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Abstract: The focusing of femtosecond laser pulses is an efficient and robust way to fabricate
integrated optical components in glasses. However, the induced refractive index changes are weak
if compared with those obtained in lithography. Several solutions have been found to overcome
such problem, the multi-scan technique being one of these. The present work implements
the multi-scan approach on the femtosecond inscription of 7ype A laser modifications in high
repetition rate regime. Therefore, a study on the effects of the absorption of subsequent laser
pulses on the increase of the induced refractive index is conducted. As a result, the achievement
of high and smooth refractive index change, up to 2x 1072, in a commercial silver-glass is
reported. Moreover, such high and controlled index contrast is exploited for the fabrication
of low-propagation-losses and engineered waveguides exhibiting single-mode operation in the
VIS-NIR range.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Femtosecond (fs) laser tight focusing in dielectric media is a widely spread technique based
on the nonlinear multi-photon absorption occurring in the interaction voxel, which allows for
obtaining perennial material modifications for applications in several fields such as microfluidics,
sensing and photonics. In the last two decades, this technique has quickly gained notoriety due to
its simplicity and versatility to directly address 3D material structuring and associated optical
properties in a wide range of materials, such as crystals [1,2], polymers [3] and mostly glasses
[4-9].

Since the first demonstration in 1996 [10], the use of a focused fs source proved to be an
efficient and robust way to fabricate waveguides and optical components for photonics circuits,
whose downsizing is directly related to the amplitude of the induced refractive index change.

Three types of material modifications leading to a local change in the refractive index have
been identified in glasses while performing direct laser writing (DLW) with a fs laser source:
Type I being associated with a smooth negative or positive refractive index change, the latter
allowing for waveguiding applications, while Type II and Type III correspond to nanogratings
and voids creation, respectively [1,11-13]. Concerning the materials, many compositions have
been investigated [5,7,8], yet silica-based glasses are the most commonly used so far.

In 2017 our group demonstrated the existence of a new type of refractive index change in
silver-containing glasses [14] that is not associated to the glass matrix modifications. Indeed, this
new refractive index change, denominated Type A from Argentum, is supported by the creation of
photo-induced silver clusters: molecular-like structures that exhibit new chemical bonds, leading
to the local increase of the polarizability, and provide new absorption bands in the UV, resulting
in fluorescence emission. Type A modifications have shown to overcome the diffraction limit,
allowing for the inscription down to 100 nm thin features [15]. Moreover, Type A refractive
index change has proved to guide light, making it possible to fabricate optical components
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and photonic devices such as waveguides, couplers, beam splitters and refractive index sensors
[16]. A comparison between Type A and Type I [17] shows that Type I modifications appear
at laser fluence higher than that required for the creation of silver clusters, which is triggered
after a significant number of pulses. Indeed, significant Type A refractive index change, and thus
associated fluorescence, is achieved for 102 pulses and above.

The fs laser inscription is performed in two regimes: low repetition rate (from 1 kHz to 250
kHz range) and high pulse energy [3,6,7], or high repetition rate (above 1 MHz) and low pulse
energy [18-20]; these two regimes show intrinsic differences regarding the thermal management.

In the case of low repetition range regime, the time scale between subsequent pulses is large
enough to allow for thermal diffusion of the heat out of the voxel of interaction, preventing
any significant effect of the thermal accumulation. The origin of the refractive index contrast
between the induced modifications and the pristine glass is not fully understood, but it is clear
that self-trapped excitons (STE) play a role. Indeed, STE are expected to provide the energy
necessary to activate the localised rearrangement and densification of the lattice in some wide
band-gap dielectrics, such as fused silica [21-24]. However, such refractive index change is low,
typically up to 3 x 1073 in fused silica.

For the case of high repetition rate, the many-pulse irradiation leads to the increase of the
temperature above the glass transition temperature at the laser-matter interaction voxel, inducing
the glass to locally melt and quickly quench. The rapid diffusion of the heat allows for obtaining
symmetric material modifications and for achieving higher refractive index changes. However,
the dimensions of such modifications are larger than that of the interaction voxel and the refractive
index profile might be positive, negative or show both behaviours, depending on the writing
parameters and the glass composition.

Remarkably, Type A refractive index change showed to occur in an athermal regime, despite
the use of a high repetition rate laser source. Indeed, the low nonlinear absorption, typically 0.1%
per pulse, leads to local temperature increase of a few tens of degrees only [15,25].

Still, the laser induced refractive index changes are weak if compared to the one obtained in
lithography or in planar light-wave circuits (PLC) [26-28]. Many solutions have been found to
achieve higher refractive index changes, such as X-ray preconditioning of the glass in order to
generate precursors defects [24], the approach of laser inscription with frequency-doubled fs
beam with low repetition rate [19], a post thermal treatment to eliminate the negative refractive
index profile in high repetition rate regime [29], a multi-scan technique that proved to be efficient
for both high and low repetition rates [2,8,30,31] and more recently fs laser induced band-gap
shift to invert the sign of negative refractive index changes in crystals [32].

The multi-scan approach allows for enlarging the laser affected area and thus thermal affected
region, leading to improve the associated refractive index contrast. The work of Lapointe et
al. [2] reports on increasing the refractive index change of the multi-scan structures in the low
repetition rate regime: up to 8.5 x 107 after 100 scans for both (355 fs) pulse duration, and from
1.4 x 1073 to 9 x 1073 after 500 scans in the case of short (65 fs) pulse duration. Moreover, for
this last case, the refractive index shows a saturation around the highest value after hundreds of
scans. At high repetition rate, the multi-scan technique in Type I modifications is sensitive to the
increase of the pulse energy, which led to the formation of pearl-chained waveguides in fused
silica with high propagation losses [31], proving that the thermal effects highly affect this regime.

In this work, the effect of the multi-scan approach on the type A refractive index change is
studied, highlighting the importance of the athermal regime in the inscription of high refractive
index change using a high repetition rate source. Moreover, this technique is exploited for the
fabrication of high-contrast waveguides with low propagation losses.
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2. Experimental setup and procedure

The laser source used in the fabrication of the investigated structures is a prototype fs fiber
laser at 1030 nm, operating at 9.25 MHz repetition rate, with pulse duration 400 fs and
average output power 5 W. The sample is a commercial silver-containing zinc-phosphate glass
from Argolight company with 8% of silver content (nominal cationic composition (mol%)-
39.0P,0s5 — 53.8Zn0O — 5.84820 — 1Ga,03). The positioning of the sample during the laser
inscription is assured within a precision of 30 nm by motorized 3-axis stages from Newport
(XMS100 - VPSZA). A series of serpentine structures of L = 50 ym has been inscribed at a depth
of 160 um, to prevent aberrations, below the sample surface using a 20x microscope objective
(Zeiss) with NA 0.75, varying the DLW parameters to create a matrix of irradiance. It should
be noted that the DLW can be performed at different depths inside the glass, depending on the
working distance of the microscope objective used to focalised the laser. If the laser intensity
is adjusted during the motion along the z direction, the DLW of Type A modifications can be
achieved from the surface of the glass till few hundreds of um inside the sample. Moreover, Type
A structures can be successfully inscribed almost over 100 m depth with moderate geometrical
variation while keeping the same DLW parameters. For each matrix the speed was varied from 10
to 100 um/s while the irradiance was changed from 4 to 11 TW/cm?. Moreover, each irradiance
matrix was repeated in loco a number of times given by N scans, up to 20 repetitions.

Figure 1 reports the cases of irradiation matrices with a single scan (on the left) and 10 scans
(on the right). The clusters fluorescence images have been acquired with a BX53 microscope
(Olympus), using an Olympus EP50 camera and a 10x NA 0.3 microscope objective (Olympus)
with excitation light at 345 nm. It can be noticed the increase of the fluorescence intensity after
several repetitions due to the increase of the density of the photo-induced silver clusters. Each
structure has been imaged using a 100x microscope objective (Zeiss) with NA 1.3 (used with a
matching index oil n = 1.518) and the SID4-Bio device (Phasics) mounted on a Axiovert 200 M
microscope from Zeiss, so as to extract the local optical difference (OPD) between the inscriptions
and the pristine glass, as shown in Fig. 2(a). An example of a typical OPD profile associated to
Type A modifications is reported in Fig. 2(b). Indeed, Type A structures are characterized by a
positive refractive index change in the region where the silver clusters are photo-induced [14].
Each phase image has been processed in order to remove both acquisition noise and eventual
glass inhomogeneity so as to obtain a flat background from the pristine glass. A quantitative
measure of the refractive index change associated to the silver clusters for each combination of

Irradiance TW/cm?
1 scan 10 scans

speed (um/s) 50 um

20 35 50 100

Fig. 1. Fluorescence image excited at 345 nm of two of the inscribed irradiation matrices
for 1 scan (left) and 10 scans (right), respectively. For each matrix the same serpentine
structure is repeated at different writing speed and laser irradiance.
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DLW parameters and number of scans is obtained by dividing the measured OPD (from Fig. 2)

for the measured thickness of each structure (from Fig. 5).
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Fig. 2. (a) Example of a phase image of one serpentine laser-inscribed structure, acquired
by means of the SID4-Bio device. (b) Line profile of the typical OPD associated to the
double-track Type A structures. Such line profile is extracted from a vertical cross section of
a single horizontal branch of the serpentine structure (along black line in (a)).

3. Results

Figure 3 reports the results of refractive index changes associated to the inscribed structures
for each laser irradiance, depending on the cumulative number of pulses, i.e. the total number
of pulses that corresponds to a given product N¢f,.,/v with N the number of passes and v the
sample motion speed, for the given laser repetition rate f,., and the typical focused beam diameter
¢. The results in Fig. 3 show that after 0.5 x 107 pulses the refractive index contrast between the
pristine glass and the photo-induced structures grows up to 1 x 1072 for high laser irradiance,

and it remarkably reaches 2 x 1072 after 3 x 10 pulses.
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Fig. 3. Refractive index changes An of all the structures, inscribed with different writing
parameters, with respect to the cumulative number of pulses locally irradiated during the
inscription of each structure. Two different regimes are highlighted in the graph: a linear
increase of An depending on the cumulative number of pulses (red area), proving the athermal
regime; a plateau for high An values occurring at high number of cumulative pulses (grey
area). Note that the typical error bar for each individual measure is 1.5 x 1073,
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Two regions have been highlighted in Fig. 3 as red and grey areas for high laser irradiances
(from 8 to 11 TW/cm?). The first region highlights a rather linear increase of the An with the
cumulative number of pulses, which is directly related to the linear increase of the concentration of
silver clusters, as a consequence of the laser inscription in an athermal regime. The second region
shows the existence of a plateau, where the index contrast seems to settle on a quasi-constant
value, outlining a saturation effect, as in the work of Lapointe et al. [2].

However, the saturation process in Type A inscription has a different origin. During the fs
interaction of a single pulse, only a portion of the silver reservoir of the glass matrix can be
exploited for the creation of silver clusters. The number of the induced clusters is directly related
to the number of free electrons produced in the laser-glass interaction, thus to the laser irradiance.
As a consequence, during each single pulse, part of the silver elements are getting involved in
the transient trapping of holes or electrons [33]. Such temporary intermediate silver-species
reservoir is thus dependent on the laser intensity. Therefore, the cumulative absorption of several
pulses provides the depletion of both silver reservoirs.

The proposed description in terms of two regions for the An build up in Fig. 3 (shaded
areas), allows for simple understanding of the cumulative management of the silver reservoir
during the laser inscription. Other phenomenological modelling could have been proposed
to fit the data, providing though no additional understanding at the microscopical level. Still,
a phenomenological modelling would at least require to take into account the pulse-to-pulse
memory effect (or incubation effects) due to local ageing process of the material, so that the
phenomenological parameters shall evolve with the pulse number. A meaningful detailed
modelling would require a complete numerical simulation including nonlinear energy deposition,
diffusion processes, chemical reactivity, pulse-to-pulse evolution of some constants of the material
as well as the management of the pulse-to-pulse distribution of silver species, as developed by
Smetanina et al. [25].

Indeed, at low irradiance (from 4 to 6 TW/cm?) the graph in Fig. 3 shows no saturation
behaviour in the explored range of cumulative number of pulses. This has a two-fold meaning: on
the one hand, it tells that at low and moderate laser irradiance the multi-scan technique insures a
fine control of the refractive index change by simply acting on the number of cumulative absorbed
pulses; on the other hand, it suggests that increasing significantly the number of pulses could
lead to much higher refractive index change, potentially overcoming the results obtained so far
(requiring though an undesirable longer processing time). This argumentation is corroborated by
Fig. 4 that shows that the induced refractive index change is tightly dependent of the cumulative
number of irradiated pulses. The four graphs in Fig. 4 represent the iso-An curves, i.e. the curves
that show the same refractive index change, in the case of high laser irradiance for irradiances of
8,9,10 and 11 TW/cm?. In each graph, the slope of each iso-An curve identifies the cumulative
number of pulses necessary to achieve the labeled refractive index change. For the case of
irradiances of 9, 10 and 11 TW/cm?, the starred markers depict some of the cases in which the
same refractive index change is produced thanks to the same number of cumulative pulses, but
from different writing speeds and number of scans.

The selection of the DLW parameters, i.e. the cumulative number of pulses and the laser
irradiance, targets a specific amplitude of the induced refractive index change; so, a better tuning
of the latter is accomplished by adjusting the former. Thus, the results in Figs. 3 and 4 demonstrate
that the management of the refractive index change of fs laser inscribed Type A structures is
efficiently achieved in an athermal regime.
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Fig. 4. Iso-An curves for different laser irradiances: the induced refractive index change is
kept constant at the specific value along the black curves. The colored dashed lines identify
for each irradiance case the slopes of such iso-curves and the starred markers highlight
some cases where the cumulative number of irradiating pulses are the same although the
associated writing speed and number of scans were different.

4. Functionalities

The promising results obtained in the DLW of multi-scan structures have been exploited for
the fabrication of waveguides, using the above mentioned setup. The laser irradiance and the
number of scanning have been chosen to be 6.2 TW/cm?, to prevent any saturation effect, and
Nycans = 1,2,3,5, 10,20 and 30, therefore realizing 7 waveguides at the writing speed of 10 um/s.
After polishing the lateral faces of the sample, the thickness of each waveguide has been imaged
from side view with fluorescence and white light imaging (see Figs. 5(a) and 5(b), respectively)
and measured in order to extract the corresponding refractive index change from the phase images
using the SID4-Bio device and a 100X microscope objective with NA 1.3 and matching oil with
n = 1.518. Table 1 reports on the measured values of the thickness and the width (separation
between the two fluorescent tracks from top view in Fig. 5(c)) for each waveguide.

3 scans 5 scans 10 scans 20 scans 30 scans

Fig. 5. (a) Fluorescence and (b) white light side-view images of the thickness of the
multi-scan waveguides after polishing the lateral faces of the sample. (c) Fluorescence
top-view image of the multi-scan waveguides that shows the enlarging of the width of the
structures after several repetitions. Fluorescence images excited at 345 nm.
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Table 1. Measured values of thickness and width for each waveguide inscribed with different
number of scans.

N scans 1 2 3 5 10 20 30
thickness (um) 6.2 6.2 6.8 7.2 7.8 8.7 9
width (um) 1.6 1.66 1.82 2.6 2.08 2.5 2.7

4.1.  Multi-scan waveguides for improved mode confinement

The multi-scan waveguides have been injected at different wavelengths such as 750 nm, 900
nm, 1030 nm and 1550 nm, using a tunable Ti:Sapphire laser, Chameleon Ultra I (Coherent
company), with a repetition rate 80 MHz, output power >2.9 W at 800 nm, and a butterfly diode
laser SLD1550S-A4 (Thorlabs company), with 40 mW ASE power at 1550 nm. The injection of
the Ti:Sapphire laser in the multi-scan waveguides was achieved by means of a 20x microscope
objective (Olympus) with NA 0.5, while the output of the waveguides in the near field has been
collected with a 100X microscope objective (Mitutoyo) with NA 0.9 and imaged on a 12 bit
camera beam profiler (Thorlabs). The injection of the butterfly diode was carried out by means
of a 6-axis fiber positioner (Newport), the output of the waveguides in the near field has been
imaged on a 16 bit InGaAs camera (Hamammatsu). Due to the high refractive index contrast
achieved with the multi-scan technique, some waveguides can support several modes beside the
fundamental, as shown in Fig. 6, for wavelengths equal or shorter than 1030 nm. Higher-order
modes can be excited (or inhibited) by playing on the injection position. At 1550 nm, however,
all the waveguides support only the fundamental mode.

1 scan 2 scans 3 scans 5 scans 10 scans 20 scans 30 scans

750 nm

900 nm

1030 nm

1550 nm

| singleMode | | Multi Mode |

Fig. 6. Near-field images of the mode profile for each multi-scan waveguide at different
wavelengths. Depending on the wavelength and number of scans at fixed speed of 10
pm/s, the waveguides can exhibit single mode or multi mode operation. Note that all the
waveguides were always single mode at 1550 nm.

The near-field profiles of the waveguides have been imaged at the output face of the glass
sample. As previously reported in the work of Abou Khalil et al. [14] and as shown in Fig. 7,
the Type A waveguides present a peculiar mode profile due to the double-track silver-sustained
structure, as a result of the photo-dissociation of the clusters in the centre of the interaction voxel
during the laser inscription [15].

While being dominantly injected in the fundamental mode, the measured profiles have been
processed to retrieve the Mode Field Diameters MFD = V<52> from the second statistical
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Fig. 7. Example of a processed near-field image (5 scans at 1030 nm) where the red dashed
line depicts the calculated ellipse with axes on x and y equal to the Mode Field Diameters in
the corresponding directions.

moment:

<5 T>S=t——o, M

where s (either on x or y direction) is the statistical variable and [ is the intensity profile along the
x or y directions after having applied a binning of the 2D profile along the other direction (either
y or x direction, respectively). For the case of the example reported in Fig. 7, the red dashed line
depicts the equivalent astigmatic Gaussian profile with the estimated MFD along both x and y
axes.

The values of the MFDs along the x and y directions are reported in Figs. 8(a) and 8(b),
respectively, for each inscribed waveguide and investigated wavelengths: the two graphs show a
shrinking of the mode extension along the two axes of the waveguides for increasing number of
scans, as expected from the increase of the associated refractive index change.

The transmission of the waveguides has been estimated at 750 nm, 900 nm and 1030 nm
in order to quantify the propagation losses, while optimising the injection by coupling the
fundamental mode. The raw data from transmission measurements have been corrected by the
transmission of the injecting and collecting microscope objectives, by the Fresnel losses at both
the entrance and exit faces of the sample and, finally, by the coupling efficiency 7 at the injection,
which has been estimated accordingly [34]:

| [ E;ErdA|? )
" TEPdA - [ |EsdA’

where E7 and E; are the (conjugate) electric fields of the injected laser beam and the propagating
fundamental mode, respectively, for each waveguide and wavelength, and the surface element
dA accounts for the transverse integration over the whole profiles. The injected laser beam was
directly imaged at the focus of the injection objective (while the sample had been removed) and
the near-field profile of waveguided mode has been imaged at the output face of the sample. In
this framework, the propagation losses at 1030 were estimated to 0.38 dB/cm for a single scan,
which decreased to 0.24 dB/cm after 30 scans, as reported in Table 2.

An explanation of the decrease of the propagation losses could come from the better confinement
of the guided mode on the silver-sustained structures, reducing the interaction between the mode
and the pristine glass.
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Fig. 8. Mode Field Diameters of the fundamental mode at different wavelengths: (a) x and
(b) y directions, respectively. The values have been extracted from the near-field images of
the modes at the output of each waveguide.

Table 2. Propagation losses for each waveguide at different wavelengths. After several scans, with
the local increase of the refractive index change and associated increase of the mode confinement,
the estimated propagation losses for all the wavelengths decreased by 25%, on average.

a(dB/cm) 1 scan 2 scans 3 scans 5 scans 10 scans 20 scans 30 scans
750 nm 0.35 0.33 0.41 0.5 0.34 0.29 0.26
900 nm 0.35 0.32 0.39 0.42 0.27 0.26 0.29
1030 nm 0.38 0.34 0.37 0.38 0.39 0.29 0.24

4.2. Engineered multi-scan waveguides for Gaussian mode profile

A multi-scan solution to retrieve a LP0O1 Gaussian profile from Type A waveguides is presented.

After a single laser scan, the beam is displaced by a distance inferior to 2wg, where wy is
the focused beam waist, along the direction perpendicular to the laser scan motion. During the
following scan, the previously induced silver clusters will be photo-dissociated only along the
track that is overlapped by the laser beam, while a new double-track is simultaneously inscribed
(see Fig. 9(a)). The writing of such a new double-track is made possible thanks to remaining
silver elements in the available silver reservoir, while considering low-enough laser irradiance
and cumulative number of pulses, so as to prevent Type A saturation effects depicted in Fig. 3.
Such multi-scan approach allows thus for the periodic inscription of individual sub-diffraction
features showing inter distance below the initial double-track separation. With this inscription
method of engineered multi-scan waveguides, as adopted by Liu et al. [30], it’s possible to
reshape the double-track waveguide into a larger structure that is able to support a gaussian-like
mode.

Using the same setup, a square waveguide has been inscribed with a 6 ym thickness, made of
10 laser scans spaced by 500 nm, with an overlap of 70% between subsequent scans, so as to
obtain the same width and thickness dimensions, at 100 um/s and for a laser irradiance of 6.12
TW/cm?.

In order to fully exploit the multi-scan technique, the reshaped waveguide was repeated 6
times in loco alternating the direction of the displacement, as showed in Fig. 9(a). Side-view
and top-view phase images of such engineered multi-scan waveguide have been collected using
a 100x microscope objective (Zeiss) with NA 1.3 and matching oil with n = 1.518, using
the SID4-Bio (Phasics) and are reported in Figs. 9(b) and 9(c), respectively. The engineered
multi-scan waveguide has been injected at 1030 nm using the same above mentioned setup; the
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Fig. 9. (a) Schematic explanation of the procedure followed in the inscription of the
engineered multi-scan waveguide. (b) Side-view and (c) top-view phase images of the
reshaped waveguide. Note that the side-view image is partially affected by surface defects,
contrarily to the top-view image.

guided mode has been acquired using a 16 bit Sony « III camera with no objective and it has
been reported in Fig. 10, where the Gaussian profiles along the x and y directions have been
highlighted respectively in blue and red.

5pm

Fig. 10. Gaussian-like profile of the guided mode at 1030 nm supported by the 6 um
squared engineered multi-scan waveguide in Fig. 9.

5. Conclusion

The present work demonstrates the achievement of high refractive index change, up to 2x 1072, in
a commercial silver-containing glass by means of a multi-scan approach, using a high repetition
rate source in a counter-intuitive athermal regime. This high refractive index contrast is supported
by the photo-induced silver clusters created at each pulse and depends directly on the number of
cumulative pulses absorbed during all the scans.

At high laser irradiance, the refractive index change appears to settle on a constant value
after a significant amount of pulses. Such saturation effect doesn’t appear for low or moderate
laser irradiance, suggesting that higher refractive index contrast could be achieved by increasing
significantly the number of cumulative pulses. This last task can be accomplished by either
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increasing the number of scans or by decreasing the writing speed. An interesting perspective
would be to operate at higher repetition rate while considering new sources [35].

Additionally, multi-scan waveguides have been realized in order to take full advantage of such
high refractive index contrast. The characterization of these waveguides showed that they can
operate in single mode at different wavelenghts in the VIS-IR range, depending on the number
of scans. The shrinking of the MFDs is a direct consequence of the increase of the induced
refractive index change of the waveguides with respect to the surrounding pristine glass. Such a
modal shrinking also led to the decrease of the associated propagation losses, from 0.38 dB/cm
after a single scan down to 0.24 dB/cm after 30 scans at 1030 nm.

Finally, an engineered multi-scan solution to reshape the double-track Type A structures
is presented, resulting in the achievement of a Gaussian-like LPO1 mode profile. Multi-scan
waveguides with high Type A refractive index change and low propagation losses can further
be exploited in the fabrication of bended waveguides, enabling for miniaturization of photonic
circuits.
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