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Abstract: Calcium Fluoride (CaF,) was selected owing to its cubic symmetry and excellent
luminescence properties as a crystal of interest, and ultrafast laser inscription of in-bulk double-track
waveguides was realized. The guiding properties of these waveguides in relation to the writing energy
of the femtosecond pulse are presented. The modified double-track waveguides have been studied by
systematic developments of beam propagation experiments and numerical simulations. Furthermore,
an adapted model and concepts were engaged for the quantitative and qualitative characterization
of the waveguides, particularly for the transmission loss measurements and the three-dimensional
refractive index mappings of the modified zones. Additionally, polarization-dependent guiding
was investigated.

Keywords: femtosecond lasers; direct laser writing (DLW); micro-processing; photonic device;
cubic crystal; waveguides; double-track; Calcium Fluoride; refractive index change; quantitative
phase imaging

1. Introduction

The generalized model of bulk damage, in homogenous dielectric materials by ultrafast lasers,
involves a combination of nonlinear absorption processes resulting in the excitation and heating
of electrons followed by transfer of this heat energy to the surrounding lattice. The deposition
of this energy induces, by a variety of mechanisms, refractive index modifications localized over
a micrometer-sized volume of the material [1-3]. The possibilities of extreme confinement and rapid
prototyping of these modifications inside dielectric materials have resulted in the realization of vast
ranges of photonic devices, from optical waveguides to more complex photonic circuits. This has
been a driving force for a flourishing industrial interest in direct laser writing (DLW) inside dielectric
materials in the past two and a half decades [4].

Among its vast applications, DLW has been implemented for the functionalization of laser
systems and subsystems in high-repetition-rate laser systems by miniaturizing photonic components,
such as monolithic mode-locked waveguide lasers [5-8]. One of the most important challenges
when designing such high-repetition-rate, mode-locked solid-state laser systems is the selection
of a gain medium. Although single crystals are generally challenging to grow, when scaling-up
diode-pumped laser systems to high power, they are implemented more often than non-crystalline
hosts. Crystalline materials, in general, have a lower pump threshold, better Q-switching stability, and
better thermal conductivity [9]. Reference [10] provides an excellent review on optical waveguides
in crystals describing the writing mechanism and giving an exhaustive overview of the different
crystalline materials.
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DLW inside cubic crystals enables a more simplified systematic approach to study modifications
induced by ultrafast lasers owing to the fact that optical specificities and restrictions of low-symmetry
crystal optics are neglected. In relation to DLW inside cubic crystals, for years, a number of works have
been reported about DLW inside Y3Al501, (YAG) crystals, doped with rare-earth, neodymium (Nd)
and ytterbium (Yb) ions to be used as active laser media for realizing ultra-compact, and highly efficient
waveguide lasers. Slope efficiencies of 75%, with a so-called parasitic process, and continuous wave
output powers of about 5 W were reported by Calmano et al. [11-13]. The same group demonstrated
a passively Q-switched waveguide laser with a repetition rate of 300 kHz at 300 mW [14]. While this
group has been more focused on type Il waveguide configurations, the group of Okhrimchuk (Moscow,
Russia) has applied DLW on depressed cladding, type IlI, waveguides inside YAG crystals [15-17].
They have demonstrated a microchip type Il waveguide laser operating in Q-switched mode and an
11 GHz waveguide laser mode-locked with a single layer of graphene [9]. Besides these two groups,
a number of studies and characterizations of waveguides inside rare-earth-doped YAG crystals and
ceramics have been demonstrated [18-23].

Similarly, Calcium Fluoride (CaF,) is a dielectric crystal which crystallizes into a cubic fluorite
structure, space group Fmm3 [24]. The cation positions correspond to the closest packing, and each
unit cell has four Ca atoms and eight F atoms. With its high transparency in a broad wavelength
range, a low refractive index, and a low phonon energy, CaF, has been used as commercial optics
material from the infrared to the ultraviolet region, such as for windows, and as scintillator crystals
for medical imaging applications [25]. Although, it was identified among the first host crystals for
active laser media during the 1970s, through time, it has been abandoned due to the need of charge
compensation of the Nd** ions required to maintain the electroneutrality and the difficulty of its
growth. Over the years, other host materials like YAG, or oxide and fluorite glasses were preferred.
Recent developments made on ytterbium-doped alkaline-earth fluorides have shown better scalability
of the crystal growth as well as comparative spectroscopic and thermo-optical properties [26].

As compared to Yb:YAG, Yb:CaF, has a larger emission spectrum and thus demonstrated a wider
wavelength tuning range and the generation of shorter laser pulses. The nonlinear refractive index is
around four times smaller than in the case of YAG [27]. Moreover, the refractive index is similar to
conventional glasses, which makes this material suitable as intermediate systems in laser cavities, such
as a cavity spacer [28]. Furthermore, Yb:CaF, has a higher thermal conductivity and laser-induced
damage threshold than Yb:YAG, making it a better candidate for high-repetition-rate and high-power
laser applications, respectively [29,30]. Due to these advancements and comparative advantages, CaF;,
as a “new old laser material” [26], is blooming to become a favorite candidate as a host material for
active laser media.

Contrarily, while there are a number of studies about waveguides inside YAG, the study of
femtosecond laser written waveguides inside CaF, has been ignored to date and only a few works have
been reported [31]. Recently, Graf et al. categorized the type of modifications inside CaF; as pearl-chain
type [32], which makes it difficult to achieve waveguiding [33]. The only significant recent work was
the fabrication of (Yb,Na):CaF, depressed cladding waveguides produced by DLW technology [34],
in which dual-wavelength laser emissions, at 1013.9 nm and 1027.9 nm, with an optical-to-optical
conversion efficiency as high as 45.3% and a pulse energy of 0.13 uJ was demonstrated. Just recently,
Babu et al. reported double-track cladding inside Nd**, Y3+ co-doped CaF, crystals with refractive
index, birefringence, transmission loss and micro-luminescence studies as a function of the double-track
separation [35] and Guo et al. showed, in a very recent paper, double-track waveguides inside Pr-doped
CaF; crystals with micro-spectroscopy characterizations and refractive index reconstruction [36].

In this paper, we report on the investigation of double-track waveguides achieved inside undoped
CaF, crystals at different pulse energies. To the best of our knowledge, we have demonstrated
the first double-track waveguides inside pristine CaF; samples with comparatively good guiding
properties (refer to [37]). Moreover, a detailed description with new characterization approaches of
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those waveguides is given, which can be reasonably applied in general to any other similar waveguides
in crystals or other dielectric materials.

2. Materials and Methods

2.1. Crystal Samples

The crystal sample used in the experiments was an undoped CaF, single crystal with dimensions
of x X y X z = (6 X 12 X 2) mm?. The sample had optically polished faces and was randomly cut
parallel to the [134], [611], and [043], crystallographic planes along the x, y and z axes, respectively
(see Figure 1a). Due to the combined effects of the conical shape of the focused beam and the writing
process, which takes place at a certain depth, the DLW process did not access the final few micrometers
before the end facets. Therefore, the sample’s end facets, entrance and exit, were polished to optical
quality after the writing process. This resulted in 11.06 mm-long double-track waveguides.

c) _____
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b) d)
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Figure 1. (a) Waveguide fabrication schematic of DLW process. (b) Dark-field (DF) microscope image
of a waveguide inscribed with a 0.44 uJ pulse energy. d; is the distance between adjacent tracks,
which is set at 20 um. (c) side (xz-plane) and (d) top (xy-plane) view transmission bright-field (BF)
microscope images of all the double-track waveguides and reference single tracks (R) inscribed to locate
the double-tracks.

2.2. Waveguide Fabrication

Laser pulses are delivered using a Ti:Sapphire regenerative laser amplifier (Coherent, RegA 9000,
250 kHz, at 800 nm) as a femtosecond source with a pulse duration of 170 fs. The pulses were focused
using a Mitutoyo Plan Apo objective 20%, 0.42 NA, about 210 um below the surface of the CaF, sample
while the polarization of the writing beam is kept parallel to the direction of writing—the y-axis (see
Figure 1a). The three-dimensional trajectory of the writing tracks is achieved by placing the sample on
a slide which is attached to micro-controlled Newport Corporation X-Y-Z stages, XMS50, with a spatial
resolution of 40 nm along the predetermined path.

A group of short tracks with various writing speeds and energies were inscribed. The result
shows that for speeds exceeding 20 um/s, there is a strong indication of the pearl-chain type of
modification, which could make it impossible to have low-loss waveguiding or even no waveguiding
at all [33]. The pearl-chain formation mechanism is not fully understood, observations in glasses
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attributed this phenomenon to a sudden change in the absorption behaviour due to a temperature
rise or to hydrodynamic instabilities [32]. A thorough study in crystals would be necessary to explain
its formation and the parameters to avoid it, but this is out of the scope of this work. In order to
minimize the probability of such high-loss scatterers in the waveguide structure, we chose a speed of
10 pm/s, attaining maximum overlap between consecutive pulses. This provided an extremely small
shift between consecutive beams (about 20 pm) leading to extremely large pulse-to-pulse beam overlap
(about 3 x 10* pulses).

In addition, we observed that the pulse energy plays a more influential role for the thresholds of
modification and microcrack formation than the writing speed. This can be evidenced from the fact that
the given focusing conditions and the repetition rate of the laser source result in an athermal regime of
writing [38]. It was identified that an energy of 0.33 pJ corresponds to the threshold of modification,
while an energy of 0.61 pJ and above results in microcracks, which can be due to the porosity of
micro-sized CaF, amorphous formations that appear at the core of the submicron-sized damage
filaments [39,40].

Thus, once the thresholds of modification and crack formation had been identified, five double-track
waveguides were inscribed with energies per pulse from 0.41 to 0.56 uJ. This covers a range between
25 % above the damage threshold (0.33 pJ) and slightly below the crack formation energy of 0.61 pJ,
approximately. The distance between adjacent tracks was kept constant at 20 um for all the waveguides
(see Figure 1b). The five 20 um double-tracks are designated as WG-1, WG-2, WG-3, WG-4, and
WG-5, respectively, for 0.56 pJ, 0.52 pJ, 0.48 pJ, 0.44 pJ, and 0.41 pJ pulse energies, respectively, and are
separated by 200 um. In addition, a single track is also inscribed at a 0.52 pJ pulse energy in between
the waveguides, which is used as a reference for the characterization experiments (see Figure 1c,d).

2.3. Guided Modes Profiles: Measurement and Simulations

The near-field guided mode profiles were observed using a simple free-space beam (end) coupling
setup. The source is a linearly polarized He-Ne laser at 632.8 nm wavelength with a circular Gaussian
mode and a measured M-squared (M?) value of 1.07. A half-wave ()\/2) plate in combination with
a polarization beam splitter, PBS, adaptably controls the injected power with parallel (p-) polarized
(with respect to the setup table) light just after the PBS. A second half-wave (A/2) plate is used to
control and match the polarization of the injected beam into the waveguides. Because of the observed
weak guiding of light by the waveguides, a low numerical aperture (NA) objective, an Olympus Neo
SPlan 5%, with NA = 0.13, is used to inject the source, resulting in an optimum beam waist (~15 pm)
as compared to the horizontal (x) dimension of 20 um of the double-track waveguides. The effective
NA of the injected beam is measured to be 0.030, which is due to a smaller input beam diameter
compared to the objective aperture. This results in a better NA matching between the injected beam
and the guided modes of the waveguides. The sample is placed on a three-dimensional (3D) translation
stage with linear x, y and z translations in combination with the rotary translations (6, ¢) to cover all
points at a micrometer-level alignment. The near-field mode profile at the exit facet of the sample
is sharply imaged by an Olympus UPlanFLN 20x with NA = 0.5 onto a beam profiler, the sensor of
a CCD camera (Thorlabs, BC106-VIS).

For the setups shown in Appendix A (Figure A1), we assumed the observed guided mode has
a Gaussian distribution and the most accurate way of applying mode field diameter (MFD) calculation
is by considering the boundary at the more generalized criterion in which the intensity drops to 1/e? of
the maximum intensity, commonly also known as D4c method. Thus, the power density distribution
(PDD) of the guided mode, Ig, is given as:

ZP tot —2p2 c0529+sin29
I (r,0) = &2 ( wi | wp ) 1)
A MWy Wy



Crystals 2020, 10, 109 50f 13

where I is the guided intensity at coordinates r, 0; Pg tot is the total power of the guided mode; wy and
w;, are the beam radii of the guided mode along the horizontal (x) and vertical (z) axes of the side view,
respectively; and 1, © are polar coordinates.

In addition to the mode injected by the given HeNe Gaussian beam, all the modes supported
by the waveguides can be identified numerically using a Finite-Difference Time-Domain (FDTD)
solver. One of the numerical computation methods to solve the modes of the waveguides is using
Eigen solutions of the 3D Maxwell’s equations (refer to [41], [42]). In our case, a Finite Difference
Eigenmode (FDE) solver of Lumerical MODE Solutions, from Lumerical Inc., is applied to 3D refractive
index changes (RIC) of the double-track waveguides to calculate the mode field profiles of modes
at a cross-sectional mesh of the waveguides. Determination of the 3D RIC of the double-track
waveguides was performed by measuring the side and top-view 2D optical path difference (OPD)
map of the waveguides obtained from a special type of quantitative phase imaging (QPI) called
quadri-wave lateral shearing interferometry (QWLSI). The OPD is measured at the cross-sectional layer
with commercially available equipment (SID4Bio from PHASICS Inc.), having a spatial sampling of
250 nm, plugged onto a lateral video port of an inverted microscope (Zeiss Axiovert 200 M Microscope,
Gottingen, Germany). The sample is illuminated with a white-light centered around 550 nm with
condenser illumination of effective NA of 0.05, and the transmitted light is collected using an oil
immersion objective of magnification 100x with NA = 1.3. For details about the QWLSI technique,
see [43-45].

Due to the structural symmetry along the y-axis, the 3D RIC profile of the waveguides is the lateral
repetition of the longitudinal 2D RIC extending throughout the entire length of the waveguides (see
Figure 2a). As it can be derived from Figure 2b,c, the RIC values for the five waveguides are in the range
of around 1073 in the vicinity of the tracks to around —4x10~ along the tracks. The maximum value of
RIC of the waveguides is directly proportional to the writing energy, Epyise (1]). Contrarily, the minimum
RIC of the waveguides shows no particular trend, indicating that in addition to the writing energy,
intrinsic crystallographic modifications along the modified tracks play a major role for the negative
refractive index change.

WG-1 WG-2 WG-3 WG-4 WG-5
X 0pm 10 pm 10 pm 10 um 10 pm
-4 -3 -2 -1 31
(a) x 10
1 15
’ WG-5
[ ]
WG-1 1 259
WG-3  WG-2 ° =
° 3 Vé
E
WG-4 + 35<
WG-5
[ ]
. } " 45
1! 0.40 045 0.50 0.55 0.60
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Figure 2. (a) The 2D longitudinal cross-sections of the spatial refractive index change (RIC) map of
all the five waveguides. (b) Line profile of the RIC for all the waveguides. (c¢) The minimum and
maximum RIC values of the waveguides.



Crystals 2020, 10, 109 60f 13

2.4. Transmission Loss Measurement Setup

Most of the previously reported works on double-track waveguides inside crystals, which
implement free-space beam coupling setups, apply the mode field overlap integral to determine
the transmission loss between the input beam and the waveguide [46-48]. While the major drawback
of this assumption for double-track crystalline waveguides is that the RIC incurred is not only
confined in the region between tracks but also extends in the side lobes of the tracks (see Figure 3a).
Therefore, the mode matching conditions of such waveguides require rather more complex matching
considerations than fiber-like mode matching.

10 pm

Intensity

10 pm

(b) S

Figure 3. Power density distribution (PDD) of both experimental-guided mode profiles (a) and
simulated fundamental mode profiles for (b) of all the five waveguides.

In our case, due to the aforementioned complexity of determining how the mode field overlapping
occurs between the injected beam and the waveguide, the total injected light is assumed as the sum of
measured guided and modelled uncoupled mode profiles. The uncoupled mode profile is assumed to
be predominantly on the edge of the waveguides and is trapped in the vicinity of the tracks spanning
from the entry to the exit facets owing to the fact that the RIC extends on the immediate side lobes of
the tracks (refer to Appendix A).

3. Results and Discussion

Once the 3D RIC is obtained, the 3D spatial mappings of refractive indices are realized by simply
adding the refractive index of CaF, at 632.8 nm, n = 1.4348, over the entire ensemble of 3D RIC values.
Thus, using Import object for the (n,k) data tool in the Lumerical software, the possible TE and TM
eigen modes propagated are simulated inside each waveguide. The numerical simulation results
indicated that the waveguides are multimodal. The experimentally observed guided modes are highly
consistent with the simulation results, see Table 1. The corresponding simulation results are given
in parentheses.

Table 1. The experimental (simulation) near-field mode field radii (MFR) of the five double-track
waveguides inside CaF, along the horizontal (x) and vertical (z) axes and for the injected HeNe beam.

MFR HeNe WG-1 WG-2 WG-3 WG4 WG-5
wy (um) 7.4 (7.5) 9.1 (9.5) 8.1 (8.4) 8.2 (8.6) 7.7 (8.0) 9.2 (9.7)
W, (um) 7.4 (7.5) 17.9 (18.8) 16.3 (16.9) 159 (16.7) 172(182) 164 (17.5)

Ellipticity 0.9 (1) 0.51 (0.50) 0.50 (0.49) 0.52 (0.51) 044 (0.44)  0.56 (0.55)

Furthermore, the overlap integral between the assumed HeNe beam (circular Gaussian mode with
a beam waist of 7.5 um at 632.8 nm) and the fundamental mode of the numerically simulated modes
showed that the overlap is at least 85%, while it is less than 1% for the consecutive higher-order TE/TM
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Eigenmodes. This proves that the excited modes in both, guiding and transmission loss experiments,
are predominantly Gaussian modes for all the waveguides. In addition, the simulated effective
numerical aperture ranges between 0.041, for WG-1, to 0.033, for WG-5, which exceeds the effective
NA of the injected beam in our experiment, 0.030.

Consequently, the guiding setup has produced an almost “perfect” NA matching and high
coupling efficiency. Indeed, we expect a very good mode matching since the NAs of the waveguides
and of the injected sources are very similar; mode mismatch is thus neglected. The insertion losses
due to Fresnel reflections from both entrance and exit faces lead to a correction per interface of 0.9683,
namely to 0.14 dB per interface. Note that neglecting the mode mismatch consequently leads to a slight
over-estimation of the reported propagation losses of our waveguides. Therefore, most of the unguided
light should be the result of a mismatch between the ellipticity of the PDD of the guided mode and
the injected circular source beam, which is not explainable by considering only a single equivalent
value like an effective refractive index or the error due to micrometer-level control of the injection
optics. Note that the applied method to determine the propagation losses is insensitive to the absolute
value of the coupling losses.

As it can be observed from the images in Figure 3, the obtained profiles are highly elliptical for
the injected circular beam. The simulated fundamental modes have an overall ellipticity below 0.55,
while we obtained ellipticity below 0.56 for the guiding experiment. The modes simply correspond to
the injected circular Gaussian modes that are constricted by the tracks, stretched along the z-axis and
squeezed along the x-axis. This is evidenced by the leaked mode at the bottom-left corner track of
WG-4 since the 3D RIC measurement represents the measurement only at a single layer for the track
that extends throughout the whole guiding structure (compare Figures 2a and 3b). On the other hand,
other experimental and simulation runs for similar energies and the same writing speed, 10 um/s,
showed that an increase of the distance between the tracks does not necessarily result in Gaussian
fundamental modes. This is due to the fact that a change in the distance of the double-tracks modifies
the entire longitudinal 2D RIC distribution between the tracks.

The five waveguides of undoped CaF, exhibited a transmission loss between 1.9 dB/cm (WG-1) to
2.7 dB/cm (WG-4), while the pristine crystal transmission loss is 0.31 dB/cm at 633 nm. Figure 4 shows
that the results are within the range of some previously reported transmission loss measurements of
waveguides in YAG crystals, which were 1.3 dB/cm for Yb:YAG [11], 1.5 dB/cm for Cr:YAG [17] and
1.6 dB/cm was reported for Yb:YAG ceramics [49]. In addition, the superficial cladding waveguides
written inside Nd:CaF, have been reported with a transmission loss of 2.5 dB/cm [31].

As it was described above, the unguided beam model simply considers free bulk propagation
subtracted by the confinement of the low numerical aperture rays of laser light. However,
the sub-micrometer size of the negative RIC tracks along the x-axis is on the same order of magnitude
as that of the source wavelength. This introduces significant near-field diffraction effects of the tracks
in the immediate vicinity of the waveguides [50]. Therefore, the uncoupled laser light model, in
Equation (A1), results in an overestimation of the transmission losses in comparison to the real losses
of the waveguides. Thus, a more complex and realistic model would improve the transmission loss
measurement results reported in this work.

Previous studies have shown that stress-induced birefringence and selective guiding of only one
polarization state has been reported in YAG crystals and ceramics [11,49,51-54]. Similarly, we have
observed that for all five waveguides, only the polarization parallel to the damage tracks was guided
while exhibiting a polarization extinction ratio (PER) between 15 dB to 20 dB, i.e. 1:32 to 1:100 parts for
the beam polarized perpendicular to the double-tracks.
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Figure 4. Transmission loss (dB/cm) of the CaF, undoped crystal double-track waveguides in
comparison with some previously reported transmission losses where red is for a Nd:CaF; crystal [31];
black for a Yb:YAG ceramic [49]; green for a Cr:YAG crystal [17] and blue for a Yb:YAG crystal [11].
The gray line at 0.31 dB/cm is the transmission loss of the CaF, unmodified zone. The error bars in
the measurements indicate the standard deviation of the data from multiple experimental runs.

So far, the polarized white-light 3D RIC measurements and phase retardance measurements of light
along the waveguides showed little to no birefringence in the case of these conventional double-track
waveguides inside the CaF; crystal. A recent study by Qi et al. on polarization-dependent guiding
performances of LiNbOj crystals presented similar results. Propagating waves with the polarization
parallel to the tracks is guided, i.e., the TE modes for vertical double lines are guided, while
the polarization perpendicular to the double lines show very low transmission [55]. Similarly, in
our case, the experimental results showed low transmission of the TM modes, i.e., for perpendicular
polarization of the injected beam with respect to the double-tracks. This is mainly due to the structural
asymmetry of the modified tracks along the horizontal (x) and vertical (z) axes, which leads to
polarization-dependent guiding properties and, consequently, asymmetrical transmission loss.

4. Conclusions

The waveguiding properties of double-track waveguides inside CaF, were investigated with
a free-space beam coupling setup. The numerical simulation of the DLW-induced refractive index
changes showed a multimode waveguide, while the near-field fundamental modes are in excellent
agreement with the near-field guided mode profiles of the experiment. The guided modes follow
a Gaussian elliptical profile with an ellipticity lower than 60%. We have developed a simple model
of the uncoupled laser light profile to estimate the possible losses of double-track waveguides inside
crystals. The maximum transmission losses were determined according to this approach, which results
in an over-estimation of the transmission losses of the waveguides. Despite that, the transmission losses
of the five CaF, double-track waveguides are within the range of previously reported transmission loss
measurements inside similar crystals. Furthermore, a study of the polarization-dependent guiding of
the waveguides showed that the waveguides act almost like perfect polarizers.
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Abbreviations

DLW Direct Laser Writing

YAG Yttrium Aluminum Garnet
CaF, Calcium Fluoride

NA Numerical Aperture

DF Dark-Field

BF Bright-Field

WG double-track Waveguide
HeNe Helium-Neon

M2 plate Half-wave Plate

CCD Charge-Coupled Device

MFD Mode Field Diameter

PDD Power Density Distribution
FDTD Finite-Difference Time-Domain
FDE Finite Difference Eigenmode
3D Three-Dimensional

RIC Refractive Index Change

2D Two-Dimensional

OPD Optical Path Difference

QPI Quantitative Phase Imaging
QWLSI Quadri-Wave Lateral Shearing Interferometry
Epulse Writing Energy per Pulse

TE Transverse Electric

™ Transverse Magnetic

dB decibel

PER Polarization Extinction Ratio
Gm guided mode

Fp free propagation of beam

T Fresnel Transmission Coefficient
Appendix A

The uncoupled light mode profile is modelled as the free propagation of the beam inside the pristine crystal
while assuming that all of the “top hat”, lowest numerical aperture rays of light, vanishing according to the guided
Gaussian beam at the exit facet. Thus, the normalized PDD of the modelled uncoupled mode is the normalized
guided mode profile, PDDgp,, subtracted from the normalized PDD of free propagation of the beam, PDDy, at
the exit facet. This is represented as:

Iu(r,e) = —J|e % — e w%

2Pu,tot 72\'22 —21( COSZZO + sin? @ )
. 2 (A1)
m(ws — wyxws)

where I is the uncoupled intensity at coordinates 1,0; Py ot is the total power of the uncoupled laser light; wy

[ 2
is the free space propagation beam radius at the end facet of the sample, which is given as w, (1 + (Zl—“R) );

Wy is the beam waist of the HeNe source (~7.5 um); 1. and Zy are the length of a waveguide and the Rayleigh
length, respectively; wy and w; are the beam radii of the guided mode in the horizontal (x) and vertical (z) axes of
the side view, respectively; r and 0 are polar coordinates in the side view (xz-plane); the surface normalisation
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w? — wywy, results here from the resulting surface obtained at the exit facet as the circular area of the diverging
free propagation mode minus the elliptical area of the guided mode.

a)

PBS

He-Ne laser

A/2 plate A/2 plate

b)

Beam Profiler

-

Figure A1. (a) Free-space beam coupling setup implemented for: (b) beam profile experiment; (c) and
(d) case 1 and case 2 of transmission loss experiments, respectively.

According to the setup shown in Figure Alc,d, for each waveguide, two sets of power measurement are
performed. For the case 1, all of the guided and uncoupled light is collected by the lens onto the powermeter (see
Figure Alc). The measured power is given as follows:

2P 27 2P 2
Pout = [—— B o f f (g(r,0)rdrd® + ——— o wiot el f f Cu(r, 0)rdrd6] Ty (A2)

7Twxwz cu - wxwz

where (g and (y are the PDD models of guided and uncoupled angular profiles derived from Equations (1)
and (A1), respectively. Ty is the product of the transmission coefficients of the sample (Fresnel), the collecting
objective, and the lens. &y is the transmission loss of the waveguides in 1/cm. «, is the transmission loss of
the pristine crystal or unguided mode and equals 0.06/cm. Similarly, for case 2, all of the guided and only part of
the uncoupled light is collected onto the powermeter (see Figure Ald). The measured power is given as follows:

2Pu,t0t

2Pg,tot
(w2 — wyw,)

Pour =
ou [Tthwz

27T T pin 27T Tpin
e~ %sle fo i Cg(r,0)rdrdd + el fo ) Cu(r,0)rdrdd] Ty, (A3)

where 1y, is the radius of the pinhole. Ty, is the product of the transmission coefficients of the sample (Fresnel)
and the collecting objective. As shown in Figure Ala, the input power was measured just before the input facet of
the sample. Thus, it is given as the sum of the guided and uncoupled light as:

Pin = (Pg,tot + Pu,tot)/ Tf (A4)

where T is the Fresnel transmission coefficient.

Therefore, given the linear system of the two Equations (A2) and (A3) supported by experimental
measurements Py, and Py and taking into account the closing relationship in Equation (A4), one can
extract the parameter Xg.
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