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We report on the fabrication of stress-induced waveguides in Nd:YAG (neodymium doped yttrium alu-
minum garnet, Nd:Y3Al5O12) by simultaneous double-beam irradiation with femtosecond laser pulses.
An interferometer was used to generate two femtosecond laser beams that, focused with certain lateral
separation inside the crystal, produced two parallel damage tracks with a single scan. The propagation of
the mechanical waves simultaneously created in both focal spots produced a highly symmetrical stress
field that is clearly revealed in micro-luminescence maps. The optical properties of the double-beam
waveguides are studied and compared to those of single-beam irradiation, showing relevant differences.
The creation of more symmetric stress patterns and a slight reduction of propagation losses are explained
in terms of the fact that simultaneous inscription allows for a drastic reduction in the magnitude of ‘‘in-
cubation” effects related to the existence of pre-damaged states.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Optical waveguides are the basic elements for building inte-
grated photonic devices [1], such as beam splitters, directional cou-
plers or mirroring modulators. In this field, versatile guiding
structures with diverse geometries are needed, operating both in
the passive as active regimes. Femtosecond laser inscription has
been demonstrated to be a very powerful technique for the fabrica-
tion of optical waveguides in transparent dielectrics [2–6]. The
laser is strongly focused inside the material and the large intensity
reached in the focal volume creates a localized modification medi-
ated by non-linear absorption (strong-field ionization) [7]. The
ultrashort laser-matter interaction time (femtoseconds) avoids
the generation of thermal effects and, as a result, a highly localized
material modification is induced. As the focal spot can be scanned
inside the material, in principle, any arbitrary 3D structure can be
inscribed in it.

The material modifications that can be induced by the laser are
classified in Type I or Type II, depending on whether the irradiation
conditions are below or above the optical damage threshold,
respectively [8]. In crystals [4], the most usual technique for pro-
ducing waveguides, the so-called double-line approach, is based
on Type II modifications [9]. In this approach, two parallel laser-
damage lines are created close to each other, resulting in a refrac-
tive index increase in the area between both lines, due to the
stress-field (lattice compression) induced by the ultrashort pulse
irradiation, and in a refractive index decrease at the damage lines
related to a local amorphization [10]. This technique has been
applied to a large number of crystals for the fabrication of different
active photonic devices, for instance waveguide lasers [11–14] or
wavelength converters [15,16]. Recently, some novel fabrication
approaches based on stress-induced optical waveguides have been
reported [17–19], offering improved features over the standard
double-line technique.

In this work we report on the fabrication and the study of
stress-induced optical waveguides in Nd:YAG crystal produced
by the simultaneous irradiation of the sample with two femtosec-
ond laser beams generated with an interferometer. The optical
paths for both pulsed beams were equalized in order to get simul-
taneous irradiation of the corresponding pulses. The technique of
bifocal inscription, based on the use of a diffractive grating setup,
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was previously demonstrated in [20] and it was applied to quartz
and phosphate glass, showing the possibility to fabricate single-
mode waveguides for a wide range of focal separations. However,
to the author’s knowledge, there is no previous systematic compar-
ative study showing the differences of double-beam irradiation
waveguides with the ‘‘traditional” double-scan waveguides,
including micro-luminescence maps to analyze the damage and
stress fields induced during fabrication. The stress fields created
by both simultaneous pulses overlap in space and time in the
region between the damage tracks, thus obtaining, in all the cases,
a symmetrical modification of the refractive index. Moreover, the
simultaneous inscription leads to the disappearance of the ‘‘incu-
bation” effects caused by the existence of pre-damaged volumes.
Thus, the waveguides fabricated with this approach exhibit highly
symmetrical modes for a wide range of irradiation conditions, and
better performance than the double-scan waveguides.
2. Experimental setup

2.1. Waveguide fabrication

An amplified Ti:sapphire femtosecond laser system (Spitfire
Ace, Spectra Physics) was used to inscribe the waveguides in the
crystals. The laser emitted 120 fs pulses at a central wavelength
of 800 nm with a repetition rate of 1 kHz. A half-wave plate fol-
lowed by a linear polarizer, and a calibrated neutral density filter,
were used to finely tune the pulse energy. An interferometer with a
variable delay line was arranged to produce two collinear beams
with nearly equalized mean power (see Fig. 1). The optical paths
of both beams were adjusted in order to get the best temporal
overlap (delay 0 between pulses of the two beams) by optimizing
the contrast of the produced interference patterns. Both beams
were focused through a 20� microscope objective at 100 lm
beneath the sample surface, which was placed on a computer-
controlled motorized three-axis stage. The use of an interferometer
instead of the diffractive-grating approach reported in [20] allows
a fine and continuous control on the focal separation. Eventually,
the interferometer would allow the introduction of an arbitrary
delay between both pulses if required.
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Fig. 1. Schematic of the simultaneous DB irradiation experiments. (a) Interferometer tha
focused through the microscope objective inside the crystal. (The divergence between t
Two sets of experiments were completed: the one, with simul-
taneous double beam (DB) irradiation, and the other with single
beam (SB) irradiation (standard fabrication technique). In the first
one (DB), both beams were slightly misaligned (symmetrically,
with less than 0.25� of divergence) in the interferometer in order
to get two separated focal spots after the microscope objective,
with the distance required between them in each experiment
(15 lm, 20 lm or 30 lm). The experiments were done in Nd:YAG
that is one of the most widely used gain media for solid-state lasers
due to its outstanding fluorescence, thermal and mechanical prop-
erties. Nd:YAG has been the subject of a number of previous stud-
ies on optical waveguide inscription with femtosecond lasers
[12,19] and it is very well characterized. The sample was cut to
dimension 10 � 10 � 2 mm3 and polished down to optical quality.
The beams were focused inside the crystal through one of the lar-
gest faces at a depth of 150 lm. The sample was then scanned once
at constant velocity resulting in two parallel damage tracks simul-
taneously written in the crystal in a single step. In the second set of
experiments (SB), one of the beams was blocked in the interferom-
eter, and then, two parallel scans of the sample were done with the
other beam in order to produce two parallel damage tracks at the
same separation than in the corresponding DB experiment. In both
DB as SB experiments, different scanning velocities (25–100 lm/s)
and pulse energies (0.2–0.9 lJ) were used in order to explore the
effect of the laser irradiation parameters on the waveguide
performances.

2.2. Optical waveguide characterization

The modal profiles of the fabricated waveguides were investi-
gated with an end-fire coupling setup at 633 nm. Light at input face
of the waveguides was polarized parallel to the inscribed tracks in
order to minimize transmission losses (see Fig. 2). The modes at
the output face of the waveguide were imaged onto a CCD camera
through a microscope objective. Waveguide propagation losses
were evaluated by measuring the output and input powers, taking
into account losses at the input and output microscope lenses,
Fresnel reflections at the crystal interfaces, and the modal overlap
between the injected light and the modal profile [21]
(linear absorption at the sample was neglected). The refractive
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Fig. 2. (a–f) Modal profiles of the waveguides at 633 nm and polarization parallel to the damage tracks (approximate positions shown by vertical lines). (a and b) WG1
(15 lm track separation, 0.44 lJ pulse energy and 25 lm/s scanning velocity) for DB and SB fabrication, (c and d) WG2 (20 lm track separation and same irradiation
conditions), and (e and f) WG3 (30 lm track separation, 0.90 lJ pulse energy and 100 lm/s scanning velocity). (g) Polarization dependence of the transmitted power
(normalized) for WG1 (0� corresponds to polarization perpendicular to damage tracks).
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index contrast (Dn) between the damage lines (refractive index
decrease) and the waveguide core (refractive index increase
induced by the stress field) was estimated by measuring the
numerical aperture of the guided mode in the far-field. Then,
assuming in a rough estimation a step-index profile, the refractive
index contrast was calculated using the equation [22]

Dn � sin2 hm
2n

; ð1Þ

where hm is the maximum incident angle at which the transmitted
power occurs without any change, while n, in a first approximation,
is the refractive index of the bulk material.

2.3. Micro-luminescence measurements

Micro-luminescence imaging of the stress-induced waveguides
were obtained in a home-made confocal fluorescence microscope.
A single-mode fiber coupled laser diode (808 nm) was used as an
excitation source. It was focused into the sample by using a single
microscope objective with a numerical aperture of 0.85, leading to
an excitation laser spot radius of 0.5 lm approximately. 808 nm
radiation excites Nd3+ ions from their ground state (4I9/2) up to
their 4F5/2 excited state from which non radiative de-excitations
down to the 4F3/2 metastable state take place. The subsequent
4F3/2 ? 4I9/2 emission is collected by the samemicroscope objective
and, after passing through different spectral and spatial filters is
spectrally analyzed by a high-resolution spectrometer. In this work
we focused our attention to the spatial variation of the intensity,
spectral position and bandwidth of the narrow emission lines
centered at around 940 nm as they have been demonstrated in
the past to be excellent indicators of the local damage, stress and
disorder in the Nd:YAG network, respectively [10]. For the acquisi-
tion of fluorescence and structural images of the waveguides, the
Nd:YAG sample was scanned in three dimensions by placing it
on an XYZ piezo-stage while keeping the 808 nm excitation spot
fixed. The spatial variation of peak intensity, position and width
(used for damage, stress and disorder imaging) were obtained by
using the LabSpec software. Graphical representation of data was
performed by using the WSxM software [23].
3. Results and discussion

Firstly, the modal profiles of the fabricated waveguides were
analyzed. Guidance was observed for the three track separations
but the fabrication parameters (pulse energy/scanning velocity)
that minimized the measured losses were different (see Fig. 2):
0.44 lJ/25 lm/s for 15 lm (WG1) and 20 lm (WG2) track separa-
tion, and 0.90 lJ/100 lm/s for 30 lm track (WG3) separation. As it
can be seen in the figure, the modal profiles for DB waveguides
were highly symmetrical and single mode in all the cases. How-
ever, SB waveguides show more irregular profiles, effect that is
particularly noticeable for small track separations for which asym-
metric multimode profiles are obtained.

Concerning the propagation losses, in all the measurements DB
waveguides showed superior performance with a loss reduction
between 5% and 30% with respect to SB waveguides. In particular,
propagation loss as low as �0.2 dB/cm was measured for the DB-
WG2 and �0.3 dB/cm for SB-WG2. This value obtained for DB



Fig. 3. Micro-luminescence maps of WG1 obtained by DB (left) and SB (right)
inscription. Top panels show the spatial variation of the stress-induced spectral
shift of Nd:YAG emission lines. These maps clearly reveal a larger symmetry of the
stress-field pattern in the case of DB inscription. Bottom panels represent the
spatial distribution of the Nd:YAG luminescence intensity that is related to the
spatial variation of laser-induced damage in the Nd:YAG crystal lattice.
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waveguides improves previously reported values for Nd:YAG
stress-induced waveguides [12]. However, the refractive index
contrast estimated from Eq. (1) was larger for the SB waveguide
�8 � 10�4 (DB waveguide �4 � 10�4). This behavior is surprising,
as one would expect a larger refractive index contrast induced in
the material when two mechanical waves (compressive) were pro-
duced simultaneously from both damage tracks to the center of the
waveguide. Nevertheless this effect could be tentatively explained
taking into account that the refractive index change here estimated
should be considered as an average value in the whole waveguide.
In the case of SB irradiation, the second damage track is produced
on a pre-modified volume of the YAG network so a larger modifi-
cation (refractive index change) would be expected, this leading
to a larger ‘‘overall” refractive index change.

The effect of the incident laser polarization on the supported
waveguide modes was also investigated. In all the cases, the guid-
ance is better for polarization parallel to the damage tracks and
poor for the perpendicular one, although a slightly more isotropic
behavior is found for DB waveguides (see as example Fig. 2g).

To gain insight in the mechanisms underlying the different
behaviors observed, luminescence maps were taken for the differ-
ent waveguides. In Fig. 3 we show the peak position (Top panel)
and intensity (Bottom panel) maps corresponding to WG1
(15 lm track separation). As explained in detail in previous refer-
ences (see [10]) these maps can be unequivocally correlated to
the spatial distribution of residual stress and damage, respectively.
Independently on the inscription method, the double filament
structures are characterized by a localized damage at the filaments
that is accompanied by a compressive stress at filaments and in
their surroundings (such compressive stress is denoted by a red-
shift in the emission lines). This fact indicates that in both inscrip-
tion procedures the mechanism leading to waveguide formation is
the same: the refractive index increment created at filaments and
between them due to compressive stress.

However, clear differences can be appreciated: as it is expected,
the simultaneous irradiation (DB) to produce both damage tracks
leads to a more symmetrical stress field and, also, to a more similar
damage distribution in both tracks of the waveguide. Such creation
of highly symmetrical stress patterns leads, consequently, to a
more symmetrical refractive index increase distribution in all the
studied cases. In the standard double-scan approach (SB) the stress
field is asymmetric due to the presence of the so-called ‘‘incuba-
tion” effect: the inscription of the first damage track leads to the
appearance of a modified volume in the Nd:YAG that is not only
restricted to the laser focal volume but that, indeed, extends sev-
eral microns from it. Then, the inscription of the second damage fil-
ament is not performed on an ‘‘unperturbed” Nd:YAG volume (as it
was in the case of the first filament) but, on the contrary, it is per-
formed on a ‘‘pre-modified” Nd:YAG lattice so that the resulting
structural effects (stress, damage and disorder) are completely dif-
ferent [9]. This effect is particularly relevant for small track separa-
tions. This makes both inscription methods non-equivalent leading
to the appearance of asymmetrical structural maps and, hence, to
asymmetrical refractive index patterns. Thus, in such case, only
certain irradiation conditions lead to symmetrical modal profiles
(see Fig. 2d). The effect of the SB fabrication in two subsequent
sample scans affects even to the different aspect ratio and vertical
positions of the damage tracks, as it can be seen in the microscope
images shown in a number of papers (see for instance [9–14]). On
the other hand, a more homogeneous stress distribution in the vol-
ume between the damage tracks is produced with DB irradiation,
what means a more uniform refractive index increase in the
waveguide region. This behavior could explain the greater exten-
sion observed in the modal profiles of DB waveguides. In such case,
the reported estimations of the refractive index contrast for both
DB and SB waveguides (based on Eq. (1)) would not lead to compa-
rable values as they correspond to very different index profiles.

4. Conclusions

In conclusion, we have presented an study of stress-induced
waveguides fabricated in Nd:YAG by simultaneous double beam
irradiation with femtosecond pulses. The setup is based on an
interferometer that allows the perfect equalization of the energy
of the two beams, the adjustment of delay 0 between them, and
the fine control of the separation between focal spots. The waveg-
uides fabricated in this approach are compared to those fabricated
with the ‘‘traditional” double scan technique (SB), and the modal
profiles and optical performances are different in both cases. The
stress field (derived from micro-luminescence maps) induced with
simultaneous (DB) irradiation is symmetrical, leading to symmet-
rical, monomode and larger modal profiles in all the studied irradi-
ation conditions. Moreover, with DB irradiation a significant
reduction of propagation losses was achieved. Measurements per-
formed on the numerical aperture of the waveguides report that SB
technique produces a larger refractive index contrast in compar-
ison to the DB. However, the different refractive-index profiles that
are expected in both waveguide approaches make these estima-
tions difficult to compare.
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