 000 000 30 000

Cavity field decay κ 0.6 MHz ·2π 25 MHz ·2π

Cooperativity Cmax ≈ 100 ≈ 100

Figure 2.6: Comparison of size and properties between the two cavity types used in our group.

One way to build Fabry-Perot cavities with a very low mode volume is using high reflectivity coated
end facets of optical fibers (further discussed in section 2.1.4) as resonator mirrors. They can reduce the
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Chapter 2 Theoretical Background

Figure 2.7: Mode mismatch between fiber mode and cav-
ity mode

mode volume by orders of magnitude, compared to macroscopic cavities with polished mirrors. Figure
2.6 shows a comparison between a macroscopic and a fiber-based cavity, both employed in the CQED
experiments performed in our group. Using fiber end facets as mirror substrates gives rise to several
additional advantages: The whole resonator is much smaller than traditional cavities, leading to better
scalability. It also allows for better optical access. In fiber cavities it is much easier to image atoms inside
the cavity using high numerical aperture lenses perpendicular to the cavity axis than it is in macroscopic
cavities. Finally, the cavity mode is intrinsically fiber-coupled, which is desirable for its implementation
in fiber-based networks. This last advantage, however, also comes at a cost. Single mode optical fibers
leave no room for mode matching optics, severely limiting the coupling efficiency and prohibiting any
mode matching adjustments once the cavity has been built. The mode of the incoming field is purely
defined by the fiber: As depicted in figure 2.7, the wave front in a single mode fiber is flat and the
mode field diameter (MFD) is determined by the size of the fiber core and the wavelength of the guided
light. On the other hand, the wave front of the intracavity field at the position of the mirror is curved
with the same radius at curvature as the mirror, and the spot size is usually larger than the MFD of the fiber.

2.1.4 Optical Fibers

Optical fibers are flexible, cylindrical, dielectric waveguides made from Germanium doped fused silica.
Due to their low absorption in the near infrared regime they are suitable candidates for long distance
transmission of photons as needed for quantum communication. Their ability to guide light results from
total internal reflection due to a difference in refractive index between the core and the cladding (see
figure 2.8), usually realized by doping the silica with elements such as germanium, boron, or titanium.
The transmission properties are then mainly decided by size and shape of the core and the refractive
index profile. The first important distinction to be made is between single mode fibers with a small
core diameter, typically around or below 8 µm, and multi mode fibers with a larger core. A convenient
parameter to determine the number of modes guided by a step index fiber is the V-parameter

V =
2πa
λ0

√
n2

co − n2
cl , (2.14)

where a denotes the core radius and nco and ncl are the indices of refraction of core and cladding
respectively. For V < 2.405 only the fundamental mode is guided, the fiber is said to be single mode.
(figure 2.9 a)) For multi mode fibers (figure 2.9 b)) with V � 1 the number of guided modes behaves as

M ≈
4

π2 V2 . (2.15)
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Figure 2.8: Schematic and typical dimensions of a single mode fiber
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Figure 2.9: Fiber types, their refractive index profiles, and examples of
their modes: a) step index single mode, b) step index multi mode, c) graded
index

A detailed derivation of these relationships can be found in numerous textbooks, such as [28]. By
shifting from a step index to a graded index profile one can create a fiber that self focuses the guided
modes, reduces modal dispersion, and whose mode field geometry at the output is dependent on its length.
(figure 2.9 c)) The usefulness of this fiber type for cavities will be further discussed in section 6.3.2.

2.2 Ablation Process

Silica has an absorption peak centered around 9.3 µm resulting from an asymmetrical Si-O-Si vibrational
resonance [26]. This makes CO2 lasers with a wavelength range around 9-11 µm an ideal tool for thermal
machining of quarz glass surfaces. The fabrication of micro mirrors using CO2 laser pulses takes place in
a parameter regime, where thermal evaporation leads to the formation of a concave structure. Surface
melting leads to a mirror smoothness on an atomic scale. However, the molten layer should no be so
thick that surface tension causes is to form convex structures or rounded edges [10]. For this purpose
we will use a 9.3 µm laser, because at this wavelength the absorption length is shorter than at the more
commonly used 10.6 µm (see figure 2.10). For evaporation of fused silica to occur, its temperature must
rise above T ∼ 2 600 K. At T > 3 000 K, the vapor pressure exceeds the ambient pressure, allowing for
high evaporation rates [31]. The temperature dependent velocity of the evaporation front is then given by

v(ρ, t) = v0 exp
[
−U

kBT (ρ, t)

]
, (2.16)

9



Chapter 2 Theoretical Background

(a) Absorption index for fused silica in the
range between 1 and 15 µm. Taken from [26]

.

10.6 µm

9.3 µm

(b) The higher absorption
at 9.3 µm leads to a thinner
heated layer and less round-
ing of the edges

Figure 2.10: Wavelength dependence of the ablation process

with the radial coordinate ρ, the latent heat U = 3.6 eV and v0 = 3.8 × 105 cm/s [13].
The majority of the laser power is absorbed at the surface, so that a beam with a Gaussian intensity profile
I(ρ, t) = I(t) exp(−2ρ2/w2

0) results in a temperature profile

T (ρ, t) =
2Aw2

0

D

√
κ/π

∫ t

0

I(t − t′)
√

t(2w2
0 + 4Dt′)

exp

 −ρ2

2w2
0 + 4Dt′

 dt′ , (2.17)

where A is a wavelength dependent absorption coefficient, D is the thermal diffusion constant and κ is the
thermal conductivity. For a pulse of length τ and constant intensity the depth of the structure then takes
the form

z(ρ) = z0 exp

− U
kBT (0, τ)

ρ2

2w2
0

 , (2.18)

with

T (0, τ) =
AP√

2π3w0κ
arctan

 2D

w0
rτ

 . (2.19)

Here, we see that the resulting structure will have a Gaussian shape which can in the center be approxim-
ated by a spherical depression. The latter is the desired shape for fiber mirrors.
Finally, the 1/e diameter can be estimated as [13]

d ≈ 2w0

√
kBT (0, τ)

U
(2.20)

Equations 2.18 and 2.20 shows that the important ablation parameters determining the shape of the
structure are laser power, beam waist, and pulse length.

This model, however, makes several approximations [32, 33]:

10



2.2 Ablation Process

• Absorption length: In this model the laser is treated as a surface source, i.e. the finite absorption
length is ignored. Since the absorption length decreases with temperature [34], this is a valid
approximation, once temperatures sufficient for evaporation have been reached. Furthermore, using
a laser with a wavelength of 9.3 µm instead of the more common 10.6 µm leads to a decreased
absorption length even at lower temperatures.

• Evaporation: This model ignores the loss of latent heat by evaporated material. This energy is
then no longer available to break the bonds to neighboring atoms and molecules. The corresponding
heat flux density would be Φevap =

ρ
M NAv0U exp(−U/kBT ).

• Radiation: This model doesn’t take into account energy loss by blackbody radiation Φrad =

εσ(T 4
− T 4

amb). Here, σ is the Stefan-Boltzmann constant, ε is the material’s emissivity and Tamb
is the ambient temperature.

• Linear Conduction: This model assumes the thermal conductivity to be constant, which is no
longer the case in the temperature regime needed for evaporation. Here, one can use the empirical
formula

κ(T ) = κ0 + βT 3
= 0.01(1 + 1.7 · 10−9T 3)(W/cm K) = κ0 f

(
T
T0

)3

, (2.21)

with κ0 = 0.01W/cm K at room temperature [13].

• Fiber geometry: This model assumes a completely filled half space of material, i.e. it disregards
the finite size of the fiber tips. On the edges convection is not available as a means for heat transport
any more.

• Contact with the fiber holder: Thermal coupling of the fiber to its holder is neglected. Reference
[32] reports that for pulse durations > 80 ms there is a strong dependence between the properties
of the created structure and the length of the fiber tip protruding from the holder.

All these factors make it challenging to precisely predict the resulting structures for given ablation
parameters. They have to be determined experimentally. By varying laser power, pulse length and
beam waist, approximately Gaussian profiles with radii of curvature R = 5 . . . 2000 µm and depths
D = 0.01 . . . 4 µm can be produced [14, 15].
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CHAPTER 3

Fiber Mirror Production

As depicted in figure 3.1, the process of constructing a fiber cavity, as reported in [10], can be divided
into four steps: high precision fiber cleaving, laser ablation to produce the concave structure on the fiber
end facet, high reflectivity coating to turn the structures into mirrors, and cavity assembly by aligning
two fibers in such a way that they form a suitable resonator for FCQED experiments. In this chapter, I
will describe our implementation of the ablation process in detail, as this is the main goal of my master
project. It is also necessary to include a brief discussion of the cleaving process. The third and forth steps
of the process are beyond the scope of this thesis.

High precision cleaving

Laser ablation

High re ectivity coating

Cavity assembly

single mode ber

0.3  - 30W

0.1 - 100 ms

1 - 100 pulses

cleaver

CO  laser beam2

Figure 3.1: The four steps for fiber cavity construction: high precision cleaving,
laser ablation, high reflectivity coating, and cavity alignment.

3.1 Experimental Setup

In order to generate laser pulses suitable for the fiber mirror production by glass ablation, as described
in section 2.2, the setup must fulfill certain requirements: First, the transversal intensity profile of the
laser beam must be as close to a circularly symmetric Gaussian profile as possible to create the desired
structure geometry. Second, the generated pulses must be reproducible, which includes ensuring power
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Chapter 3 Fiber Mirror Production

stability and the ability to monitor this power. Finally, we have to be able to position the fibers very
precisely with respect to the laser beam waist.

3.1.1 CO2 Laser

The ablation pulses are generated by a CO2 laser. The latter are molecular gas lasers with relevant
transitions between vibration-rotation energy levels in the infrared regime. The upper state is an
antisymmetric stretching vibration (001), while the lower levels for the 10.6 µm and the 9.6 µm emission
lines are a symmetric stretching vibration (100) and a bending vibration (020) respectively (see figure
3.2(a)). These levels are split into rotational sublevels, leading to bands of emission lines centered around
10.4 µm and 9.4 µm (see figure 3.2(b)). Specific laser lines can be chosen by using a grating as one of the
resonator mirrors. The long lived (001) level is populated by discharge, either directly, or more efficiently
by the addition of molecular nitrogen and the subsequent energy transfer from the excited nitrogen to the
CO2.

N2 CO2

(000)

(001)

(030)

(020)

(010)

(100)

10.6 µm

9.6 µm

v = 0

v = 1

(a) Relevant vibrational energy levels in a
CO2 laser [35].
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(b) Splitting of the vibrational levels into ro-
tational levels with examples of laser trans-
itions [36].

Figure 3.2: CO2 Laser levels.

The CO2 laser1 used in our setup has a wave guide configuration (see figure 3.3) in which the gas
mixture is excited by radio frequency (RF) electric fields. This configuration allows for higher gas

RF

Insulator

Metal Electrodes

Figure 3.3: CO2 laser in wave guide configuration [35].

1Coherent Diamond C-55L 9.3
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3.1 Experimental Setup

pressure compared to a conventional discharge tube, increasing gain and laser power per volume [36].
The laser’s maximum output power is 55 W at 9.3 µm. This output power is controlled by changing the
duty cycle of the pulse width modulated RF drive signal. In addition, the laser can be switched (’gated’)
on and off with a TTL gate signal. The specified power stability2 of the this laser is given as 3%, which
would meet our requirements. However, this specification applies to high duty cycles only. As we are
working with duty cycles down to less than 10%, it is necessary to characterize the stability in this regime
also. For this purpose, the laser power at several duty cycles was measured for at least 15 minutes each3.
Figure 3.4 shows that there is indeed a much higher relative fluctuation present at very low duty cycles,
while the specified value is already reached at 25% duty cycle. In both cases, there is a noticeable warm
up period of instability which must be taken into account before starting the manufacturing procedure or
after changing the duty cycle between fibers.
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(a) 5.5% Duty Cycle
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(b) 25% Duty Cycle

Figure 3.4: Warm up and power stability of the CO2 laser for different duty cycles
.

To rule out the response of the power meter itself, or an aliasing effect between the power meter
and the laser pulse repetition rate, as the source of the oscillations, a second power meter was added
behind a beam splitter (see figure 3.5(a)). It showed the same power oscillation. However, at 10%
duty cycle the shapes of the recorded power readings do not only deviate from each other, but even
move into different directions for certain periods of time (see figure 3.5(b)). This implies jumps in
mode, polarization or wavelength to which the transmission properties of the beam splitter are sensitive.
Personal communication with the manufacturer did not lead to any additional information regarding the
cause of this phenomenon.

To monitor the power continuously, about 0.5% of the power is coupled out onto a power sensor4 by
an anti-reflection coated ZnSe window5 acting as a pick-off plate (see section 3.1.2). This beam is further
attenuated such that the power sensor’s dynamic range from 0 - 1V at a sensitivity of 10 mV mW−1 is
spanning the full range of the laser output powers. However, large electronic noise created by the laser’s
power supply leads to a bad signal to noise ratio at low powers (see figure 3.6). This greatly diminishes

2Defined by the manufacturer as ±(Pmax − Pmin)/(2Pmax) at constant duty cycle after 10 minute warm-up
3using a Coherent PowerMax-Pro 150F HD
4Lasnix Infrared µW Power Senso Mod. 511
5Thorlabs WG71050-G - ∅ 1" ZnSe Broadband Precision Window, AR Coated: 7 - 12 µm
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(a) Setup with two power meters to
analyze power fluctuations.
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(b) Power measured by PM 1 (red)
and PM 2 (blue) over a time of
1 500 s. The signal of PM 2 is scaled
up for better comparison, its noise is
discussed in detail in the text.

Figure 3.5: Measurement to analyze the recorded power fluctuations. As indicated by the green arrows, the signals
recorded behind the two output ports of the beam splitter deviate from each other for certain periods of time.
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(a) Recorded noise with laser duty cycles in-
creasing by steps from 0 - 100%. It appears
that the noise is independent of the duty cycle.
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(b) Comparison of the noise level for laser on,
laser off, power supply off.

Figure 3.6: To analyze the noise of the power sensor, its output voltage was measured for different laser settings
while the laser beam itself was blocked.

the reproducibility of pulses with low power. A line filter on the power strip could not solve this problem.
Here, additional steps have to be taken.

The polarization of the laser is specified as > 100 : 1, parallel to the optical table. This has been
experimentally confirmed using a linear polarizer6 as analyzer.
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3.1 Experimental Setup

Figure 3.7: Layout of the new fiber shooting setup.

3.1.2 Optical Setup

Along its path, shown in figure 3.7, the beam passes the pick-off plate for the power sensor discussed in
the previous section, a shutter (further characterized in section 3.2.3, which is reflecting the beam into a
beam dump7, and three major beam shaping elements which will be the subject of this section: a beam
expanding telescope, a phase shifting mirror, and a focusing lens. The resulting beam profile behind this
last lens will be characterized in section 3.1.3.

To be able to focus the beam tightly onto the fiber tip, it needs to be expanded first. For this purpose a
telescope in Galileian configuration with two ZnSe lenses with focal lengths of −50 mm and 150 mm
respectively is used. Currently, it expands the beam to approximately 13 mm diameter at the position
of the final focusing lens. Arranging the lenses in a cage system will allow us to change the distance
between them without disturbing the rest of the alignment. Thereby, we can change the beam size and
divergence, and subsequently the waist size at the fiber position, if this should be needed in the future.

In a next step, a phase shifting mirror (PSM) converts the beam from linear to circular polarization
within the allowed alignment precision. Circular polarization will serve two purposes: Firstly, it will limit
the mirror ellipticity caused by the polarization dependence of the ablation process, which is important to
avoid the resulting frequency splitting of the polarizational eigenmodes of the cavity [27, 37]. Secondly,
using circularly polarized light will prevent the formation of ripples caused by surface polaritons [38].
As seen in figure 3.8(a), the beam must impinge on the PSM with an angle of 45°between the direction of
polarization and the plane of incidence. As the beam is originally polarized parallel to the optical table,
this requires a second mirror to first rotate the plane of polarization, which at the same time directs the
beam upwards by an angle of 45°, as depicted in figure 3.8(b). The two-mirror combination then increases
the beam height by approximately 10 cm, and adds a number of alignment degrees of freedom. For this

6Lasnix Infrared Linear Polarizer Mod. 02
7Standa Water-Cooled Laser Beam Dump 10BDWC01
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Chapter 3 Fiber Mirror Production

technical reason, perfect circular polarization has not been achieved. By inserting a linear polarizer8

into the beam and rotating it, the current relationship between the two directions of linear polarization
was determined to be (PP − PS )/Pin = 0.2 (see figure 3.9). The PSM is used as the last mirror in the
whole beam path to avoid further deterioration of the polarization quality by additional reflections.

(a) Principle of a phase-shifting mirror.

SI Re ector

Phase -Shifting 

Mirror

(b) Implementation of the PSM in our
setup. The height difference between the
two mirrors is clearly visible.

Figure 3.8: Phase shifting mirror.

Finally, a 100 mm ZnSe lens focuses the beam on the fiber tip. The originally used aspherical lens with a
shorter focal length of 25 mm was removed after evaporated material was deposited on the lens surface.
The fiber itself is mounted on a translation stage used to precisely position the fiber and to transport it
between the laser focus and the interferometer (see section 4.2).

The alignment was carried out using thermal image plates9 to visualize the beam. Their surfaces
contain thermal-sensitive phosphor which fluoresces when illuminated with UV-light. With increasing
temperature, the intensity of this fluorescence decreases. This response to the infrared (IR) radiation of
the CO2 laser allows to identify position and shape of the laser beam falling onto the UV-illuminated
plates. High sensitivity plates with low resolution allow for a coarse alignment at powers around 200 mW.
Low sensitivity, high resolution plates requiring beam powers exceeding 20 W in the expanded beam
were used to identify beam clipping, as they are able to resolve the resulting asymmetric diffraction
patterns. Other means to visualize the beam, such as detector cards, saturate very quickly and can only
be used briefly to check the beam position.

3.1.3 Beam Profiling

To profile the beam behind the focusing lens, the knife edge method10 was employed in both vertical and
horizontal direction to detect asymmetries in the beam. A first series of measurements over a distance of
10 mm in steps of 0.5 mm reveals a Gaussian shape with different waist positions, sizes and angles of
divergence for the two directions (see figure 3.10). In horizonzal direction we find w0 = 44 µm and θdiv =

0.067, in the vertical direction w0 = 38 µm and θdiv = 0.078.

8Lasnix Infrared Linear Polarizer Mod. 02
9Macken Instruments Thermal Image Plate, Models 22-A and 22-B

10For more details on this method, see appendix A
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Figure 3.9: A linear polarizer was inserted into the beam (Pin = 300 mW, indicated by
the red line) behind the PSM, set to P ≈ 150 mW, and rotated several times to determine
maximum and minimum transmission, corresponding to the intensities of the two orthogonal
directions of linear polarization. For perfectly circularly polarized light, the transmission
would be constant at P = Pin/2.
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Figure 3.10: Beam profile behind the focusing lens as a function
of position along the beam, measured by applying the knife edge
method in both vertical and horizontal direction. The position is
denoted as relative distance from the interferometer focus, the error
bars indicate the 95% confidence intervals of the individual knife
edge fits. An asymmetry is clearly visible

Repeating the procedure with finer steps of 100 µm around the beam waist shows that there are clear
deviations from the Gaussian fitted to the coarse data. Not only do the positions of the waist not agree,
but the waist sizes are also wider, 48 µm and 46 µm, respectively. The latter is expected for beams which
include higher order modes.
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Figure 3.11: Moving in smaller steps around the waist position con-
firms the astigmatism and even reveals a clear deviation from an ideal
Gaussian profile.

By combining this new result with the long range angle of divergence, the beam quality factors (2.13)
are estimated as

M2
hor = 1.08 and M2

ver = 1.21 .

The laser beam quality is specified as

M2
laser = 1.1 ± 0.1 .

Even though our results are within, or only slightly out of, this range, the disparity between the two
directions suggests that additional effects stemming from the setup might play a role, causing the beam
to deviate further from a Gaussian shape.

3.2 Production Process

3.2.1 Fiber Preparation

In a first step, the coating of the first few centimeters of the fibers must be removed. The fibers11 used in
the testing phase of the setup had an acrylate coating which could easily be removed using a standard
fiber stripper. Since these fibers are not vacuum suited, they cannot be used to construct actual cavities
for FCQED experiments. For this purpose, copper coated fibers12 are required, whose coating must be
etched off with an iron(III) chloride solution. In both cases the bare fiber tips must be cleaned with a
solvent such as isopropanol before cleaving. The cleaving in the new setup is done with a high precision
cleaver13 with a specified cleaving angle of < 0.3°. This precision has largely been confirmed for this
unit by a member of a different group at our university, using the cameras in a fiber splicer. The cleaving
angle must be as small as possible to avoid decentration of the ablation crater. Since the diameter of
the fiber core is of the order of only 5 µm, small decentrations can already cause a significant drop in
mode matching efficiency. As can be seen in figure 3.12, a tilt of the fiber end facet by an angle θ shifts
the deepest point of the created structure by a distance R · tan θ. Furthermore, the new cleaver produces

11Thorlabs S630HP
12IVG Cu800SMF
13Nyfors AutoCleaver™
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3.2 Production Process

much flatter end facets than the previously used hand cleaver14., as shown in figure 3.13. The slight
damage at the fiber edges is probably caused by an inaccurate tension setting of the cleaver. If this
should cause problems, even though the damage is far way from the effective mirror, the cleaver must be
reprogrammed accordingly.

Figure 3.12: Decentration of the mirror center caused by a tilt of the fiber end facet. Taken
from [30]

.

Figure 3.13: Comparison of fiber end facets (diameter 125 µm) cleaved with a hand cleaver
(left, center left) and the Nyfors AutoCleaver™ (center right, right). Black and white inter-
ference fringes indicate surface unevenness, a uniformly gray area is flat. The interference
microscope with which these images were taken is explained in detail in section 4.2.

3.2.2 Positioning

To properly position the fibers and transport them between interferometer focus and laser, we use high
precision translation stages15. The first step is to mount the fiber onto the stage and bring it into the focus
of the interferometer (see section 4.2). Since the coherence length of the interferometer is only on the
order of about 1 µm, and the reflectivity of the reference mirror is much higher than that of the fiber tip,
the fiber is only visible when positioned in a range of ± 3 µm around the focus (see figure 3.14). This
means, even finding the fiber poses a challenge by itself and can be very time consuming. As it is not
possible to mount the fiber with this degree of accuracy and reproducibilty in its holder and onto the stage,
the focusing procedure must be repeated for every single fiber, which poses a bottleneck for the whole
process. The problem is enhanced by the fact, that the imaging system is projecting the filament of the

14Fitel model number S324 (Furukawa Electric Co Ltd)
15Aerotech ANT95-L Nanopositioning Stages
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Chapter 3 Fiber Mirror Production

halogen bulb, leading to an inhomogeneous illumination of the interferometer’s field of view. As a first
step to automatize the positioning, a script was written which uses basic image processing to detect the
fiber while scanning the focus along the fiber axis. However, even though it saves a significant amount of
time already, in its current version it is not reliable enough to be used independently. Its success rate is
still too dependent on cleaving quality and the fiber position along the other two axes. Here, it would be
worthwhile to invest more time and effort into developing a more robust auto-positioning routine.

Once the fiber is properly situated in the interferometer focus, it can be transported into the correct
position in the laser beam path for ablation.

(a) Fiber end facet at the interferometer
focus

(b) Fiber end facet 2 µm out of focus

Figure 3.14: View of the fiber end facets on the interferometer screen. It is
obvious that a defocussing of as little as 2 µm makes it already hard to see the
fiber. The pattern of light and dark stripes is a projection of the light bulb’s
filament.

3.2.3 Ablation Sequence

After the fiber is in place, and power and pulse duration have been set, the ablation sequence itself can be
started. It is a fully automatized procedure consisting of the following steps: First, the laser is switched
off while the shutter is being opened. Then the laser is switched back on for the preset pulse duration. It
stays off while the shutter is closing again and it is finally switched back on after the shutter is closed
completely. In order to keep the laser in thermal equilibrium, the off-time should be kept as short as
possible. To optimize the sequence, the response and rise time of the shutter needed to be determined. For
this purpose, a power meter was placed behind the initially closed shutter, and the power was recorded as
a function of time after the shutter was triggered to. As can be seen in 3.16(a), the response and rise times
are 50 and 20 ms, respectively, which is an order of magnitude longer than the shortest typical ablation
pulse lengths. Figure 3.16(b) shows the same sequence with the laser being gated off for the shutter
movements. The power overshoot at the beginning of the laser pulse warrants further investigations to
determine if the sequence can be improved by delaying switching off the laser to a moment within the
shutter response time. A series of measurements with different off-times, powers and pulse durations has
shown, however, that this overshoot starts occurring after off-times as short as 5 ms, which is shorter than
the rise time of the shutter (see figure 3.17). We must conclude that with the current shutter, there is no
way to avoid this overshoot. The laser power returns to its equilibrium value after approximately 10 ms,
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Figure 3.15: Temporal sequence for the generation of an
ablation pulse with laser drive signal, shutter position, and
pulse reaching the fiber position.
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(a) Power measurement to determine response
and rise time of shutter.
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(b) The same shutter sequence with laser gat-
ing

Figure 3.16: The laser power behind the shutter was measured after opening and closing the shutter to determine
the response ans rise time of the shutter and to characterize the laser behavior when being gated off during the
shutter movements.

meaning that the power mismatch between the set power before the pulse and the pulse power itself is
most pronounced for very short pulses. One way to compensate in this case would be setting the laser to
an equilibrium power that is lower than the desired pulse power.

The plan to use a high speed shutter16 was abandoned after our unit did not meet the manufacturer’s
power specifications of 50W, but its mirror was destroyed by a beam with a power of around 1W. The
mirror of the replacement unit looked similarly dirty and fragile. It is worth noting that already very small
pieces of dust or other dirt can absorb enough heat from the CO2 laser to melt through mirror coatings,
damage the substrate, and completely destroy thin mirrors such as the one inside the high speed shutter.

3.2.4 Control

All devices used in the ablation and analysis procedures are interfaced with the lab computer. From here,
the whole process is controlled via a self-written Matlab graphical user interface (GUI) (see figure 3.18)

16Standa Ultra-Fast Motorized Laser Beam Shutter 10FBS-40-25-9300-C
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Figure 3.17: Pulse shapes for different pulse durations (1 ms, upper row, 5 ms middle row,
10 ms bottom row) and off-times of the laser at a duty cycle of 12%. The red line indicates
the laser power before the laser was gated off. It can be seen that there is already a power
overshoot at gating times as short as 5 ms. Also, there is no substantial difference between
the currently used off time of 70 ms and the pure rise time of the shutter of 20 ms. The short
term oscillations appear to be an aliasing effect between the sampling rate of the power meter
and the PWM frequency of the laser. They are also visible when the laser is in equilibrium
(not shown here).
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which also includes access to the analysis routines. Both, the translation stages and the piezo focusing
(PIFOC) stage of the interferometer are connected via USB and controlled using Matlab drivers provided
by their respective manufacturers. The communication with the camera is based on Matlab’s image
acquisition toolbox. Power sensor, interferometer illumination, and all signals going to and coming
from the laser are interfaced via a National Instruments input/output card17 connected to a BNC adapter
block18.

The GUI’s layout (see image 3.18) can be divided in five parts: The upper left part controls the
translation stages. The lower left part controls the laser and ablation sequence. Here, laser duty cycle,
pulse duration and number of pulses are set, and the sequence is triggered. The upper right part contains
the several analysis methods. Here, especially direct access to the brightest pixel method is useful to
analyze fibers on the fly. Also including the other more detailed methods here leaves the possibility to
fully integrate experimental control and analysis. This integration would allow direct feedback to modify
positioning and ablation parameters automatically, based on the results of previous fibers. While this has
not been implemented yet, this option was one of the reasons to combine control and analysis software.
The middle right part of the GUI controls the interferometer. It allows to individually control the PIFOC
stage, the camera and the halogen bulb and to set an automatic interferometry sequence with flexible
step sizes and number of images. The interferometer control is implemented such that there is no direct
dependence on an ablation sequence. This means the GUI can also be used to control the interference
microscope for other purposes than profiling fiber end facets. Similarly, the analysis routines are split
into two separate parts: pure surface reconstruction on the one hand, and fitting procedures assuming a
near Gaussian depression on the other hand. To profile other objects, one can still use the first part and
then process the surface reconstruction with own routines, custom made to suit the task at hand. Lastly,
on the bottom right, there is a number of status indicators for the laser and the connected devices. It
also allows to retry failed connection attempts without having to restart the program after solving the
responsible problem.

17NI PCIe-6321
18BNC-2110
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Figure 3.18: Screen shot of the graphical user interface used to control the
shooting sequence and analyse the results.
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CHAPTER 4

Surface Profiling

In order to reconstruct the 3D-surface of the fiber end facets, we use white light interferometry (WLI)
with a Mirau objective. In this chapter I will introduce the principles of WLI (section 4.1), describe our
Mirau interferometer (section 4.2), and compare our analysis methods (section 4.3).

4.1 White Light Interferometry

To profile surfaces with interferometric methods, the object of interest is illuminated with a light source,
the reflected light is superimposed with a reference beam, the object is moved along the direction of the
light beam, and the resulting intensity pattern is recorded as a function of position. For a monochromatic
light source with wavelength λ, the resulting intensity for each point on the surface is given by

I = I0 + Im cos(ϕ) , (4.1)

with background and modulation intensities I0 and Im respectively. The phase ϕ is a function of the
height of this point on the surface with

h =
ϕ

4π
λ . (4.2)

However, the phase ambiguity ϕ ∈ [0, 2π] leads to a height ambiguity, necessitating further phase
unwrapping techniques.

For polychromatic light, equation 4.1 is modified by a visibility or coherence envelope function V to

I = I0 + ImV cos(ϕ) (4.3)

Here, the height is given by the position of the maximum of this envelope [39]. In this position, the
optical path difference (OPD) between object beam and reference beam is exactly zero. Therefore, using
white light instead of a monochromatic or narrow band source, and scanning the surface over a distance of
several coherence lengths to find this maximum for every point, offers an additional piece of information
to extract the surface profile. For an idealized white light source with a Gaussian spectral distribution
the coherence envelope is again a Gaussian. The recorded intensity at each position on the surface as a
function of position is then given as

I(z) = I0 + Im exp

−4
(
z − z0

lc

)2 cos
(
4π

z − z0

λ0
− ϕ0

)
(4.4)
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with coherence length lc = c
π∆ν and central wavelength λ0. z0 is the position of zero OPD, i.e. the relevant

parameter indicating the relative height of each point on the surface. Determining its value for every
point yields a full surface reconstruction.

4.2 Mirau Interferometer

To record the necessary interferograms we use a Mirau interferometer whose setup is sketched in figure
4.1. As a white light source we use a halogen bulb (see section 4.2.2). A beam splitter directs the light
into an infinity corrected Mirau objective1 (see section 4.2.1). The reflected beam is then focused by a
200 mm tube lens onto an 8MP CCD camera2. The surface of the fiber end facet is scanned by moving
the objective by 200-300 steps of 40-50 nm, using a piezo focusing stage, and recording an image for
each step. Three typical images of one such series are shown in figure 4.3. The exact number of steps
and their distance depends on the surface depth and can be chosen independently for each measurement.
These image series result in an interferogram I(z) for each pixel, with I being the pixel brightness and z
the frame number of the raw data. To reconstruct the height, z must be converted into units of distance,
the intensity can remain in arbitrary units, since we are only interested in relative intensity differences.

Figure 4.1: Sketch of our Mirau interferometer.

4.2.1 Mirau Objective

A Mirau objective is a microscope objective with a built in reference mirror to create an interference
pattern (see figure 4.2). When the surface being investigated is in the focal plane, the optical path
difference between object beam and reference beam is zero and the two beams interfere constructively.
For positions away from the focus, typical interference fringes appear, whose contrast decreases with
distance until the object is out of the coherence region. Figure 4.3 shows the central part of a fiber end
facet with a circular depression at three different distances from the focus of such an objective. In the
first frame the edge of the crater is in the focal plane, in the second and third image this is true for the
sloped part and the bottom respectively. From the relative position difference between the first and the
last frame, one can already infer the height difference between edge and bottom of the depression. The
change in fringe pattern from frame to frame can be used to reconstruct the whole surface.

1Nikon CF Plan DI20X, EPI (NA:0.40, WD:4.7mm)
2Thorlabs 8051M-USB

28



4.2 Mirau Interferometer

Half Mirror

Mirror

Object

Figure 4.2: Principle of a Mirau objective. The object beam (green) interferes with the
reference beam (red). As long as the optical path difference is within the coherence length,
the resulting beam (blue) exhibits a fringe pattern [40].

200 steps of 50 nm each

Figure 4.3: Three frames of a series of interferometer images. The shift of the maximum
brightness and contrast as a function of z-position can clearly be seen.

To move the Mirau objective, we use a piezo focusing stage3 with a capacitive sensor. Its closed-loop
positional stability (see figure 4.4) is an order of magnitude smaller than the typical step size of 40-50
nm in an interferogram sequence.

3PI Piezo Focusing Stage P-721, controlled by a PI E-709 controller
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simulating an interferometer sequence.

Figure 4.4: Accuracy of the Mirau objective’s piezo focusing stage. The postional information was recorded using
the internal capacitive sensor of the stage.

4.2.2 Illumination

For illumination we use an Osram 64265 HLX halogen bulb. Even though it is specified for a maximum
of 30W, for our purposes it can only be used at up to 15W to prevent detrimental thermal effects which
occur at higher powers: The heat generated by the bulb then causes fluctuations of the interferograms on
sub-second time scales, reducing the accuracy of the analysis. On time scales of the order of minutes,
thermal expansion of the interferometer would shift the position of the focal plane. Since the location
of the fiber end facet in the laser beam is most easily measured relative to the interferometer focus, this
effect reduces the reproducibility of this position. The conclusion that this drift is caused by the bulb, and
not by other instabilities, is supported by the observation that switching off the bulb for an hour brings
the focus back to its original position.
An additional effect of using this bulb is inhomogeneous illumination. It is caused by the imaging of its
filament onto the interferometer’s focal plane. A first attempt to improve the situation with a diffuser was
unsuccessful. Using a custom made bulb holder from our mechanical work shop improved the situation,
but taking further steps might improve the quality of the interferograms.

4.3 Analysis Methods

To analyze the interferograms obtained by this Mirau interferometer, three different methods with varying
accuracy and computation times have been tested. In the first two, the maximum of the visibility function
was approximated to different degrees of accuracy, while disregarding the fringes resulting from the
cosine part of the intensity modulation. In a third method, the phase information of these periodic fringes
was extracted and unwrapped to reconstruct the surface. Results, advantages, and disadvantages of
these methods will be discussed in the following sections. A full 201-frame, 50 nm-step interferometry
sequence of the central part of the machined fiber end facet seen in figure 4.5 is used as an example.
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4.3 Analysis Methods

Figure 4.5: Fiber tip (∅ 125 µm) with abla-
tion crater. The ablation parameters were
P = 1.1 W, t = 3 ms, w = 67 µm.

4.3.1 Brightest Pixel Method

This is the fastest but also the most coarse method. It makes the approximation, that the position of the
frame with maximum intensity for a given pixel coincides with the maximum of the visibility function
[41]. As a consequence, the resolution is limited to the step size of the interferograms. Furthermore,
depending on the relative position of the fringe maxima with regard to the envelope and depending
on the sampling positions, the brightest pixel might belong to a different peak than the one closest
to the maximum. The uncertainty resulting from this effect corresponds to the distance between two
interference maxima, i.e. λ0/2, where λ0 is the effective wavelength. Experience shows, that positions
near steep slopes can lead to even higher deviations. Examples for these cases can be seen in figure 4.6.
The resulting surface reconstruction for our example fiber is shown in figure 4.7.
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Figure 4.6: Interferograms for three different pixel positions. a) shows the full inter-
ferogram for a pixel near the center. b) shows the relevant central part of the fringe
pattern for the same pixel. It is clearly visible that the peak of the brightest fringe
is near the center of the envelope. c) shows a fringe pattern where the two brightest
peaks have almost the same size. In this case noise or sampling position can be a
decisive factor for the brightest pixel. d) shows an example of a position at a steep
slope. Here, the brightest pixel is obviously far away from the center. For pixels like
this, the brightest pixel method fails.
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Figure 4.7: The reconstructed surface using the brightest pixel method shown in 3D and 2D.
It is clearly visible that the problem with pixels on steep slopes is a systematic one and not
unique to the pixel presented above. The computation time was about 2 s.
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4.3 Analysis Methods

4.3.2 Fourier Analysis

This smoother but also more computation time intensive method uses Fourier analysis to extract the
envelope function from the interferograms. Here, the Fourier transform of the interferogram is taken and
filtered to keep only the positive frequency components contributing to the envelope. Inverse Fourier
transform then returns the envelope (see figure 4.8). For the mathematical details refer to [42]. To extract
the height information, the maximum of this envelope must be determined. In the ideal case of the
Gaussian spectral distribution described above, this could easily be achieved by fitting a Gaussian to the
envelope. However, compared to a Gaussian, the spectrum of our light bulb is weighted heavily to the
red. This effect is increased by the necessity to dim down the bulb. Additionally, the exact shape of the
interferogram can vary significantly from pixel to pixel. Despite of this, a Gaussian approximation still
yields a smoother surface (see figure 4.9) that appears to be in agreement with the results of the other
methods. This smoothness makes it easier to fit parameters such as the radius of curvature, but without
independent calibration it is not possible to say with certainty that these results are more accurate than
those of the faster method. It is therefore doubtful that the long computation time, 260 s in this example,
is currently justified. Filtering the light source to achieve a more Gaussian spectral distribution and
taking steps to increase the fringe contrast might improve this situation. Fitting a higher order polynomial

0 5 10
Position [µm]

0.8

0.9

1

In
te

ns
ity

 [a
.u

.]

a)

0 100 200
Frequency Component

0

50

100

150

M
ag

ni
tu

de
 [a

.u
.] b)

0 100 200
Frequency Component

0

0.5

1

1.5

2

M
ag

ni
tu

de
 [a

.u
.] c)

0 5 10
Position [µm]

0

0.05

0.1

In
te

ns
ity

 [a
.u

]

d)

Figure 4.8: Principle of the Fourier analysis method: a) shows again a single pixel
interferogram. The other images show: b) its Fourier spectrum, c) the filtered frequency
package in the Fourier domain containing the envelope and d) the extracted envelope.
For the last image, the frame steps have already been converted into units of distance.
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Figure 4.9: The reconstructed surface using the Fourier analysis pixel method shown in 3D
and 2D. The result is smoother, but the inaccuracies occurring at steep slopes are still visible.
The computation time was 260 s.

instead of a Gaussian is much faster, but leads to faulty results if the apparent envelope has two local
maxima. This again is an effect observed for pixels on steep slopes. For cleaner interferograms this
method exhibits a very good ratio between computation time and result for the maximum of the envelope.
Apart from improving the contrast, optimizing the sampling rate could result in more accurate envelopes.
A higher sampling rate would however mean significantly more data to be recorded and processed. Here
again, it is necessary to investigate if the additional processing time is justified.

4.3.3 Phase Unwrapping

Unlike the previous methods, this approach uses the phase information. By fitting a cosine wave
modulated with a Gaussian envelope to the central part of the fringe pattern, a phase map is created (see
figure??). This phase map can then be unwrapped with the Costantini algorithm to extract the surface
information [43]. Here again, we make the approximation of a Gaussian spectral distribution. Since
we are only interested in the properties of the cosine part of the function, and we are only fitting to the
central part of interferogram, the exact shape of the envelope does not play a role and the approximation
is justified. The width of the Gaussian in each case can therefore be left as a free parameter.

34
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Figure 4.10: Central parts of the recorded fringe pattern (blue) with the corresponding fits to
determine the relative phase (red). As seen in (b), also the interferograms that are useless
for the brightest pixel analysis method yield good phase information, even though the fit is
not centered, because the fit window is chosen as centered around the brightest pixel.
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Figure 4.11: The reconstructed surface using the phase unwrapping method and the corres-
ponding phasemap. As expected from the interferogram in figure 4.10(b), the steep slope
does not cause a problem here. The computation time of 532 s was twice as long as for the
previous method.

4.4 Radius of Curvature Extraction

As the model in section 2.2 predicts an approximately Gaussian shape of the resulting structure, we fit a
2D-Gaussian to the full surface extracted in section 4.3.3. As can be seen in figure 4.12, the prediction is
not perfectly fulfilled. This is not unexpected, considering the large number of approximations made.
Especially the non-linearity of the thermal conduction coefficient and the geometric boundary condition
of the fiber predict a flatter temperature profile and therefore a larger structure diameter than the simple
Gaussian model [32]. The deviation between the actual shape and a Gaussian over the whole structure
is particularly large near the center. Since this is the area of the effective mirror, we need to restrict
our fits to this central area to determine values for the mirror radii of curvature. Figure 4.13 shows
Gaussian and spherical fits to this inner region. The radius of curvature for the Gaussian fit is calculated
as RGauss = σ2/a, where a is the amplitude [14]. It is apparent that there is a discrepancy between the
results for the two fit functions. Experience with the old setup showed, that in this case the spherical
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Figure 4.12: Gaussian fits through the major and minor axes of a 2D Gaussian fitted to the full surface
from section 4.3.3. It reveals that the depression does not have a perfectly Gaussian shape. The deviation
is especially strong near the mirror center.

Figure 4.13: Gaussian and spherical fits restricted to the central part of the same cross
sections as in figure 4.12

fit result came closer to the experimentally measured value for the effective radius of curvature. In that
case, however, the radii of curvature were typically of the order of ∼ 170 µm, i.e. more than twice as
large as in the case of this test fiber [18]. The fitting results for the radii of curvature for this surface are
summarized in table 4.1.
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4.5 Comparison

red cross-section green cross-section
Method Rsph[µm] RGauss[µm] Rsph[µm] RGauss[µm]

Brightest Pixel 112 72 76 74
Fourier Analysis 83 66 66 38
Phase Unwrapping 81 68 77 63

Table 4.1: Comparison of the different fit results for the radii of curvature. It is apparent, that for the red cross
section Fourier analysis and phase unwrapping are in good agreement, while the brightest pixel method results
yield larger values, especially for the spherical approximation. For the green cross section, however, the value
resulting from Fourier analysis disagree with the others.

4.5 Comparison

The data in table 4.1 shows, that there are large discrepancies between the results of the different analysis
methods. In particular, the relative agreements between the methods vary for both cross-sections. For
the one indicated in red, Fourier analysis and phase unwrapping yield very similar values. For the green
cross-section the brightest pixel agrees better with phase unwrapping, while the Fourier analysis appears
to be an outlier. The smoothness of the surface reconstruction, and the fact that in each of the fits one
other method supports its result, suggest that the phase unwrapping algorithm delivers the most accurate
results. It is worth noting, however, that in other instances it fails completely. One such example can
be seen in figure 4.14. Here, the central part of a large ablation crater, spanning almost the whole fiber
end facet, was profiled. In this case, the Fourier analysis yields the smoothest reconstruction while the
phase unwrapping algorithm returns a surface with large discontinuities. Therefore it is important to
have more than one accurate technique available. As soon as more data has been collected, it might be
possible to predict the method best suited for the different structure shapes or sizes. Furthermore, these
examples show that currently the brightest pixel method is not reliable enough to take advantage of its
speed to analyze fibers on the fly. One has to conclude, that it is not possible yet to deliver a definite
verdict, before the effective radii of curvature have been independently determined experimentally.

At this point, working principles have been given and compared. More rigorous analysis is required
once more data is available.
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(a) Brightest pixel method

(b) Fourier analysis method (c) Phase unwrapping method

Figure 4.14: Direct comparison of the three surface reconstructions of one fiber in a case in which the phase
unwrapping method fails.
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CHAPTER 5

Results

In the following two sections, I will briefly present the first preliminary data relating the shape of the
ablation craters to different pulse parameters. Those were power, pulse length, and position along the
beam axis. i.e. effective beam diameter. In light of the results from the previous chapter, the phase
unwrapping method was be used to reconstruct the surfaces. For most of the ablation craters analyzed so
far, it yielded a smooth shape. Structures for which this method failed were discarded here to maintain a
better comparability of the results.

5.1 Radius of Curvature

The first sample to be machined and properly analyzed was a 1 mm thick UV fused silica window1.
Because of its size it was possible to create a large series of ablation craters with different parameters
without having to mount and position a new fiber for each pulse. This is especially advantageous when
sweeping through a new parameter set. In these cases it might take several test pulses to find a parameter
regime in which useful structures are created. Useful structures in this case refers to concave structures
with a size in and around the same range as desired fiber mirrors. Since the material of the fused silica
window is very similar to that of fibers, the results offer good starting points for similar parameter
sweeps on fiber end facets. The exact results for fibers are expected to differ slightly, due to the different
geometrical boundary conditions for the heat transfer and due to the doping of the fiber.

It can be seen in figure 5.1 that the expected result for the relationship between radius of curvature and
structure depth for craters carved by CO2 laser pulses [14] is observed. This is an indication that the new
setup is working as predicted and that this analysis procedure is reliable.

5.2 Eccentricity

The number of machined fibers has not yet been large enough to present parameter comparisons such as
in the section above, but it has been useful to investigate the eccentricity of the mirror structures. This
eccentricity is defined as [27]

ε =

√
1 −

R1

R2
, (5.1)

1Thorlabs WG41010R - 25 mm x 36 mm UVFS Broadband Precision Window
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Figure 5.1: Relationship between structure depth and radius of curvature for different pulse lengths. On a double
logarithmic scale a linear behavior is expected for pulses of equal power and width

where R1 and R2 are the radii of curvature along the major and minor axis of the fitted 2D Gaussian
respectively. Plotting these values against the angle φ between the major axis and the horizontal reveals a
preferred axis of eccentricity (see figure 5.2).

(a) Eccentricities against angle of eccentricity
(b) Illustrating the definition of φ

Figure 5.2: Plotting the eccentricities of the mirror structures against the orientation of the
major axis of the 2D fit shows that there is still a preferred direction for the ellipticity

In their investigation of the influence of ablation laser polarization on the eccentricity of the created
structure, Uphoff et.al. reported a mean eccentricity of 0.47 for a linearly polarized beam, with a preferred
axis along the beam polarization, and a mean eccentricity of 0.26 for circular polarization, without a
preferred axis [27]. In our case, we observe a mean eccentricity of 0.32 with a preferred axis. This means,
numerically we are already on the better side of their spectrum, which is a very encouraging result. The
remaining directional preference indicates, that there is still room for improvement. One of the causes
might be the astigmatism discussed in section 3.1.2.
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CHAPTER 6

Summary and Outlook

6.1 Summary

For my master thesis project I have set up, characterized, and tested a new fiber mirror production setup.

All technical elements have been interfaced with the lab computer and can be controlled with the same
self-written program. All aspects influencing the ablation parameters and their control have been character-
ized to enable a predictable ablation sequence, and to identify aspects that require additional optimization.

Furthermore, I have set up an interference microscope to profile the produced ablation crater. In the
process, I have implemented, tested, and compared several analysis methods. These routines have been
integrated into the control software to enable feedback.

Finally, I have tested the setup on a fused silica substrate and on fiber end facets. From these tests it could
be concluded that the setup is working as expected. Additionally, further information on its characteristics
and necessary future steps could be gathered.

6.2 Technical Improvements

While the new fiber mirror production facility has been successfully set up, there are a number of aspects
which require further attention:

We need to attenuate the electronic noise created by the laser power supply (see section 3.1.1). For
this purpose, a line filter could be attached directly to the housing of the power supply. If this does not
reduce the noise significantly, a possible influence of the cables running from the power supply to the
laser needs to be investigated.

Additional efforts should be made to find and - if possible - remove the source of the astigmatism of
the focused beam (see section 3.1.3). If this is not achievable, steps need to be taken to correct for the
astigmatism. Once we have a more symmetric beam, the eccentricity measurements can be repeated. On
the basis of their results we can determine if it would be worthwhile to attempt to improve the circularity
of the polarization even further.

In order for the setup to function as a facility to produce a large number of fiber mirrors, the time
needed for each individual fiber should be as short as possible. The main bottleneck at the moment is the
positioning procedure, especially the time needed to locate the fiber end facet in the interferometer field of
view (see section 3.2.2). To accelerate this process, two steps can be taken. First, it should be attempted
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to increase the contrast of the interferometer and remove the inhomogeneities in the illumination. This
should allow for more robust computer routines to center the fiber automatically. Furthermore it would
have the advantage of producing cleaner, easier to analyze interferograms, saving additional time during
the surface profiling process. While first efforts to work with a diffuser have not been successful, the
flexibility of the illumination setup leaves additional possibilities to be explored in that regard. The
second approach is to couple light into the fiber, so that the position of the fiber core should appear as
a bright spot, even if the end facet itself is not in the focal plane of the interferometer objective. This
second step is also necessary to improve the precision of the fiber positioning. By taking an image of the
illuminated fiber core and fitting a Gaussian to the intensity profile, one can determine the location of the
fiber center to sub-pixel accuracy.

To remove the pulse power instabilities caused by the long rise time of the shutter (see section 3.2.3),
it has already been decided to replace the shutter by an acousto-optic modulator (AOM). In this case we
can keep the laser running constantly at a stable power, while pulses are then generated by switching on
the AOM’s RF drive signal for a set time and power. The resulting diffracted beam is used as the ablation
pulse.

6.3 Advanced Techniques

The length of fiber cavities is mainly limited by two effects: Clipping losses and mode matching efficiency.
Both these limitations can be overcome by applying further techniques.

6.3.1 Dot-Milling Technique

The current single pulse technique imprints the Gaussian shape of the laser beam intensity profile onto
the fiber end facet. The resulting structure can only be approximated as spherical in a limited region
around the center. As the diameter of the cavity mode at the mirror position increases with longer cavities,
a larger part of the effective mirror profile becomes non-spherical, resulting in higher clipping losses and
a decrease in the finesse. To produce larger mirrors with spherical curvature, a technique with multiple
pulses, so-called dot-milling, can be used. Here, the ablation is performed with a whole sequence of
weak pulses directed at different positions on the fiber end facet according to a pre-calculated pattern.
Combining this method with the use of so-called “endlessly single-mode” photonic-crystal (PC) fibers
[44], cavities with a length in the millimeter regime have been realized [17]. PC fibers have a larger
mode field diameter than regular single mode fibers, which increases the mode matching efficiency in
the case of a larger cavity mode spot size. The new translation stages have the high precision needed to
implement the dot milling scheme in our setup.

6.3.2 GRIN Lenses

A different approach to address the decreased mode matching efficiency caused by the increased spot
size is using a combination of single mode, graded index (GRIN) and multi-mode fibers [16]. Here, a
GRIN fiber is spliced to the single mode fiber to act as a focusing element. It shapes the fiber mode to
match the cavity mode in analogy to a focusing lens in the case of a free space cavity (see figure 6.1).
A piece of multi mode fiber is spliced to this assembly as the mirror carrier and as a spacer to ensure
the GRIN lens is positioned at the correct distance from the cavity. For this purpose, a new splicer1 has
already been bought.

1Fujikura Fusion Splicer FSM 100P+
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6.3 Advanced Techniques

Figure 6.1: The graded refractive index shapes the fiber
mode such that it matches the cavity mode at the mirror.
(Simplified sketch, neglecting the multi-mode fiber spacer
to illustrate the principle.)

With all these further improvements we expect that the new setup will be able to produce state of the art
fiber mirrors in the future.
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APPENDIX A

Knife Edge Method

The knife edge method is a technique to profile a beam with a Gaussian transversal intensity profile

I(x, y) = I0 exp
−2x2

w2
x

 exp
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w2
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 , (A.1)

with wx and wy being the beam radii in x- and y-direction respectively, and the beam travelling in the
z-direction. The total power is then given by the integral

Ptot = I0
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If the beam is now partially blocked by a knife edge (see figure A.1 (a)), in our case a standard razor
blade, coming in from the positive x-direction, the remaining transmitted power as a function of knife
edge position X is

P(X) = I0

∫ X
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exp
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 √2X
wx

 (A.3)

The beam radius wx can now be determined by moving the razor blade step wise through the beam
from fully covered to fully open, recording the transmitted power as a function of position, and fitting a
function based on the right hand side of equation A.3 to the data. Examples can be seen in figure A.2.
By repeating the procedure for different z-positions (see figure A.1 (b)), the beam waist can be determined.
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Figure A.1: Knife edge method to determine the profile of a Gaussian beam: Measuring the
transmitted power for different x-position reveals the transversal profile (a), repeating the
measurement for different z-positions allows to determine the axial profile as well. (b)
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(a) Expanded beam of the telescope with
a beam diameter of 12.5 ± 0.5 mm. The
dip at the end is attributed to fluctuations
of the laser at low powers.
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(b) Beam right before the focusing lens.
It has further expanded to d = 14 ± 0.5
mm.

Figure A.2: Knife edge method curves for the expanded beam.
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