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CHAPTER 1

Introduction

Many experiments in atomic physics, quantum optics, and optical spectroscopy rely on the controlled
spatial overlap of multiple optical fields within a common interaction region. Depending on the
application, these fields may consist of freely propagating beams addressing different optical transitions
or of resonant cavity modes used to enhance light-matter interactions. In either case, their relative spatial
alignment directly affects the strength of the underlying interaction [1, 2].

Optical cavities provide a particularly strong spatial definition of the optical field while simultaneously
enhancing the interaction of light with matter. In cavity quantum electrodynamics, this allows single
atoms or other emitters to interact strongly with confined optical modes and enables applications such as
state detection, photon generation, quantum gates, and quantum-network nodes [3—6]. More complex
experiments can require several optical modes to overlap within the same interaction region. Crossed
optical cavities have, for example, been used to couple a single atom to two distinct cavity modes,
enabling the realization of a heralded quantum-network node [7].

Fiber Fabry—Pérot cavities (FFPCs) provide a compact implementation of optical resonators. FFPCs
are typically formed by two concave, reflective mirrors fabricated directly on fiber end facets [8—10].
Their small mode volume, high achievable finesse, and direct fiber coupling make them attractive for
experiments requiring strong light—matter interaction [9, 11, 12]. FFPCs have been used in cavity-QED
experiments, cavity optomechanics, single-photon applications, and optical spectroscopy [13-19].
Compared with bulk-optical cavities, the fiber-based geometry with direct optical access through the
fibers additionally offers the possibility of constructing compact and mechanically stable devices with an
open mode volume.

For experiments involving more than one optical field, the relative alignment of the corresponding
fiber axes becomes an additional challenge. Conventional FFPC assemblies primarily define a single
cavity axis. Introducing an additional pump fiber or a second cavity requires the corresponding axes
to intersect within a small interaction volume while maintaining sufficient alignment precision and
mechanical stability. In crossed-cavity experiments based on individually positioned optical elements,
such as the quantum-network architecture demonstrated in Ref. [7], the relative cavity geometry is
established through external alignment of the individual components. While this provides a high degree
of flexibility, the relative positions of the optical elements have to be adjusted and their alignment
maintained during the experiment.

A monolithic or mechanically predefined assembly instead fixes the relative positions of the fiber axes
directly through the geometry of the structure [11, 12, 20]. This reduces the number of independently



Chapter 1 Introduction

adjustable degrees of freedom and can therefore simplify the initial alignment, improve reproducibility
between assemblies, and potentially reduce relative mechanical drift. Such passive alignment is
particularly attractive for compact and integrated devices in which the relative positions of several optical
fields should remain fixed over long measurement times.

Photothermal spectroscopy (PTS) is one optical-sensing application that may strongly benefit from
such a crossed-fiber-cavity platform [21-23]. In photothermal gas spectroscopy, a pump laser is tuned
to an absorption transition of the target gas. Absorption of the pump light locally heats the gas, which
changes its density and therefore its refractive index [22, 24, 25]. By modulating the pump power,
a periodic refractive-index modulation is generated in the illuminated region. This refractive-index
modulation can be detected using a second optical field, referred to as the probe beam. When the probe
beam propagates through the heated region, the change in refractive index alters the accumulated optical
phase of the probe light. The photothermal signal can therefore be detected through the corresponding
phase modulation of the probe beam, without relying on a direct measurement of the weak pump
absorption [24, 25].

The sensitivity of the probe can be increased by integrating the interaction region into an optical cavity.
The probe field then passes repeatedly through the heated region, increasing the effective interaction
length, while the cavity resonance provides a sensitive measure of changes in optical path length [22, 26,
27]. This principle has already been applied successfully in photothermal gas sensing using Fabry—Pérot
interferometers and, more recently, miniaturized fiber Fabry—Pérot cavities [28, 29]. The latter includes
work by our collaborators from the laser-spectroscopy group at Wroctaw University of Science and
Technology.

In this configuration, the pump beam has to cross the probe cavity mode within the central interaction
region. The achievable photothermal signal therefore depends not only on the optical properties of the
cavity and the absorption of the gas, but also on the spatial overlap between the pump beam and the cavity
field. In the previously demonstrated setup, the pump beam was introduced using free-space optics. This
implementation required careful external alignment and clipping at the fiber structures limited the usable
pump power within the interaction region [28]. Replacing the free-space pump path by an additional fiber
guide offers the possibility of defining the relative pump and probe positions mechanically and in close
proximity, while potentially reducing clipping losses and alignment complexity [23, 30] and improving
the long-term stability of the sensor. Such properties are particularly relevant for field-deployable optical
gas sensors, for example in industrial or mining environments as well as for atmospheric monitoring [31].

The goal of this thesis is therefore to develop a compact assembly platform for this photothermal
sensing scheme in which the relative position of the probe cavity and an orthogonal pump axis is
defined mechanically by the assembly itself. This work was carried out in close collaboration with the
laser-spectroscopy group at Wroctaw University of Science and Technology, for whose photothermal
sensing experiments the resulting assemblies are intended.

The same platform can furthermore be extended from a single FFPC crossed by a propagating pump
beam to two orthogonal cavities. In this configuration, the pump field can itself be resonantly enhanced in
a second cavity. This would increase the pump intensity within the sensing volume and thereby increase
the absorbed optical power for weakly absorbing gas species or low target-gas concentrations [29, 32].

The intended geometry imposes several requirements on the assembly. Based on the parameters of the
intended photothermal sensing implementation, the probe cavity operates near a wavelength of 1 550 nm
and consists of fiber mirrors with radii of curvature of approximately 300 pm. Cavity lengths around
120 pm are targeted as a compromise between a compact cavity geometry and sufficient optical access to
the central interaction region for the pump field. A transverse cavity-mode radius on the scale of several
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micrometers requires the relative positioning of the orthogonal axes to be controlled on the micrometer
scale. At the same time, the cavity fibers have to remain movable along their optical axes to enable
cavity-length tuning.

These requirements define the main technical challenge of this work: combining precise relative
alignment of several fiber axes with the mechanical requirements of a tunable high-finesse cavity. After
introducing the basic properties of fiber Fabry—Pérot cavities in Chapter 2 and the fabrication and
characterization of fiber mirrors in Chapter 3, three different assembly concepts are presented and
investigated with respect to their fabrication and practical implementation in Chapter 4. Their alignment
precision and reproducibility, together with suitable methods for characterizing the relative alignment
achieved by the different concepts, are evaluated in Chapter 5. Based on these results, the design and
first implementation steps of a final platform for the realization of two crossed fiber Fabry—Pérot cavities
are presented in Chapter 6. Finally, a conclusion and an outlook are given in Chapter 7.



CHAPTER 2

Fiber Fabry—Pérot Cavity System

2.1 Fundamentals of Fabry—Pérot Cavities

The principles of Fabry—Pérot cavities are well established and have been described extensively in
the literature, e.g. in Ref. [33]. Therefore, only the concepts and formulas required for this work are
summarized here. More detailed descriptions can be found in the aforementioned reference.

A Fabry—Pérot resonator consists of two reflective mirrors facing each other and separated by a
distance L_,,. Depending on the mirror properties, light can be reflected multiple times between them.
When the round-trip phase is an integer multiple of 27, the circulating fields interfere constructively and
a steady-state intracavity field can build up.

A resonator formed by two spherical mirrors supports a set of transverse eigenmodes whose spatial
field distributions reproduce themselves after each round trip. The fundamental TEM,,; mode generally
experiences the lowest diffraction and clipping losses and is therefore the dominant mode considered in
this work. Its intensity distribution can be approximated by a Gaussian transverse envelope modulated
by a longitudinal standing-wave pattern [34],

2 2 (x* + y2
I(x,y,2) =1, (%) exp _(sz)) sinz(kz), 2.1

where the cavity axis is chosen as the z-axis, wy, is the waist radius, and w(z) is the beam radius at the
position z, measured relative to the waist position. The beam radius w(z) is given by [33]

2
w(z) = woy|1 + (i) , 2.2)

<R
with the Rayleigh range zg.
For a cavity consisting of two spherical mirrors, the waist radius is given by [33]

W(Z) _ %J Lcav (Rl - Lcav) (RZ - Lcav) (Rl + R2 - Lcav) , (2‘3)

2
(Rl + RZ - 2Lcav)

provided that the cavity lies within the stability range. A two-mirror cavity is geometrically stable
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when 0 < g,8, <1, with g; = 1 - L_,,/R;. Consequently, the spatial geometry of the Gaussian cavity
mode is fully determined by the mirror radii of curvature, the cavity length, and the wavelength.

Within the Gaussian envelope, a longitudinal standing-wave pattern arises from the interference of the
counterpropagating fields. The free spectral range (FSR) is given by [12]

c
s
anCElV

and corresponds to the frequency spacing between adjacent longitudinal resonances. For an air-filled
cavity, n = 1, such that the FSR reduces to Avggg = ¢/(2L,,).

The circulating field results from the coherent superposition of the field transmitted into the cavity
and all fields remaining after successive round trips. During each round trip, part of the circulating field
leaves the cavity through the mirrors. The field detected in reflection from the incoupling side is the
coherent superposition of the promptly reflected field and the field leaking out of the cavity through
the incoupling mirror. Assuming lossless propagation between the mirrors, the reflected field can be
expressed as [11]

E =FE

mn

. ry (2.5)

__tiryexp (ip)
1 —rirpexp(ig) |’

where ¢ = 2k L_,, is the round-trip propagation phase. The quantities r; and #; denote the amplitude
reflection and transmission coeflicients of mirror i, respectively, while R; and T; are the corresponding
power coeflicients. For an ideal lossless mirror, |r;| = \/ﬂ_l and |t;]| = \/Tl If the mirror additionally
introduces a power loss £;, its amplitude reflectivity is given by

| =v1-T,- L. (2.6)

On resonance, destructive interference between the promptly reflected and cavity-leakage fields reduces
the reflected intensity. Under ideal mode-matching and detection conditions, the reflected-intensity
resonance is symmetric and can be described by a Lorentzian-like line shape close to resonance.

In the presence of imperfect mode matching, the promptly reflected field and the cavity-leakage field
can have different spatial profiles. Consequently, they couple back into the guided fiber mode with
different complex amplitudes, while the remaining optical power is coupled into cladding or radiation
modes. Since the phase of the cavity-leakage field varies across the resonance, interference between
the guided components introduces a dispersive contribution to the detected signal and produces an
asymmetric reflection line shape [11].

The spectral width of an individual cavity resonance is described by its full width at half maximum
(FWHM), denoted by Avgwyn. For areflection dip, the FWHM is measured between the two frequencies
at which the reflected intensity reaches half of the resonance-dip depth relative to the off-resonant
baseline.

The finesse ¥ quantifies the spectral quality of the cavity and can be experimentally determined
through [12]

Avegg

F = Q@.7)

Avewnm

For a high-finesse cavity with small mirror transmissions and intracavity losses, the finesse can be
approximated as [34]
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2n
r~ T\+T,+ L, 28
where L, denotes the total round-trip intracavity power loss. It includes absorption, scattering,
diffraction, and clipping losses, but excludes the mirror transmissions 7; and 75, which are stated
separately in the denominator.
For a given cavity length, a higher finesse therefore corresponds to narrower resonances, a longer
photon lifetime, and a larger average number of round trips before the intracavity power is transmitted or
lost.

2.1.1 Fiber-Based Fabry—Pérot Cavities

Compared with macroscopic free-space cavities, optical microcavities enable smaller cavity lengths,
beam waists, and mode volumes. This is particularly advantageous for applications requiring strong
light—matter interaction. In photothermal gas sensing, a compact cavity reduces the required sample
volume and enables the construction of a small and transportable sensor system.

In a fiber-based Fabry—Pérot cavity, the optical field is guided directly to and from the cavity through
an optical fiber. This reduces the amount of external free-space alignment required. However, the same
fiber also acts as a spatial mode filter for the reflected field.

The characteristic geometry and target parameters of the fiber Fabry—Pérot cavities considered
throughout this work are shown in Figure 2.1. Both mirror radii of curvature were chosen to be
approximately 300 pm. The target cavity length throughout most of this work was approximately 120 pm,
well within the stable range of the corresponding cavity geometry. In addition to the cavity geometry, the
mirrors were designed for high-finesse operation, with target mirror transmissions below 10 ppm. The
resulting transmission and reflection properties are discussed in Subsection 3.1.3.

2.2 Alignment of Fiber Fabry—Pérot Cavities

The relative alignment of the two fiber mirrors is particularly important for high-finesse cavities. Owing
to the small dimensions and finite usable area of the fiber mirrors, lateral and angular misalignment can
strongly affect the cavity performance.

The cavity alignment directly influences the strength and contrast of the measured resonance signal. In
reflection measurements, the resonance appears as a reduction in reflected power caused by interference
between the promptly reflected field and the field leaking out of the cavity. The relative depth of this
resonance dip is referred to here as the incoupling efficiency 74;,. Assuming that the off-resonant
reflected power corresponds to the incident power, it can be written as [11]

Preﬂ,min = (1 - ndip) Pin’
A value of 14, = 1 corresponds to complete extinction of the reflected signal on resonance.

The factors determining the resonance depth can be separated approximately into two contributions [34],

Naip = TviM Mimp>»

where nyy is the optical mode-matching efficiency and 7;,, is the impedance-matching efficiency.
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Leay ~ 120 pm

Figure 2.1: Schematic illustration of the Gaussian fundamental mode of a fiber Fabry—Pérot cavity with a cavity
length of L_,, = 120 pm. Both fiber mirrors have a radius of curvature of RoC = 300 pm and an effective mirror
diameter of approximately D = 50 pm, representative of the fibers used in this work. The mode radius of the field
emerging from the incoupling fiber is approximately w; = 4.5 pm, while the cavity-mode radius at the mirror
surfaces is approximately w,, = 8.5 pm. The cavity-mode waist is w, = 7 pm for a wavelength of 4 = 1550 nm.
The enlarged region illustrates the longitudinal standing-wave intensity modulation, with adjacent intensity maxima
separated by 1/2.

Mode matching describes the spatial overlap between the guided fiber mode and the cavity eigenmode,
whereas impedance matching describes the balance between the transmission of the incoupling mirror
and the remaining cavity losses. Although both contributions may change simultaneously during
mechanical alignment, their separate treatment is useful for identifying the physical mechanisms that
limit the measured resonance depth.

2.2.1 Impedance Matching

From Equation 2.5, the impedance-matching efficiency for the minimum reflected power on resonance
can be written as [35]

T, - T, - £n)2‘ 2.9)

N
Minp (Tl +T,+ Ly

The impedance-matching efficiency reaches its maximum value of 7, = 1 when

Tl = T2 + 'Ert'

In this case, the transmission of the incoupling mirror exactly matches the sum of the transmission
through the second mirror and the additional round-trip intracavity losses. The cavity is then critically
coupled, or impedance matched, and the reflected field vanishes on resonance for perfect spatial mode
matching.

ItT, > T, + L, the cavity is overcoupled, whereas for 7| < 7T, + L, it is undercoupled. In the
cavities used in this work, both mirrors were designed to have a transmission of approximately 10 ppm.
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Since additional intracavity losses are always present, the condition 7} = T, + L, cannot be fulfilled for
identical mirror transmissions. The cavities are therefore expected to be undercoupled, with 7;,, < 1.

2.2.2 Optical Mode Matching

Another factor influencing the intensity of the detected reflection signal is the spatial overlap between
the electric field emerging from the incoupling fiber and the cavity field. The degree to which both field
distributions match can be quantified using the spatial mode-overlap integral [36, 37].

The spatial mode overlap depends on several properties of the fiber mode, the cavity mode, and
their relative alignment. To estimate the influence of the individual contributions, the mode-matching
efficiency can be approximated as the product of separate factors. This factorization is sufficient for the
estimates presented here. However, the complete overlap integral in Equation A.1 must generally be
evaluated when an exact description is required.

The approximate factorized mode-matching efficiency is written as [11, 37]

M = Mo Mg Ma» (2.10)

where 7, describes the overlap for perfect lateral and angular alignment, 1, accounts for a lateral
displacement between the fiber and cavity modes, and 77, accounts for an angular mismatch between their
propagation axes. The corresponding expressions are given in Appendix A.l. In the present system, a
lateral mismatch can arise from an offset between the fiber core and the center of the laser-machined mirror
depression, while an angular mismatch can result from a non-zero cleave angle and the corresponding tilt
of the fabricated mirror surface. The remaining factor 7, accounts for the intrinsic beam-shape mismatch
between the fiber mode and cavity mode, caused by differences in their mode radii and wavefront
curvatures.

Within the scope of this thesis, the magnitude of the individual contributions can be estimated for
a representative cavity. The targeted cavity length was L = 120 pm and the mirror radii of curvature
varied between fibers but were typically close to 300 pm, with deviations of up to approximately 50 pm.

For the following estimate, radii of curvature of R; = 290 pm and R, = 310 pm are assumed. The
incoupling fiber has a mode-field diameter specified by the manufacturer IVG Fiber [38] of MFD = 9 ym.
The average lateral offset between the center of the mirror depression and the fiber core was approximately
d = 2 pm, while an angular mismatch of § = 0.5° is assumed.

Substitution of these values into the expressions included in Appendix A.1 gives

Ny = 66 % ng = 92% ng = 99 %.

The resulting total mode-matching efficiency is therefore

M = oM ate =~ 60 %.

For the assumed parameters, the dominant limitation is therefore the beam-shape mismatch, while the
reductions caused by lateral and angular misalignment are smaller. Even for perfect impedance matching,
only approximately 60 % of the incident power can therefore couple to the fundamental cavity mode
under these assumptions.

Mechanical misalignment of the fiber mirrors can influence both the mode-matching and impedance-
matching efficiencies. A lateral or angular offset between the fiber mode and the cavity mode reduces
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their spatial overlap and therefore lowers r7y,. Misalignment can additionally increase the coupling to
higher-order transverse cavity modes. For larger offsets, the cavity mode can also approach the finite
edge of the mirror depression, increasing clipping and diffraction losses. These additional intracavity
losses reduce the finesse and simultaneously alter the impedance-matching condition through £ . Thus,
mechanical alignment affects the measured reflection signal through both spatial mode overlap and cavity
loss.

2.2.3 Polarization Splitting

Imperfections in the fiber-mirror fabrication process can result in different radii of curvature along
the two principal axes of a mirror, leading to an elliptical mirror profile. This ellipticity introduces
a polarization-dependent phase shift during each cavity round trip and therefore lifts the degeneracy
of the two orthogonal polarization eigenmodes. As a result, a single cavity resonance can split into
two polarization resonances, with the frequency separation depending on the ellipticity of the cavity
mirrors [39].

When two elliptical fiber mirrors form a cavity, their relative orientation also influences the resulting
polarization splitting. Rotating one fiber mirror with respect to the other changes the combined
differential phase shift introduced by the two mirrors. If the contributions of both mirrors are comparable,
the polarization splitting can be reduced and, for equal differential phase shifts, can in principle be
compensated completely.

Whether the two polarization resonances can be resolved experimentally depends on their frequency
separation relative to the cavity linewidth. If the splitting is smaller than the linewidth, the resonance can
appear approximately degenerate. For sufficiently narrow resonances, however, the two polarization
modes become distinguishable. Owing to the high finesse and correspondingly narrow linewidths of the
cavities investigated in this work, polarization splitting was therefore frequently observed. An example
is shown in Figure 3.6, where polarization-mode splitting is visible in the EOM sidebands, while it is
less pronounced in the main resonance.

The relative coupling strength to the two polarization eigenmodes depends on the polarization of
the incoupling light. By adjusting the input polarization, the coupling to one polarization mode can be
enhanced while the other is strongly suppressed. Since the polarization splitting did not significantly
affect the cavity characterization or its intended application for gas sensing in this work, residual splitting
was generally accepted.
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Fiber Mirror Fabrication & Characterization

The general fabrication and characterization procedures for fiber mirrors have been described extensively
in previous work, e.g., in Refs. [12, 34, 40]. Since the mirrors used in this thesis were fabricated specifically
for the present experiments, the relevant fabrication parameters, fabrication-specific challenges, and
resulting mirror properties are summarized here. In addition, the high target finesse required modifications
to the characterization procedure used to identify suitable mirror pairings.

3.1 Fiber Mirror Fabrication

The fiber mirrors used throughout this work were fabricated using the in-house laser-machining setup
of the Bonn FiberLab [41]. The following section summarizes the fabrication procedure and the
specific challenges encountered for the fiber mirrors used in this thesis. A detailed description and
characterization of the laser-machining setup can be found in [34, 42].

The preparation of the fiber mirrors consists of three main steps. First, the fiber tip is prepared with a
sufficiently flat surface to enable controlled laser ablation. Second, the surface is ablated using a CO,
laser, producing a concave depression whose radius of curvature, depth, and ellipticity depend on the
ablation parameters. Finally, the machined fiber tips are coated with a dielectric reflective coating. The
individual steps are described in more detail below.

3.1.1 Fiber Preparation

The fiber mirrors were fabricated on 60 cm long pieces of copper-coated single-mode Cul300 fiber
manufactured by IVG Fiber [38]. The fibers consist of a pure-silica core with a diameter of approximately
5 pm and a surrounding cladding with a diameter of 125 pm. An additional carbon layer and an outer
copper-alloy coating surround the cladding.

At one end of each fiber, the copper coating was removed by immersing the fiber in an FeCl; solution,
leaving the inner carbon layer intact. This carbon layer was retained during the mirror-fabrication run
used in this work, but can alternatively be removed by plasma ashing [40].

The stripped fiber end was subsequently cleaved to obtain a flat surface for laser machining. The
autocleaver by Nyfors Teknologi AB was used with a tension setting of 190 g, which provided the best
surface quality and cleave-angle results in preliminary tests performed for this work. Small cleave angles

10
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are generally important for subsequent fiber-mirror fabrication [43]. With this setting, cleave angles
below approximately 0.5° were typically obtained.

However, the performance of the cleaver varied over the course of a day, resulting in noticeable
variations in the surface quality between individual fibers. Since imperfections of the cleaved surface
directly influence the subsequent laser-ablation process, this also affected the achievable mirror quality.

The cleaved surfaces were inspected using the white-light/green-light interferometer integrated into
the laser-machining setup. Surface irregularities can be identified through distortions of the interference
pattern caused by nonparallel or uneven surface regions. The interferometer is described in more detail
in [42].

Representative examples are shown in Figure 3.1. In Figure 3.1(a), pronounced surface artifacts are
visible, making the fabrication of a well-defined concave mirror surface nearly impossible. Figure 3.1(b)
shows a surface containing one dominant defect, which resulted in strongly elliptical ablation profiles.
In contrast, Figure 3.1(c) shows a typical surface without pronounced interference-pattern distortions,
which generally produced reproducible ablation profiles. Variations in cleave quality therefore reduced
the number of fibers suitable for further mirror fabrication.

c)

Figure 3.1: Examples of cleaved fiber surfaces observed with the green-light interferometer integrated into the
laser-machining setup. (a) Poor cleave with pronounced surface artifacts. (b) Cleaved surface containing one
large defect, likely introduced by the cleaver blade, resulting in an uneven surface. (c) Typical cleaved surface
considered suitable for subsequent laser machining. The small artifact visible at the edge is generally present and
corresponds to the entry point of the cleaver blade.

The fibers were then mounted in a fiber holder capable of clamping up to 26 fibers simultaneously,
with the cleaved surfaces oriented towards the CO, laser for the subsequent ablation process.

3.1.2 CO, Laser Ablation

For the ablation process, a CO, laser operating at 9.3 pm is focused onto the fiber surface. Depending
on the targeted radius of curvature, the pulse duration, number of pulses, and laser intensity are varied.
These quantities are referred to as the shooting parameters throughout this work.

The fiber holder is mounted on a motorized translation stage, and the fiber surface can be observed
using the integrated white-light or green-light interferometer. This allows tilted or uneven fiber surfaces
to be identified, as illustrated in Figure 3.1. The tilt of the fiber surface can be adjusted using a rotation
stage mounted on the translation stage. Since the interferometer is aligned parallel to the CO,-laser beam
path, optimizing the fiber-surface orientation with respect to the interferometer simultaneously aligns it
with respect to the laser beam. For an optimally aligned fiber surface, no pronounced interference fringes

11
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are visible, indicating that the fiber surface is approximately perpendicular to the beam propagation
direction.

To center the laser ablation on the fiber core, the required translation-stage positions were calibrated
before each shooting day using test shots on a glass substrate. This was necessary because the positioning
of the stage showed a small drift between individual shooting sessions. In addition, the laser output itself
varied over time. The shooting parameters therefore had to be adjusted during the fabrication run in
order to obtain comparable mirror geometries for the individual fibers.

Even after optimizing the centering and shooting parameters, each laser-machined indentation differs
slightly. The most important geometric parameters affecting the suitability of the resulting fiber mirror for
cavity operation are illustrated in Figure 3.2. The first is the radius of curvature, shown in Figure 3.2(b),
which, as discussed above, determines the cavity-mode geometry. The second is the position of the
mirror depression relative to the center of the fiber core, shown in Figure 3.2(c). Such an offset reduces
the spatial overlap between the guided fiber mode and the cavity mode. The third is the cleave angle
and therefore the orientation of the mirror surface, illustrated in Figure 3.2(d), which can influence the
orientation of the cavity mode. For the cavity geometries investigated in this work, the lateral offset and
cleave angle should therefore be minimized, while the radius of curvature should be close to the targeted
value of RoC = 300 pm.

a) b) c) d)
Ablation Ablation Ablation
pulse pulse

Ablation @1

Fiber Fiber Fiber

Figure 3.2: Illustration of important geometric parameters resulting from the laser-machining process that influence
the properties and suitability of the fiber mirrors for cavity operation. (a) Ideally centered mirror depression with
zero cleave angle and the targeted radius of curvature. (b) Centered mirror depression with zero cleave angle but a
radius of curvature deviating from the targeted value. (c) Laterally offset mirror depression with zero cleave angle
and the targeted radius of curvature. (d) Centered mirror depression with a non-zero cleave angle and the targeted
radius of curvature.

After laser ablation, each fiber mirror was characterized using green-light phase-shifting interferometry.
From the reconstructed surface profile, the radii of curvature along both principal axes, the indentation
depth, useful mirror diameter, ellipticity, and lateral offset of the mirror depression relative to the fiber
center were extracted. The resulting mirror profiles corresponding to the cleaved surfaces shown in
Figure 3.1 are presented in Figure 3.3. These examples show that uneven cleave surfaces, as shown in
Figure 3.3(a) and (b), can result in larger ellipticities and lateral offsets of the ablated mirror depressions,
which may reduce the achievable mirror quality. The characterization results for all fiber mirrors used in
this work are summarized in Figure 3.4. The radii of curvature are centered around the targeted value of
approximately 300 nm, while the useful mirror diameters are mostly close to 52 pym. In contrast, the
ellipticity and lateral offset of the mirror depression show a broader distribution. The larger spread in
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these quantities may partly result from variations in the cleave angle and surface quality before laser
machining.

Figure 3.3: Examples of laser-ablated fiber surfaces corresponding to the cleaved surfaces shown in Figure 3.1,
observed using the green-light interferometer integrated into the laser-machining setup. (a) The poor cleave with
pronounced surface artifacts resulted in radii of curvature of R, = (329.89+0.44) ymand R y = (224.47+0.20) pm,
an ellipticity of 1.47, an indentation depth of 5.49 pm, a useful diameter of 52.66 pm, and a lateral offset of
4.99 um. (b) The cleaved surface containing one pronounced defect resulted in R, = (331.49 + 0.32) ym and
R, =(259.23 £ 0.20) pm, an ellipticity of 1.28, a depth of 1.55 pm, a useful diameter of 53.63 pm, and a lateral
offset of 2.94 pm. (c) The typical cleaved surface resulted in R, = (280.29+0.17) pmand R, = (300.06+0.19) pm,
an ellipticity of 0.93, a depth of 1.83 nm, a useful diameter of 48.68 pm, and a lateral offset of 0.48 pm.

3.1.3 Mirror Coating

After laser machining, the fiber mirrors were coated with dielectric mirror layers by Layertec GmbH [44].
The coating has a specified transmission of (10 + 4) ppm at normal incidence within a wavelength
range of 1545nm to 1565 nm. The specified reflectivity is greater than 99.995 % between 1530 nm
and 1577 nm and greater than 99.99 % between 1 648 nm and 1 654 nm, both at normal incidence. The
corresponding manufacturer-specified reflection spectrum is shown in Figure A.1.

For two mirrors with a transmission of approximately 10 ppm and negligible additional losses, this
corresponds to an idealized maximum finesse on the order of 3.1 x 10°.

Overall, the fabrication process determines not only the radii of curvature and usable diameters of the
fiber mirrors, but also their positions and orientations relative to the fiber cores. Deviations in these
quantities can influence both the spatial overlap between the guided fiber mode and the cavity eigenmode
and the optical losses of the resonator.

3.2 Fiber Cavity Characterization Setups

Two setups were used to evaluate the optical performance of the fabricated fiber mirrors. The first
characterizes individual fiber mirrors in combination with a flat reference mirror, while the second
assesses the performance of cavities formed by two fiber mirrors. Both setups are described in the
following sections.
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Figure 3.4: Histograms of the laser-machined fiber mirrors used in this work. (a) Distribution of the ellipticity, (b)
radius of curvature, (c) lateral offset of the mirror depression relative to the fiber center, and (d) useful mirror
diameter. The dashed lines indicate the mean value.

3.2.1 Fiber-Plane Mirror Cavity Characterization Setup

To estimate the quality of the fiber mirrors after the coating process, each fiber mirror was characterized
in a hybrid cavity configuration. In this configuration, the fiber mirror is positioned opposite a flat DBR
mirror, and the cavity resonance is observed in reflection through the fiber mirror. The flat reference
mirror has the same nominal transmission of 10 ppm as the fiber mirrors. Its influence on the measured
cavity properties therefore cannot be neglected. However, since the same reference mirror is used for all
measurements, the extracted cavity characteristics provide a useful relative measure for comparing the
quality of the individual fiber mirrors and their suitability for forming fiber—fiber cavities.

The general setup is shown in Figure 3.5. Light from a laser operating at 1550 nm first passes
through a 50/50 fiber-optical coupler, a polarization paddle, and an electro-optic modulator (EOM)
before entering a fiber circulator. The circulator separates the reflected cavity signal from the incident
light and minimizes back-reflections into the laser, while the polarization paddle controls the incoupling
polarization into the EOM. Another polarization paddle positioned before the fiber mirror allows control
over the polarization of the incoupling beam and thus over the excited polarization eigenmodes. The
investigated fiber mirror is mounted on a piezo-driven translation stage, which allows the cavity length
to be scanned across a resonance. The piezo stage is driven by a waveform generator through a 75x
voltage amplifier. The orientation of the flat reference mirror can be adjusted to optimize the cavity
alignment. The piezo-drive signal and the reflected cavity signal detected by a photodiode are recorded
simultaneously on an oscilloscope.
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Figure 3.5: Setup for fiber-mirror characterization. Light from a laser operating at 1 550 nm is coupled into a 50/50
fiber-optical coupler (FOC) and subsequently passes through a polarization paddle and an electro-optic modulator
(EOM). The EOM is driven by a waveform generator and is used to generate modulation sidebands for finesse
calibration. A fiber circulator separates the light directed towards the measurement arm from the reflected signal.
In the measurement arm, a second polarization paddle controls the polarization before the light is coupled into the
fiber mirror under investigation. The fiber mirror is mounted on a piezo-driven translation stage and positioned
opposite a flat reference mirror with the same nominal transmission of 10 ppm. The reflected cavity signal is
detected with a photodiode and recorded on an oscilloscope together with the voltage driving the piezo stage. All
optical elements are fiber coupled.

Due to the low mirror transmission and the correspondingly narrow cavity resonances expected for
high-finesse operation, the setup is highly sensitive to mechanical vibrations. The complete setup was
therefore mounted on a breadboard with vibration-damping feet, and the fiber was clamped as close as
possible to the fiber end facet in order to reduce mechanical motion of the fiber mirror. In addition, the
resonance dips could only be resolved reliably at sufficiently low scan speeds. At higher scan speeds,
ringing effects became apparent and distorted the resonance lineshape [19]. This occurs because the
intracavity field cannot decay instantaneously while the cavity is scanned through resonance, resulting
in an oscillatory interference signal in reflection. For comparison, measurements with and without
pronounced ringing are shown in Figure 3.6(a) and (b), respectively. When ringing is present, the
modulated sideband resonances exhibit the same effect, as visible in Figure 3.6(a).

For the measurements presented here, the piezo stage was therefore driven with a triangular signal at
20 Hz and an amplitude of 80 mV ,. The offset voltage was adjusted to shift a cavity resonance into the
accessible scan range.

Because of the narrow resonance linewidth and the limited cavity-length scan range, scanning across an
entire free spectral range was not feasible. To nevertheless determine the resonance linewidth in frequency
units, modulation sidebands were generated using an electro-optic modulator (EOM) positioned before
the circulator. An additional polarization paddle placed before the EOM allows the polarization at the
EOM input to be optimized and thereby controls the strength of the generated sidebands.

The frequency separation between the carrier and the modulation sidebands is set by the frequency
applied to the EOM and is therefore known precisely [45]. The sideband resonances consequently
provide a frequency reference within the cavity-length scan. This allows the time axis recorded by the
oscilloscope to be converted into a relative frequency axis and thus enables the linewidth of the main
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Figure 3.6: Example measurements using EOM sideband modulation for the finesse determination of the same
cavity configuration. Polarization splitting is visible in the sideband resonances in both measurements. (a)
Measurement at a comparatively high piezo scan speed using a triangular drive signal at 20Hz and 1V ,,. The
main resonance exhibits an overshoot followed by an oscillatory structure, characteristic of cavity ringing caused
by the rapid scan through resonance. The same effect is also visible in the sideband resonances. The sidebands
were generated using a modulation frequency of f,,,; = 50 MHz. (b) Measurement at a lower scan speed using
a triangular drive signal at 20 Hz and 80 mV,,. No pronounced ringing is visible, and the resonance follows
the expected asymmetric Lorentzian-like lineshape. Sideband resonances can be identified on both sides of the
main resonance, with their frequency separation from the carrier resonance determined by the EOM modulation
frequency. The fitted resonance positions are indicated by vertical lines. The sidebands were generated using a
modulation frequency of f,,,4 = 100 MHz.

cavity resonance to be determined. The FSR is subsequently estimated from the cavity length measured
using the microscope image.

Finesse Extraction

To determine the resonance linewidth and position as accurately as possible, the measured reflection
signal is fitted using a combination of a Lorentzian and a dispersive contribution [34],

AL + Ap(x = xp)
2 2 2 2,4
(x—xg)"+w7 /4 (x—xp)" +w/4

where the first term describes the Lorentzian contribution to the resonance dip, while the second term
accounts for the asymmetric dispersive contribution resulting from spatial mode filtering in the fiber.
The parameter w corresponds to the FWHM of the Lorentzian contribution, while x, describes its center
position. Owing to the dispersive contribution, the minimum of the complete fitted resonance does
not necessarily coincide exactly with x,. For the resonance shapes observed in this work, however, x
provides a sufficiently accurate estimate of the resonance position.

The sideband resonances have a known frequency separation from the main resonance given by the
modulation frequency f;,,4- The sideband positions are determined by applying the same fit function
as in Equation 3.1. With 7_ and ¢, denoting the positions of the two sideband resonances, the average
temporal separation between the main resonance and either sideband is

y(x) =y - (3.1)

|t+_t—|

AISB = 2

16



Chapter 3 Fiber Mirror Fabrication & Characterization

The conversion factor between the measured time axis and frequency is then

C = fmod
YAy’

and the cavity linewidth in frequency units is obtained from

Avewnm = C,, Atpwim-

An example of a measured resonance with modulation sidebands and the corresponding fits is shown
in Figure 3.6(b).

To determine the finesse, the FSR additionally has to be estimated. The cavity length is obtained from
microscope images, using the known fiber diameter as a spatial calibration. The corresponding FSR is
then calculated according to Equation 2.4. Finally, the finesse is determined using Equation 2.7.

3.2.2 Fiber-Fiber Cavity Characterization Setup

Since each fiber mirror has individual geometric characteristics, different mirror pairings have to be
tested in order to assess the achievable cavity performance. Even if two individual fiber mirrors show
promising coupling efficiencies and finesse values in the hybrid-cavity characterization, combining them
does not necessarily result in a high-quality fiber—fiber cavity. Differences in lateral mirror offset, cleave
angle, radius of curvature, and other geometric parameters can lead to additional losses and reduced
mode-matching efficiency when the mirrors are paired.

For this reason, promising fiber mirrors were tested in combination with several other fiber mirrors in
order to identify suitable pairings. For these measurements, the fiber pairs were inserted into a glass
ferrule, which provided reproducible mechanical alignment of the two fibers during characterization. To
further improve the coupling efficiency, one of the fiber mirrors was additionally mounted in a rotational
holder, allowing the relative angular orientation of the two fiber mirrors to be adjusted. The cavity
resonance was monitored in reflection through one of the fiber mirrors. The corresponding setup is
shown in Figure 3.7. Apart from this modification, the measurement procedure was analogous to that
used for the fiber—plane-mirror configuration described above. The best-performing mirror combinations
were then selected for subsequent cavity assembly and application.
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Figure 3.7: Setup for fiber—fiber cavity characterization. The optical components are arranged equivalently to
the hybrid-cavity setup shown in Figure 3.5. In this configuration, however, the fiber mirror under investigation,
FM1, is positioned opposite a second fiber mirror, FM2, instead of the flat reference mirror. FM2 is mounted
in a rotatable fiber holder, allowing its orientation relative to FM1 to be adjusted in order to optimize the cavity
alignment and coupling efficiency. This setup is used to determine the pairwise achievable finesse and coupling
efficiency of two fiber mirrors.
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CHAPTER 4

Design and Fabrication of the Assembly
Platforms

Building on the fiber—fiber Fabry—Pérot cavities previously used for photothermal gas sensing by our
collaborators [19], the aim of this work was to extend the concept towards mechanically predefined pump
and probe axes. As introduced in Chapter 1, the photothermal signal depends on the spatial overlap
between the pump field and the cavity probe mode. In the previously used configuration, the pump beam
was focused into the cavity region using free-space optics, making its alignment relative to the cavity
mode an additional experimental challenge.

This limitation, together with the aim of reducing the need for additional free-space optics, motivated
the idea of guiding the pump beam through an additional optical fiber, hereafter referred to as the pump
fiber, whose position can be controlled mechanically. As a first step, a three-channel 3D-printed ferrule
had already been developed in previous work, with a geometry similar to that of a conventional glass
ferrule but with an additional channel oriented orthogonally to the cavity axis [46]. This design allowed
the pump fiber to be positioned close to the cavity region while reducing clipping by the surrounding
ferrule structure. In that design, cavity lengths above approximately 100 pm were targeted in order to
provide sufficient optical access between the fiber mirrors.

Building on the promising results of this approach, the concept was extended in this work to
configurations with two opposing fibers positioned orthogonally to the probe-cavity axis. This
configuration can either be used to introduce two different excitation beams into the interaction region,
for example at different wavelengths, or, in a more advanced configuration, to form a second fiber cavity
whose axis is orthogonal to that of the probe cavity.

A central requirement of such a crossed configuration is the spatial overlap of the two optical axes.
Especially for photothermal gas sensing, the region excited by the pump beam has to overlap with the
region probed by the cavity field in order to maximize the photothermal signal. For this reason, different
assembly methods for aligning four fiber ends were developed and evaluated. The general configuration
consists of two orthogonal optical axes, each defined by two opposing fiber ends. The two axes have to
intersect within the free-space region between the fiber end facets.

From these considerations, the main design requirements can be summarized as follows:

* A mechanically stable structure that maintains the alignment of the fibers over extended periods of
time.
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 The ability to adjust the distance between opposing fiber ends, at least along the probe-cavity axis,
in order to tune the cavity length and scan through resonance.

 Sufficient optical and physical access to the intersection region to enable interaction with the
investigated sample or medium.

* Precise alignment of the two fiber axes such that they intersect within the intended interaction
region.

Based on these requirements, two fabrication approaches were investigated. The first, described in
Section 4.1, uses supporting grooves fabricated from Macor ceramic by the university workshop, while
the second, described in Section 4.2, employs three- and four-channel ferrules produced by high-precision
3D printing using direct laser writing (DLW). The corresponding design, fabrication, implementation,
and post-processing challenges are discussed in the respective sections.

4.1 Grooved Ceramic Holders

4.1.1 Holder Concepts and Design

The first assembly concepts were based on positioning the fiber tips in precisely machined grooves. A
sufficiently precise groove constrains the lateral position of a fiber and can therefore provide reproducible
alignment. To apply this concept to both optical axes, two orthogonally oriented grooves were machined
into two different holder geometries fabricated from Macor, as shown in Figure 4.1 and Figure 4.2.

Transverse

fiber 1 UV-epoxy

Fiber mirror 1

Marcor ceramic
spacer plate

Silver epoxy

Piezo ceramic 1
Fiber mirror 2

Transverse

Copper wire fiber 2

Marcor ceramic
groove block

Piezo ceramic 2

5mm

Figure 4.1: Sketch of the Macor block design. The central 10 mm X 10 mm and 5 mm high extrusion contains the
two orthogonally oriented grooves. It is connected to a larger 30 mm X 30 mm and 5 mm high platform, providing
space for additional components. Shear piezo elements mounted on the platform enable translation of the cavity
fibers along the grooves when a voltage is applied. Additional Macor pieces are placed above and below the
shear piezo elements to provide sufficient space for the electrical contacts and wires, while their combined height
approximately matches that of the central extrusion. The components and electrical contacts are fixed using silver
epoxy. The cavity fibers are attached to the upper Macor plates using UV-curable epoxy, while the pump fibers are
fixed directly to the Macor block close to the cavity region. Detailed dimensions of the block design are provided
in Figure A 4.
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Macor was chosen as the base material due to its mechanical stiffness and electrically insulating
properties. For the fabrication process used here, the Macor parts could additionally be fixed to a
supporting surface by adhesive rather than by mechanical clamping, reducing the risk of stress-induced
deformation during machining.

The fabrication nevertheless proved challenging for the university workshop. The required groove
precision lies on the micrometer scale and is therefore considerably higher than for most components
usually manufactured in the workshop. The specific fabrication challenges encountered are discussed in
the following subsections.

The first concept is based on a monolithic block structure with a central square extrusion surrounded
by a larger supporting platform, which can be seen in Figure 4.1. The two orthogonally oriented grooves
are machined into the central extrusion, while the surrounding platform provides space for mounting
additional components. Along the cavity axis, shear piezo elements are attached to the platform in order
to translate the cavity fibers along the grooves and thereby vary the cavity length.

The piezo elements require electrical contacts on opposing surfaces in order to generate the intended
shear motion. Additional Macor plates are therefore placed above and below the piezo elements,
primarily to provide sufficient space for attaching the electrical contacts and wires. At the same time,
their dimensions are chosen such that the combined height of the piezo element and Macor plates
approximately matches the height of the central extrusion. The cavity fibers can then be positioned
inside the grooves and attached to the upper Macor plates using UV-curable epoxy. The pump fibers,
which are oriented orthogonally to the cavity axis, do not require longitudinal scanning and can instead
be fixed directly to the Macor block close to the central interaction region.

Transverse

Fiber mirror 2 UV-epoxy fiber 2

=N

Piezo ceramic 2

. Copper wire
Marcor ceramic

groove plate

Transverse Silver epoxy
fiber 1

Marcor ceramic
spacer plate

— 2mm

Figure 4.2: Sketch of the Macor plate design. The grooves are machined into a 10 mm X 10 mm and 2 mm high
plate. Two shear piezo elements are attached to the underside of the plate on either side of the cavity region. An
orthogonal cut separates the two sides of the cavity axis while leaving narrow connections at the outer edges to
keep the plate mechanically intact during assembly. The piezo elements extend beyond the plate to provide access
for the electrical contacts. The groove plate and piezo elements are subsequently mounted onto an additional
Macor plate for mechanical support. After assembly, the remaining connections at the edges of the groove plate are
cut, mechanically separating the two sides of the cavity axis. The cavity and pump fibers are then fixed inside their
respective grooves using UV-curable epoxy. Detailed dimensions of the plate design are provided in Figure A.5.

The second concept is based on a considerably smaller Macor plate corresponding approximately to
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the area of the central extrusion of the block design and can be seen in Figure 4.2. Again, two orthogonal
grooves intersect at the center of the plate. In contrast to the block design, two shear piezo elements are
attached directly to the underside of the groove plate on either side of the cavity region. Both piezo
elements are subsequently mounted onto a common supporting Macor plate. The piezo elements extend
beyond the edge of the groove plate to provide access for the electrical contacts. The corresponding
fabricated Macor groove plate is shown in Figure 4.3, together with a close-up of the central groove
intersection. Additional cuts are machined into the groove plate around the central cavity region, almost

a)

Figure 4.3: Microscope images of the fabricated Macor groove plate. (a) Overview of the complete groove plate
with the two orthogonally oriented grooves. (b) Close-up of the central region where the two grooves intersect and
define the intended position of the orthogonal fiber axes.

separating the two sides of the cavity axis. During assembly, narrow Macor connections at the outer
edges keep the plate mechanically intact. After the piezo elements and supporting plate have been
attached, these remaining connections can be cut through. The two sides of the cavity axis are thereby
mechanically separated and can be displaced relative to each other by the shear piezo elements. In this
design, both the cavity and pump fibers can be fixed inside their respective grooves close to the central
interaction region.

Before evaluating the alignment performance of the two holder concepts, several practical limitations
associated with the machined grooves themselves were identified. In particular, deviations from the
specified groove dimensions and the mechanical behaviour of coated fibers inside the grooves had to be
addressed. These aspects are discussed in the following subsections.

4.1.2 Groove Fabrication

The first generation of grooves was designed such that a fiber with a diameter of approximately 130 pm
would lie completely inside the groove without protruding above the ceramic surface. The groove had
an opening angle of 45°. A schematic illustration of the intended geometry is shown in the inset of
Figure 4.4(a).

The fabricated grooves, however, deviated significantly from the intended geometry, as can be seen in
the microscope image in Figure 4.4(a). This deviation resulted from the finite flat region at the bottom
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of the milling tool. In principle, a small flat bottom would be feasible as long as its width remains
sufficiently small compared with the fiber diameter. In that case, the fiber would still contact the inclined
sidewalls of the groove and would therefore be laterally constrained when positioned at the lowest point.

Figure 4.4: Images of the grooves manufactured by the university workshop. The inset in each panel shows the
specified dimensions. (a) Result of the first groove design. According to the specified geometry, the top of a
130 pm-diameter fiber should align with the top surface of the ceramic when positioned at the deepest point of
the groove. The fabricated groove, however, showed a flat bottom surface with a width of approximately 100 nm,
allowing the fiber to move laterally even at the deepest position. In addition, a gap of approximately 75 nm
remained between the top of the fiber and the ceramic surface. (b) Result of the final groove design. In the specified
geometry, a 130 pm-diameter fiber protrudes above the ceramic surface when positioned at the deepest point of the
groove. The fabricated groove still exhibits a flat bottom surface, but with a reduced width of approximately 60 pm.
This allows the fiber to contact the inclined sidewalls, thereby constraining lateral movement. As intended, the
fiber protrudes above the ceramic surface, allowing it to be pressed into the deepest position using a flat pressing
element from above.

For the fabricated grooves, however, the flat bottom region was too wide, allowing the fiber to rest on
the bottom surface without being tightly constrained by the sidewalls. Consequently, lateral motion of the
fiber remained possible even when it was positioned at the deepest point of the groove. In addition, the
fabricated grooves were deeper than specified. As a result, the upper surface of the fiber remained below
the ceramic surface when inserted into the groove, making it more difficult to clamp the fiber in place.

The initial assumption was that the fiber would bend downwards under its own weight and therefore
naturally settle into the groove. In practice, this was not always the case. In particular, fibers with excess
coating material close to the end facet or residual copper coating beyond the clamping point exhibited a
considerably higher stiffness and did not reliably conform to the groove geometry.

To keep the fibers in the lowest position of the grooves, several lid concepts were therefore designed
and tested. Since the fibers were located below the ceramic surface, a flat lid alone was insufficient.
Instead, protruding structures matching the groove positions were required to extend into the grooves
and press the fibers down.

One attempted lid consisted of a conventionally 3D-printed part with corresponding protrusions.
However, the printer resolution was insufficient to reproduce the required dimensions accurately. Another
lid was fabricated from aluminium by the university workshop. In this case, the dimensions of the
protruding structures differed considerably from the design and were therefore unable to reliably press
the fibers into the grooves. The workshop subsequently concluded that the required geometry could not
be manufactured with sufficient precision using the available equipment.

As a final approach, a lid was fabricated using a high-precision 3D printer. Owing to the long printing
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time, only a small protrusion for a single groove was produced. Although the resulting geometry
corresponded well to the design, the small dimensions and low mass of the polymer structure made it
difficult to handle and insufficient for pressing the fiber into the groove without additional force.

Based on these tests, the groove geometry was redesigned. Instead of fully embedding the fiber below
the ceramic surface, the groove depth was reduced such that part of the fiber protrudes above the surface
even when positioned at the deepest point of the groove. This allows a simple flat lid to apply pressure
directly to the fiber and hold it securely against the groove sidewalls.

After several iterations, the workshop succeeded in producing grooves suitable for further testing. The
final geometry is shown in Figure 4.4(b). As intended, part of the fiber protrudes above the ceramic
surface when positioned at the deepest point of the groove. Since the alignment concept relies directly
on the groove geometry, the reproducibility of the fabrication process was additionally evaluated by
comparing multiple nominally identical grooves.

For this comparison, an array of five nominally identical grooves with the specifications shown in
Figure 4.4(b) was fabricated on a single Macor plate. Each groove was tested using the characterization
setup described in Subsection 3.2.2, with the groove plate replacing the glass ferrule as the mechanical
alignment structure. Two different fiber-mirror pairs were used, forming a low- and a high-finesse cavity,
respectively, when sufficiently well aligned. During these measurements, the fibers were pressed into the
grooves using pieces of a Sorbothane rod. The clamping procedure itself is discussed in Subsection 4.1.3.

For the low-finesse cavity, each groove was tested three times. Between individual measurements, the
fiber mirrors were repositioned and reclamped in order to reproduce independent alignment conditions.
As a reference, the same fiber pair was additionally characterized using a commercial glass ferrule with
a specified channel diameter of 135 nm. The resulting coupling efficiencies are summarized in Table 4.1.
The repeated measurements show that the obtained coupling efficiency depends noticeably on the exact

Table 4.1: Measured coupling efficiencies for a commercial glass ferrule with a specified channel diameter of
135 pm and five nominally identical grooves fabricated from Macor. Each groove was measured three times after
repositioning and reclamping the fiber mirrors. GF denotes the glass ferrule and G1-GS5 the five grooves.

Iteration GF Gl G2 G3 G4 G5

Coupling efficiency / %
1 41 42 26 36 31 29
2 35 26 27 27 28 31
3 - 383 36 28 30 35

Average 38.0 353 29.7 303 29.7 31.7

repositioning and clamping conditions. For example, the measured coupling efficiency of Groove 1 varies
between 26 % and 42 %. The averages of the five grooves, however, range only from approximately 30 %
to 35 %, compared with 38 % for the commercial ferrule. The differences between the individual groove
averages and the ferrule reference are therefore approximately 3—8 percentage points. Considering the
variation observed between repeated alignment measurements, no clear systematic reduction of the
achievable coupling efficiency compared to the ferrule can be identified. The measurements therefore
indicate that the grooves can provide an alignment comparable to that of the conventional glass ferrule.

In addition to the coupling efficiency, the cavity finesse was estimated for each groove and for the
ferrule reference. The obtained values were all of the same order of magnitude. Since the finesse
determination additionally depends on the linearity of the cavity-length scan and on the cavity length
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estimated from the microscope image, the extracted values should primarily be used for comparison
rather than interpreted as exact absolute finesse values. Similar finesse values therefore provide an
additional indication that no strong additional intracavity losses are introduced by the individual grooves.

To further assess the performance of the grooves, a second test was performed using a fiber-mirror
pair that forms a high-finesse cavity under good alignment. Such cavities are particularly sensitive to
additional round-trip losses because their intrinsic loss budget is small. Misalignment of the fiber mirrors
can introduce additional clipping or diffraction losses, which broaden the cavity resonance and thereby
reduce the measured finesse. At the same time, imperfect mode matching between the fiber mode and
the cavity mode reduces the observed resonance depth and therefore the measured coupling efficiency.

Comparing the coupling efficiencies and finesse values obtained under similar conditions for the
different grooves therefore provides information on the reproducibility and precision of the alignment
achieved by the groove structures. A comparison with the corresponding values obtained using a
commercial glass ferrule under the same conditions additionally indicates how closely the groove-based
alignment approaches the performance of the established ferrule geometry and how suitable the grooves
are for high-finesse cavity formation. The measured coupling efficiencies and finesse values are
summarized in Table 4.2. For this measurement, a commercial glass ferrule with a specified channel
diameter of 142 pm was used as the reference, since the larger coating thickness of these fibers prevented
their insertion into the 135 pm ferrule. The measured coupling efficiencies differ by at most 10 percentage

Table 4.2: Measured coupling efficiencies and corresponding cavity finesses for a commercial glass ferrule with a
specified channel diameter of 142 nm and five nominally identical grooves fabricated from Macor. GF denotes the
glass ferrule and G1-GS the five grooves. The target cavity length was approximately 100 pm for all measurements.

GF G1 G2 G3 G4 G5
Coupling
efficiency /% 30 ~25 ~25 ~25 ~30 ~28
Finesse 1.03x10° 1.14x10° 1.06x10° 121x10° 1.69x10° 1.12x 10’

points from the ferrule reference. At the same time, all five grooves allow finesse values above 10° to
be reached, with the measured finesse exceeding the ferrule reference for each groove. Both quantities
therefore indicate that no substantial degradation of the achievable cavity performance due to the groove
geometry is apparent within these measurements. Groove 4 in particular combines a coupling efficiency
comparable to the ferrule reference with the highest measured finesse. The results therefore demonstrate
that the Macor grooves are compatible with high-finesse cavity operation.

Based on these measurements for a single optical axis, the groove concept therefore appears promising.
However, the measurements also showed that reproducible alignment requires the fibers to be held
reliably at the deepest position of the grooves. The implementation of a suitable clamping mechanism
was therefore a central requirement when extending the concept to the complete crossed-fiber assembly.

4.1.3 Additional Clamping

As discussed above, coated fibers in particular can exhibit sufficient stiffness that additional clamping is
required to keep them positioned at the deepest point of the groove. An example of the best achievable
alignment without additional clamping, recorded from the side using a USB microscope, is shown in
Figure 4.5(a). The clamping material has to be sufficiently soft to avoid damaging the fibers, which are
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b)

Figure 4.5: Microscope images of cavity fibers inserted into one of the grooves from the groove array used to
evaluate the fabrication accuracy. (a) Side view of the best achievable fiber position without additional clamping.
The fibers bend upwards due to their intrinsic stiffness, since no external pressure is applied. Further vertical
adjustment of the fiber holders only increases the displacement of the fiber tips from the deepest position of the
groove. This configuration therefore does not provide sufficiently stable positioning for cavity formation. (b) Side
view of the cavity fibers while being pressed into the groove using Sorbothane rods attached to a clamp normally
used for securing polarization cubes. The fibers are partially obscured by the groove, indicating that they are
positioned deeper within it. With this additional clamping, the alignment was sufficient to form a stable cavity.

sensitive to lateral pressure and can break easily. At the same time, the fibers should be clamped as
close as possible to the fiber tips to reliably keep them in the lowest position of the groove. However,
a sufficient distance from the end facets has to be maintained, since the fibers were intended to be
permanently fixed inside the grooves using UV-curable epoxy. Any epoxy leaking into the cavity region
could contaminate the fiber mirrors and degrade the cavity performance.

The first clamping method was tested on a single optical axis using small pieces of a Sorbothane rod,
which was also used for clamping the fibers in the holders employed during fiber-mirror fabrication,
as described in Subsection 3.1.2. This successfully pressed the fibers into the grooves, as shown in
Figure 4.5(b). However, Sorbothane exhibits comparatively high friction, which made it difficult to
translate the fibers along the grooves without risking damage. Such translation is required to adjust the
fiber-tip separation and scan the cavity length through resonance.

For this reason, the clamping material was changed to Teflon owing to its lower friction. For a single
optical axis, this provided the desired combination of downward pressure and longitudinal mobility. A
separate side-view image is not included, since the resulting fiber position is visually comparable to
that obtained using Sorbothane. When extending the concept to two orthogonal optical axes, however,
additional challenges became apparent.

First, the clamping structure restricted lateral optical access to the cavity region. A new clamping
device was therefore fabricated with a central opening that provides optical access from above. Pieces of
Teflon rod were attached to the underside of the structure and used to press the individual fibers into
their corresponding grooves. The clamping device is shown in Figure 4.6. Panel (a) shows the top view,
where the central opening allows the interaction region to be observed from above. Panel (b) shows a
side view, where the Teflon rods attached to the underside of the clamping device are visible. A second
difficulty was that the plane defined by the lower contact surfaces of the Teflon pieces was not perfectly
parallel to the ceramic surface. As a result, different clamping forces were applied to the individual fibers.
Although the softness of Teflon provides some tolerance against this misalignment, excessive pressure
caused bending of the clamping structure. It therefore proved difficult to apply sufficient pressure to
reliably position all fibers while avoiding deformation of the holder.

The identified clamping problem particularly affected the block design, since this concept relied on
the fibers remaining positioned at the deepest point of the grooves while being fixed to the upper Macor
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Figure 4.6: Microscope images of the clamping device mounted on the groove plate. (a) Top view showing
the central opening, through which the interaction region can be observed using a USB microscope. (b) Side
view showing the Teflon rods attached to the underside of the clamping device, which press the fibers into the
corresponding grooves.

plates. As this could not be achieved reliably without an additional clamping structure, the block design
was not investigated further.

The plate design, however, allowed the fibers to be pressed into the grooves during fixation and was
therefore retained for subsequent alignment characterization described in Section 5.2. For this purpose,
the plate was evaluated in its basic mechanical configuration without attached piezo elements, since the
primary objective was to assess the achievable fiber alignment provided by the groove geometry itself.

Overall, the Macor-groove approach demonstrated that the lateral position of the fibers can be
constrained mechanically using precisely fabricated grooves. However, the required machining accuracy,
the need for an additional clamping structure, and the difficulty of applying a uniform clamping force to
the fibers increased the complexity of the assembly. In addition, the achievable alignment depends directly
on the fabrication tolerances of the individual grooves. These limitations motivated the investigation of a
more integrated alignment concept based on 3D-printed ferrules, which is discussed in the following
section.

4.2 3D-Printed Ferrules

4.2.1 Ferrule Concept and Design

In addition to the ceramic assembly concepts, 3D-printed ferrules were investigated as an alternative
approach. Their design was inspired by conventional glass ferrules [20] and further developed from
printed-ferrule concepts investigated in previous work [46].

The main purpose of the printed ferrules is to simplify and stabilize the alignment of the fiber tips. In
the groove-based assembly concepts, additional clamping components are required to hold the fibers
in position. In the printed ferrules, this additional clamping is avoided by guiding the fibers through
enclosed channels, as illustrated in Figure 4.7. These channels constrain the lateral motion of the fibers
and therefore define their relative positions and orientations within the central cavity region.

For the crossed-ferrule design, the centers of all four channels lie within the same plane and intersect
at the center of the cavity region. The two optical axes are arranged orthogonally, similar to the
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Figure 4.7: Sketch of the four-channel crossed-ferrule design. Each channel extends 4 mm from the central cavity
region and is supported by a printed arm with a cross section of I mm X 1 mm. The plane containing the channel
centers is shifted by 0.2 mm relative to the central plane of the ferrule. The central cavity region contains an
opening with a cross section of 0.4 mm x 0.4 mm, providing optical access from above. Along the cavity axis,
weakened connection regions are introduced into both arms. The ferrule is mounted using silver epoxy on a
longitudinal piezo element, which changes its length when a voltage is applied. After cutting the weakened
connection regions, the two sides of the cavity axis are mechanically separated. The cavity fibers are fixed only
in the outer sections of the channels using UV-curable epoxy, allowing them to slide within the inner channel
sections during piezo actuation. The outlined central regions show (a) the four-channel crossed ferrule and (b) the
corresponding three-channel T-shaped ferrule, which omits one pump-fiber channel and thereby provides lateral
optical access to the cavity region. Detailed dimensions of the ferrules are provided in Figure A.6 and Figure A.7
for the crossed and T-shaped ferrule, respectively.

groove-based design. Ideally, the geometry therefore aligns all four inserted fibers directly at the intended
interaction region.

An additional opening in the central cavity region provides optical access from above. The plane
containing the channel centers is positioned slightly above the central plane of the ferrule. This improves
the visibility of the inserted fiber tips from above, similar to the geometry of conventional glass ferrules.

To enable tuning of the cavity length, the same basic principle as in [20] is applied, but using a printed
ferrule instead of a glass ferrule. Weakened connection regions are introduced into the two arms defining
the cavity axis. The ferrule is mounted along this axis onto a longitudinal piezo element with a length of
8 mm and a width of 2 mm. The ferrule is fixed to the piezo at three positions using silver epoxy, with
one attachment point on each outer arm and one in the central region. Electrical connections are made
by attaching wires to the piezo element.

After mounting, the weakened connection regions are cut through, mechanically separating the two
outer arms of the cavity axis from the central region. The cavity fibers are fixed only in the outer sections
of the channels using UV-curable epoxy, while the inner channel sections remain free. The cavity fibers
can therefore slide within the channels when the piezo element expands or contracts. This relative
displacement changes the separation of the two fiber mirrors and allows the cavity length to be scanned
through resonance. The pump fibers are also fixed in the outer sections of their corresponding channels
using UV-curable epoxy.

In addition to the four-channel crossed ferrule, a three-channel T-shaped ferrule, designed in previous
work [46], was also investigated and further optimized with respect to its fabrication parameters. This
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configuration accommodates only one pump fiber but provides additional lateral optical access to the
cavity region, as indicated in Figure 4.7(b), making it particularly useful for evaluating the alignment
accuracy and fabrication precision of the printed structures. As for the crossed ferrule, the centers of all
three channels lie within the same plane and intersect at the intended interaction region. If fabricated
with sufficient precision, both the crossed-ferrule and T-shaped-ferrule geometries should therefore
provide the required alignment of the inserted fibers. Examples of a printed three-channel T-shaped
ferrule and a four-channel crossed ferrule fabricated using optimized design and printing parameters
are shown in Figure 4.8(a) and (b), respectively. A close-up of the central channel intersection of the
four-channel crossed ferrule is shown in Figure 4.8(c).

Figure 4.8: Microscope images of fabricated printed ferrules. (a) Overview of the complete three-channel T-shaped
ferrule. (b) Overview of the complete four-channel crossed ferrule. (c) Close-up of the central region of the
four-channel crossed ferrule, showing the intersection of the fiber channels and the intended interaction region.

One of the key advantages of fabricating the ferrules in-house is the flexibility to adapt their geometry
to the specific requirements of the cavity, while remaining independent of external manufacturing
services. The high-precision PPGT+ 3D printer, manufactured by Nanoscribe GmbH & Co. KG [47],
enables the fabrication of structures with feature sizes down to a few hundred nanometers. This resolution
is, in principle, sufficient for the ferrules developed in this work. However, their comparatively large
dimensions on the millimeter scale require careful optimization of several printing parameters and design
features. These considerations are discussed in the following sections.

4.2.2 Ferrule Fabrication

Unless stated otherwise, the specifications and technical descriptions of the DLW process using the
PPGT+ system presented in this section are based on Ref. [48].

Direct Laser Writing with the PPGT+ System

The PPGT+ is a 3D printer based on direct laser writing (DLW). DLW utilizes two-photon polymerization
(2PP), a nonlinear absorption process in a photosensitive resin. Polymerization is induced by a tightly
focused femtosecond near-infrared laser, whose high peak intensity enables the simultaneous absorption
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of two photons. The two-photon absorption rate scales quadratically with the laser intensity, while
the total exposure at a given position additionally depends on the local exposure time. Together with
oxygen-induced quenching effects, polymerization occurs only above a threshold intensity [49]. The
corresponding iso-intensity surface of the polymerization threshold within the focal region defines the
size and shape of the polymerized volume, commonly referred to as a voxel. Since the surrounding
resin remains transparent at lower intensities, material polymerization is confined to this ellipsoidal
volume. The two-photon absorption process and the dependence of the voxel size on the laser power are
illustrated in Figure 4.9(b) and (c), respectively.

The PPGT+ System

The PPGT+ system consists of several components that are essential for understanding its operating
principle. The laser beam is generated by a commercial femtosecond laser operating at a wavelength of
780 nm. It subsequently passes through two rotatable galvanometric mirrors, referred to as galvo mirrors,
which control the propagation direction of the beam.

The beam is then focused into the photoresist, hereafter referred to as resin, using an interchangeable
microscope objective. IP-S, provided by the manufacturer, was used as the resin throughout this work.
The available objectives include a 63x objective with NA = 1.4, a 25X objective with NA = 0.8, a 20x
objective with NA = 0.5, and a 10X objective with NA = 0.3. In this work, only the 25X objective was
used, as its working range and resolution were best suited to the fabrication requirements. The following
discussion therefore refers specifically to this objective.

An indium tin oxide (ITO)-coated substrate, or another suitable printing substrate covered with resin,
is mounted upside down above the objective. The substrate holder can be translated relative to the
objective, enabling the laser focus to be positioned within the resin. An additional piezoelectric stage,
referred to as the piezo stage, provides high-precision positioning over a working range of 300 jum X
300 pm x 300 pm. Furthermore, a separate z-drive translates the objective holder relative to the substrate,
enabling the fabrication of structures with heights of up to 8 mm. A schematic illustration of the system
is shown in Figure 4.9 (a), in which only the piezo stage is indicated for simplicity. Due to the limited
size of a single voxel, more complex structures are formed by connecting adjacent voxels into written
lines and stacking successive layers. The lateral distance between adjacent written lines is referred to as
the hatching distance (HD), while the vertical distance between successive layers is referred to as the
slicing distance (SD). Both parameters are indicated in the enlarged section of Figure 4.9(a). Sufficient
overlap in both directions is required to form a continuous structure. The values recommended in [48]
are an HD of 0.5 pym and an SD of 0.6 um. These values provided satisfactory printing results and were
therefore used throughout this work.

Additionally, the PPGT+ can be operated in piezo mode, where the laser focus is positioned solely by
movement of the piezo stage, or in galvo mode, where fast beam deflection by the galvo mirrors enables
substantially shorter printing times at the cost of reduced precision at large deflection angles. Since the
required accuracy for the structures fabricated in this work was still achieved in galvo mode, this faster
operating mode was used throughout this work.

Shell-and-Scaffold Structures

Because the ferrules have millimeter-scale dimensions, printing them as fully solid structures would
result in prohibitively long fabrication times. The shell-and-scaffold option was therefore investigated to
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Figure 4.9: Schematic illustrations of the PPGT+ system and the physical principles underlying direct laser writing.
(a) Sketch of the PPGT+ setup. The enlarged section which is adapted from [50] illustrates the hatching distance
(HD) and slicing distance (SD), which define the lateral spacing between adjacent written lines and the vertical
spacing between successive layers, respectively. (b) Simplified energy-level diagram comparing single-photon
and two-photon polymerization. Here, Eyjy denotes the photon energy required to induce polymerization by
single-photon absorption, whereas Ejz corresponds to half this energy. Thus, the simultaneous absorption of two
infrared photons provides the required excitation energy. (c) Laser intensity distribution at the focal region and the
resulting polymerized voxel. The voxel boundary is defined by the iso-intensity surface at the polymerization
threshold /.. Panels (b) and (c) are adapted from [48].

reduce the printing time while maintaining sufficient mechanical stability. Here, only the outer shell
of the structure and an internal supporting lattice are polymerized, while the remaining volume is left
unpolymerized. The spacing of the internal lattice, as well as the number of layers used for the lattice
lines and the outer shell, can be adjusted. A denser lattice and a larger number of layers increase the
printing time but also improve the mechanical stability of the structure.

To determine suitable lattice parameters, a sweep over different settings was performed, as shown in
Figure 4.10. In all printed structures, the hexagonal pattern resulting from block splitting is visible. This
effect is independent of the selected lattice parameters and will be discussed in the following section. An
overview of the complete combined scaffold- and block-size sweep is provided in Figure A.2.

For the smallest lattice spacing, approximately 2 pm, shown in Figure 4.10(a), no individual lattice
lines are visible, and the print appears as a homogeneous, fully polymerized structure. The polymer also
appears slightly more yellow than in the other samples. Although the same laser power and scan speed
were applied to all structures, the small spacing between adjacent lines results in a higher local exposure
dose.

In Figure 4.10(b), where the lattice spacing is approximately 20 pm, the individual lattice lines
can be clearly distinguished while still forming a dense supporting structure. For lattice spacings of
approximately 200 pm, as shown in Figure 4.10(c), the lattice becomes mechanically unstable, with
visible bending and partial collapse of the supporting lines.

Based on these results, a spacing of 20 pm was selected for the lateral lattice lines, referred to as walls,
and a spacing of 25 um for the vertical lattice lines, referred to as floors. With these values, the printed
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Figure 4.10: Comparison of different scaffold settings defined by the wall and floor spacing, corresponding to the
lateral and vertical spacing of the scaffold, respectively. Each panel shows the corresponding STL model and an
enlarged view of an approximately equal-sized region of the printed structure: (a) wall spacing of 2 pm and floor
spacing of 2.5 pm, (b) wall spacing of 20 um and floor spacing of 25 pm, and (c) wall spacing of 200 pm and floor
spacing of 250 pm.

structures retained their intended shape while limiting the printing time of a typical four-channel crossed
ferrule to approximately 30 h.

Block Splitting

For structures exceeding the writing field of the galvo mode, the geometry must be divided into individual
printing blocks. Between adjacent blocks, the sample is repositioned using the piezo stage. Since
repositioning with the piezo stage is considerably slower than beam deflection by the galvo mirrors,
larger printing blocks reduce the overall printing time. However, increasing the block size also requires
larger galvo deflection angles and can therefore reduce the fabrication quality.

To quantify the influence of large beam-deflection angles, a series of structures with different printing
block sizes, hereafter referred to as block sizes, was fabricated, as shown in Figure 4.11. For comparison,
each enlarged section displays an area of approximately the same size. The corresponding complete
sweep is shown in Figure A.2.

Figure 4.11: Comparison of different hexagonal block-size settings for a 700 pm x 700 pm X 380 pm test structure.
Each panel shows the corresponding STL model and an enlarged view of an approximately equal-sized region of the
printed structure. The block dimensions are specified as length X width X height: (a) 150 pm X 150 pm X 150 pm,
(b) 200 pm x 200 pm X 200 pm, (¢) 300 pm X 300 pm X 300 pm, and (d) 400 pm X 400 pm X% 300 pm.

A slight stitching effect is visible at the boundaries between adjacent blocks, where material

accumulates within the overlapping regions. For block sizes of up to 200 pm X 200 pm X 200 pm, shown
in Figure 4.11(a) and (b), this effect remains comparatively small. For larger block sizes, shown in
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Figure 4.11(c) and (d), the boundaries become increasingly irregular, and the edges of the printed
structures appear less smooth and less uniform.

When a block is printed next to an already polymerized block, the incident laser beam may be partially
obstructed or attenuated by the previously printed material. This is referred to as the shadowing effect.
A schematic illustration is shown in Figure 4.12. To reduce this effect, the blocks are designed with a
shear angle, which helps to keep the beam path unobstructed. A shear angle of 15° was selected and
provided satisfactory results.

For the same reason, the structure is printed layer by layer, such that vertical repositioning occurs only
between successive block layers. This movement can be performed using either the piezo stage or the
z-drive. The z-drive is generally recommended because it reduces stitching errors between vertically
adjacent layers. However, its lower translation speed leads to a considerable increase in printing time.
Therefore, the vertical position was adjusted using the piezo stage in this work. The block offsets were
chosen such that stitching boundaries did not occur in regions requiring particularly high precision,
especially within the fiber channels of the ferrule. Based on these considerations, a block size of
160 um x 160 pm X 160 pm was selected.

a) b)
| Substrate | Substrate
\\Resin \\Resin
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Figure 4.12: Schematic illustration of the shadowing effect for a block-shaped structure. For vertical sidewalls in
(a), previously polymerized material partially obstructs the incident laser beam, reducing the intensity in lower
regions of the structure. Introducing a shear angle in (b), such that the sidewall angle is smaller than 90°, reduces
or prevents this effect.
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Again, sufficient overlap between adjacent blocks and successive block layers must be ensured to
prevent separation at their interfaces and to form a continuous structure. In both directions, the overlap
was set to 2 pm.

4.2.3 Post-Processing

After printing, the structure remains covered with residual unpolymerized resin. To remove this material,
development in propylene glycol monomethyl ether acetate (PGMEA) for approximately 20 minutes
is recommended. While this duration is sufficient for less complex structures, previous work already
indicated that it was not sufficient to completely remove the residual resin from the narrow fiber channels
of the ferrules [46]. Increasing the development time to approximately 1 hour initially appeared to
resolve this issue.
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During the present work, however, a more detailed investigation of the printed ferrules showed that
residual resin could still remain inside the channels even after this extended development time. This
is illustrated in Figure 4.13(b), which shows a channel after a development time of 2 hours, while
Figure 4.13(a) shows a fully flushed channel for comparison. The post-processing procedure and ferrule
design were therefore further modified within this thesis in order to improve developer access and enable
more complete flushing of the channels.

To increase the flow rate into the fiber channels, continuous stirring of the PGMEA during the
development process was also tested. In a first attempt, the print was placed in a large beaker, leaving
enough space to position the stirring device next to the print. However, this did not result in complete
flushing of the channel after 2 hours, as can be seen in Figure 4.13(c). In a second attempt, a similar
setup was used, but this time inside a smaller beaker, in which the print was suspended above the stirring
device. In principle, this should have increased the flow around the printed structure. However, this
approach also did not improve the flushing process, as shown in Figure 4.13(d).

For this reason, additional cuts extending towards the channels were introduced into the ferrule design
in order to increase the accessibility of the developer. This enabled complete flushing of the channels
in the case of the two-channel ferrule. However, for the three-channel and four-channel ferrules, this
was still not sufficient. After various tests, a development time of 24 hours was found to be required
for the four-channel crossed-ferrule design to show no visible residual unpolymerized resin, while 12
hours were sufficient for the three-channel T-shaped ferrule design. Complete flushing was assessed by
microscope inspection after the subsequent curing step, during which any residual resin polymerizes and
therefore becomes visible as uneven or partially blocked channel regions, as shown in Figure 4.13(b)—(d).

§.-4
L e R I |
Figure 4.13: Results of different flushing approaches. For incompletely flushed channels, an enlarged view of the
blockage is shown. (a) Fully flushed channel of a ferrule design with additional cuts. (b) Incompletely flushed
channel after 2 hours in PGMEA without stirring. (c) Incompletely flushed channel after 2 hours in PGMEA with

a stirring device placed next to the print (see Figure A.3(a)). (d) Incompletely flushed channel after 2 hours in
PGMEA with a stirring device placed beneath the print (see Figure A.3(b)).

After the printed structure has remained in the developer long enough to remove the residual
unpolymerized resin, the remaining PGMEA must also be removed because of its associated health and
environmental hazards [51] and the potential risk of contaminating the fiber mirrors. For this purpose,
the manufacturer recommends immersing the print in 2-propanol (IPA) for 15 minutes. With a viscosity
of approximately 2.43 mPas at 20 °C [51], IPA can be removed more easily from the channels than the
unpolymerized resin, which has a viscosity of approximately (13 600 + 200) mPas [48] at the same
temperature. For the ferrule structures investigated in this work, an immersion time of approximately
one hour in IPA was required to remove the remaining PGMEA from the channels.

Finally, the printed structure is exposed to ultraviolet light while still immersed in IPA in order to

34



Chapter 4 Design and Fabrication of the Assembly Platforms

further cure the polymerized material and any residual resin enclosed within the scaffold.

4.2.4 Ferrule Shrinkage During Post-Processing

In addition to the challenges associated with flushing the channels, shrinkage of the printed structures
must be considered during fabrication and development. Depending on the printing conditions and
geometry, the structures can shrink by up to 12 % [48]. During polymerization, this shrinkage is mainly
attributed to the increase in material density as the liquid resin is converted into the solid polymer. The
structure may therefore continue to contract as the degree of polymerization increases.

Additional deformation can occur during development. The polymerized material may swell in the
developer, while capillary forces during the subsequent drying process can cause further shrinkage or
distortion [52]. To reduce these effects, the printed structures were UV-cured while still immersed in
IPA, thereby postponing the drying process until the degree of polymerization had been increased. The
structures were therefore exposed to UV light in IPA for one hour before being removed and dried. After
being left to dry for one day, they were subsequently placed in an oven to promote further outgassing and
drying of the structures, thereby reducing the risk of additional dimensional changes during subsequent
testing and integration into the platforms.

In principle, shrinkage does not have to be isotropic. In particular, structures that remain attached to
the substrate during development may exhibit anisotropic deformation. However, the ferrules investigated
in this work generally detached from the substrate after approximately one to two hours in the developer.
Since the total development time ranged from 12 to 24 hours, no pronounced anisotropic deformation
was observed by microscope inspection after development, and the subsequent shrinkage therefore
appeared to be approximately isotropic.

Suitable channel diameters were identified through a series of test prints with different nominal
channel dimensions. A channel that is too narrow can be identified directly because the fiber cannot be
inserted. Excessive clearance within the channel is more difficult to detect. To evaluate this, the fibers
were inserted to their intended positions within the cavity region, and their lateral positions were varied
slightly using the translation stages. If this did not produce visible lateral displacement of the fiber tips,
but instead resulted mainly in a small pushing or pulling motion along the cavity axis, the channels were
considered sufficiently tight to provide the required alignment.

Through this process, the nominal channel diameters were optimized to 144 pm for bare fibers and
154 pnm for coated fibers. The bare fibers had a diameter of approximately 125 pm, while the coating
increased the fiber diameter to an average of approximately 134 pm. The channel dimensions therefore
had to be designed larger than the corresponding fiber diameters to allow reliable insertion while still
sufficiently restricting lateral motion. In addition to shrinkage of the structure, the required difference
between the nominal channel and fiber diameters is likely influenced by deviations of the printed channel
surface from the ideal CAD geometry. The structure is formed from overlapping finite-sized voxels
rather than from an ideally continuous boundary, which can introduce surface roughness and local
dimensional variations. Variations in the local exposure dose due to overlapping written lines and layers
may additionally contribute to these deviations. For fibers with substantially different tip diameters, the
channel dimensions must be adjusted accordingly.

With the optimized printing parameters, the alignment provided by the printed ferrules could be
evaluated with respect to their suitability for high-finesse fiber Fabry—Pérot cavities. Low-finesse cavities
using printed ferrules had already been demonstrated in previous work [46], while their performance
with high-finesse cavity fibers still required verification.
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For this purpose, and similar to the assessment of the groove performance described in Subsection 4.1.2,
several high-finesse fiber pairs were tested in printed two-, three-, and four-channel ferrules using the
characterization setup described in Subsection 3.2.2, with the printed channels replacing the glass ferrule
as the mechanical alignment structure. In all configurations, finesse values comparable to those obtained
with conventional glass ferrules could be achieved. Since the cavity fibers were frequently damaged
during the measurements and different fiber pairs therefore had to be used for several tests, a direct
quantitative comparison between all ferrule geometries is not possible.

For a more direct comparison, the result obtained using a printed two-channel ferrule with the same
fiber pair as used for the groove-array measurements is included in Table 4.3. This allows the influence
of the different alignment structures to be compared under otherwise similar cavity conditions. As can
be seen from the results, the printed ferrule reaches a finesse comparable to that obtained with the glass
ferrule and the Macor grooves, while providing a higher coupling efficiency. This demonstrates that
printed ferrules can support high-finesse fiber cavities with performance comparable to that obtained
using glass ferrules or Macor grooves under the investigated conditions.

Table 4.3: Measured coupling efficiencies and corresponding cavity finesses obtained using the same fiber-mirror
pair with different alignment structures. GF denotes the commercial glass ferrule with a specified channel diameter
of 142 nm, G1-GS5 denote the five nominally identical grooves fabricated from Macor, and PF denotes the printed
two-channel ferrule. The target cavity length was approximately 100 pm for all measurements.

GF G1 G2 G3 G4 G5 PF
Coupling
fficiency /%~ 30 ~25 ~ 25 ~25 ~30 ~ 28 ~ 38
Finesse 1.03%10° 1.14x10° 1.06x 10° 1.21x10° 1.69x 10° 1.12x10° 1.14 x 10°

4.3 Comparison of the Assembly Concepts

Overall, all investigated concepts demonstrated that mechanically predefined fiber alignment can support
the formation of high-finesse cavities, but they differed considerably in their practical implementation.
The initial Macor-based block concept was limited by the need to clamp the fibers while still allowing
axial movement and was therefore not pursued further. The Macor-based groove plate avoided this
problem by allowing sections of the supporting structure itself to be translated, but still required additional
clamping of the fibers. For a final tunable crossed-cavity implementation, the sections supporting
the opposing cavity fibers would additionally have to be separated mechanically to allow independent
cavity-length adjustment.

With the fabrication and post-processing parameters optimized, the printed ferrules provided a more
compact alternative in which the fiber positions are defined directly by enclosed channels, removing the
need for an additional clamping structure in the central interaction region. The printed geometry can
furthermore be adapted directly during the design process to include optical access, fiber movement,
and interfaces for piezoelectric actuation. Together with the comparable finesse and higher coupling
efficiency obtained in the direct comparison, this made the printed ferrule the most promising approach
for the final implementation.

The remaining question for both the groove plate and the printed ferrules was whether the relative
positions of the orthogonal fiber axes were sufficiently precise and reproducible to provide the intended
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spatial overlap within the central interaction region. This was investigated experimentally using the
alignment characterization methods introduced in the following chapter.
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CHAPTER 5

Evaluation of the Assembly Platforms

To compare the alignment performance of the remaining assembly platforms, namely the Macor-based
groove plate and the printed ferrules, suitable methods for determining the relative positions of the
orthogonal fiber axes were required. The characterization methods developed for this purpose are
introduced first in Section 5.1. The first method, discussed in Subsection 5.1.1, employs a rotating pillar
inserted into the interaction region, for which both the working principle and the development of the
method are described. The second method, presented in Subsection 5.1.2, is based on a conventional
knife-edge measurement applied simultaneously to two orthogonally propagating beams.

After introducing the characterization methods, the predefined alignment achieved with the groove
plate and the DLW-fabricated ferrules is evaluated in Section 5.2 and Section 5.3, respectively. The
results of both assembly approaches are then compared at the end of the chapter.

5.1 Alignment Characterization Methods

While the alignment of two opposing grooves or channels along a single axis can be assessed comparatively
easily by testing whether they support the formation of a high-finesse cavity, determining the relative
alignment of two orthogonal axes, each defined by a pair of opposing grooves or channels, is more
challenging.

For this characterization, fiber mirrors were not used, since the resulting cavity-mode position does not
depend solely on the alignment provided by the grooves or channels, but also on the individual properties
of the fiber mirrors. In particular, lateral or angular offsets of the laser-machined mirror depressions
relative to the fiber axes can shift or tilt the cavity mode independently of the mechanical alignment
imposed by the assembly structure.

Since these mirror-dependent contributions vary from one fabricated fiber mirror to another, the
relative position of two cavity modes would contain contributions from both the assembly structure and
the cavity geometry defined by the individual fiber mirrors. This would make it difficult to determine
how accurately the crossed geometry is predefined by the assembly structure itself.

The aim was therefore to evaluate the alignment provided solely by the grooves or channels using
freely propagating beams emitted from cleaved single-mode fibers. In previous work, a method was
developed to evaluate the alignment of the pump-fiber channel relative to the probe-cavity axis in a
three-channel T-shaped ferrule [46]. This method is briefly introduced in the following.
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5.1.1 Rotating Pillar Method

The original method used to assess the alignment of the three-channel T-shaped ferrule employs a
cylindrical pillar that is inserted into the optical beam path through the orthogonal pump-fiber channel.
The method is described in detail in [46] and is therefore only summarized here.

A cleaved single-mode (SM) fiber is inserted into one of the two cavity-fiber channels. The fundamental
fiber mode can be well approximated by a Gaussian field distribution and therefore propagates as an
expanding Gaussian beam after leaving the fiber facet [53]. A multimode (MM) fiber is positioned in
the opposing channel and collects the transmitted light. The core diameter of the MM fiber is chosen
sufficiently large to collect most of the optical power at the selected separation from the SM fiber.

A cylindrical pillar with a diameter of approximately 50 pm is inserted into the beam path through the
orthogonal pump-fiber channel. Depending on its rotational orientation, different parts of the transverse
Gaussian intensity distribution are blocked, resulting in a corresponding variation of the optical power
detected by the MM fiber. To relate this measured power variation to the relative position of the pillar
and the optical axis, the expected transmission was calculated for different pillar positions and rotational
orientations. For this purpose, the emitted field was modeled as a freely propagating Gaussian beam.
The beam radius at a propagation distance of approximately 120 pm was determined from Equation 2.2.
The pillar is represented as an opaque mask, and the transmitted power is obtained by integrating the
remaining intensity distribution over the transverse plane.

Two rotational orientations of the pillar, illustrated in Figure 5.2(a) and (b), produce local maxima in
the transmitted power that are equal in amplitude under ideal alignment. In these configurations, the
pillar blocks approximately either the upper or the lower part of the Gaussian beam. The corresponding
normalized peak intensities are denoted by /; and /.

The theoretical values of /; and I, depend mainly on two geometrical parameters. The first is the
lateral offset d; between the orthogonal pump-fiber axis and the cavity axis. The second is the offset d,,
of the printed pillar relative to the center of the supporting fiber end facet. The latter has to be considered
because the DLW fabrication process does not necessarily position the pillar perfectly concentrically on
the fiber.

To separate the contributions of these two offsets, additional independent quantities are required. For
this purpose, the sum and the absolute difference of the two peak intensities are evaluated,

I+=Il+12’

and

I_=|I, -1

The quantities 7, and /I_ are calculated theoretically over a range of values for d; and d;,. The
experimentally obtained values are then compared with these calculated values. The combination of d;
and d,, giving the closest agreement provides an estimate of the lateral offset between the orthogonal
pump-fiber channel and the cavity axis, while simultaneously accounting for an imperfectly centered
pillar.
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Pillar Fabrication

The pillar was designed to be fabricated by DLW directly on the end facet of a cleaved optical fiber.
During the alignment measurement, the fiber carrying the pillar is inserted into the orthogonal pump-fiber
channel. Provided that the pillar is printed concentrically on a sufficiently flat and well-cleaved fiber end
facet, its position therefore represents the position of a fiber inserted into the orthogonal channel relative
to the cavity axis.

Since the printed polymer transmits more than 90 % of the light at the operating wavelength of
1550 nm [48], an additional coating was required to sufficiently block the probe beam. Two coating
approaches were therefore tested: a thin metallic silver coating and a carbon-black coating. The resulting
pillars are shown in Figure 5.1. An uncoated pillar is shown in (a) for comparison, while (b) and (c)
show pillars coated with silver and carbon-black, respectively.

a) b) C)

W} !

Figure 5.1: Microscope images of printed pillars on cleaved fiber end facets. (a) Uncoated pillar after development.
(b) Pillar with a thin metallic silver coating. (c) A different pillar coated with a carbon-black dispersion.

Silver was selected because of its high reflectivity at the operating wavelength [54], while carbon-black
was investigated because of its strong optical absorption [55] and small particle size of 10 to 20 nm [56],
which allowed a comparatively uniform surface to be obtained after application. The silver coating was
deposited using a physical vapor deposition system. A copper adhesion layer with a target thickness of
approximately 1 nm was deposited first, followed by a silver layer with a target thickness of approximately
100 nm. Similar Cu adhesion layers are employed for the deposition of silver films in nanophotonic
structures [57]. The deposition was performed using the evaporation system of the Nanophotonics group
of Prof. Stefan Linden at the Physikalisches Institut, University of Bonn. An improvised holder allowed
several pillar fibers to be coated simultaneously. No pronounced inhomogeneity of the coating was
observed during microscope inspection, as shown in Figure 5.1(b).

For the carbon-black coating, a dispersion containing approximately 1 wt% carbon-black and 0.5 wt%
PMMA in IPA was prepared. PMMA was used as a polymeric binder for the carbon-black particles, as
commonly employed in carbon-black/polymer composite coatings [58]. The dispersion was mixed in
an ultrasonic bath for 60 min at 40 °C to promote dispersion of the carbon-black particles and reduce
agglomeration [59].

The individual pillar fibers were subsequently coated using a spin coater of the Nanophotonics group
of Prof. Stefan Linden at the Physikalisches Institut, University of Bonn. A custom 3D-printed holder
was fabricated to keep the fibers in position during the coating process. After applying a droplet of
the carbon-black dispersion, the spin coater was operated at 500 rpm for 5 s, followed by 6 000 rpm for
90 s to distribute the dispersion across the pillar surface [60]. These parameters were selected based on
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several preliminary coating tests.

A practical limitation became apparent for the carbon-black coating. Although the coating adhered to
the pillar under normal handling, it could be rubbed off easily upon contact with another surface. This is
particularly problematic for the intended cavity measurements, since accidental contact between the
coated pillar and a fiber mirror could transfer carbon-black particles onto the mirror surface. Depending
on their position, such contamination could introduce additional optical losses or even prevent the
formation of a stable high-finesse cavity. For this reason, carbon-black-coated pillars were not used for
the subsequent alignment measurements.

Measurement Procedure

The setup used for the rotating-pillar measurement is shown in Figure 5.2. A cleaved SM fiber and
an MM fiber are inserted into the two opposing cavity-fiber channels. The SM fiber emits the probe
beam into the interaction region, while the MM fiber collects the transmitted light. The fiber carrying
the silver-coated pillar is inserted into the orthogonal pump-fiber channel and mounted in a rotational
holder. A close-up of the interaction region during the measurement is shown in Figure 5.3(a). The

Pillar

MM Fiber

Figure 5.2: Setup for alignment evaluation using a rotatable pillar. Light from a laser operating at 1 550 nm is
coupled through a 50/50 fiber-optical coupler (FOC) into a cleaved single-mode (SM) fiber inserted into one of the
cavity-fiber channels. A multimode (MM) fiber positioned in the opposing channel collects the transmitted light
and guides it to a photodiode, whose signal is recorded with an oscilloscope. A fiber carrying the fabricated pillar
is inserted into the orthogonal pump-fiber channel and mounted in a rotational holder. Panels (a) and (b) illustrate
the two pillar orientations corresponding approximately to local transmission maxima for ideal alignment. The
green area outlined in white on the fiber surface carrying the pillar indicates the region that would be covered by a
centrally positioned pillar. Since the fabricated pillar is not perfectly centered on the fiber surface, the actual pillar
position is shifted relative to this reference region.

separation between the SM-fiber end facet and the center of the pillar fiber is adjusted to approximately
120 pm. The pillar fiber is then rotated through a full angular range while the optical power detected by
the MM fiber is recorded. Measurements are taken in steps of 5°. The measured power is normalized to
the transmitted power obtained without the pillar. The two local transmission maxima, corresponding
approximately to the orientations shown in Figure 5.2(a) and (b), are determined by fitting the data in the
vicinity of each maximum with a Gaussian function. This functional form provides a suitable empirical
description of the measured transmitted power close to the maxima [61],
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2
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where 6, denotes the angular position of the maximum. The fitted peak values are used to determine
I, and I,. Examples of the measured angular dependence and the corresponding fits are shown in
Figure 5.3(b) and (c).

The normalized maximum intensities /; and /, are subsequently used to calculate the experimental
values of I, and /_. These values are compared with the theoretical model described above in order to
estimate the lateral alignment offset d; and the pillar-center offset d,,.

The measurements shown in Figure 5.3(b) and (c) were performed using the same groove plate and
the same groove positions for the fibers and the pillar in both measurements. To obtain approximately
independent alignment conditions, the SM and MM fibers were recleaved and reinserted between the
measurements, while the pillar fiber was also removed and repositioned. Despite the nominally identical
geometry, the two measurements differ considerably.
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Figure 5.3: Image and measurement data obtained using the rotating-pillar method. (a) Microscope image of the
interaction region, with an SM fiber inserted into the left groove and an MM fiber into the right groove. The
silver-coated pillar is inserted into the upper orthogonal groove. The distance between the SM-fiber end facet and
the center of the pillar fiber is approximately 120 pm. (b) Measured transmitted optical power as a function of the
pillar rotation angle in steps of 5°. The power is normalized to the transmitted power measured without the pillar
and is shown by the blue data points. A relative measurement uncertainty of 2 % was assumed for the measured
power values but is not shown in the plot. The local transmission maxima are determined by fitting the data in the
vicinity of each maximum using the Gaussian function given in Equation 5.1. The corresponding fits are shown as
red lines. (c) Repeated measurement with the same procedure as (b) after recleaving and reinserting the SM and
MM fibers and repositioning the pillar fiber.

For the first measurement, shown in Figure 5.3(b), the extracted offsets were approximately d; =~ 0.1 pm
and d;, ~ 8 pm. For the second measurement, shown in Figure 5.3(c), values of approximately d; ~ 0.3 pm
and d,, ~ 72 pm were obtained. While the estimated lateral alignment offsets are of a similar order of
magnitude, the second value obtained for d,, is clearly unphysical. An offset of approximately 72 pm
would place the center of the pillar outside the fiber end facet.

The inconsistency indicates that the rotating-pillar method did not provide reproducible alignment
estimates under the conditions investigated here. One possible source of error is a persistent bending or
curvature of the pillar fiber, potentially influenced by the additional metallic coating. In this case, the
pillar is displaced from the mechanical rotation axis and therefore follows a circular trajectory during
rotation rather than rotating approximately around the fiber axis fixed by the groove plate or ferrule. The
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resulting apparent displacement depends on the magnitude and direction of the fiber-tip bending and is
not included in the theoretical model.

Because this additional uncertainty could not be quantified reliably, the rotating-pillar method was not
used for the subsequent alignment evaluation. Instead, further work focused on developing alternative
characterization methods with improved reproducibility.

5.1.2 Knife-Edge Method

After the rotating-pillar method was found to be insufficiently reproducible, an alternative approach based
on the well-established knife-edge method for characterizing Gaussian beams was investigated [62—64].
Again, a cleaved single-mode (SM) fiber is used to generate an expanding Gaussian beam [53], while a
multimode (MM) fiber positioned opposite to it collects the transmitted light.

In contrast to the rotating-pillar method, an SM-MM fiber pair is positioned along each of the two
orthogonal optical axes. The two SM fibers therefore generate two orthogonally propagating Gaussian
beams whose centers within the interaction region are determined by the alignment provided by the
grooves or ferrule. The transmitted optical power along both axes is measured simultaneously while an
opaque blocking element is translated vertically into the interaction region, perpendicular to the plane
spanned by the two optical axes.

As the blocking element passes through the two beams, the transmitted power decreases according to
the transverse intensity distribution of each beam [62, 65]. The center positions of the corresponding
transitions therefore provide estimates of the beam-center positions along the scanning direction.
Comparing these positions for the two orthogonal beams allows their relative lateral alignment, and
consequently the alignment provided by the corresponding grooves or channels, to be assessed.

For a Gaussian beam, the resulting knife-edge signal corresponds to the integrated transverse intensity
distribution and exhibits an error-function-shaped transition [66],

X=X
1 ierf( Vo )] , 5.2)

where the sign is chosen according to the scanning direction and orientation of the blocking edge. The
parameter x,, corresponds to the beam-center position along the scanning direction, while the Gaussian
beam radius is given by w = 20 for the intensity convention used in this work.

A
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Knife-Edge Device

Finding a suitable blocking element for the knife-edge measurement proved more challenging than
initially expected. The main limitation was the small available interaction region. The blocking element
had to fit between all four SM and MM fiber tips and should therefore occupy an area of no more than
approximately 125 pm X 125 pm when inserted into the central region. At the same time, the separation
between the opposing SM and MM fibers should remain comparable to the cavity lengths targeted for
the final assembly, such that larger distances between the fiber tips were avoided.

The blocking element therefore had to combine a small size with a nearly straight edge and high
opacity at the operating wavelength of 1 550 nm. A well-defined, sharp edge is particularly important
because deviations from an ideal knife-edge geometry can introduce artifacts in the measured beam
profile and alter the expected error-function dependence of the transmitted power [67].
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When searching for a suitable commercially available knife edge, no appropriate and readily available
component could be found. Most commercially available knife edges were either too large for the limited
interaction region or already integrated into beam-characterization devices. This motivated the search for
a suitable object whose original purpose was different but which could be adapted for use as a knife edge.

The first object considered was a cleaved fiber end. However, because the fiber end facet provides
a comparatively large surface, the use of a reflective coating, such as silver, could lead to parts of the
incident beam being reflected from the fiber surface. These reflections would introduce additional effects
that are not accounted for by the simple knife-edge model and could therefore require a more complex
theoretical description. An absorbing coating was consequently considered more suitable. As a first test,
a cleaved fiber end coated with the previously described carbon-black dispersion was therefore used as
the blocking element. In contrast to the rotating pillar, the cleaved fiber does not, in principle, need to
come into contact with the alignment structure or the fiber surfaces during the measurement.

In practice, however, positioning the blocking element within the interaction region proved difficult, and
occasional contact with the alignment structure during insertion could not be avoided. This mechanical
contact caused parts of the carbon-black coating to be removed, as had already been observed for the
carbon-black-coated pillars.

An example is shown in Figure 5.4(a). While most of the fiber surface remains covered by the visibly
grainy carbon-black layer, part of the surface became transparent after the fiber scraped against the
ceramic plate while testing the coated fiber tip as a knife edge on the grooved ceramic plate. Consequently,
light could pass through these uncoated regions during the knife-edge scan.

a) b)

o
o)
T

uncoated region

o

o
o
T

Normalized Power
o
N

©
N
T

coated region|

100 120 140 160 180 200 220
Knife Edge Position / um

Figure 5.4: Image and measurement data obtained using the knife-edge method with a partially carbon-black-coated
fiber. (a) Microscope image of the coated fiber end. Most of the surface remains covered by the carbon-black
coating, while one side became partially transparent after mechanical contact with the ceramic plate during
insertion. (b) Simultaneously measured transmitted power along the two orthogonal optical axes, shown in blue
and orange, as a function of the knife-edge position. The transmitted powers of both optical axes are normalized
by the maximum power measured across both data sets. The scan proceeds from a predominantly blocked
towards an unblocked configuration. Pronounced fluctuations that are inconsistent with the expected error-function
dependence are visible, particularly within the nominally blocked region.

The resulting measurement is shown in Figure 5.4(b), where the two color-coded data sets correspond

to the two orthogonal optical axes. The blocking element was scanned from a predominantly blocking
position towards an unblocked configuration. For an ideal opaque knife edge, the transmitted power
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should remain close to zero while the beam is completely blocked and subsequently increase smoothly
according to Equation 5.2. Instead, pronounced fluctuations were observed in the nominally blocked
region. These are attributed to light transmitted through the partially uncoated areas of the fiber.
Additional fluctuations are visible as the fiber leaves the beam path, which may result from reflections at
exposed regions of the cleaved fiber end facet.

Because of this unstable optical behavior and the unavoidable risk of contact between the fiber tip and
the alignment structure, which could additionally contaminate the assembly with carbon-black particles,
the coated fiber was not considered suitable for further knife-edge measurements.

Following this test, an additional requirement for the blocking element became apparent. Positioning
takes place on the micrometer scale, and inaccurate insertion can easily result in contact with a fiber, the
groove plate, or the ferrule. The blocking element should therefore be mechanically robust and readily
available or replaceable in case of damage.

This requirement also excluded the possibility of printing a knife-edge-like structure onto a fiber end
facet and subsequently coating it with silver, since the fabrication and coating procedure requires several
days to complete.

Based on these requirements, a commercially available tungsten cleaning wire from Thorlabs was
investigated as an alternative blocking element. The wire, normally intended for cleaning fiber ferrules,
has a manufacturer-specified diameter of approximately 110 pm [68] and is therefore sufficiently small
to be inserted into the interaction region. Since the optical penetration depth of tungsten at the operating
wavelength is only on the order of several tens of nanometers, the thickness of the tungsten blocking
element is sufficiently large for it to be considered effectively opaque [54]. Consequently, no additional
absorbing coating is required.

Microscope inspection additionally showed that the individual wire pieces are cut at an angle, producing
an approximately straight edge suitable for a knife-edge measurement, as shown in Figure 5.5(b). The
resulting flat region has a width of approximately 90 um. By orienting this edge at approximately 45°
relative to the two SM-fiber axes, it can be translated through both Gaussian beams during the scan.
Initial measurements showed the expected smooth transition between blocked and transmitted optical
power, as shown in Figure 5.6, indicating that the tungsten wire is substantially better suited to the
knife-edge measurement than the carbon-black-coated fiber.

Measurement Procedure

The setup used for the knife-edge measurement is shown in Figure 5.5(a). One SM—-MM fiber pair is
inserted along each of the two orthogonal optical axes. Light from the same laser source is split using a
50/50 fiber-optical coupler and coupled into the two SM fibers, which emit orthogonally propagating
Gaussian beams into the interaction region. The corresponding MM fibers positioned on the opposite
sides collect the transmitted light.

The tungsten wire is mounted on a rotational holder, allowing the orientation of its flat edge relative to
the two SM fibers to be adjusted. The holder is mounted on a motorized translation stage (SMT167M-
25LS) from STANDA [69] with a minimum step size of 0.156 nm. The wire is inserted perpendicular
to the plane spanned by the two optical axes, with its edge positioned approximately 30 pm from each
SM-fiber end facet at the center of the interaction region. During the measurement, the wire is translated
through the two beams in steps of 0.156 pm while the transmitted power along both optical axes is
recorded simultaneously. This corresponds to the smallest possible step size of the motorized translation
stage and was chosen to provide the highest available spatial resolution for resolving the expected

45



Chapter 5 Evaluation of the Assembly Platforms

error-function dependence. The transmitted powers of both optical axes are normalized by the maximum
power measured across both data sets, thereby preserving their relative amplitudes while leaving the
extracted values of x;, and w unaffected. Each color-coded data set, shown in blue or orange, therefore
corresponds to one optical axis.
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Figure 5.5: (a) Setup for alignment evaluation using the knife-edge method. Light from a laser operating at
1550 nm is divided by a 50/50 fiber-optical coupler (FOC) and coupled into two SM fibers inserted along the two
orthogonal optical axes. Opposing MM fibers collect the transmitted light, which is detected and recorded with
an oscilloscope. A tungsten wire is inserted perpendicular to the plane spanned by the two optical axes. Its flat
edge is oriented at approximately 45° relative to both SM-fiber axes and translated through the interaction region
in steps of 0.156 pm while the transmitted power along both axes is monitored simultaneously. (b) Microscope
image of a tungsten cleaning wire tip. The angled cut produces an approximately flat edge with a width of about
90 nm, which is used as the knife edge.

Using the known displacement of 0.156 pm between successive measurement points, Equation 5.2
is fitted independently to the data obtained along both optical axes. At each knife-edge position, the
detector signal was averaged over a fixed acquisition interval. The uncertainty in the transmitted power
was estimated for each trace from the standard deviation of the measured values within the plateau region
of the knife-edge scan, where the transmitted power is expected to remain constant [70, 71].

For the example shown in Figure 5.6(a), reduced chi-squared values of approximately szed =2.9and
szed = 5.0 were obtained for the two fits. As these values are above unity, this indicates that the deviations
between the measured data and the ideal error-function model are larger than expected from the assigned
uncertainties alone [61]. One possible contribution is the comparatively long measurement duration of
more than one hour, during which slow variations of the laser power and additional low-frequency noise
can occur. Since these effects are not fully represented by the uncertainty estimated from the plateau
fluctuations, the experimental uncertainties may be underestimated. Nevertheless, the measured data
follow the expected error-function dependence sufficiently well, and the fits were therefore considered
suitable for extracting the beam-center positions.

The fits yield estimates of the two beam-center positions x;, ; and x ,. Their relative displacement
along the scanning direction is then given by
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d= |x0,1 _xo,z|a

with the corresponding uncertainty obtained by Gaussian error propagation

Ad = \(Axy ) + (Axg0)°.

The absolute positions of the two beams are not calibrated, since only their relative displacement is
relevant for evaluating the alignment of the two optical axes. The fitted beam radii are additionally used
as a consistency check. Since the beam radius at the knife-edge position depends on the propagation
distance from the corresponding SM-fiber end facet, which can only be estimated from microscope
images with limited resolution, the extracted radii are not used as the primary alignment quantity.

An additional contribution to the measured beam displacement results from non-zero cleave angles of
the SM fibers. The knife-edge measurement determines the positions of the propagating beam centers
rather than directly measuring the geometrical positions of the fiber cores. A tilted fiber end facet can
refract the emerging beam and thereby shift its center at the position of the knife edge.

For a fiber with refractive index n and a cleave angle @, Snell’s law gives [72] nsin(@) = sin(6,),
where 6, is the transmitted angle relative to the surface normal. The resulting propagation angle relative
to the original fiber axis is therefore

0

out = 0y — @ = arcsin(n sin@) — a.

For small cleave angles, this can be approximated by 6 ,, = (n — 1) a.
After a free-space propagation distance L, the corresponding lateral displacement of the beam center
is

Ax = Ltan ().

As a worst-case estimate, a cleave angle of @ = 0.9° is considered, corresponding to the upper end of
the average cleave-angle range specified for the Fujikura CT50 fiber cleaver [73]. Using n ~ 1.45 and a
propagation distance of L = 30 pm gives

Ax ~ 0.21 pm.

If both SM fibers exhibit cleave angles of 0.9° that deflect the beams in opposite directions along the
knife-edge scanning axis, the resulting contribution to their measured relative displacement can therefore
reach approximately 0.42 pm. This value represents a worst-case estimate; for smaller cleave angles
or for deflections that are not fully oriented along the scanning direction, the resulting contribution is
correspondingly smaller.

As an additional consistency check, knife-edge scans were performed in both translation directions.
A representative comparison is shown in Figure 5.6. For the forward scan, a relative beam-center
displacement of d = (0.49 + 0.03) pm was obtained, while the backward scan yielded d = (0.47 +
0.03) pm. The two values therefore agree within their experimental uncertainties.

The fitted beam radii were also compared between the two scan directions. For the optical axis
represented by the blue data points and the corresponding red fit, beam radii of (7.12 + 0.05) um and
(7.07 £ 0.05) nm were obtained for the forward and backward scans, respectively. For the orthogonal
optical axis, represented by the orange data points and the corresponding green fit, the respective radii
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were (5.50 + 0.04) pm and (5.52 + 0.03) um. The difference in beam radius between the two optical
axes is consistent with the slightly different distances between the respective SM-fiber end facets and the
knife edge. Within each optical axis, however, the radii obtained for the two scan directions agree within
their experimental uncertainties.

The agreement of both the relative beam-center displacement and the individual beam radii indicates
that no pronounced scan-direction-dependent bias affects the knife-edge measurement.
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Figure 5.6: Representative forward and backward knife-edge measurements obtained using the four-channel
crossed ferrule. The transmitted power along the two orthogonal optical axes, shown in blue and orange, is fitted
according to Equation 5.2. (a) Forward scan from a fully blocked towards an unblocked configuration, yielding
a relative beam-center displacement of d = (0.49 + 0.03) um. The fitted beam radii are (7.12 + 0.05) pm and
(5.50 + 0.04) pm for the blue and orange data, respectively. (b) Backward scan from an unblocked towards a fully
blocked configuration, yielding d = (0.47 + 0.03) um. The corresponding fitted beam radii are (7.07 + 0.05) pm
and (5.52 + 0.03) um. No fibers or optical components were repositioned between the two measurements. The
absolute knife-edge positions are referenced to the starting position of each scan and are therefore not directly
comparable between panels.

Based on the promising results of these test measurements, the alignment achieved with the individual
assembly platforms was subsequently assessed using the knife-edge method with the tungsten wire.

5.2 Grooved Ceramic Holder Assembly

For the evaluation of the grooved ceramic holder, the SM and MM fibers were inserted into the
corresponding grooves and pressed into position using pieces of Teflon rod attached to a 3D-printed
clamping device. An opening in the clamping device provided optical access to the central interaction
region from above, shown in the enlarged region of Figure 5.7(a). The tungsten wire was inserted from
below through the central V-shaped opening of the groove plate, visible in Figure 4.3(a) and (b).

During insertion and throughout the measurement, the position and orientation of the tungsten wire
were monitored from above using a microscope camera. This allowed the flat edge of the wire to
be aligned relative to the two optical axes. Top and side views of the resulting setup are shown in
Figure 5.7(a) and (b), respectively.

To assess the reproducibility of the alignment produced through the groove plate, six independent
measurements were performed. Between successive measurements, the SM and MM fibers were
recleaved, repositioned, and reclamped, while the tungsten wire was also removed and repositioned.
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Rotational
4 Holder

Figure 5.7: Images of the setup described in Figure 5.5 as employed for evaluating the grooved ceramic holder. (a)
Top view of the setup. The enlarged region shows the central interaction area observed through the opening in the
clamping device. The straight edge of the tungsten cleaning wire is visible as a bright line and was positioned
approximately 30 pm from the SM-fiber end facets. (b) Side view of the setup. The tungsten wire is inserted from
below and mounted in a rotational holder. The clamping device and the Teflon rods pressing the fibers into the
ceramic grooves from above are also visible.

The extracted displacements between the two beam-center positions are summarized in Table 5.1.
Table 5.1: Relative beam-center displacements determined for the grooved ceramic holder using the knife-edge

method. Six independent measurements were performed, with the fibers recleaved, repositioned, and reclamped
between successive measurements.

It. 1 It. 2 It. 3 It. 4 It. 5 It. 6

Displacement

/um (2.76 £0.04) (2.61+£0.05) (3.09+0.06) (1.97+0.09) (0.78 +£0.05) (0.09 +0.05)

The measured values range from approximately 0.09 pm to 3.09 pm, with an average displacement of
approximately 1.88 jim over the six measurements.

The observed variation is considerably larger than the contribution expected from the cleave angles
of the SM fibers. As discussed previously, even cleave angles of 0.9° in opposite directions would
contribute only approximately 0.42 jim to the relative beam displacement for the propagation distance
used here. The variation between repeated measurements is therefore more likely associated with the
positioning and clamping of the fibers within the grooves.

For each iteration, the fibers were recleaved, repositioned, and reclamped. The clamping pressure
was adjusted experimentally until a high transmitted power was obtained along both optical axes in the
absence of the knife edge. However, this procedure does not provide direct information about whether
all four fibers are positioned at the deepest point of their respective grooves. Small differences in the
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applied clamping force can therefore result in different fiber positions and consequently different relative
beam-center positions.

The smallest measured displacement of (0.09 + 0.05) pm shows that the groove geometry can, in
principle, support very precise relative alignment of the two optical axes. However, displacements of up to
approximately 3 pm were obtained under nominally identical assembly conditions. The limiting factor of
the groove-plate approach is therefore not primarily the achievable alignment itself, but its reproducibility
when the fibers have to be positioned and clamped manually. Representative measurements yielding
displacements of (0.09 + 0.05) pm and (3.09 + 0.06) pm are shown in Figure 5.8.
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Figure 5.8: Example knife-edge measurements obtained for the grooved ceramic holder. The transmitted power
along the two orthogonal optical axes, shown in blue and orange, is fitted according to Equation 5.2. (a)
Measurement yielding a relative beam-center displacement of d = (0.09 + 0.05) pm. At maximum transmission,
a slight drift in the laser power is visible. (b) Measurement yielding d = (3.09 + 0.06) pm. Both measurements
were performed using the same groove plate, with the fibers recleaved, repositioned, and reclamped between the
measurements.

5.3 3D-Printed Ferrule Assembly

After evaluating the grooved ceramic holder, the same knife-edge method was applied to the 3D-printed
ferrules to assess how precisely the printed channels define the relative positions of the orthogonal
fiber axes. In contrast to the groove plate, the fibers are laterally constrained directly by the printed
channels and therefore do not require an additional clamping structure within the interaction region.
Here, the tungsten wire was inserted from above, while the orientation of its flat edge was adjusted before
lowering it between the fiber tips. An image of the setup is shown in Figure 5.9. The enlarged regions
show close-up views of the interaction regions of the four-channel crossed ferrule and the three-channel
T-shaped ferrule.

5.3.1 Assessment of the Four-Channel Crossed Ferrule

First, the four-channel crossed ferrule was evaluated using the knife-edge method. Similar to the groove-
plate assessment, six independent measurements were performed. Between successive measurements,
the SM and MM fibers were recleaved, removed, and reinserted, while the tungsten wire was also
removed and repositioned.
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Figure 5.9: Images of the knife-edge setup used to evaluate the four-channel crossed ferrule and the three-channel
T-shaped ferrule. In contrast to the groove-plate measurement, the tungsten wire is inserted from above. Its flat
edge is oriented before being lowered into the interaction region, since the wire cannot be observed directly at
its final position because of the restricted viewing angle. The enlarged region on the left shows the interaction
region of the four-channel crossed ferrule. The enlarged region on the right shows the interaction region of the
three-channel T-shaped ferrule, where an MM fiber is aligned in free space from the open side to collect the light
emitted by the SM fiber inserted into the orthogonal channel.

The extracted displacements between the two beam-center positions are summarized in Table 5.2.
The measured values range from approximately 0.49 pm to 0.60 pm, with an average displacement of
approximately 0.54 pm over the six measurements. The maximum deviation from this average is only
approximately 0.06 pm, which is considerably smaller than the variation of more than 1 pm observed for
the groove plate. This supports the interpretation that the comparatively large variation obtained with
the groove plate is primarily associated with the additional clamping procedure, whereas the enclosed
channels of the printed ferrule provide a substantially more reproducible positioning of the fibers.

Table 5.2: Relative beam-center displacements determined for the four-channel crossed ferrule using the knife-edge
method. Six independent measurements were performed, with the fibers recleaved, removed, and reinserted
between successive measurements.

It. 1 It. 2 It. 3 It. 4 It. 5 It. 6

Displacement

am (0.49 £0.03) (0.60 £0.04) (0.54+0.04) (0.53+0.03) (0.52=0.08) (0.54 = 0.04)

In addition, the measured displacements consistently cluster around approximately 0.54 pm, indicating
a systematic contribution to the relative beam-center offset. This is consistent with a small systematic
displacement between the two orthogonal channel axes. However, since the measured beam positions can
also be influenced by effects such as non-zero cleave angles of the SM fibers, the measured displacement
cannot be attributed exclusively to the printed channel geometry. Nevertheless, the consistently observed
sub-micrometer displacement indicates that the four-channel ferrule provides a high degree of relative

51



Chapter 5 Evaluation of the Assembly Platforms

alignment precision between the two orthogonal fiber axes. The observed displacement is also compatible
with the specified sub-micrometer fabrication accuracy of the PPGT+ system for IP-S [48].

Iteration 5 exhibits a noticeably larger fit uncertainty than the other measurements. During this
measurement, stronger fluctuations of the laser power were observed, increasing the scatter of the
measured transmitted power. The laser operating current was subsequently adjusted, which reduced
these fluctuations for the remaining measurements.

As for the groove-plate evaluation, two representative measurements are shown in Figure 5.10.
Panel (a) shows the measurement yielding a displacement of d = (0.49 + 0.03) um, while panel (b)
shows a measurement yielding d = (0.54 + 0.04) pm.
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Figure 5.10: Representative knife-edge measurements obtained for the four-channel crossed ferrule. The transmitted
power along the two orthogonal optical axes, shown in blue and orange, is fitted according to Equation 5.2. (a)
Measurement yielding a relative beam-center displacement of d = (0.49 + 0.03) pm. (b) Measurement yielding
d = (0.54 + 0.04) pm. Both measurements were performed using the same four-channel crossed ferrule, with the
fibers recleaved, removed, and reinserted between the measurements.

5.3.2 Assessment of the Three-Channel T-Shaped Ferrule

To compare the three-channel T-shaped ferrule with the other alignment approaches, the same knife-edge
method was applied. However, since the T-shaped ferrule provides only three channels, the transmitted
light from the SM fiber inserted into the orthogonal channel had to be collected from the open side of
the interaction region. For this purpose, an MM fiber tip was aligned in free space until the transmitted
power was maximized. This configuration is shown in the enlarged region on the right in Figure 5.9. The
remaining measurement procedure followed the same principle as for the four-channel crossed ferrule.
The tungsten wire was oriented with its flat edge towards the SM-fiber tips and subsequently inserted
into the interaction region.

The free-space alignment of the MM fiber introduced an additional experimental limitation. Because
of the restricted available space, the MM fiber could only be clamped at a comparatively large distance
from its tip. As a result, small positional drifts of the fiber tip occurred over the long measurement
duration and affected the collected optical power. To reduce this effect, the number of acquired data points
was substantially reduced, thereby shortening the measurement time. Owing to additional contamination
of the fiber end facets during the measurements, only five independent representative measurements
were obtained.
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As can be seen from the extracted displacement values listed in Table 5.3, the measured values range
from approximately 0.58 pm to 1.67 pm, with an average displacement of approximately 1.02 pm over
the five measurements. The variation between repeated measurements is larger than for the four-channel
crossed ferrule and also exceeds the contribution expected from cleave-angle effects alone.

Table 5.3: Relative beam-center displacements determined for the three-channel T-shaped ferrule using the
knife-edge method. Five independent measurements were performed, with the fibers recleaved and repositioned
between successive measurements. One MM fiber was aligned in free space from the open side of the ferrule.

It. 1 It. 2 It. 3 It. 4 It. 5

zifl’lacemem (1.45+0.11) (0.59+0.11) (1.67 £0.09) (1.00+0.17) (0.58 + 0.16)

Two representative measurements are shown in Figure 5.11. Panel (a) shows the measurement
yielding a displacement of d = (1.67 + 0.09) pm, while panel (b) shows a measurement yielding
d = (0.59 £0.11) pm. The measurement conditions for the T-shaped ferrule were less favorable than for
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Figure 5.11: Representative knife-edge measurements obtained for the three-channel T-shaped ferrule. The
transmitted power along the two orthogonal optical axes, shown in blue and orange, is fitted according to
Equation 5.2. (a) Measurement yielding a relative beam-center displacement of d = (1.67 = 0.09) ym. (b)
Measurement yielding d = (0.59 + 0.11) pm. Both measurements were performed using the same T-shaped
ferrule, with the fibers recleaved and repositioned between the measurements. Owing to the reduced number of
measurement points and the required free-space alignment of one MM fiber, the resulting uncertainties are larger
than those obtained for the four-channel crossed ferrule.

the four-channel crossed ferrule. The positional drift of the freely aligned MM fiber, together with the
reduced number of acquired data points, increased the uncertainty of the fitted beam-center positions.
The resulting displacement values should therefore be interpreted primarily as an indication of the
achievable alignment rather than as a precise quantitative measure of the channel offset.

5.3.3 Image-Based Assessment of the Three-Channel T-Shaped Ferrule

The T-shaped ferrule additionally allowed the relative positions of the fiber axes to be assessed directly by
microscope imaging. This was possible because the omitted fourth channel provides lateral optical access
to the central interaction region. Neither the four-channel crossed ferrule nor the groove plate provides
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equivalent visibility, and neither could therefore be evaluated using this method. The image-based
assessment therefore provides an independent consistency check of the alignment achieved by the printed
ferrule geometry.

For this purpose, an existing beam-profiler setup was used. The setup and its working principle are
described in detail in Refs. [74, 75] and are therefore only summarized briefly here.

The beam profiler enables the transverse intensity distribution of a propagating beam to be recorded at
different positions along its propagation axis. The setup was originally developed for characterizing the
beam emitted from fiber end facets. A three-axis motorized translation system, combined with a tip—tilt
stage, enables precise alignment of the investigated structure with respect to the optical axis of the beam
profiler as well as automated scanning along this axis. The emitted beam is imaged by a microscope
objective onto a monochrome camera [75].

For the alignment assessment of the three-channel T-shaped ferrule, the ferrule was mounted on the
translation stage with its open side facing the microscope objective. Two cleaved SM fibers were inserted
into the opposing cavity-axis channels, while a third cleaved SM fiber was inserted into the orthogonal
pump channel. The latter was spliced to a patch cable connected to a laser operating at 780 nm, making
the emitted beam visible to the camera. The two fibers defining the cavity axis were positioned with an
end-facet separation of approximately 50 pm.

The relative alignment was assessed by monitoring the propagation of the beam emitted from the SM
fiber in the pump channel with respect to the two fibers defining the cavity axis. To make the edges of
these fibers visible in the camera image, an external white-light source was focused onto the fiber end
facets from above. The camera exposure time was increased while the optical power coupled into the
pump fiber was reduced until sufficient contrast was obtained between the propagating beam and the
illuminated fiber surfaces.

The beam-profiler software [75] was used to determine the transverse beam-center position from
Gaussian fits to the intensity distribution along both lateral directions. Since the measured beam-center
trajectory depends on the relative tilt between the emitting fiber and the optical axis of the beam profiler,
this tilt was optimized before the alignment measurement. Several tip—tilt settings were tested, and the
residual propagation angle of the beam center relative to the beam-profiler axis was estimated from
the first and last measured center positions. Through successive adjustment, this relative angle was
reduced from approximately (1.588 +0.004)° to (—=0.171 +0.004)°. A visualization of the beam-center
trajectory along the propagation direction for the initial and optimized tilt settings is shown in Figure A.8.

After optimizing the tilt, the beam propagation from the SM-fiber facet was recorded continuously for
different propagation distances. By using sufficiently small scan steps, the beam-center position could be
tracked across the interaction region. The position of the cavity axis was identified from the image plane
in which the upper and lower edges of the two opposing cavity fibers appeared sharpest, corresponding
approximately to the plane through their fiber cores. The measured intensity distribution at this position
is shown in Figure 5.12.

For the determination of the cavity-axis position, the centers of the two opposing cavity fibers were
estimated from the sharp transitions between the fiber surfaces and the background. To improve the
accuracy of this estimate, the corresponding grayscale profiles were evaluated along the vertical lines
indicated in Figure 5.12. The fiber edges were identified from the transition between the low-intensity
background and the increased grayscale intensity associated with the illuminated fiber surfaces. From the
identified edge positions, the central position of the cavity axis was determined to be 543.54 + 5 pixels,
where the uncertainty reflects the estimated precision with which the edge positions could be identified.

Using the known image calibration factor of 5.4 pm per 20 pixels [74, 75], this corresponds to a
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Figure 5.12: Beam-profiler image used for the image-based alignment assessment of the three-channel T-shaped
ferrule. The image shows the intensity distribution of the beam emitted from the cleaved SM fiber inserted into
the pump channel while the two opposing SM-fiber tips defining the cavity axis are simultaneously illuminated
from above. The beam is generated using a laser operating at 780 nm. For selected vertical image columns,
the corresponding grayscale values are plotted using the same vertical pixel coordinate as in the camera image,
allowing the positions of the fiber edges and the beam center to be compared directly.

cavity-axis position of (146.76 + 1.35) pm. The beam-center position obtained from the Gaussian fit
implemented in the beam-profiler software was (147.24 £ 0.02) pm. The resulting displacement between
the beam center and the cavity axis is therefore

d, = (0.49 + 1.36) pm.

Within its comparatively large uncertainty, the image-based displacement is consistent with the average
displacement of approximately 1.02 pm obtained from the knife-edge measurements of the T-shaped
ferrule. The image-based assessment therefore provides an independent consistency check and supports
the micrometer-scale alignment indicated by the knife-edge measurements.

5.4 Comparison of the Alignment Performance of the Assembly
Platforms

Before comparing the alignment achieved by the different assembly platforms, the performance of the
investigated characterization methods is summarized. The rotating-pillar method provided a first approach
for determining the relative displacement of two orthogonal fiber axes, but repeated measurements
showed strongly inconsistent results. The method was particularly sensitive to deviations from an ideal
rotation of the pillar around the fiber axis, which could not be separated reliably from the actual alignment
offset. It was therefore not used for the subsequent quantitative comparison.

The knife-edge method provided a considerably more reproducible alternative for evaluating the
relative positions of the freely propagating beams, representing the alignment of the two orthogonal axes
predefined by the grooves or channels. By translating the same edge through both orthogonal beams,
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the relative beam-center positions could be extracted directly from the fitted error-function dependence.
Measurements performed in opposite scan directions yielded consistent center positions, indicating that
no pronounced scan-direction-dependent effect was introduced by the translation stage. The knife-edge
method was therefore used for the quantitative comparison of the groove plate and printed ferrules.

Overall, both assembly platforms were found to be capable of providing sufficiently precise alignment
of orthogonal fiber axes for the intended crossed-fiber configuration. However, the repeated knife-edge
measurements revealed a clear difference in reproducibility. For the groove plate, the measured relative
beam-center displacements ranged from approximately 0.09 pm to 3.09 um after repeated repositioning
and clamping. In contrast, the four-channel printed crossed ferrule consistently yielded sub-micrometer
displacements around 0.54 pm. Even under the less favorable measurement conditions of the three-
channel T-shaped ferrule, the extracted displacements remained within a narrower range of approximately
0.58 ym to 1.67 pm.

The image-based assessment of the T-shaped ferrule provided an additional consistency check.
The extracted displacement was found to be on the same order of magnitude as the values obtained
from the knife-edge measurements. The knife-edge evaluation of this geometry was subject to less
favorable experimental conditions, since one MM fiber had to be aligned in free space and could drift
during the comparatively long measurement. The resulting displacement values therefore carry larger
uncertainties than those obtained for the four-channel ferrule. Since the three-channel T-shaped ferrule
and the four-channel crossed ferrule were fabricated using identical printing parameters and very similar
post-processing conditions, the agreement between the different measurements nevertheless supports the
conclusion that the printed channels provide reproducible alignment of the orthogonal fiber axes. The
remaining differences between the two ferrule designs may originate from the different experimental
conditions as well as from differences in the design geometry and the resulting shrinkage behavior.

It should be noted that the knife-edge measurement determines the relative positions of the propagating
beam centers rather than the geometrical positions of the fiber cores themselves. The extracted
displacement can therefore additionally contain contributions from effects such as non-zero cleave angles
of the SM fibers. Although the estimated magnitude of this contribution is small compared with the
variation observed for the groove plate, the measured displacement should not be interpreted as a direct
measurement of the mechanical channel alignment alone.

The comparison therefore indicates that the enclosed channels of the printed ferrules provide a more
reproducible positioning of the fibers, whereas the groove-plate result is more strongly influenced by the
manual clamping procedure. Although the groove plate was shown to be capable of achieving very small
relative displacements, this alignment could not be reproduced reliably after repeated repositioning and
clamping.

To assess the influence of geometrical misalignment on the intended photothermal gas spectroscopy
application, the crossed-fiber geometry was modeled and the interaction of the two optical fields was
quantified by their spatial intensity overlap rather than by a coherent optical mode overlap [76]. The
corresponding relative intensity overlap was then calculated for different lateral displacements Ay
between the two optical axes. For a given displacement, the overlap was determined from

J(Ay) = ///11 (x,y,2),(x,y,z,Ay) dx dy dz. (5.3)

The calculated overlap was normalized to the value obtained for perfectly aligned optical axes,
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J(Ay)
J(0)’

such that perfect lateral alignment corresponds to a relative intensity overlap of 100 %.

For the pump-beam—cavity configuration, /, describes the Gaussian cavity-mode intensity, while /,
represents the freely propagating Gaussian beam emitted from the orthogonal pump fiber, whose end
facet is positioned at a distance of 80 pm from the center of the cavity axis. The pump-beam radius is
calculated as a function of the propagation distance from the fiber end facet using Equation 2.2. The
longitudinal standing-wave modulation of the cavity field is neglected, such that the calculation describes
the geometric overlap of the Gaussian intensity envelopes.

A visualization of the calculated intensity distributions for lateral pump-beam offsets of 0 jum, 0.5 pm,
and 3.1 pm is shown in Figure 5.13. These values represent perfect alignment, the displacement typically
obtained for the printed ferrule, and approximately the largest displacement measured for the groove
plate, respectively. The corresponding dependence of the relative intensity overlap on the lateral offset is
shown below the field distributions. The calculated overlap remains above 90 % for the full range of

Ml (AY) = (5.4)
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Figure 5.13: Visualization and relative intensity overlap between the pump beam and the cavity field for different
lateral offsets. The upper row shows the cavity field together with the propagating pump beam in a cross section
along the cavity axis through the mode center for offsets of (a) O um, (b) 0.5 pm, and (c) 3.1 pm. These values
represent perfect alignment, a displacement representative of the printed ferrule, and approximately the largest
displacement measured for the groove plate, respectively. The cavity field is calculated for a wavelength of
1550 nm, a cavity length of 120 um, and mirror radii of curvature of 300 pm. The pump beam propagates over a
distance of 80 um from the pump-fiber end facet to the cavity axis. The corresponding 1/ e’ intensity boundaries
of the cavity field and pump beam are indicated by dotted white lines. The lower panel shows the relative intensity
overlap as a function of the lateral pump-beam offset, normalized to 100 % at zero offset. The offsets of 0 um,
0.5 nm, and 3.1 pm are indicated by vertical lines together with the corresponding overlap values.

57



Chapter 5 Evaluation of the Assembly Platforms

experimentally observed displacements. For a displacement of approximately 0.5 jum, representative
of the four-channel printed ferrule, the relative intensity overlap reaches 99.8 %. Even for the largest
displacement measured with the groove plate, an overlap of 92.5 % is retained, corresponding to only a
moderate reduction for the investigated cavity and pump-beam parameters. Both assembly platforms
therefore provide sufficient lateral alignment for guiding the pump beam through the cavity interaction
region, while the printed ferrules additionally provide considerably more reproducible positioning.

The calculated overlap values should be interpreted as estimates of the sensitivity to lateral displacement
rather than as an exact description of the experimental system. The calculation assumes ideal Gaussian
beam and cavity-mode distributions and does not include effects such as angular misalignment, deviations
from ideal mode shapes, fiber-mirror imperfections, or perturbations of the cavity mode by nearby
structures.

Beyond the improved reproducibility, the printed ferrules also offer practical advantages for the
realization of a tunable fiber cavity. For the groove plate, further fabrication steps would be required
to enable cavity-length tuning, including cutting the ceramic structure between the two cavity-fiber
supports. Such processing could introduce an additional relative displacement of the opposing grooves
and was not investigated within this work. The printed ferrule, in contrast, already incorporates the
mechanical design required for later cavity-length adjustment.

Based on the alignment results and the simpler realization of cavity-length tuning, further development
therefore focused on the printed ferrule approach. This choice is also supported by previous demonstrations
of fiber cavities aligned and stabilized using ferrule-based assemblies [11, 19, 20, 28]. The groove-plate
approach was consequently not pursued further in this work. However, the present results do not exclude
its use for a high-finesse, passively stable fiber cavity with an additional pump fiber. Further optimization
of the clamping method, together with an evaluation of the additional fabrication steps required for
cavity-length tuning, would be necessary to assess its full potential.
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Implementation of Crossed Fiber Assemblies

Based on the evaluation of the different assembly platforms, the printed ferrule approach was selected
for the realization of the crossed fiber geometries. As a first step, a three-channel T-shaped assembly was
prepared in which a fiber Fabry—Pérot cavity is crossed by a pump beam delivered through an additional
optical fiber. The implementation of this configuration is described in Section 6.1.

In parallel, the concept was extended towards a more advanced configuration consisting of two
orthogonal fiber Fabry—Pérot cavities. In contrast to the three-channel assembly, this configuration
requires not only the predefined relative alignment of both optical axes, but also the ability to independently
adjust the cavity lengths along both axes. The corresponding concept is introduced in Section 6.2,
followed by its mechanical implementation in Section 6.3.

Finally, a method for evaluating the relative alignment of the actual cavity modes was developed.
This is necessary because the cavity-mode positions can deviate from the alignment predefined by the
ferrule due to the individual properties of the fiber mirrors. The method and first experimental tests are
described in Section 6.4.

6.1 Three-Channel Pump—-Cavity Assembly

After the printed ferrule approach had been selected for the final implementation, preparations were made
for the realization of a crossed fiber assembly using the three-channel T-shaped ferrule. For the pump
axis, a single-mode fluoride-glass optical fiber (InF3 Fiber) from Thorlabs [77] was selected according
to the requirements of the collaborating group. The fiber is specified for single-mode operation over a
wavelength range of 3.2 to 5.5 jum, has a diameter of 125 pum, and a mode-field diameter of approximately
11 pm, which is slightly larger than that of the standard SM fibers used throughout this work.

The ferrule was designed and assembled as described in Subsection 4.2.1. The channels for the
coated cavity fibers were designed with a diameter of 154 nm, while the channel for the uncoated
125 pm fluoride pump fiber was designed with a diameter of 144 pm. The exact design is visualized and
described in Figure A.7.

After assembly of the mechanical components, the structure was mounted on an additional ceramic
base plate to simplify its later integration into the gas-spectroscopy setup of the collaborating group.
The electrical wires, which had already been attached to the piezo actuator, were fixed to the ceramic
plate. In addition, a small section of the piezo actuator was glued to the plate to improve the mechanical
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stability of the assembly. The final assembly, still without the fibers, is shown in Figure 6.1.
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Figure 6.1: Microscope image of the final T-shaped fiber Fabry—Pérot cavity assembly before fiber insertion.
An enlarged view of the T-shaped ferrule is shown. The ferrule is fixed to a piezoceramic actuator using silver
epoxy. Electrical wires are attached on the opposite side of the piezoceramic actuator, also using silver epoxy.
The ferrule—piezo assembly is additionally fixed with UV-curable epoxy to a supporting T-shaped ceramic plate.
Only one edge of the ferrule—piezo assembly is fixed to the supporting plate, allowing the piezoelectric actuator
to expand and contract freely. Each arm of the support has a width of 9 mm, while the plate thickness is 2 mm.
Raised sections at the ends of the arms provide fixation points for the fibers.

Final fiber insertion was postponed until suitable protective storage containers were available, in order
to avoid contamination of the exposed fiber end facets after assembly. Since these containers were not
available within the remaining project time, the final insertion and alignment of the fibers could not be
completed.

In parallel to the preparation of the T-shaped pump-cavity assembly, the four-channel crossed ferrule
was considered as a basis for a second configuration in which both orthogonal axes form independent
fiber Fabry—Pérot cavities. This geometry extends the concept from a single cavity intersected by a pump
beam to two crossed cavity modes and therefore imposes additional requirements on the relative cavity
alignment and stabilization.

6.2 Crossed-Cavity Concept

As a more advanced assembly concept, a configuration consisting of two crossed high-finesse cavities
was investigated. While such a configuration offers potential for a variety of applications, the focus
here is placed on photothermal gas sensing, as this represents the primary objective of the proposed
implementation. In this configuration, one cavity serves as the optical readout cavity, while the second
cavity enhances the pump field within the sensing volume. This approach is particularly beneficial for
weakly absorbing gas species or low target-gas concentrations.

In photothermal gas spectroscopy, the measured signal originates from a modulation of the refractive
index caused by local heating of the gas through absorption of the pump beam. The magnitude of this
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refractive-index modulation depends on the absorbed optical power and therefore on both the absorption
coeflicient of the targeted gas species and the incident pump power [22]. For weakly absorbing gases,
only a small fraction of the incident pump power is absorbed during a single pass through the sensing
region. Consequently, comparatively high pump powers may be required to generate a sufficiently strong
refractive-index modulation [22].

Integrating the pump beam into an optical cavity can increase the optical intensity within the sensing
region. On resonance, the light undergoes multiple round trips through the gas, resulting in an enhanced
intracavity field and increased interaction with the absorbing species. For an ideal Fabry—Pérot cavity
under comparable coupling conditions, the resonant intracavity power buildup scales approximately with
the cavity finesse [12]. The resulting increase in absorbed optical power can consequently enhance the
photothermal signal.

Since the photothermal signal arises from a modulation of the refractive index, the pump power is
generally modulated in time [22]. When a resonant pump cavity is used, the modulation frequency
should remain small compared with the cavity linewidth such that the intracavity field can follow the
modulation quasi-statically [78]. The cavity linewidth is given by Equation 2.7, together with the free
spectral range given by Equation 2.4.For a cavity length of 120 pm and a finesse of 1.5 X 10°, this yields a
linewidth of approximately 8.3 MHz. The modulation frequencies relevant for photothermal sensing are
typically well below the characteristic response bandwidth of the cavity and therefore do not constitute a
limiting factor in this configuration.

The actual modulation frequency is instead mainly determined by the thermal response of the gas and
by the noise characteristics of the measurement. At high modulation frequencies, the thermal response
can become reduced, while at very low frequencies the measurement becomes increasingly susceptible
to technical and low-frequency noise [79, 80]. As a compromise between these effects, modulation
frequencies in the kilohertz range are commonly employed in related photothermal and photoacoustic
sensing schemes [80].

An additional limitation arises from the spectral properties of the available fiber mirrors. The mirrors
used throughout this work are optimized for operation near 1550 nm, corresponding to the probe
wavelength. According to the manufacturer specifications shown in Figure A.1, the mirror reflectivity
decreases outside the designed spectral range, consequently reducing the achievable cavity finesse. The
pump wavelength, however, has to be chosen according to an absorption transition of the targeted gas
species and will generally differ from the probe wavelength.

For methane, for example, a relevant absorption transition lies at approximately 1651 nm [28].
Estimated from the plotted reflection spectrum in Figure A.1, the mirror reflectivity at this wavelength
is approximately 99.9985 %. Assuming two identical mirrors and neglecting additional intracavity
losses, this corresponds to a theoretically achievable finesse of approximately 2.1 X 10°, compared with
approximately 3.1 X 10° at the probe wavelength.

Nevertheless, even for pump wavelengths further outside the optimized coating range, a cavity with a
lower finesse can still provide a significant intracavity intensity enhancement, provided that sufficient
mirror reflectivity and suitable coupling conditions are retained.

To further assess the relevance of the measured alignment precision for a crossed-cavity configuration,
the relative intensity overlap of two orthogonal Fabry—Pérot cavity modes was calculated according to
Equation 5.3 and Equation 5.4. Both intensity distributions are described by Gaussian cavity modes
propagating along the two orthogonal cavity axes. The resulting displacement dependence was compared
with the previously considered pump-beam—cavity configuration.

A visualization of the transverse overlap at the center of the probe-cavity axis is shown in Figure 6.2
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for selected lateral offsets of the pump cavity. Panels (a) and (b) depict the overlap for displacements of
0.5 pm and 3.1 pm, respectively, while panel (c) shows the corresponding dependence of the relative
intensity overlap on lateral displacement together with the pump-beam—cavity case.

The comparison shows that the crossed-cavity configuration is more sensitive to lateral displacement
than the pump-beam—cavity configuration. For a displacement of 0.5 nm, corresponding approximately
to the offset extracted for the printed ferrule, the relative intensity overlap remains very high in both
cases, reaching 99.8 % for the pump-beam—cavity case and 99.6 % for the crossed-cavity case. The
effect of such a small displacement on the geometric intensity overlap is therefore negligible for the
investigated parameters.

For a displacement of 3.1 um, corresponding approximately to the largest displacement measured
for the groove plate, the relative overlap decreases more noticeably. In this case, the overlap remains at
92.5 % for the pump-beam—cavity configuration, but drops to 85.9 % for the crossed-cavity case. This
indicates that the crossed-cavity concept imposes somewhat stricter requirements on the alignment
precision.

Nevertheless, for the sub-micrometer displacement values achieved with the printed ferrule, the
calculated overlap remains essentially maximal. The printed-ferrule platform therefore appears sufficiently
precise not only for guiding a pump beam into the cavity region, but also for the realization of two
crossed cavity fields.

a) b) C)
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Figure 6.2: Visualization and calculated relative intensity overlap for a pump beam crossing a cavity mode and for
two crossed cavity modes with different lateral displacements. Panels (a) and (b) show the crossed-cavity case for
lateral offsets of 0.5 pm and 3.1 nm, respectively. These offsets correspond approximately to the displacement
extracted for the printed ferrule and to the largest displacement measured for the groove plate. The cavity fields
were calculated for a wavelength of 1 550 nm, a cavity length of 120 pm, and mirror radii of curvature of 300 pm.
For comparison, the pump beam was assumed to propagate over a distance of 80 pm from the pump-fiber end facet
to the cavity axis. The corresponding 1/ e’ intensity boundaries are indicated by dotted white lines. Panel (c)
shows the calculated relative intensity overlap as a function of lateral displacement, normalized to 100 % at zero
offset. The pump-beam—cavity case, 7, op, is shown in blue and the crossed-cavity case, 17, .., in orange. The
offsets of 0.5 pm and 3.1 pm are marked by vertical lines. At 0.5 nm, the relative overlaps are 99.8 % and 99.6 %
for the pump-beam—cavity and crossed-cavity cases, respectively. At 3.1 pm, the corresponding values are 92.5 %
and 85.9 %.

With these considerations in mind, further work focused on the realization of a crossed fiber Fabry—Pérot
configuration in which both orthogonal axes form optical cavities.
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6.3 Crossed-Cavity Implementation

For the implementation of a crossed fiber Fabry—Pérot configuration, the final assembly had to differ
from the previously discussed ferrule designs in Subsection 4.2.1, since both orthogonal cavity axes now
had to allow independent adjustment of the distance between the opposing fiber mirrors. The resulting
assembly concept is illustrated in Figure 6.3.
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Figure 6.3: Illustration of the final crossed fiber Fabry—Pérot cavity assembly. A ceramic base plate with an area
of 44 mm X 44 mm and a thickness of 2 mm supports the complete structure. A central pedestal with a height
of 1.5mm and an area of 6 mm X 6 mm carries the printed crossed ferrule. A through-hole with a diameter of
1 mm provides access from below. Four additional supports are positioned around the central pedestal, while
raised structures along the outer edges provide fixation points for the electrical wires. The printed crossed ferrule
is glued onto the central pedestal using UV-curable epoxy. Four shear piezoelectric chips are attached around
the pedestal using silver epoxy, with their shear directions oriented towards or away from the central interaction
region. Twisted electrical wires are connected to the piezoelectric contacts using silver epoxy. Four fiber mirrors,
FM1-FM4, are inserted into the ferrule channels and form two orthogonal fiber cavities crossing in the central
interaction region. The fibers are fixed to the piezoelectric chips and the outer supports using UV-curable epoxy.

Several modifications were made to the four-channel crossed ferrule design to accommodate this
configuration. The additional cuts previously included at the bottom of the cavity arms to ease separation
of the printed structure were removed, while the upper openings required for improved removal of
unpolymerized resin during development were retained. The length of all four arms was set to 3 mm
from the central crossing point in order to preserve symmetry between the two cavity axes.

Openings above and below the central interaction region improve optical access. The upper edges
of the central opening were designed with a curved shape to allow observation of the cavity region
over a larger angular range. The opening at the bottom was kept smaller in order to reduce the risk of
deformation and nonuniform shrinkage during fabrication and post-processing. For the same reason,
curved transitions were introduced at the outer connection points between the ferrule arms to provide
additional mechanical support. All corresponding curvatures were designed identically in order to
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preserve the symmetry of the ferrule.

The final four-channel ferrule design is shown in Figure A.6. Each channel has a nominal diameter of
152 pm. This value is slightly smaller than the previously identified diameter of 154 pm used for coated
fibers, since the fibers selected for the crossed-cavity implementation had a thinner coating and were
therefore still able to move laterally within a channel with a diameter of 154 ym. Reducing the channel
diameter to 152 pum limited the lateral freedom of the fibers while still providing sufficient clearance for
axial movement without damaging the fiber coating.

A ceramic base plate was designed to support the ferrule and the individual cavity actuators. A central
pedestal provides sufficient space for positioning the ferrule, while a through-hole in the center enables
additional access from below. Four shear piezoelectric chips from Thorlabs were arranged around the
pedestal and fixed using silver epoxy, with their shear directions aligned along the corresponding cavity
axes. This arrangement allows the position of each fiber mirror to be adjusted independently. According
to the manufacturer, the shear piezoelectric chips provide a nominal displacement range of 1.3 nm with a
tolerance of +20 % [81]. At a wavelength of approximately 1 550 nm, one longitudinal resonance period
corresponds to a cavity-length change of 1/2 ~ 775 nm. The available piezoelectric displacement should
therefore be sufficient to scan over at least one free spectral range.

Low-resistance twisted-pair silver-plated copper wires with Teflon insulation were connected to the
piezoelectric contacts using silver epoxy. The printed ferrule was subsequently glued onto the center
of the pedestal using UV-curable epoxy, with each ferrule arm aligned towards one piezoelectric chip.
The pedestal height of 1.5 mm was chosen such that the ferrule-channel openings are positioned slightly
above the top surfaces of the 1.8 mm-high piezoelectric chips. This allows the fibers inserted into the
ferrule to be fixed directly onto the piezo surfaces using UV-curable epoxy.

Additional supports with a height of 2 mm were positioned behind the piezoelectric chips, allowing
the fibers to be fixed at a second position for increased mechanical stability. The electrical wires were
likewise secured to the ceramic base plate using UV-curable epoxy. Microscope images of the fabricated
assembly are shown in Figure 6.4(a) and (b).

6.4 Cavity-Mode Alignment Characterization

In contrast to the knife-edge characterization of a freely propagating Gaussian beam, the insertion
of an obstruction into a high-finesse cavity modifies the cavity properties themselves. The resulting
position-dependent clipping and diffraction losses affect the cavity transmission and finesse, while the
circulating field can redistribute around the obstruction over successive round trips. Consequently, the
measured transmission no longer corresponds directly to the integrated Gaussian intensity distribution,
and the 50 % transmission point does not necessarily coincide with the cavity-mode center [82].

For this reason, the conventional error-function-based knife-edge evaluation used for the freely
propagating beams was not considered sufficiently reliable for determining the relative positions of the
two high-finesse cavity modes. Instead, an alternative alignment method based on a translating pinhole
was investigated, inspired by the approach described in Ref. [82].

6.4.1 Pinhole Method

The pinhole method is based on translating a circular aperture simultaneously through the centers of both
cavity modes. The basic measurement principle is therefore similar to the knife-edge method, where an
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— 5 mm

Figure 6.4: Microscope images of the fabricated crossed-cavity assembly prior to insertion of the fiber mirrors. (a)
Overview of the complete assembly. (b) Angled close-up view of the central region containing the printed crossed
ferrule and the surrounding piezoelectric actuators.

opaque edge is translated through two orthogonally propagating beams. Here, a blocking device with a
circular aperture is translated through the crossing region of the cavity fields at an angle of approximately
45° relative to both cavity axes. The position-dependent clipping introduced by the edges of the aperture
changes the cavity losses and consequently the depth of the reflected cavity resonance. These effects
are considered here primarily as position-dependent clipping losses introduced by the pinhole, without
explicitly accounting for diffraction effects.

For a sufficiently symmetric aperture, the induced clipping losses are expected to lead to a maximum
resonance depth when the pinhole is centered on the cavity mode. A schematic illustration of this
principle is shown in Figure 6.5, where the interaction region and the corresponding reflected resonance
signal are displayed for different lateral positions of the pinhole. For simplicity, only a single cavity axis
is shown. In the final crossed-cavity implementation, the same principle is applied simultaneously to
two orthogonal cavity modes.

To estimate the expected resonance-depth dependence during the pinhole translation, calculations
were performed for different cavity finesse values and pinhole diameters for a translation through a single
cavity axis. For the cavity field, both mirror radii of curvature were set to 300 jum, the cavity length
to 120 nm, and the wavelength to 1 550 nm, assuming perfect alignment. The pinhole was translated
through the cavity mode at the beam-waist position.

For a symmetric and otherwise lossless high-reflectivity cavity, the mirror power reflectivity R
corresponding to a selected finesse ¥ can be estimated from [12]

2
Vr? +4F2 —
Ry, = —F | -

with the corresponding mirror power transmission
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Figure 6.5: Illustration of the pinhole method for different lateral positions of the pinhole relative to a cavity axis.
For each position, the interaction region and the corresponding reflected cavity resonance are shown. The cavity
is modeled for a wavelength of 1 550 nm, mirror radii of curvature of 300 pm, a cavity length of 120 pm, and a
finesse of 1.5 x 10°. The pinhole has a diameter of 38 um and is translated laterally through the cavity mode. As
the pinhole moves away from the cavity-mode center, increasing clipping introduces additional round-trip loss and
reduces the resonance depth. The corresponding pinhole positions relative to the cavity axis are indicated.

T1,2 = 1 - RI,Z'

The transverse cavity-mode intensity was evaluated on a two-dimensional grid and normalized to
unity. The pinhole position is defined as zero when the aperture is centered on the cavity mode, such
that the scan position directly represents the lateral displacement relative to the mode center. For each
pinhole position, the transmitted fraction of the cavity-mode power was determined by integrating the
intensity within the circular aperture. This defines the single-pass pinhole transmission 7.

Since the intracavity field passes the pinhole twice during one round trip, the corresponding round-trip
power transmission is approximated by T, pm The corresponding round-trip clipping loss introduced by
the pinhole is estimated as [83]

‘Ert,pin =1- szin

The resulting clipping loss was first included in the approximate expression for the impedance-matching
efficiency introduced in Equation 2.9. Since this expression is derived under the assumption of high
reflectivity and small additional losses, it becomes increasingly inaccurate when the pinhole introduces
strong clipping. For comparison, the reflected cavity field was additionally calculated directly according
to Equation 2.5. For each pinhole position, the cavity length was scanned over a small detuning range
and the minimum reflected power was determined. The resulting resonance depth was then compared
with the impedance-matching approximation.

The calculated resonance depth as a function of pinhole position is shown in Figure 6.6(a) for a
fixed pinhole radius of 15 pm and several cavity finesse values. For low-finesse cavities and large
pinhole offsets from the cavity axis, resulting in large pinhole-induced losses, noticeable deviations occur
between the approximate impedance-matching expression and the directly calculated reflected resonance.
In contrast, for high-finesse cavities and around the central pinhole positions relevant for the alignment
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measurement, the additional clipping losses remain comparatively small, and both descriptions show
good agreement. This is further illustrated in Figure 6.6(b), where the results for a finesse of 1.5 X 10°
are compared for several pinhole radii.

The simulations additionally show that the suitable pinhole size depends on the cavity finesse. Since
the intrinsic round-trip losses of a high-finesse cavity are very small, additional clipping losses introduced
by the pinhole can contribute significantly to the total cavity loss and therefore strongly modify the
resonance response. At higher finesse, a larger pinhole is consequently required to retain a clearly
detectable resonance over a sufficiently broad range of pinhole positions.

To determine the cavity-mode center, the measured resonance depth should exhibit a clearly identifiable
maximum from which the central position can be extracted. Based on the calculation results for a
finesse of approximately 1.5 X 10°, a pinhole radius of approximately 19 pm was selected as a suitable
compromise between spatial sensitivity and measurable resonance contrast, as shown in Figure 6.6(b).
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Figure 6.6: Simulated resonance depth as a function of the lateral pinhole position. Solid lines correspond to
the results obtained from the impedance-matching approximation, while dotted lines show the resonance depth
obtained directly from the calculated reflected cavity field. (a) Resonance depth for a fixed pinhole radius of
15 pm and different cavity finesse values . At lower finesse and large pinhole offsets, the impedance-matching
approximation increasingly deviates from the directly calculated reflected signal. (b) Resonance depth for a fixed
finesse of 1.5 x 10° and different pinhole radii. Here, the solid and dotted lines show good agreement. A radius of
approximately 19 pm provides a clear central maximum while still maintaining sufficient resonance contrast over
the relevant scan range.

Pinhole Fabrication

Since the required pinhole diameter lies in the range of a few tens of micrometers, while the overall
structure has to remain sufficiently small to fit into the interaction region, the pinhole was again printed
directly onto a cleaved fiber end facet. The fiber carrying the pinhole can then be inserted out of plane
into the interaction region, similar to the tungsten wire used for the knife-edge method.

In contrast to the previously investigated pillar, no additional coating was applied to the printed pinhole.
For the pinhole method, the absolute resonance depth is not required for determining the cavity-mode
center. Instead, only the relative change of the resonance depth as a function of pinhole position is
relevant, and the time-consuming coating step was therefore skipped.

The polymer itself was expected to introduce sufficient optical loss when overlapping with the cavity
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mode. During several tests throughout this work, polymer residues were found to be easier to remove
from the fiber-mirror end facets after accidental contact than metallic coating residues.

The first pinhole was designed with a lateral diameter d; = 38 pm, based on the initial simulation
results. Since the pinhole is inserted into the cavity region at an angle of approximately 45°, the axial
diameter was increased to compensate for the projected aperture size and was set to

__ 4
B cos(45°)°

Microscope images of a printed pinhole and of the pinhole inserted into the cavity region are shown in
Figure 6.7(a) and (b), with the pinhole oriented towards the fiber mirrors and towards the microscope,
respectively. However, when the first pinhole with a lateral diameter of 38 ym was scanned through a
high-finesse cavity, no cavity resonance could be detected near the position of the aperture.

As a methodological check, the same pinhole was therefore tested using a low-finesse fiber pair, which
is visible in Figure 6.7(a) and (b). In this case, a clear transition from a blocked signal to a partially
transmitted resonance and back to a blocked signal was observed. This indicated that the measurement
principle itself worked, but that the aperture diameter of 38 um was too small for the high-finesse cavity.

Figure 6.7: Microscope images of a printed pinhole used for the cavity-alignment measurement. The pinhole is
printed directly onto a cleaved fiber end facet and inserted into the interaction region between two fiber mirrors.
The images show the pinhole oriented towards the fiber mirrors in (a) and towards the microscope in (b). The fiber
mirrors are aligned in a printed three-channel T-shaped ferrule and form a low-finesse cavity at a wavelength of
780 nm. The inserted pinhole shown in the setup has a lateral diameter of 38 pm. The enlarged microscope image
in (b) shows a separately printed pinhole with a lateral diameter of 60 pm.

To identify a suitable aperture size for the high-finesse cavity, additional pinholes with lateral
diameters of 50 pm, 55 pm, and 60 pm were printed and tested using a cavity with a measured finesse of
approximately 7 X 10*.

The measured resonance depths for different pinhole positions are compared in Figure 6.8. The
measurements were performed separately. For each measurement, the relative insertion depth of the
pinhole was adjusted in order to make the behavior of the different aperture sizes comparable. The
measured resonance depths were additionally normalized to the resonance depth obtained without the
pinhole inserted. As shown in Figure 6.8(a), all three measurements exhibit a clear maximum, which
can be used to determine the central cavity position. For a rough comparison with the theoretical model,
the measured data are overlaid with the calculated resonance-depth curves for a finesse of 7 X 10% in
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Figure 6.8: Normalized resonance depth as a function of the lateral pinhole position for different pinhole diameters.
The resonance depth is normalized to the value measured without the pinhole inserted. Since the measurements
were performed separately, the relative insertion depth of the pinhole was adjusted for each measurement to allow
comparison of the different aperture sizes. (a) Measured resonance depths for nominal pinhole diameters of 50 um,
55 pm, and 60 pm. (b) Same measurements overlaid with calculated resonance-depth curves for different modeled
pinhole diameters at a finesse of 7 X 10, Only every second modeled pinhole size has an entry in the legend.

Figure 6.8(b). While the absolute values and the exact shape of the measured curves do not agree with
the simulation, the increase in slope for larger pinhole diameters follows the predicted trend qualitatively.
Since the actual lateral dimensions of the printed pinholes differed from their nominal values by almost
10 pm and the measured curve shapes also deviated from the model, a more detailed comparison using
fitted theoretical curves was not considered meaningful.

As expected from the simulations, the measured resonance-depth contrast increases with increasing
pinhole diameter. In principle, all tested pinhole sizes provide sufficient variation to identify the
maximum and therefore estimate the cavity-mode center. Experimentally, however, the smallest tested
pinhole produced a maximum resonance depth of only approximately 5 %. Since resonance depths below
approximately 2 % were difficult to identify reliably in the presence of noise on the reflected signal, the
larger aperture sizes provided a more robust measurement.

Among the tested pinholes, the 60 pm aperture provided the clearest cavity resonance over the relevant
scan range and therefore allowed the cavity-mode center to be identified most reliably. It was consequently
selected for the subsequent alignment measurements.

Measurement Procedure and Validation

The general setup of the pinhole method is similar to the one employed for the knife-edge measurements.
The fiber carrying the printed pinhole is mounted in a rotational holder, allowing the orientation of
the pinhole to be adjusted. The holder is attached to the same motorized translation stage used for the
knife-edge method, enabling precise lateral translation through the interaction region.

In contrast to the knife-edge method, the pinhole measurement is applied directly to a cavity mode
instead of to a freely propagating beam. Fiber mirrors suitable for forming high-finesse cavities are
therefore inserted into the corresponding ferrule channels. In order to scan across the cavity resonance,
one fiber mirror of each cavity axis is mounted on a piezoelectric translation stage, allowing the
corresponding cavity length to be varied.
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The complete measurement setup is shown in Figure 6.9. It is based on the setup used for testing
fiber-mirror pairings shown in Figure 3.7, but is extended to two orthogonal cavity axes. Light from
the same laser source is divided by a 50/50 fiber-optical coupler and coupled into one fiber mirror of
each cavity. The opposing fiber mirrors are each mounted in a rotational holder for signal optimization
and subsequently positioned on piezo-driven translation stages. The piezo stages are driven by a
waveform-generator signal amplified by a factor of 75, allowing the two cavity resonances to be scanned.

The fiber carrying the pinhole is inserted into the interaction region perpendicular to the plane spanned
by the two cavity axes. The motorized translation-stage step size is again set to the minimum available
value of 0.156 pm in order to provide the highest possible spatial resolution.

For each pinhole position, the reflected cavity resonance is recorded and fitted according to Equation 3.1.
From the fit, the resonance depth and the FWHM are extracted. The resonance depth is then evaluated as
a function of the pinhole position. As for the knife-edge measurement, the absolute pinhole position
depends only on the chosen starting position of the scan and is therefore not directly comparable between
separate measurements.

Laser %

Circulator Paddle
L

Pinhole

Figure 6.9: Setup used for alignment evaluation with the translated pinhole. Light from a laser operating at
1550 nm is divided by a 50/50 fiber-optical coupler (FOC) and coupled into one fiber mirror of each cavity axis
after passing through a fiber circulator and polarization paddle. The opposing fiber mirror of each axis is mounted
on a piezoelectric translation stage driven by a waveform-generator signal (Scan), amplified by a factor of 75. The
reflected signal is separated by the circulator, detected by a photodiode, and recorded with an oscilloscope for each
cavity axis. The fiber carrying the printed pinhole, shown in the enlarged region, is inserted from below into the
interaction region and mounted in a rotational holder on a motorized translation stage, allowing both its orientation
and lateral position to be adjusted. Both the motorized translation stage and the oscilloscope are connected to the
PC for measurement control and data acquisition. All optical components are fiber-coupled.

Before applying the method to the crossed-cavity alignment, the reproducibility of the measurement

procedure was investigated using the previously selected 60 pm pinhole on a single-axis cavity. For
this purpose, the measurement was repeated for opposite scan directions and for pinhole orientations

70



Chapter 6 Implementation of Crossed Fiber Assemblies

differing by 180°, as shown in Figure 6.10(a) and (b), respectively. The measured resonance depths, also
referred to as dip depths, were normalized to the resonance depth measured without the pinhole inserted
into the cavity mode.

To investigate a possible dependence on the scan direction, the pinhole was first translated downwards
through the cavity mode and subsequently upwards through the same region. These measurements are
referred to as the forward and backward scans and are shown at the top and bottom of Figure 6.10(a),
respectively. Since the pinhole position is referenced to the first measurement point of each scan, only the
relative position within each measurement is relevant. Both scan directions show a similar dependence
of the resonance depth on the pinhole position, indicating that no pronounced scan-direction-dependent
effect is present. However, an asymmetry of the resonance-depth curve is visible in both measurements.

To investigate whether this asymmetry originates from the pinhole itself, the measurement was repeated
after rotating the pinhole by 180°. The corresponding measurements are shown in Figure 6.10(b). The
upper measurement was performed with the same pinhole orientation as in Figure 6.10(a) and shows
a similar asymmetric trend. After rotating the pinhole by 180°, shown in the lower measurement, the
asymmetry is considerably reduced and the measured dependence agrees more closely with the expected
symmetric behavior.
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Figure 6.10: Reproducibility measurements of the pinhole method using a pinhole with a lateral diameter of 60 pm.
The pinhole position is referenced to the starting position of each measurement. (a) Measurements performed with
opposite scan directions. The upper measurement shows the pinhole translated from top to bottom, while the
lower measurement shows the scan from bottom to top. Both measurements show a similar trend, indicating no
pronounced dependence on the scan direction. An asymmetric resonance-depth dependence is visible in both
cases. (b) Measurements performed with the same scan direction but pinhole orientations differing by 180°. The
upper measurement was performed with the same orientation as in (a), while the lower measurement was obtained
after rotating the pinhole by 180°. The asymmetry is considerably reduced for the rotated pinhole orientation.

The origin of this orientation-dependent asymmetry could not be identified conclusively. One possible

explanation is an uneven polymer structure or an asymmetric pinhole geometry resulting from the
printing process. Plasma ashing could potentially reduce remaining polymer structures at the pinhole
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surface [84], while an additional metallic coating could make the surrounding structure fully opaque.
These modifications were not investigated further within the available time.

As an additional consistency check, the FWHM extracted from each fitted resonance was evaluated.
Increasing clipping loss introduced by the pinhole increases the total cavity loss and therefore broadens
the cavity resonance, consistent with the relation between cavity loss and finesse given in Equation 2.8
and the relation between cavity finesse and linewidth in Equation 2.7. This is illustrated schematically in
Figure 6.5. Starting from the central pinhole position, the FWHM is therefore expected to increase as the
pinhole is displaced and the cavity mode becomes increasingly clipped.

The extracted FWHM values for the more symmetric measurement shown at the bottom of Figure 6.10(b)
are presented in Figure 6.11(b). Around the central region, the linewidth follows the expected increase
with increasing displacement from the center. For positions where the resonance depth approaches zero,
the extracted FWHM fluctuates strongly and shows large uncertainties, since the resonance can no longer
be identified reliably. The observed linewidth behavior therefore provides an additional consistency
check for the resonance fits used in the pinhole evaluation.

To evaluate the cavity-mode position, the more symmetric measurement shown at the bottom of
Figure 6.10(b) was analyzed further. Around the central maximum, the calculated resonance-depth
dependence is approximately Gaussian-like. A Gaussian function according to Equation 5.1 was therefore
used as an empirical fit to the measured resonance-depth values in the vicinity of the maximum. The
resulting fit is shown in Figure 6.11(a). A reduced chi-squared value of szed = 1.245 was obtained, and
the fitted central position had an uncertainty of 0.12 pm. This indicates that, for a sufficiently symmetric
pinhole measurement, the cavity-mode center can be extracted with sub-micrometer fit precision.
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Figure 6.11: Evaluation of the pinhole measurement shown at the bottom of Figure 6.10(b). (a) Gaussian fit applied
to the resonance-depth values around the central maximum. The fitted center position x is used to determine the
cavity-mode position. The corresponding 95 % confidence interval is indicated. (b) FWHM values extracted from
the same resonance fits. Around the central region, the linewidth increases with increasing displacement of the
pinhole from the center, as expected from the additional clipping loss introduced by the pinhole. At positions
where the resonance becomes weak, the extracted FWHM shows increased fluctuations and uncertainties.

Based on these results, the pinhole method appears suitable for determining cavity-mode positions
with sub-micrometer precision, provided that a sufficiently symmetric pinhole orientation is used. The
reliability of the resonance identification and fitting could additionally be improved by reducing the noise
level, for example by securing all fiber components more thoroughly. Its simultaneous application to two
crossed high-finesse cavity modes remains to be demonstrated experimentally.
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6.5 Current State and Remaining Challenges

At the end of this work, the mechanical platform, ferrule design, piezoelectric actuation scheme, and
alignment procedure required for the crossed-cavity implementation had been prepared, while the final
insertion and fixation of the fiber mirrors remained to be completed.

The next step is the insertion of two pairs of fiber mirrors into the crossed ferrule, forming one
high-finesse cavity along each of the two orthogonal cavity axes. The cavity length of one axis has to be
chosen larger than 120 nm, since the coated fibers have an outer diameter of about 135 pm. A cavity
length of approximately 140 um is therefore planned for the final implementation. The fibers then have
to be fixed to the piezoelectric actuators and the additional ceramic supports.

After the two cavities have been formed, their optical performance has to be characterized. In
particular, the achievable finesse, the cavity-length tuning range provided by the piezoelectric actuators,
and the mechanical stability of the completed assembly remain to be evaluated experimentally.

The relative positions of the two cavity modes then have to be determined using the pinhole method
developed above. The pinhole is translated through the central interaction region while the reflected
resonance signals of both cavity axes are recorded simultaneously. By extracting the central pinhole
position for each cavity mode, the relative displacement between the two cavity axes can be determined.
While the method was successfully tested on a single cavity axis, its simultaneous application to two
crossed high-finesse cavity modes remains to be demonstrated.

The remaining work therefore consists of completing the fiber insertion and fixation, characterizing the
optical and mechanical performance of the two cavities, and finally verifying their relative cavity-mode
alignment in the assembled device.
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Conclusion and Outlook

Throughout this work, assembly concepts for crossed fiber Fabry—Pérot cavities were developed and
evaluated, with a focus on their application in photothermal gas sensing. Different approaches in which
the relative fiber alignment is mechanically predefined by the assembly structure were investigated in order
to assess whether orthogonal fiber axes can be positioned with sufficient precision and reproducibility.

Among the investigated concepts, the 3D-printed ferrule provided the most promising combination
of relative alignment, reproducibility, and practical implementation. The enclosed printed channels
provided highly reproducible relative fiber positioning, with measured beam-center displacements on the
sub-micrometer scale, while still allowing the geometry to be adapted for optical access and piezoelectric
cavity-length tuning. The calculated intensity overlap additionally showed that the remaining measured
offsets are sufficiently small for both pump-beam—cavity and crossed-cavity configurations.

Several methods for characterizing the relative alignment were investigated. Conventional knife-edge
measurements proved suitable for determining the relative positions of two crossed, freely propagating
beams emitted from optical fibers and could in principle be extended to more complex fiber-alignment
geometries involving more than two intersecting optical axes. For high-finesse cavity modes, where
a conventional knife-edge evaluation is no longer directly applicable, a pinhole-based method was
developed. The measurements showed that the cavity-mode center can be extracted with sub-micrometer
fit precision under suitable conditions.

Based on these results, a final crossed-cavity platform consisting of a four-channel printed ferrule, four
independently actuated fiber mirrors, and a dedicated ceramic base structure was designed and fabricated
within this work, while the final insertion and fixation of the fiber mirrors remain to be completed.

Taken together, the results show that the developed assembly concepts are not limited to photothermal
gas sensing. The mechanically predefined ferrule geometry provides a general means of defining
the relative positions of several fiber axes or cavity modes within a common interaction region. The
alignment methods investigated here are likewise applicable to orthogonal freely propagating fiber beams,
high-finesse cavity modes, or combinations of both.

The DLW-fabricated ferrules are particularly versatile in this respect, since the number, orientation,
and dimensions of the fiber channels can be adapted to the requirements of a specific experiment while
retaining mechanically predefined relative alignment. The crossed four-channel ferrule and the T-shaped
three-channel ferrule investigated here therefore represent only two possible implementations. More
complex structures could combine cavity axes with additional pump or probe fibers or several intersecting
optical cavities within a common three-dimensional interaction region.
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7.1 Outlook

The most immediate next step is the completion of the three-channel T-shaped pump—cavity assembly.
A fiber-mirror pair and the selected pump fiber have to be inserted and fixed within the ferrule. After
successful assembly, the pump—cavity system should be characterized with respect to finesse, tuning
range, and long-term stability. The relative alignment could additionally be re-evaluated using the
pinhole method, with the cavity-mode position determined from the maximum resonance depth and the
propagating pump-beam position from the maximum transmitted power. For this to work, a suitable
pinhole diameter would have to be found first.

The final crossed-cavity assembly should then be completed. Two pairs of fiber mirrors have to be
inserted into the four-channel ferrule and fixed to the piezoelectric actuators and ceramic supports. After
forming two stable high-finesse cavities, their finesse, tuning range, long-term stability, and relative
cavity-mode positions have to be evaluated. The latter can be determined by applying the pinhole method
developed in this work simultaneously to both cavity modes.

Further optimization of the pinhole fabrication could focus on reducing the orientation-dependent
asymmetry observed during the measurements. Improvements of the printing and post-processing
procedure through plasma ashing and subsequent coating could provide a more symmetric aperture as
well as a fully opaque pinhole for the operating wavelength and thereby increase the reproducibility of
the extracted cavity-mode position.

For photothermal sensing, the three-channel pump—cavity configuration, in which a high-finesse cavity
is used for optical readout and a freely propagating pump beam crosses the interaction region, is intended
to be tested by the collaborating group. Mid-infrared specialty fibers could be used for pump delivery in
order to address absorption transitions of atmospherically relevant gas species such as CO or nitrogen
oxides [85]. In a subsequent crossed-cavity implementation, the second cavity could resonantly enhance
the pump field. The resulting increase in intracavity pump intensity could increase the absorbed optical
power and thereby enhance the photothermal signal, particularly for weakly absorbing species or low gas
concentrations, for example methane, which exhibits absorption features near 1.6 pm.

Beyond photothermal sensing, the crossed-cavity geometry could also provide a valuable platform
for experiments in atomic and molecular physics. A particular advantage is that the two resonators
can be optimized independently for different functions. One cavity could be optimized for strong
light—matter interaction with a selected atomic transition, while the perpendicular cavity provides a
second independently tunable optical interface for excitation, state-dependent photon emission, heralding,
or photon collection.

This provides an additional degree of freedom compared with a conventional single-cavity arrangement,
where one resonator provides the cavity-enhanced light-matter interaction while additional optical fields
are commonly introduced in free space. In the crossed configuration, the same emitter can instead interact
with two independently tunable cavity modes. Such crossed cavities have already been demonstrated for
coupling a single atom to two separate optical resonators [7].

As a concrete example, previous work at our institute has demonstrated fiber mirrors with radii of
curvature down to approximately 40 pm [40]. For a symmetric cavity with R = 40 pm, L = 60 nm,
and F = 1.5 x 10°, the ideal single-atom cooperativity for the D, transition of 87Rb is on the order of
C~32x10°, indicating strong coupling under ideal conditions (see Appendix A.6). The perpendicular
cavity would require a larger mirror separation, but could still reach comparatively high cooperativity;
for example, L = 150 pm, R = 300 pm, and the same finesse yield C = 4 X 10%. This allows the two
cavities to be optimized independently for different wavelengths, transitions, linewidths, or mode sizes.
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Beyond coupling to atomic or molecular transitions, the strongly confined optical field in the central
interaction region could also be exploited for other light-matter interactions requiring high optical
intensity within a small volume. Near-concentric Fabry—Pérot cavities have, for example, been used to
generate very high continuous-wave intensities in a tightly confined interaction region and to manipulate
electron waves through the resulting ponderomotive interaction [86, 87]. A crossed fiber-cavity platform
could provide a miniaturized implementation of a related concept, in which a second optical or particle
beam passes through the strongly enhanced field near the cavity center. The mechanically predefined
crossing geometry could thereby be advantageous for compact experiments requiring strong and spatially
localized field interactions.

A similar crossed-cavity approach could potentially be applied in molecular spectroscopy, where one
cavity is optimized for excitation of a molecular transition while the second provides an independently
optimized optical probe of the same interaction region.

This combination of adaptable 3D-printed ferrules, mechanically predefined relative alignment, and
independently tunable cavity axes provides a promising basis for future compact experiments requiring
several optical fields to interact within a common microscopic volume.
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APPENDIX A

Appendix

A.1 Optical Mode Matching

One key factor influencing the intensity of the detected reflection signal is the spatial overlap between
the electric field emerging from the incoupling fiber and the cavity field. The degree to which both field
distributions match can be quantified using the spatial mode-overlap integral [36, 37]:

% 2
2 Ef (x,y)E (x,y)dxd
o | [ Bt (x, Y)E(x, y) dx dy)| A

(//Rz |Ef(x, y)|2 dx dy) (ffRz }Ec(x, y)|2 dx dy) ’

where E;(x,y) and E_(x, y) denote the electric-field distributions of the incoupling fiber mode and
the cavity mode, respectively. The normalization is chosen such that perfect mode matching corresponds
to nym = 1, while any imperfect overlap results in O < ny; < 1. The quantity g, is referred to as the
mode-matching efficiency.

The spatial mode overlap depends on several properties of the fiber mode, the cavity mode, and
their relative alignment. To estimate the influence of the individual contributions, the mode-matching
efficiency can be approximated as the product of separate factors. This factorization is sufficient for the
estimates presented here. However, the complete overlap integral in Equation A.1 must generally be
evaluated when an exact description is required.

The approximate factorized mode-matching efficiency is written as [11, 37]

vm ~ Tlo Mg Ma (A.2)

where 7, describes the overlap for perfect lateral and angular alignment, 1,; accounts for a lateral

displacement between the fiber and cavity modes, and 77, accounts for an angular mismatch between
their propagation axes. The individual contributions are discussed below.

Beam-Shape Mismatch

The factor 1, describes the mode-matching efficiency for perfect lateral and angular alignment, corres-
ponding to d = 0 and 6 = 0. Under these conditions, the overlap depends only on the beam sizes and
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wavefront curvatures of the fiber and cavity modes and the mode-matching efficiency in case of a fiber
cavity can be expressed as [9]

4
Mo = , (A.3)

Wy + Wm,] 2+ kwfwm,l 2
w \ 2R,

m,1

where wy = MFD/2 is the mode radius of the field emerging from the incoupling fiber and w,, ; is the
cavity-mode radius at the incoupling mirror. Furthermore, R, is the radius of curvature of the incoupling
mirror and k = 27 /A is the wave number. The first term in the denominator accounts for the mismatch
in beam radii, while the second describes the mismatch in wavefront curvature.

The cavity-mode radius at the first mirror is given by

: a\/ LR} (R, - L)
(

“aNR L) (R, +R, - L)’

m,1 —
where L is the cavity length and R, and R, are the radii of curvature of the two cavity mirrors.
While wy is determined by the optical fiber, w;, | depends on the cavity geometry. The mode-matching
efficiency therefore increases when both the beam radius and wavefront curvature of the cavity mode
approach those of the fiber mode.

(A4)

Angular Mismatch

For an angular mismatch 6 # 0, the cavity-mode axis is tilted relative to the axis of the incoupling mode.
Such a mismatch can arise, for example, when the fiber end facet has a nonzero cleave angle and the
laser-machined mirror depression is oriented relative to this tilted surface, as illustrated in Figure 3.2(d).
The resulting efficiency factor can be written as [37]

0277 n? z2 z2
Mo =exp |- | 55 [whr+ whe| + =+ = | (A5)
1 Wo,t  Wo,c

where 6 denotes the angle between the fiber-mode and cavity-mode axes. The quantities w, ¢ and
Wy, are the corresponding waist radii, while z; and z, denote the distances between the respective waist
positions and the alignment plane.

Lateral Mismatch

A lateral displacement of the cavity-mode axis relative to the incoupling-mode axis introduces an
additional reduction in mode-matching efficiency. Such a displacement can result from an offset between
the center of the laser-machined mirror depression and the fiber core, as illustrated in Figure 3.2(c). This
offset occurred frequently during the fabrication run of the fibers used in this work. The corresponding

efficiency factor is given by [37]
d2
BN R (A.6)
2 2 2
Wo,t  Woe
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where d is the lateral displacement between the fiber-mode and cavity-mode axes. As an example, the
mode-matching efficiency is estimated for a cavity geometry representative of this work.
The cavity and fiber parameters are

R, =290pm, R, =310pm,
L=120pm, A4 =1.55pum,
wg=45um, 6=0.5".
Using the cavity geometry introduced above, the corresponding cavity waist, mode radii at the two
mirrors, and distances between the cavity waist and the mirrors are
wo =7.689pm, wg, =8697um, w,,=28.505num,
7.1 =63.333pm, 7., = 56.667 pm.
Using Equation A.3, with the indices exchanged accordingly for coupling through mirror 2, the
mode-matching efficiencies for perfect lateral and angular alignment are
For the angular contribution, the fiber-mode waist is assumed to be located at the fiber facet, such that
z¢ = 0 and wy ¢ = w;. Using Equation A.5 for an angular mismatch of § = 0.5 gives
Mg.1 = 0.99018, Mg = 0.99025.

The lateral contribution is calculated using Equation A.6. Combining the beam-shape, angular, and
lateral contributions according to Equation A.2 gives the total mode-matching efficiencies summarized
in Table A.1.

Table A.1: Combined spatial mode-matching efficiencies for an angular mismatch of = 0.5° and different lateral
displacements d.

d M, TTMM,2

Opm  0.6517 0.6697
Ipm  0.6376  0.6548
2um 05972 0.6122
3pm  0.5355  0.5473
Spum 03777 0.3824
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A.2 Mirror Coating
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Figure A.1: Reflection percentage of the coating for different wavelengths under normal incidence, specified by the
manufacturer Layertec [44].
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A.3 Additional Printing Images
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Figure A.2: Top view of the block-size and scaffold-setting sweep. Each column corresponds to a different block
size, indicated on the left. Each row corresponds to a different scaffold spacing. The wall spacing denotes the
distance between the vertical scaffold lines, while the floor spacing denotes the distance between the horizontal
scaffold lines. An orientation arrow is included for reference.
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b)

Figure A.3: Development setups using a magnetic stirring bar [88]. (a) The magnetic stirring bar, indicated by the
white arrow, is positioned next to the print, indicated by the blue arrow. (b) The magnetic stirring bar is positioned
beneath the print.
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A.4 Engineering Drawings
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Figure A.4: Engineering drawing of the grooved ceramic block including the relevant dimensions. The block has
a footprint of 25 mm X 25 mm. A centered pedestal with an area of 10 mm X 10 mm and a height of 4.9 mm is
located on the top surface. The fiber grooves are 160 pm deep and have an opening angle of 90°. A centered
through-hole is introduced from the bottom side. Over the first 2 mm, the hole has a diameter of 2 mm; above this
section, the diameter is reduced to 300 pm and the hole continues through the grooved top surface.
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Figure A.5: Engineering drawing of the grooved ceramic plate including the relevant dimensions. The plate has a
footprint of 10 mm X 10 mm and a thickness of 1 mm. The fiber grooves are 200 pm deep and have an opening
angle of 60°. A V-shaped opening is introduced through the center of the plate to facilitate later separation. The
opening has a minimum width of 300 pm and increases to a width of 2.92 mm. From both sides of the opening,
recesses with a width of 0.5 mm and a depth of 0.4 mm extend towards the outer edges of the plate.
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Figure A.6: Engineering drawing of the final four channel cross ferrule including all specific dimensions. Each
channel extends 3 mm from the central cavity region and has a diameter of 152 pm. The channels are supported
by printed arms with a cross section of 1 mm X 1 mm. Additional openings with a width of 0.4 mm extend into
the channels to improve the accessibility of the developer during flushing. The central cavity region has the
same width. An additional opening with a cross section of 0.2 mm X 0.2 mm provides out-of-plane optical access
to the cavity region. Curved transitions at the upper cavity opening increase the accessible observation angles,
while identical reinforcing curvatures at the outer arm connections improve mechanical stability and preserve the
symmetry of the ferrule.
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Figure A.7: Engineering drawing of the final three channel T-shaped ferrule including all specific dimensions.
Each cavity axis channel extends 4 mm from the central cavity region, while the pump-fiber channel extends 3 mm.
The two cavity channels have a diameter of 154 nm, while the pump-fiber channel has a diameter of 144 pm. The
channels are supported by printed arms with a cross section of 1 mm X 1 mm and include 0.4 mm-wide openings to
improve flushing. The pump-fiber channel extends further into the central cavity region, terminating at a distance
of 0.15 mm from the central cavity point, compared with 0.2 mm for the cavity channels. Detailed dimensions are
provided.
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A.5 Beam Profile Centering
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Figure A.8: Evolution of the beam-center position of the three-channel T-shaped ferrule with increasing propagation
distance from the cleaved fiber facet from which the beam is emitted. The blue trajectory corresponds to a relative
angle of (1.588 +0.004)° between the beam-center trajectory and the optical axis of the beam profiler. The orange
trajectory corresponds to the optimized tilt setting of the platform, for which the relative angle is reduced to
(=0.171 + 0.004)°. This optimized setting was used for the subsequent measurement.

A.6 Crossed FFPCs for CQED

A symmetric cavity with R = 40 pm, L = 60 pm, and a finesse of ¥ = 1.5 X 10° can be considered for
the D, transition of 87Rb near 780 nm. These parameters correspond to a mode waist of approximately
2.1 pm after Equation 2.3. For this cavity, the intensity linewidth is approximately Avewy = 16.7 MHz,
corresponding to a cavity-field decay rate of «/27 = Avpwm/2 =~ 8.3MHz [12]. Using the ideal
single-atom cooperativity, an idealized value of approximately [12]

c=-5F~32x10°
Wy
is obtained.
Using
2

_ &

2ky’

together with y/27 ~ 3.0 MHz [89] and a cavity-field decay rate [12] of «/27 ~ 8.3 MHz, this
corresponds to an ideal atom—cavity coupling strength of approximately g/(27) ~ 400 MHz.

Under these idealized conditions, the resulting hierarchy g > «, y therefore lies well within the strong-
coupling regime. This value should be understood as an idealized estimate, since the experimentally

C
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achieved coupling additionally depends on the atomic position, dipole orientation, spatial mode overlap,
and the selected atomic transition.
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