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Abstract—Birefringence tunability is demonstrated in
waveguides formed in bulk fused silica and in the core of single
mode fibers, by femtosecond laser writing of stress inducing
tracks that are placed with different geometries around the core
of the waveguides. The femtosecond laser generated stress effect
was probed by the birefringence induced spectral splitting of
either Bragg grating waveguides in bulk fused silica or weakly
modulated, femtosecond laser induced Bragg gratings in optical
fibers. Birefringence values as low as 4 × 10−6 and up to 2 × 10−3

were obtained by controlling the fabrication conditions such as the
laser pulse energy, the writing femtosecond laser polarization, the
number of overwriting exposures, and the geometry of the induced
stress tracks. Wave retarders are developed and characterized by
a cross polarization technique to provide the spectral response
of the stress induced birefringence, offering the convenient
fabrication of short length and broadband in-line polarization
devices. With this approach, millimeter length tracks provided
10 nm bandwidth polarization retarders in a single mode fiber
and a 65 nm bandwidth retarders in bulk fused silica.

Index Terms—Birefringent waveguides, fiber Bragg gratings, in-
tegrated optics devices, integrated wave retarders, laser induced
birefringence, ultrafast laser materials processing.

I. INTRODUCTION

B IREFRINGENCE, defined as the difference between the
effective refractive indices of the two polarization eigen-

modes (Δn), in waveguides and optical fibers is an important
consideration in the design of optical circuits and fiber devices.
Such birefringence may arise intrinsically from the microscopic
structure of crystals, from the asymmetric geometry of waveg-
uides, or may arise from stress rods in polarization maintaining
fibers, thermal strain in multi-layer planar waveguides, or asym-
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metric modifications from high intensity laser exposures [1].
Alternatively, femtosecond laser writing of stressing structures
in the proximity of the waveguides and the femtosecond laser
formation of nanogratings [2] to induce form birefringence are
both attractive means for locally tuning waveguide birefringence
and facilitating the formation of useful polarization components
such as wave retarder or polarization beam splitters.

The degree of waveguide birefringence varies highly, from
very low birefringence (≈10−7) in single mode fibers (SMFs)
used in optical communications to minimize polarization mode
dispersion and enable high speed optical data transmission, to
high waveguide birefringence of 10−4 in polarization maintain-
ing fibers, and can reach 10−2 [3] in microstructured fibers.

Polarization sensitive waveguide devices such as waveplates
[4], polarizers, and polarization dependent directional couplers
[5] can be fabricated with reduced sizes by increasing the bire-
fringence. This is desirable in building compact optical circuits
for polarization phase-shift keying in optical communication [6]
and quantum optics applications [7], [8]. High waveguide bire-
fringence of Δn = 2 × 10−3 can manifest in large modal sep-
aration of ≈2 nm [9] in fiber Bragg gratings (FBGs), while
also enabling new approaches in strain, pressure, and tempera-
ture sensing [3], [10], twist and torsion sensing [11] and single
polarization operation of fiber lasers [12]–[14].

Local modification of the waveguide birefringence is desir-
able in the design of polarization responses in optical circuit
components. To this end, femtosecond laser writing of stressing
tracks has been shown [15] to generate a strong birefringence
of 8 × 10−4 when written around the core of a SMF while a
value of 7.93 × 10−4 was also found for a tenth order grating
inscribed inside the fiber core [16]. Similar stressing tracks have
also been used to tune the waveguide birefringence from ≈10−6

to 4.35 × 10−4 [17] in waveguides written inside bulk silica
glass with a femtosecond laser.

Femtosecond lasers offer the opportunity to develop new in-
tegrated photonic devices in optical fibers [18]. To develop this
direction, the present paper extends the femtosecond laser stress
tuning technique to high numerical aperture (HNA) lens focus-
ing with oil immersion for the dual purposes of reducing optical
aberrations at the glass–air interface and confining the laser
interaction more tightly to increase the strength of the stress in-
ducing tracks. Oil immersion further removes the distortions in
the geometric placement of the laser modified track relative to
the waveguides [19]. We report on femtosecond laser birefrin-
gence tuning of waveguides in both bulk fused silica glass and
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Fig. 1. Stress tracks are fabricated around Bragg grating waveguide (BGWs) in
bulk glass and around the core of SMFs with inscribed FBGs. Vertical, �EV , and
horizontal, �EH , are the orientations of the waveguide polarization eigenmodes,
and S is the center-to-center separation between the waveguide core and the
stress inducing tracks. The picture in the bottom right corner shows an optical
microscope image of a SMF with 125 μm diameter cladding, a grating in the
core, and a stress inducing track horizontally positioned on each side.

SMFs. The proximity, geometry, nanograting orientation, and
overwriting of stress tracks near the waveguides were studied
and optimized, yielding a record tuning range expanded more
than two-fold, to a maximum birefringence of Δn ≈2 × 10−3 .

II. DEVICE FABRICATION

Stress inducing laser modified tracks were fabricated around
waveguides in fused silica [17] and in the cladding of single
mode optical fibers (SMFs) as shown in Fig. 1, using the second
harmonic output of an Yb-doped chirped pulse amplified fiber
laser (IMRA America μJewel D-400-VR) with a center wave-
length of 522 nm, a pulse duration of ≈200 fs, and repetition
rates of 500 kHz and 100 kHz. Waveguide and stress tracks
were fabricated 70 μm below the surface of bulk fused silica
glass (Corning 7980) with either a 0.55 low numerical aperture
(LNA) or an oil immersion 100× 1.25 HNA lens, providing
focal spot diameters (1/e2) calculated to be 0.8 μm and 0.4 μm,
respectively. Alternatively, the laser focal position was aligned
with better than 1 μm accuracy to run parallel with the core of
the SMF, over a length of 10 cm, with an HNA lens.

Fused silica samples and optical fibers were mounted on an
air-bearing motion stage (Aerotech ABL1000) with a resolution
of 2.5 nm, a repeatability of 200 nm, and scanned at a constant
speed of 0.268 mm/s to define both waveguide and stress tracks.
Bragg grating waveguides (BGWs) were also fabricated at the
same time to independently check the waveguide propagation
constants and birefringence [20], [21]. The BGWs are fabricated
by introducing an acousto-optic modulator into the laser path to
form burst trains [20] with modulation frequencies from 506 Hz
to 496 Hz in order to obtain Bragg reflections from 1533 nm to
1565 nm. The same technique was applied to accurately position
weak Bragg gratings within the core of SMFs [19] to form FBGs.
Polarization splitting of the reflection and transmission spectra
[21] was measured to determine the stress induced birefringence
generated by the surrounding laser fabricated tracks.

Fig. 2. Effective index of FBGs at 1550 nm wavelength as a function of
the laser pulse energy (black circles) and the effective index of a BGW for a
writing pulse energy of 150 nJ (black square). The values are compared with the
standard index of refraction of the SMF core (green dashed line), fused silica
fiber cladding (blue dashed line), and the effective index of the unmodified SMF
mode (red dashed line).

The pulse energy used in the formation the stress inducing
tracks was varied between 100 nJ and 420 nJ in order to examine
saturation, maximum stress, and damage limits. The tunable
range of the birefringence induced in SMFs and bulk fused
silica was explored by varying the track position relative the
waveguide under test and the separation, S, from 10 μm to 70 μm
in fused silica and from 8 μm to 45 μm in SMFs. The stress tracks
were positioned either horizontally or vertically with respect to
the vertical writing laser direction, shown in Fig. 1, which shows
an image of the fiber cross-section containing two parallel stress
tracks written horizontally on either side of the core waveguide.
The laser modification consists of zones of 8 μm × 20 μm size.
Multiple overlapping stress tracks were also applied to study the
possibility of further birefringence increase and saturation.

The polarization of the writing laser was controlled to be
parallel, �EPar‖, or perpendicular, �EPer⊥, with the waveguide
direction in order to vary the nanograting orientation [22] and
their strong form birefringence on modifying the waveguide
core. Nanograting orientation in stressing tracks formed outside
of the waveguide core was not previously found to contribute to
a long reaching stress birefringence [17].

A pulse energy of 150 nJ was selected to write the BGWs
in bulk glass, as found previously to offer low propagation loss
of ≈0.5 dB/cm [20]. In order to study the influence of the fem-
tosecond induced stress around the core of the SMFs, a grating
needs to be inscribed in the fiber to facilitate the birefringence
measurement. This process contributes a birefringence to the
fiber mode. Fig. 2 presents a study of the effective index of
the FBGs, compared with the effective index of the unmodi-
fied fiber (Corning SMF-28), as a function of the pulse energy.
The effective indices (neff ) were calculated from the Bragg re-
lation (λB = 2neff Λ) given the known values of the periodicity
(Λ) and the measured Bragg resonance (λB ). Due to the higher
photosensitivity of the germanium doped core relative to the
fused silica cladding, a much smaller (≈5 nJ to 10 nJ) pulse
energy was sufficient to inscribe weak FBGs in the SMFs and
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Fig. 3. Offsetted Bragg reflection spectra of a FBG where each stress track,
symmetrically positioned in opposite sides of the SMF core, affects the bire-
fringence cumulatively. The tracks are written with a separation S = 13 μm and
with 140 nJ of pulse energy alongside a 10 mm long FBG. The effective index
of the V mode increases significantly compared to the H mode which is mostly
unaffected.

thereby probe the birefringence induced solely by the stressing
tracks with minimal effect on the propagating mode shape, the
propagation loss, and the effective index from the femtosecond
laser generated grating in the core. The stress inducing tracks,
BGWs, and FBGs were all written in the same scanning direc-
tion to avoid non-reciprocal “quill” effects [23].

III. RESULTS

Fig. 3 demonstrates the cumulative effect of increasing the
waveguide birefringence, as shown by the widening of the po-
larization splitting in the FBG resonance with the addition of
consecutive horizontally offsetted stress track. The V and H po-
larization modes were unresolved in this weak unstressed FBG,
separated by 120 pm with a single stress track and separated
by 200 pm with the addition of a second identical stress track
on the opposite side of the waveguide. The horizontally offset
stressing tracks increases the propagation constant of the V po-
larization mode (shift to longer wavelengths in Fig. 3), leaving
the H mode of the same Bragg resonance largely unaffected.

The horizontal or vertical geometry of the parallel stressing
tracks relative to the laser-writing direction was found previ-
ously to dramatically affect the induced birefringence [17]. Re-
sults are shown in Fig. 4 as a function of laser polarization (i.e.,
nanograting orientation), pulse energy of the stress inducing
tracks, and geometric separation. These results are consistent
with what has been demonstrated in the past [17], with new
results obtained by HNA focusing and 100 kHz repetition rate,
shown here in the red curves.

The importance of the polarization of the writing laser and
the separation from the stress inducing tracks to the waveguides
was shown in this previous paper [17] and reproduced in Fig. 4
for the case of 500 kHz repetition rate, LNA writing, with a
200 nJ pulse energy, and for both vertical and horizontal stress
geometries. The benefit of the new results with 100 kHz HNA
focusing with a higher pulse energy of ≈300 nJ is then clearly
demonstrated in Fig. 4 by a two-fold to three-fold overall in-

Fig. 4. Birefringence results as a function of stress tracks separation, S , for
bulk fused silica waveguides with LNA (blue and green) [17] and HNA (red).
The LNA results were fabricated with 500 kHz repetition rate and 200 nJ pulse
energy, while the the HNA results were produced with 100 kHz repetition rate
and 300 nJ pulse energy. Both focusing conditions are shown for parallel (circles)
and perpendicular (squares) writing polarizations. The results for horizontal
(solid lines –) and vertical (dashed line - -) geometries are shown for a selection
of fabrication conditions. The inset shows an example spectrum, illustrating the
birefringence measurement method comparing the transmission for both V and
H polarization eigenmodes, for the highest birefringence value found in this
set.

crease in the waveguide birefringence. The trends for vertical
and horizontal stress, as well as the separation, are nearly iden-
tical as seen for the LNA cases. The inset of Fig. 4 shows the
spectral separation of the V and H polarization modes for the
case of the maximum stress in bulk glass achieved with the limit
of highest pulse energy, and shortest spacing before the onset of
evanescent coupling. The higher pulse energy available at such
low repetition rates allowed for a much stronger impact of the
stress created by the femtosecond laser generated tracks, result-
ing in a much larger birefringence with a maximum reported
value of ≈8.3 × 10−4 obtained with perpendicular polarization
of the writing laser, stress tracks written with ≈300 nJ, and
separated by 10 μm from the central BGW. However, reversing
the sign of the birefringence still remains a challenge with the
present approach.

The same method presented for bulk glass was then applied
in SMFs in order to study the birefringence dependence on sep-
aration of the stress tracks for similar ranges of exposure and the
same geometric orientations. Fig. 5 shows the results obtained
with parallel polarization of the writing laser with different pulse
energies and repetition rates applied in SMFs. Here, the pulse
energy used for the stress tracks also has a significant impact
on the amount of birefringence achieved. For the horizontal
stress geometry and parallel polarization of the writing laser, a
≈5.65 × 10−4 birefringence was found at 11 μm of separation
between the stress tracks and the fiber core, with 420 nJ of pulse
energy and 100 kHz of laser repetition rate. A birefringence
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Fig. 5. Birefringence results as a function of stress tracks separation, S , for
stress tracks in a SMF demonstrating similar behavior to the waveguides in fused
silica shown in Fig. 4 for horizontal (solid lines –) and vertical (dashed line - -)
geometries and written with parallel polarization ( �EPar‖) of the writing laser.
The inset shows an example reflection spectrum of a FBG before (solid blue line
–) and after (dashed red line - -) the fabrication of the stress tracks. The results
for multiple stress tracks is shown in blue squares with N = 2, 3, 4, and 5
representing the number of overwritten tracks for the case of 160 nJ pulse
energy, further detailed in Fig. 6.

value below the limit of detection of this technique (4 × 10−6)
is found with vertical stress tracks at 20 μm separation with
160 nJ of pulse energy and 500 kHz of laser repetition rate.
Results for perpendicular polarization stress tracks are not re-
ported in Fig. 5, but are found to yield a similar increase as in
the parallel polarization case.

As seen in Figs. 4 and 5, the data could be well represented by
an inverse square function of the separation distance between the
stress tracks and the BGWs (in Fig. 4) or the FBGs (in Fig. 5),
with a horizontal asymptote at infinity equal to the reference
birefringence value of the unstressed gratings under test.

These HNA focusing results in SMF and bulk glass are con-
sistent with conclusions found previously for LNA stressing in
bulk glass data [17], where the overall induction of birefrin-
gence in the waveguide is driven by stress generated by the
laser modified regions and not the form birefringence within the
stress track. On this basis, we further explore the possibility of
building stronger birefringence in SMFs by adding more stress
tracks around the waveguide or alternatively by overwriting the
stress tracks already present.

Fig. 6 shows the birefringence recorded as a function of the
number, N , of consecutive stress track pairs fabricated around
the same FBG, following the geometry represented in the top-
left illustration. Data are shown for both parallel (blue circles)
and perpendicular (green squares) polarization of the femtosec-
ond laser with an example spectrum shown in the bottom-right
inset. The strongest birefringence of 2.0 × 10−3 (red square)
was obtained by combining multiple parallel tracks with per-

Fig. 6. Logistic-type saturation of the birefringence for multiple overwriting
stress tracks placed 11 μm away from the SMF core and fabricated with≈160 nJ
pulse energy at 500 kHz. The data and fitting are shown for parallel (blue circles
and blue line) and perpendicular (green squares and green line) polarization of
the writing laser. Inset: Example spectrum for 18 stress tracks at 11 μm with
parallel writing before (blue solid line –) and after (green dashed line - -) the
fabrication of the stress tracks ensemble.

pendicular polarization forming a stressing plane (illustrated in
the top-right inset of Fig. 6)

This benefit of increasing birefringence with overwrit-
ing of stressing tracks is clearly seen in Fig. 5 for the
case of parallel horizontally stressing tracks, written with
160 nJ exposure, 11 μm separation, and N = 2, 3, 4, and 5 over-
writing tracks. Such overwriting offers a large approximately
three-fold increase in the birefringence of the SMF over the
N = 1 case, rising as a logistic-type function to a saturation
level after ≈10 scans as shown in Fig. 6. Here, parallel and
perpendicular polarization writings yield similar enhancement
at the same exposure conditions of 160 nJ pulse energy and
11 μm separation, but with the result for perpendicular polariza-
tion showing an additional offset of 0.4 × 10−3 birefringence,
owing to the formation of strong birefringent nanogratings in
the fiber core (N = 0) with the 90 nJ pulse energy used in the
fabrication of the FBG. The 1.18 nm splitting of the FBG in the
inset spectrum shows the strong Δn = 1.11 × 10−3 response
induced after full saturation with 18 overwritten stressing track
pairs. These trends reinforce the previously reported observa-
tions [17] of the independent local and long reaching responses
in the form and stress birefringence, respectively.

Given the maximum limit of overwriting on the present par-
allel tracks (see Fig. 6, top-left inset), a stronger birefringence
was sought by writing multiple tracks horizontally to create lat-
eral stressing planes (see Fig. 6 top-right inset) for a total of 19
tracks evenly distributed between 11 μm and 8 μm separation,
symmetrically positioned on opposite sides of the SMF core,
and fabricated with perpendicular polarization of the writing
laser. The combination of strong stressing planes together with



FERNANDES et al.: STRONG BIREFRINGENCE TUNING OF OPTICAL WAVEGUIDES WITH FEMTOSECOND LASER IRRADIATION 3567

Fig. 7. Birefringence spectrum (blue circles) obtained from a cross polariza-
tion measurement made on a 800 μm long (black horizontal dashed line) SMF
segment with N = 10 overlapping pairs of stress tracks written with parallel
polarization in the horizontal geometry. The blue line is a polynomial fit to guide
the eye. The length required for a zero-order half-wave plate (red dashed line
- -) and a zero-order quarter-wave plate (green solid line -) is shown with the
scale on the left, calculated based of the birefringence fit.

the form birefringence in the FBG core yielded a birefringence
of 2.0 × 10−3 , exceeding by more than two-fold the previously
reported maximum value found with a similar technique [15].

The birefringence values demonstrated here are very attrac-
tive for considering the design of very compact wave retarders of
sub-millimeter lengths, in both bulk glass optical circuits or op-
tical fibers, for applications in the infrared spectral band [4]. The
possibility of extending in-line waveplates over a broad spectral
band requires analysis of dispersion in the birefringence such as
plotted over the 1250 nm to 1700 nm wavelength band in Fig. 7
(right scale). Here, the spectral birefringence, Δn(λ), was de-
termined by the cross polarization method [4] for the case of
parallel polarization of the writing laser, with ten overwritten
horizontal stress tracks (500 kHz laser repetition rate, 160 nJ
pulse energy, and 11 μm separation) forming a 800 μm wave
retarder in a SMF segment. These conditions produced a zero
order retarder across the entire spectrum.

The minimum length, L, required for a quarter-wave or a half-
wave retarder can be found from (1), where WP represents the
wave retarder type (WP = 1/2 for a half-wave and WP = 1/4
for a quarter-wave plate):

L = WP
λ

Δn
. (1)

This results in very short devices of 0.5 mm to 2 mm lengths
for the quarter-wave and half-wave plates as shown by the cal-
culated results in Fig. 7 (left scale) over a large spectral range
from 1250 nm to 1700 nm. In the particular case of the 800 μm
long device used for this measurement, a quarter-wave plate was
found at 1324 nm wavelength.

The design of broadband waveplates requires the length, L,
to be constant in (1) over a large wavelength range. The condi-
tion for constant retardance is satisfied by (2) when the relative

Fig. 8. Waveguide length (left scale) required for zero-order quarter-wave and
zero-order half-wave retarders as a function of wavelength, for a waveguide
written with 110 nJ pulse energy in bulk fused silica with parallel laser polar-
ization. The birefringence spectrum (blue line) follows the right scale. A 65 nm
bandwidth (gray shaded area) offers a constant retardance where broadband
waveplates are available [4].

variation of birefringence is the same as the relative variation of
wavelength:

d(Δn)
Δn

=
dλ

λ
. (2)

This manifests in a 10 nm band of constant retardance be-
tween 1690 nm and 1700 nm in the specific case of Fig. 7,
defined within a length variation tolerance of 0.2%. An extrap-
olation of the shallow slope suggests a much broader band is
available for this waveplate toward longer wavelength. Alter-
natively, further balancing of the femtosecond laser exposure
between the SMF core and cladding could preferentially tune
the birefringence dispersion to better meet the broadband con-
dition of (2) in other spectral windows.

The formation of broadband waveplates is also available in
waveguides formed in bulk fused silica. Following the case of
110 nJ laser exposure of horizontal stressing tracks, the birefrin-
gence dispersion reported in the past (see [4, Fig. 4]) is shown
to meet the broadband condition of (2) across the 1250 nm and
1315 nm range as shown in the plot of the minimum waveplate
length in Fig. 8. The expected retardance variation is less than
±0.005 rad in this spectral range, equivalent to a ≈0.2% of
tolerance in the length. Hence, laser exposure conditions can
be varied independently in forming, or directly modifying, the
waveguide by controlling the pulse energy, writing speed, and
polarization of the writing laser, and in controlling the stress
generated by the surrounding laser tracks.

IV. DISCUSSION

In SMFs, weak and strong FBGs were initially generated
to vary the local waveguide birefringence in a moderate range
of ≈10−7 to 4 × 10−4 , owing to the polarization controlled
orientation of laser generated nanogratings. The addition of sur-
rounding stressing tracks further increased the birefringence in
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a highly controllable way to values as large as 2 × 10−3 (see
Fig. 5), following exposure tuning trends similar to those re-
ported previously in bulk fused silica (see Fig. 4). Namely, the
vertical geometry of the stressing lines only weakly opposed any
birefringence first induced during the FBG fabrication, while the
horizontal geometry strongly increased this birefringence, rising
further for higher pulse energy and closer spacing (see Figs. 4
and 5), and also with overwriting stress inducing laser tracks
(see Fig. 6). The birefringence values presented here for laser
stressed SMFs are high in comparison with commercial polar-
ization maintaining fibers that have typical beat length ranging
from 1.5 mm to 5 mm. One expects a short beat length of 775 μm
for the presently available birefringence of 2 × 10−3 at 1550 nm.

The laser overwriting approach generated strong and tunable
birefringence (see Fig. 6) that offers a means for precise in situ
tuning of the waveguide birefringence that is attractive where
high accuracy phase control is necessary, such as designing
waveplates for specific wavelengths. Higher stress fields could
be designed into waveguide devices by a combination of over-
written stress tracks with varying scan speeds to further increase
the net fluence. In fibers, when higher losses can be tolerated,
perpendicular polarization of the writing laser and high pulse
energies are preferred to generate form birefringence values
comparable to what is found in bulk fused silica, further adding
to the stress birefringence.

A design for a fiber-optic polarimetric twist and torsion sen-
sors was recently demonstrated with polarization maintaining
fibers spliced to an SMF [11]. The birefringent sections required
for this type of sensor could be made considerably smaller by
the technique presented in this paper. Shorter wave retarders
could enable in-line polarization devices such as quarter-wave
absorbers for fibers laser or polarization converters that can be
fabricated directly in optical fiber, eliminating the need for bulk,
free space components, or spliced fiber elements.

The high birefringence levels found here may have an impact
on the design of polarization dependent devices such as po-
larization beam splitters [5] in both bulk glass and optical fiber
platforms. More compact planar light circuits or in-fiber devices
can lead to higher integration of polarization encoded quantum
optics measurements in smaller volumes and with shorter wave-
guide segments.

V. CONCLUSION

The results presented here expand on a previously demon-
strated technique [15], [17] to tune the waveguide birefringence
with femtosecond laser writing of adjacent stress tracks. The
technique was extended to SMFs with oil immersion laser writ-
ing to overcome optical aberrations. The birefringence tuning
range was greatly enhanced, compared to values reported in the
past, by optimization of the exposures and structural geometry.
The use of tighter focusing condition with an HNA oil immer-
sion lens, higher pulse energy, and multiple overwriting stress
enabled a maximum birefringence saturation value of 2 × 10−3 ,
demonstrating a 2.5-fold increase over the previous maximum
reported with femtosecond laser radiation.
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A. Tünnermann, and M. Richardson, “Highly polarized all-fiber thulium
laser with femtosecond-laser-written fiber Bragg gratings,” Opt. Exp.,
vol. 21, no. 9, pp. 10467–10474, 2013.

[15] D. Grobnic, S. J. Mihailov, and C. W. Smelser, “Localized high bire-
fringence induced in SMF-28 fiber by femtosecond IR laser exposure of
the cladding,” J. Lightw. Technol., vol. 25, no. 8, pp. 1996–2001, Aug.
2007.

[16] K. Chah, D. Kinet, M. Wuilpart, P. Mégret, and C. Caucheteur,
“Femtosecond-laser-induced highly birefringent Bragg gratings in stan-
dard optical fiber,” Opt. Lett., vol. 38, no. 4, pp. 594–596, 2013.

[17] L. A. Fernandes, J. R. Grenier, P. R. Herman, J. S. Aitchison, and
P. V. S. Marques, “Stress induced birefringence tuning in femtosecond
laser fabricated waveguides in fused silica,” Opt. Exp., vol. 20, no. 22, pp.
24 103–24114, 2012.

[18] J. Thomas, C. Voigtländer, R. Becker, D. Richter, A. Tünnermann, and
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