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A B S T R A C T

Beam shaping offers many opportunities to both streamline and accelerate laser fabrication processes, closing
the gap between lab research and large-scale manufacturing. In the field of embedded devices, a Bessel
beam configuration allows for large volume engraving of transparent materials in a single laser pass. In this
work, we take advantage of femtosecond Bessel beams with a length of 340 μm and a diameter of 1 μm
to generate diffractive elements within three distinct optical glasses. This strategy represents a chemical-free
and cost-effective alternative to the conventional manufacturing of holographic elements based on photoresist
micro-patterning. Despite the different nonlinear effects taking place in each material, we report the successful
fabrication of diffraction gratings operating at either normal or Bragg incidence, with efficiencies in the first
combined order of up to 70%. Our experimental results show the potential of Bessel beams as a tool to produce
buried light devices in a wide variety of glass materials.
1. Introduction

The interest for diffraction gratings written within transparent ma-
terials has been a staple in fields like spectroscopy [1], telecom [2]
or astronomy [3], since these photonic devices offer very precise and
efficient methods to control light, such as beam multiplexing [2], wave-
length filtering [4] or pulse stretching [5], to name a few. The typical
route for volume grating (VG) fabrication [6] involves micropatterning
of a dichromated gelatin, which is then sandwiched between glass
plates [3,7]. Direct laser writing using femtosecond pulses, however,
has been proven as a versatile and straightforward alternative due to
its ability to generate different types of bulk material structuring [8] in
a plethora of dielectrics [9–12].

As ultrashort and intense femtosecond pulses are concentrated
within a transparent material, nonlinear light-matter interactions, such
as avalanche ionization and multiphoton absorption [13], take place,
generating a hot electron plasma in the focal region. When said plasma
is relaxed, the energy is transferred to the lattice, which can entail
material modifications such as melting, ion migration or the formation
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of color centers, among other effects [8,14]. Depending on the intensity
of the pulse deposition, three distinct regimes of volume engraving
can be identified: a smooth isotropic refractive index change (𝛥𝑛)
[15], linked to lower fluence values; birefringent 𝛥𝑛 [10], tied to the
appearance of nanogratings; and micro-void formation [16], which
takes place at higher irradiances. These are typically labeled as type I,
type II and type III modifications, respectively [17], and they constitute
a permanent structuring of the material.

The diffraction efficiency of engraved VGs heavily depends on the
induced 𝛥𝑛 and the thickness of the modified region, as both of them
determine the phase change generated [18]. The response of each glass
to femtosecond laser irradiation varies greatly depending on their com-
position [9–11], the pulse repetition rate used [19] or the wavelength
of the source [20,21], but all in all it is common to induce relatively
low 𝛥𝑛, in the range of 10−3 to 10−2 [9,22]. In contrast, some authors
reported 𝛥𝑛 values of 0.13 [23] and 0.26 [24] using dichromated
gelatins. Therefore, a thicker volume engraving may be necessary to
achieve optimal diffraction efficiency. Successive stacking of multiple
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laser-processed layers is the usual approach to solve this issue [25–27],
but due to the limited depth of focus of regular Gaussian beams, which
is typically of few microns, this can be very time-consuming [25]. One
strategy to overcome this relies on the use of Bessel Beams, which
consists in a diffraction-free conical wavefront that interferes along an
elongated volume, which is referred to as ‘Bessel zone’, to generate an
intense central lobe of energy. The length of such region can range from
hundreds of microns up to meters [28,29] depending on variables such
as the wavelength of the beam and the optical system employed. Using
such beams, one can achieve both high resolution fabrication and a
substantial reduction of processing times, resulting in a simpler, single
laser pass engraving of transparent materials [30].

Although the use of ultrafast Bessel beams for the generation of
diffractive elements within fused silica has been widely studied [31–
33], there are fewer reports exploring this application in other useful
dielectrics [30,34,35], let alone works comparing laser-induced vol-
ume modifications among different materials using the same writing
system. In view of this, this work focuses in the use of long (≈340
μm) Bessel beams to fabricate these devices in three glasses with very
different properties: a quantum dot-doped glass (OG530), an alkali-free
borosilicate (Eagle2000) and fused silica. Furthermore, by engraving
multiple materials with the same 1030 nm source we demonstrate
the versatility of the strategy to produce efficient gratings. After the
single laser pass processing, the morphology of the inscribed tracks
is extensively studied using optical microscopy. Finally, the optical
elements are impinged with a HeNe source at different incidence angles
to record their diffraction behavior.

2. Materials and methods

2.1. Ultrashort pulse laser processing setup

For the fabrication of the volume gratings we employed an Yb-
doped fiber laser source (Satsuma HP, Amplitude) emitting 280 fs,
vertically polarized 1030 nm pulses with an output beam diameter of
2.5 mm and a 𝑀2 < 1.1. After pulse energy regulation, the Gaussian
wavefront was transformed into a Bessel Beam (BB) after incidence onto
a 1◦ off-axis reflective axicon supplied by Cailabs. The beam was then
relayed by two consecutive telescopes, resulting in a 10x demagnifica-
tion factor, to the Bessel zone used for processing, following Fig. 1.a
diagram. The 20x microscope objective (MO), with a NA = 0.4 and
ocal length (𝑓 ) of 10 mm, provided a writing BB with a conical angle
f 20◦, a Bessel zone 340 μm long at 1∕𝑒2 and a central lobe with a
WHM of 1 μm. Its longitudinal propagation profile can be observed
n Fig. 1.b. To obtain this plot, the beam was reflected by a mirror
laced on the motorized stage and subsequently imaged onto a CCD
amara, following the blue-dotted line drawn in Fig. 1.a. Afterwards,
ver 200 snapshots of the transversal beam profile were taken along
he propagation path, which were then combined to generate Fig. 1.b.

Sample scanning was provided via Aerotech ATS100 linear stages.
ach track of the grating was fabricated in a single laser pass along the
axis, as per the coordinate system defined in Fig. 1.a, at a processing

peed of 𝑉 and using a fixed pulse rate of 500 kHz. The tracks were
ngraved with a periodicity of 𝛬 in the X axis, ultimately producing 3
3 mm (X-Y) wide gratings with a varying thickness of 𝐿 (along the
axis). The combination of both the high aspect ratio of the BB and

he use of large pulse overlaps, e.g. 99.6% when using a 𝑉 of 2 mm/s,
ntailed the production of a ‘plane’ of laser-induced modification for
ach of the processed tracks. A visual overview of the scanning strategy
an be seen in Fig. 1.c. The beam was focused approximately at a
epth equal to half the thickness of the correspondent substrate. Table 1
ummarizes the range of laser processing conditions used in this work.
2

2.2. Materials

The research was focused in volume engraving of three dielectrics:
a quantum dot-doped borosilicate (OG530), an alkali-free borosilicate
(Eagle2000) and UV fused silica, all of which share reports of high re-
fractive index change generation in fs-laser written elements [9,19,36].
In particular, OG530 is a highly nonlinear glass containing 1 vol% of
CdS𝑥Se1−𝑥 nanocrystals distributed in its bulk and it is typically sold
as a long-pass filter. Eagle2000 is a well-known dielectric for bulk
modification, in applications such as low-loss waveguide Bragg gratings
[37]. Lastly, fused silica is a robust glass material with an extended
commercial use in optics.

All the glass plate substrates were optical-grade two-side polished,
displayed a transmittance of over 90% and had a thickness of 1 (Ea-
gle2000 and fused silica) to 2 mm (OG530). A summary of other
relevant mechanical and optical properties can be found in Table 2,
including the nonlinear refractive index of OG530 [38], Eagle2000 [39]
and fused silica [40].

2.3. Volume gratings characterization

Diffraction efficiency measurements were carried out by impinging
the gratings using a 633 nm vertically polarized HeNe source. This
was carried out at both their Bragg angle and under normal incidence.
Fig. 2 depicts the illumination setup for the latter configuration. The
drawing also reflects the order of inscription of the tracks of the
gratings previously described (♯1, ♯2...). The intensity of the resulting
orders (m) was measured with a power meter (PM) while considering
he inherent transmission losses of the glass.

Optical microscopy was used for morphological characterization of
he resulting VGs, focusing in the cross-section imaging, i.e. side view,
f the devices. For this, the samples were sliced transversal to the
ample scanning direction, i.e. at the X-Z plane represented by the
reen-dotted line in Fig. 2, using a high precision cutting machine
MicroAce Series 3). Then they were observed under the microscope
sing the bright field transmission mode, illuminating the samples in
he Y axis. This allowed for the inspection of the laser-induced tracks
enerated along the beam propagation axis (Z). Immersion oil was
pplied to the sliced side of the samples to fill the gaps between
he substrate and the sample holder, thus minimizing refractive index
ismatch at the interface.

Additionally, the influence of input polarization was studied by
nserting a half-wave plate at the output of the source. After such
odulation of the azimuth angle of the incident light, the shifts in

ntensity for each of the diffracted orders were recorded by the PM.

. Results and discussion

.1. Laser-matter interactions

When irradiating the samples in the range of experimental con-
itions shown in Table 1, each material showed quite a different
esponse, as can be seen in Fig. 3. The engraving of OG530 yielded
ratings with subtler contrasts, Eagle2000 typically showed alternating
right and dark regions along the propagation length of the pulse, and
he modification of fused silica resulted in dark-colored tracks. The
ollowing sections examine the characteristic laser-matter interactions
egistered for each glass after an extensive morphological analysis.

.1.1. OG530 modification
The elongation of the laser tracks stands out in the case of OG530,

hich can be clearly seen in Fig. 4, where tracks up to ≈1 mm in length
ere recorded, far beyond the length of the Bessel zone.

This did not occur to such an extent in the other materials, which
ould be explained by OG530 having a much larger nonlinear refractive
ndex (−5.92 ⋅ 10−18 m2∕W, [38]) than Eagle2000 (3.60 ⋅ 10−20 m2∕W,
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Fig. 1. (a) Sketch of the processing and imaging setup: 𝑓𝐿1 = 𝑓𝐿2 = 250 mm; 𝑓𝐿3 = 100 mm; 𝑓𝐿4 = 400 mm; 𝑓𝑀𝑂 = 10 mm. (b) Inset of the longitudinal intensity profile of the
Bessel Beam, recorded by the CCD camera. (c) Diagram representing the scanning strategy of the laser-processed tracks of the gratings.
Table 1
Range of experimental conditions selected for grating fabrication.
Pulse energy (𝐸𝑝) [μJ] Repetition rate [kHz] Grating period (𝛬) [μm] Processing speed (V) [mm/s]

3.0–12.5 500 5–50 1–8
Table 2
Compendium of properties of the glass substrates.
Material OG530 Eagle2000 Fused silica

Linear refractive index, 𝑛0 (@633 nm) 1.51 1.50 1.46
Nonlinear refractive index, 𝑛2 [m2 W−1] −5.92 ⋅ 10−18 3.60 ⋅ 10−20 2.19 ⋅ 10−20

Thermal expansion coefficient, 𝛼 (20 ◦C/300 ◦C) [10−6 K−1] 9.00 3.18 0.54
Transition temperature, 𝑇𝑔 [◦C] 508 ≈717 1480
Softening temperature [◦C] – 985 ≈1700
Fig. 2. Diagram of the setup used for the measurement of the diffraction behavior
of the fabricated volume gratings. The drawing corresponds to illumination under
normal incidence. The coordinate system matches that of Fig. 1. The green-dotted line
represents the plane at which the samples were sliced to enable cross-section imaging.

[39]) and fused silica (2.19 ⋅ 10−20 m2∕W, [40]). A higher nonlinear
refractive index promotes Kerr self-focusing effects, as it lowers the
energy threshold at which the beam collapses, which is known as
critical power (𝑃𝑐𝑟) [13]. This is reflected in the equation defining 𝑃𝑐𝑟:
𝑃𝑐𝑟 = 3.77𝜆20∕8𝜋𝑛0𝑛2 [41]. Here, 𝜆0 represents the wavelength of the
laser beam and 𝑛 and 𝑛 the linear and nonlinear refractive index of
3

0 2
the material, respectively. When the peak power of the pulse overcomes
this threshold, filamentation effects may ensue [13].

The calculated 𝑃𝑐𝑟 at 1030 nm for OG530, Eagle2000 and fused
silica were, respectively: 0.02, 2.93 and 5.01 MW. Considering our
source, the emission of a 4 μJ pulse with a duration of 280 fs results in
a peak power of 14.29 MW, which is almost 800 times the 𝑃𝑐𝑟 of OG530
and threefold that of fused silica. These calculations, thus, support the
more pronounced filamentation registered for OG530. Such increased
nonlinearity, however, is not necessarily a drawback, as Martinez-
Vazquez et al. [9] took advantage of this feature to obtain a 𝛥𝑛 shift as
high as 0.018, making OG530 suitable for the fabrication of efficient
volume diffraction gratings.

Aside from the filamentation, the tracks engraved within OG530
were enveloped by a dark cladding, as seen in Fig. 4. This was likely
caused by an accumulation of heat within the bulk of the glass, as
intra-volume fs pulse irradiation at frequencies over 200 kHz is well-
known to overcome heat diffusion rate [22], resulting in temperature
buildup and the appearance of volume engraving in regions beyond the
length of the Bessel zone. The phenomenon was further enhanced as
𝐸𝑝 increased, reaching the point of track overlap despite the 50 μm
periodicity, as is shown in Fig. 5. Conversely, when using pulse energies
of 4 μJ or lower, a more subtle modification takes place and thinner
laser induced-tracks are produced, which can be seen in Fig. 3. Here,
the visible bright and dark areas might be attributed to slight positive
and negative 𝛥𝑛, respectively [37,42].

3.1.2. Eagle2000 modification
Direct laser writing of Eagle2000 resulted tracks containing alter-

nating bright and dark regions, as in Fig. 3, for most of the engravings
performed. Fernandez et al. elaborated in [11] that this clear contrast
is owed to the migration of elements (such as Ca, Si or Al) contained
in the glass matrix, which produced variations of 𝛥𝑛 in the bulk of
the material. Furthermore, they analyzed how a modulation of laser
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Fig. 3. Transversal optical imaging of the volume gratings inscribed with a period of 5 μm while using a pulse energy of 4 μJ and a processing speed of 4 mm/s. Beam incident
from the top. The scale bar applies to all the pictures.
Fig. 4. Comparison between the length of the Bessel zone and the laser-induced modification of OG530 when using a pulse energy of 7.5 μJ and a processing speed of 2 mm/s.
Beam incident from the left.
Fig. 5. Cross section of OG530 volume gratings fabricated at different pulse energies with a periodicity of 50 μm and a 𝑉 of 2 mm/s. The orientation of the images matches that
of Fig. 3.
fluence can generate shifts in the sign of the refractive index change,
i.e. from positive to negative or vice versa, within the engraved region.
For instance, they inverted the value of 𝛥𝑛 within the core, i.e. the
central region, of Eagle2000 waveguides as fluence was decreased: from
−8 ⋅ 10−3 to +8 ⋅ 10−3 [11]. In our case, it is worth noting that the
pattern at which the bright and dark regions alternate along a single
track resembles that of the longitudinal profile of the BB, portrayed
in the inset of Fig. 1.b. The oscillation of the energy throughout the
Bessel zone, especially at the beginning of the beam [43–45], results in
a variation of the effective fluence, which could entail that the bright
4

and dark regions observed in the samples correspond to the alternating
shifts between positive and negative 𝛥𝑛 described in the literature.

In the case of Eagle2000, heat accumulation started to appear when
selecting a pulse energy of 4 μJ or higher. The gray-colored cladding
that envelops the beginning of the track in Fig. 3 is a reported symptom
of such phenomenon [11,19] and precisely concurs with the point of
highest intensity throughout the BB. An increase of 𝐸𝑝 led to further
enlargement of the tracks, as a shift between 5.25 and 6.75 μJ led to
lengths from 325 to 375 μm, respectively, as Fig. 6 portrays. These
values are in the order magnitude of the Bessel zone length (340
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Fig. 6. Cross section of Eagle2000 volume gratings fabricated at different pulse energies with a periodicity of 50 μm and a 𝑉 of 4 mm/s. The orientation of the images matches
that of Fig. 3.
μm) and clearly contrast with the near 1 mm long tracks registered
for OG530 (Fig. 4), which means that filamentation effects are less
prominent for Eagle2000. This difference in laser-matter interaction is,
thus, found in accordance with the aforementioned 𝑃𝑐𝑟 thresholds of
each material.

3.1.3. Fused silica modification
The majority of the examined fused silica gratings, processed with

pulses up to 12.5 μJ, showed dark-colored tracks on the optical mi-
croscope such as the ones seen in Fig. 3, whose appearance has been
linked to the formation of nanogratings in the literature [27]. This
contrasts with the OG530 and Eagle2000 tracks (Figs. 5 and 6), where
we appreciated the bright and dark regions that are usually associated
with positive and negative 𝛥𝑛, respectively [8,36,42]. Because of this,
we believe that the laser-induced modifications produced in fused silica
will alter the amplitude of incident light to a greater extent than its
phase.

When fabricating fused silica gratings with a pitch of 20 μm or
lower, a kind of ‘shielding ’ effect was observed, by which the length
of the tracks decreased after the engraving of the first few tracks. In
Fig. 7.a–c one can see how the tracks of the 10 and 20 μm period
gratings become steadily shorter within the first 3 to 5 lines, after which
their size (𝐿) becomes constant. In contrast, this phenomenon did not
occur for the 50 μm grating. Since the phenomenon is promoted as track
periodicity decreases, this suggests that it is caused by an interaction
between the incident Bessel beam and the already-processed tracks,
following either absorption or scattering mechanisms, or a combination
of both.

When a BB encounters an obstruction in its path, its self-healing
properties allow for its reconstruction after a certain propagation dis-
tance, whose length is tied to the size of said obstacle in all dimensions
and the conical angle of the Bessel beam [46,47]. In spite of this, a par-
tial cropping or disruption of the BB entails a decrease in the intensity
of the central lobe of the beam and, consequently, the reduction of the
length of the Bessel zone. Because of this, the region within the focal
volume whose intensity surpasses the engraving energy threshold will
be smaller, hence the decrease of length of the laser-induced tracks.

As for the source of the obstruction in our samples, it could be
that, when the BB is being focused in fused silica, the wavefront
becomes effectively cropped by the pre-existing neighboring tracks due
to their proximity. This would lead to the shortening of the Bessel
region and, thus, the length of the inscribed tracks [46] that we
acknowledged in Fig. 7. This ‘shielding’ effect was not registered in
neither OG530 nor Eagle2000, even when fabricating 5 μm spaced
gratings. We believe that one possible cause for this disparity lies in
the aforementioned higher amplitude modulation of incoming light of
the fused silica tracks. We see a symptom of this in Fig. 7.d, where the
5

10 μJ pulses seemingly induced residual stress in the form of ripples in
the volume surrounding the tracks. This effect may also occur for lower
pulse energies, but it may not be apparent due to image resolution.
We hypothesize that this could represent a partial obstruction in the
propagation of the BB [47], resulting in additional ‘shielding’.

It is worth noting that this phenomenon has not been reported,
to the best of our knowledge, in other works using BB to produce
embedded gratings in a dielectric. This might be caused by the, com-
paratively, large focal volume of our BB, as the operating wavelength
was 1030 nm and the beam was focused by a factor of 10. The common
combination of shorter wavelengths and high demagnification factors
selected by most authors [31,48] results in a tighter Bessel zone, which
may avoid the interaction of the wavefront with the surrounding tracks
and therefore the acknowledged ‘shielding’ effect.

Lastly, the rise of pulse energy in the case of fused silica only led
to the elongation of the tracks, as seen in Fig. 7.(c–d). This contrasts
with what both OG530 (Fig. 5) and Eagle2000 (Fig. 6) experienced,
where the width of the tracks visibly increased due to the effect of
heat accumulation. This phenomenon could be explained by the lower
thermal expansion coefficient and higher transition temperature of
fused silica, which are displayed in Table 2. Since fused silica is more
rigid and requires more temperature to melt than the other glasses,
the widening of the tracks in fused silica is less pronounced. Instead,
the energy tied to the higher pulse energies seemed to induce residual
stress, as can be observed in the middle region of Fig. 7.d, which was
processed using 10 μJ pulses.

3.2. Diffraction behavior of the samples

Following the Rigorous Coupled Wave (RCW) theory [49], a diffrac-
tion grating can be classified as either a thin (or Raman-Nath) grating
or a thick (or Bragg) grating. In a thin grating the light is, ideally,
diffracted evenly between the positive and negative orders under nor-
mal incidence, whereas in a thick grating the light is concentrated into
a particular diffraction order when incidence is performed at the so-
called Bragg angle. This differentiation depends on the value of the
so-called thickness parameter Q [50]: a 𝑄 < 1 promotes the thin
regime, while a value of 𝑄 around 10 and above facilitates the thick
regime behavior. This parameter is defined in Eq. (1), where 𝜆 is the
illumination wavelength, 𝐿 is the thickness of the grating and 𝑛 is the
average refractive index of the medium.

𝑄 = 2𝜋𝜆𝐿
𝑛𝛬2

(1)

The gratings fabricated with 𝛬 > 20 μm yielded 𝑄 values close to
1 and were consequently illuminated under normal incidence, while
those with a period of 5 μm showed a 𝑄 over 50, thus belonging



Optics and Laser Technology 171 (2024) 110475J. Fantova et al.
Fig. 7. Cross-section of fused silica volume gratings engraved at different periods (𝛬) and pulse energies (𝐸𝑝) with a fixed processing speed (𝑉 ) of 4 mm/s, yielding different
track lengths (𝐿). The tracks were inscribed from left to right, starting from the one indicated by the colored arrow (i.e. ‘Track ♯1’ as depicted in both Figs. 1.d and 2). The yellow
scale bar applies to (a), (b) and (c). The orientation of the images matches that of Fig. 3.
Table 3
Summary of the conditions of the highest performing diffraction gratings for both illumination conditions.

Material Normal incidence Bragg angle incidence

𝐸𝑝 [μJ] 𝛬 [μm] 𝑄 𝜂𝑚±1 [%] 𝜂𝑇 𝑜𝑡𝑎𝑙 [%] 𝐸𝑝 [μJ] 𝛬 [μm] 𝑄 𝜂𝑚±1 [%] 𝜂𝑇 𝑜𝑡𝑎𝑙 [%]

OG530 8.5 50.0 1.36 41.8 90.2 4.0 5.0 89.70 67.5 88.3
Eagle2000 6.0 35.0 1.49 70.6 81.9 3.5 5.0 58.50 54.8 92.1
Fused Silica 4.0 20.0 3.78 14.2 85.8 3.5 5.0 50.77 65.1 88.2
to the thick regime. Considering this, they were each impinged with
the HeNe source at the appropriate angle of incidence for maximum
diffraction efficiency. Table 3 summarizes the best results obtained
for both illumination conditions and the three materials, along with
the period of the resulting gratings, their 𝑄 and the 𝐸𝑝 used in their
fabrication. Building on these data, the upcoming sections explore
further the diffraction behavior of both sets of gratings.

3.2.1. Normal incidence
In order to promote thin-grating performance, 50 μm pitched ele-

ments were recorded with a processing speed (𝑉 ) of 2 mm/s at different
pulse energies, registering their diffraction behavior in Fig. 8 for each
material. Peak efficiencies for the combined first order were recorded
for both OG530 (41.8%) and Eagle2000 (59.7%), while fused silica
did not show this tendency. These maxima can be enhanced by tuning
parameters such as 𝛬 or 𝑉 , as choosing a 𝛬 = 35 μm, a 𝑉 = 4 mm/s and
6 μJ pulses yielded a VG with an efficiency of 70.6% in Eagle2000. After
collecting these results, the cross-section of the samples surrounding
the respective diffraction peaks for both OG530 (Fig. 5) and Eagle2000
(Fig. 6) was examined.

According to the RCW theory, the diffraction efficiency of the m𝑡ℎ
order for a thin binary phase grating follows a sinusoidal trend, as
expressed by Eq. (2) [51], where 𝛥𝜑 represents the phase accumulation
generated. As can be drawn from the definition of this variable in
Eq. (3), the diffraction efficiency is ultimately dependent on 𝐿 and 𝛥𝑛.

𝜂 = 𝑠𝑖𝑛𝑐2
(𝑚𝜋 )

𝑐𝑜𝑠2
[ 1 (𝛥𝜑 − 𝑚𝜋)

]

(2)
6

𝑚 2 2
𝛥𝜑(𝑥) = 2𝜋
𝜆
𝐿 ⋅ 𝛥𝑛(𝑥) (3)

For OG530 and Eagle2000, each group of the gratings presented in
Fig. 8 had similar 𝐿, respectively. Even though the shape of the tracks
was not homogeneous, bright regions resembling an isotropic phase
change, i.e. type-I modification [8], were apparent within their core,
which entails that the effective 𝛥𝑛 induced at a certain pulse energy
resulted in a peak value in the sinusoidal function, concurring with the
diffraction peaks shown in the graphs of Fig. 8.

The absence on this maximum in fused silica gratings could be
linked to their low effective duty factor, as we see in Fig. 7.c–d that the
width of the tracks remained essentially unchanged regardless of the 𝐸𝑝
used, reaching a value of ≈3 μm after the engraving with 10 μJ pulses.
This accounts for a duty factor of 6%, which is far from the 50% that
promotes the diffraction of phase gratings in the first combined order
[52]. In contrast, we saw in Figs. 5 and 6 that the increase of 𝐸𝑝 led to
the widening of the tracks in both OG530 and Eagle2000, respectively,
due to heat accumulation. This could be providing the gratings with
an effective duty factor closer to 50%, as the cladding that envelops
the tracks also entails a refractive index change over the medium [11],
which would explain the peak diffraction performance of the 50 μm
period gratings in OG530 and Eagle2000 shown in Fig. 8.

3.2.2. Bragg angle incidence
To generate Bragg gratings, 5 μm pitched elements were engraved

on all dielectrics at a pulse energy of 3.5 to 4.0 μJ while varying 𝑉 .
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Fig. 8. Influence of pulse energy on the diffraction efficiency at different orders, while under normal incidence, for OG530, Eagle2000 and fused silica volume gratings, all
fabricated with a period of 50 μm.
Fig. 9. Diffraction efficiency of the volume gratings of Fig. 3 after illumination at
different polarization states. Incidence at the Bragg angle condition.

Their diffraction performance was measured at Bragg angle incidence,
yielding the highest efficiencies in the first order when using 4.0 μJ
pulses and a 𝑉 of 4 mm/s: ≈65% for OG530 and fused silica and almost
55% for Eagle2000. Total transmittance for all samples was above 85%.
We show the cross-section of these gratings in Fig. 3.

The samples were then impinged at different beam polarizations
while maintaining Bragg angle incidence. In Fig. 9 one can see how the
change from vertical (±90◦) to horizontal polarization (0◦) influenced
mainly fused silica, attenuating the zeroth order by 90% and enhancing
the first order by 70%. The gratings inscribed in the other glasses,
however, were almost unaffected by this shift in the azimuth angle.
These results are in line with those of Beresna et al. in [53], where
relative intensity between the diffraction orders was modified as the
input polarization changed due to the effect of nanogratings. Thus, this
suggests their presence in, at least, the studied sample.

4. Conclusions

In this work, we have shown the versatility of ultrashort Bessel beam
pulses to fabricate embedded diffraction gratings in three distinct opti-
cal glasses. Although the different laser-matter interactions taking place
for each material proved a challenge to produce efficient diffractive
elements, this was overcome by tuning the laser processing parameters,
yielding gratings that operate at various light configurations.

In particular, modification of the OG530 glass showed how one
can take advantage of the nonlinear filamentation effects to engrave
large volumes of material in a single laser pass, which can be key to
achieve a high-throughput in an industrial environment. Meanwhile,
7

the Eagle2000 borosilicate stood out for closely reproducing the in-
tensity distribution of the Bessel beam in the buried inscribed tracks.
This enables the generation of user-defined refractive index profiles in
the material by tuning the electric field distribution of the beam along
its propagation direction. Lastly, bulk processing of fused silica at low
periods resulted in the appearance of shielding effects which, to the
best of our knowledge, had not been reported before. This produced
a decrease in the length of the inscribed tracks. In spite of this, we
were able to produce optical elements controlled by the state of input
polarization within this material, which are of interest in the field of
optical switches.

These findings therefore reinforce the value of Bessel beams as a
robust tool to explore the applications of optical buried devices in both
known and novel transparent materials.
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