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Abstract: Material modification is produced inside silica-based optical fibers of different
diameters using tightly focused near-infrared (central wavelength at 800 nm) femtosecond laser
pulses and the phase mask technique which is often employed for laser inscription of fiber Bragg
gratings. 1%-, 2" and 3"-order phase masks designed for the operation at 800 nm are used
in the experiments. The inscription is performed at different distances from the fiber’s front
surface by translating the focusing cylindrical lens along the laser beam propagation direction.
The results show that the material modification produced by means of the 2"- and 3™-order
phase mask can be positioned at any predetermined distance from the fiber’s front surface. In
contrast, when the 1%'-order mask is used for laser writing, the maximum distance from the fiber’s
front surface at which material modification can be produced is limited and determined by three
main parameters: the diffraction angle of the phase mask, the refractive index of the fiber and the
diameter of the fiber.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

There are two principal methods to inscribe fiber Bragg gratings (FBG) with laser light. The first
method is performed (i) by simultaneously irradiating a length of the fiber with an interference
pattern that is generated by an amplitude-splitting/wavefront-splitting free space interferometer
or a phase mask (i.e., a transmission diffraction grating) [1-5], or (ii) by using point-by-point
[6,7], line-by-line [8,9], or plane-by-plane [10] writing techniques when the laser beam induces
changes in the fiber core in a sequential fashion. Each of the above two general methods has its
own advantages and limitations, as discussed in the extensive literature on this subject matter
[1,2,11,12].

The phase mask technique (the PM-technique) is typically used with i) a continuous-wave
or nanosecond ultraviolet laser (i.e., excimer lasers) [1,2] or ii) a femtosecond (FS) laser
[4,5]. The latter option is highly advantageous for some applications as it does not require any
photosensitization of the fiber core [13]. Additionally, infrared FS lasers can also inscribe FBGs
through transparent and semi-transparent protective coatings if the pulses are tightly focused
[14-17].

The classical optical setup utilizing a phase mask, which consists of a focusing cylindrical
lens, a phase mask and a fiber inside which an FBG is to be inscribed, is deceptively simple
[4]. In reality, when considering inscription with a FS laser, one has to take into account: i)
the bandwidth, chirp and polarization of the ultrashort pulses, ii) aberrations (chromatic and
spherical) of the focusing cylindrical lens [18], iii) aberrations (spherical aberration, chromatic
dispersion, conical diffraction) introduced by the phase mask [18], polarization-dependent
intensity distribution after the phase mask [19], walk-off effects introduced by the phase mask
[18,20,21], and iv) focusing and distortion of the laser pulses by the fiber itself.
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The “fiber effect” cannot be disregarded. The small diameter of an optical fiber makes it a
strong rod lens and, as a consequence, the shape and size of the laser focus produced behind
the phase mask are expected to be quite different when observed in free space and inside the
fiber. Despite the fact that the PM-technique has been used for decades, the focusing effect
introduced by the fiber was considered only for the case when the phase mask is actually removed
from the optical path [22]. In practice, the phase mask diffracts the laser beam into several
diffraction orders and the angled incidence of the diffracted beams onto the fiber’s surface needs
to be taken into account, especially when considering the tight focusing geometries used during
through-the-coating FS laser inscription with a phase mask.

In this work we demonstrate that when the phase mask diffracts an incident FS beam at large
angle, material modification can be formed inside the fiber only up to a certain distance from
the fiber’s front surface, even if the cylindrical lens focuses the beam tightly. In fact, our results
show that FBG inscription in multi-core or large-core fibers [23-29] using small-period 1%-order
phase masks (i.e., large diffraction angle) may be physically impossible if the fiber is irradiated
from one side. A 1%-order phase mask is defined to be one where the generated interference
pattern produces a fundamental or 1%*-order Bragg resonance in the fiber. Higher order masks
produce higher order Bragg resonances in the fiber [4]. For a phase mask that uses 800 nm
FS laser light to produce a grating with a 1%'-order Bragg resonance at the 1550 nm telecom
wavelength, the diffraction angle of the +1 diffraction order is #48° [4]. We also demonstrate
that the above constraint of limited penetration distance of material modification is removed if
higher-order phase masks (i.e., phase masks with larger periods and smaller diffraction angles)
are used instead. To understand these results, we propose to employ a formalism that is based on
the Bravais effective refractive index for the cylinder [30-33]. Even though this formalism was
originally developed for the studies of the interior and exterior caustics produced by diagonally
incident plane waves refracted by cylindrical objects, we show that it can also be applied to tilted
focused laser beams and thus be used to model FBG inscription using the PM-technique within a
wide range of experimental conditions.

2. Background

Light propagation in the optical setup is analyzed using geometrical optics in the paraxial
approximation. This simple formalism is insightful and also quite accurately describes the
experimental data.

2.1. Optical setup

Figures 1(a) and 1(b) respectively show the top and side views of the most basic FBG-inscription
setup based on the PM-technique. Consider a spatially non-chirped and non-tilted FS pulse
[34-36] falling normally onto a phase mask (M in Figs. 1(a) and 1(b)). The pulse front (i.e.,
the intensity front) is assumed to be parallel to the mask. After the interaction of the pulse
with M, a set of diffracted pulses that propagate along different directions is formed. The phase
fronts of the resulting diffracted pulses are normal to their propagation direction, whereas their
pulse fronts remain parallel to M. This implies that the diffracted pulses, except for those in the
0 diffraction order, have become tilted, angularly dispersed and spatially chirped pulses. The
combination of angular dispersion and spatial chirp make the average wavelength of the pulse
vary along the pulse front. If the spectral profile of the FS pulse is symmetric with respect to the
central wavelength, the maximum intensity in the pulse front occurs at its center. At this point,
we assume that M generates only 0 and +1 diffraction orders, i.e., it is a 1®-order mask.

When both the focusing cylindrical lens (L in Figs. 1(a) and 1(b)) and M are placed at a right
angle to the incident FS beam, L focuses the diffracted pulses into focal lines that remain parallel
to M. The axis of L should be perpendicular to the grooves on M to ensure that the focal lines of
the +1 diffraction orders overlap along the y-axis [37].
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Fig. 1. A schematic of the classical laser-writing optical setup based on the PM-technique.
(a) Top view. B, L, M and F denote the FS beam, the focusing cylindrical lens, the phase
mask and the optical fiber, respectively. M splits B into 0 and +1 diffraction orders. The
diffraction angles of the +1 diffraction orders are 6,1 and 6_1, respectively. F is placed
where the 1 diffraction orders overlap and form an interference pattern that is used for
the inscription. (b) Side view. B is focused inside F. The line-shaped laser focus, which is
formed by the overlapping focal lines of the +1 diffraction orders and aligned along the fiber,
can be moved inside F by translating L along the z-axis by Az. L and F and are aligned along
the x-axis. M lies in the xy-plane and the grooves on M are parallel to the y-axis.

2.2. Alignment procedure

In reference to Fig. 1, the fiber axis is placed a few hundred micrometers (um) behind the
focal plane of L. F acts as a strong cylindrical rod lens and forms images of the focal lines
corresponding to different diffraction orders produced by M. Figure 2(a) displays the situation
when only 0 and +1 diffraction orders are formed by M. When M and L are positioned at a right
angle with respect to the axis of beam B (see captions to Figs. 1(a) and 1(b)), the diffraction
angles of the +1 diffraction orders, i.e., 8, and 6_; in Figs. 1(a) and 2(a), are the same and given
by 6,1 =6_; =60, = sin‘l/l//\, where A is the wavelength of the incident light and A is the
period of M. F is then moved along the z-axis towards L (the positions of M and L are fixed in
space) until the front focal plane of F (Fig. 2(b)) is placed at the focal lines (FL in Fig. 2(a)) of
the +1 diffraction orders. In this case, the images of the focal lines of the +1 diffraction orders
are formed by F at infinity in the geometrical optics approximation. If the positions of M and F
are fixed in space, the alignment is performed by moving L along the z-axis towards F until the
focal lines of the +1 diffraction orders are placed at the front focal plane of F. We note that when
L is translated by Az along the z-axis, the focal line of the 0 diffraction order also moves by Az,
whereas the overlapping focal lines of the +1 diffraction orders move by Az cos 6.
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Fig. 2. A schematic of the fiber alignment procedure wherein the fiber acts as a rod lens.
(a) Formation of far-zone images of the focal lines (FLs) corresponding to +1 diffraction
orders. The FLs, which become angularly dispersed and spatially chirped after M, fully
overlap along the y-axis and the z-axis, but only partially overlap along the x-axis due to the
lateral walk-off of the —1 and +1 diffraction orders [21]. The focusing cylindrical lens and
the phase mask (L and M in Figs. 1(a) and 1(b), respectively) are not shown for clarity. (b)
Defining the effective focal length (EFL) and the front focal length (FFL) of a rod lens (i.e.,
F) in air. EFL is the distance from the front focal plane of the rod lens to its front principal
plane (Pg). FFL is the distance from the front focal plane of the rod lens to its front surface.
For a rod lens, Pg coincides with the back principal plane (Pg). Pr and Py lie in the xy-plane
that intersects the axis of the rod lens. The radius and the refractive index of the rod lens are
denoted by R and n, respectively.

The angular position of F with respect to the focal lines is adjusted by monitoring their images,
for instance, by means of a detector card (Fig. 2(a)). When the fiber axis and the focal lines are
aligned, the images of the focal lines of the +1 diffraction orders lie in the same xz-plane and
look symmetric in the xy-plane.

Figure 2(b) depicts F as a rod lens of refractive index n and radius Ry and defines its effective
focal length (EFL) and front focal length (FFL). When the axis of the incident light beam is at a
right angle with respect to the axis of the rod lens, EFL is given in the paraxial approximation by

EFL = S0 (1)
2(n—1)
and FFL (i.e., EFL-Ry) is given by
R0(2 - n)

FFL = (1a)

2(n—1)
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2.3. Refraction at the fiber’s front surface

Consider a convex circular cylindrical boundary of radius Ry between two regions with refractive
indices 1 and n (Fig. 3(a)). This boundary represents the front surface of F. The origin of the
coordinate system coincides with the intersection point of the boundary and the z-axis (Fig. 3(a)).
This also implies that the value of the z-coordinate of L is negative.

1) We will first analyze the case when i) M is removed from the beam path or ii) M produces 0
and =1 diffraction orders but only the O diffraction order is considered. In this scenario,
the source (or the object) is the line-shaped focus formed by L and the image is formed by
the cylindrical boundary.

(a) (b)

<
= i

Fig. 3. Finding the image of a line-shaped source after refraction at a convex cylindrical
boundary of radius Ry. The boundary separates two media with refractive indices 1 (air) and
n (fiber material). (a) Defining the source and its image that is formed by the cylindrical
boundary. The incident rays are perpendicular to the generatrix of the boundary. The front
principal plane (Pg) of the boundary is at z = 0. (b) A schematic plot of Eq. (2) where the
image distance i is presented as a function of the source distance s.

Both L and F are aligned along the x-axis (Fig. 3(a)). In the paraxial approximation, the
positions of the source and its image are defined by the following equation:

L 2
YIRS (2

1 n n-1
i
where s and i respectively denote the distance of the source and the image from the boundary.
Equation (2) can be derived from Abbe’s invariant for an air-glass cylindrical boundary,
1/Ro — 1/s = n(1/Ry — 1/i), provided that the following sign conventions are used. Distance s
is positive when the source is on the left-hand side of the boundary (i.e., in front of F) and is
negative when the source is on the right-hand side of the boundary (i.e., inside F). Distance i is
positive when the image is formed on the right-hand side of the boundary (i.e., inside F) and is
negative when the image is formed on the left-hand side of the boundary (i.e., in front of F). R is
positive as the center of curvature of the cylindrical boundary is on its right-hand side.

A schematic plot of Eq. (2) is presented in Fig. 3(b). In the context of this work, we are
interested in the shaded region of the plot. The vertical asymptote intersects the s-axis at point 1
and defines the front EFL of the boundary, (i.e., Ry/(n — 1)). The horizontal asymptote intersects
the i-axis at point 2 and defines the distance (i.e., nRo/(n — 1)) at which parallel rays propagating
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along the z-axis are focused by the boundary inside the medium with refractive index n (i.e., fiber
material). As an example, the boundary will focus parallel incident rays propagating along the
z-axis at i = 3Rp forn = 1.5 and at i < 2Ry for n > 2, which implies that for silica-based optical
fibers with n = 1.45 for near-infrared wavelengths such rays cannot be focused within the fiber.

2) M produces 0 and +1 diffraction orders, but only the +1 diffraction orders are considered in
terms of their focusing by F. The overlapping focal lines of the +1 diffraction orders (FL in
Fig. 2(a)) represent the sources whose images are formed by the cylindrical boundary. As
before, the focal lines and F are aligned along the x-axis. Due to the fact that the diffracted
light (i.e., the phase fronts of the FS pulses) impinges F at an angle (i.e., 81), we propose
to introduce two changes into Eq. (2). Firstly, we replace s with s cos 8;. The cos 6;-factor
takes into account the fact that the plane of observation is the yz-plane, whereas the incident
rays forming the source lie in the plane that contains the y-axis and is at an angle 6; with
respect to the yz-plane. To be precise, the image distance i is measured from the origin
of the xyz-coordinate system along the z-axis, whereas the source distance s is measured
from the origin of a different, Xyz-coordinate system along the z-axis. The origins of the
xyz-coordinate system and XyZ-coordinate system coincide, the y-axis is aligned along the
y-axis, and the Z-axis is at an angle 6; with respect to the z-axis. Secondly, we replace the
conventional refractive index n with the Bravais effective refractive index for the cylinder
ng(61) [30-33].

The Bravais refractive index is often used in atmospheric optics to calculate the propagation
of diagonally incident rays through prismatic ice crystals. It was shown in Ref. [30] that the
Bravais-index formalism also applies to diagonally illuminated long circular dielectric cylinders.
According to Refs. [31,32], ng(6) is given by

\n? - sin%6,
ng(01) = —————— (3)
cos 0
By introducing the above changes to Eq. (2), we arrive at
v ng(61) _ np(61) — 1
scos 6 i Ry

“

We also note that in the case of diagonal illumination, the ordinary refractive index n of the
fiber in Egs. (1) and (1a) becomes the Bravais refractive index ng(6;). The dependence of ng(6;)
on the illumination angle 6, is quite strong, as it can be seen from the following examples. For
silica-based optical fibers with n ~ 1.45 for near-infrared wavelengths, ng(6) is approximately
equal to 1.50, 1.70 and 2.33 if 8, is 20°, 40° 60°, respectively. Importantly, a focus can now
be formed within the fiber with n ~ 1.45 in parallel incident rays if ng(6;) = 2 [30], which
corresponds to 6; > 53°.

In this work we assume that the refractive index of the fiber, n, is uniform because the refractive
indices of the cladding(s) and the core(s) are typically very close to one another. If the refractive
index of the core(s) is much higher than that of the cladding(s) but the core diameter is much
smaller than the cladding diameter, the analysis based on a single refractive index, n, remains
valid because the light propagation occurs predominantly in the cladding. The analysis of the
case when the core diameter is large and the refractive index mismatch between the core(s) and
the cladding(s) is large goes beyond the scope of this work.

For the purposes of this work, it is more convenient to express ng(6;) and cos 8 in terms of A
and A as these variables are the main parameters that describe the phase mask and its diffraction
properties. Namely,

(nA)? — 22

Tt 5)

1\2
cosf; =41 - (X) ; ng(0y) =
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3. Experimental results

In our experiments, we used the classical optical setup for the PM-technique (Figs. 1(a) and 1(b))
[4] and a Ti-sapphire regeneratively amplified laser system operating at a central wavelength A of
800 nm. The Fourier-transform-limited pulse duration of the FS laser was 80 fs and the pulse
repetition rate was 1 kHz.

In the first set of experiments, the linearly polarized output FS laser beam (B; 7 mm in diameter
at the 1/e*-intensity level) was focused into silica-based optical fibers (F) of different diameters
(2Rp = 80 wm, 125 pum (SMF-28), and 400 um) either without a phase mask (M) in the optical
path or using a 1%-order holographic phase mask (Ibsen Photonics A/S) with a period A of
1.07 pm (9(11) = sin~' 1/A), where the superscripted “1” refers to the order of the phase mask.
The two-beam interference pattern generated by the +1 diffraction orders of this mask would
produce an FBG with a fundamental or 1%-order Bragg resonance. It should be noted that in
the experiments without a phase mask the output FS beam was in fact focused through the 2.1
mm-thick substrate of the 1%-order mask without intercepting the mask grooves.

In the second set of experiments, a 2"4- or 3"-order phase mask (A® = 2.14 ym and A® =
3.21 um), manufactured using electron beam lithography on a 3.4 mm-thick substrate, was
inserted in the optical path to study in more detail the effect of the respective diffraction angles
(i.e., 0(12) = sin"'A/A?® and 053) = sin"'1/A®) on the inscription process. As before, the
superscripted “2” and “3” refer to the order of the phase masks. The two-beam interference
pattern generated by the +1 diffraction orders of these mask would produce FBGs with a 2"- and
3"_order Bragg resonances, respectively. Only the 125 um-diameter fiber was tested in this case.

When the phase masks were used, the FS laser beam was expanded ~3.5 times along the x-axis
(i.e., the fiber axis) using a cylindrical telescope to minimize the lateral walk-off effect of the +1
and —1 diffraction orders [21], which is essential in the case of the 1%-order mask.

The beam was focused using a plano-convex cylindrical lens (L) corrected for spherical
aberration. Nominally, a complete correction can be achieved if the curved surface of L is facing
the furthest conjugate point, i.e., the incident collimated FS laser beam (see Fig. 1(b) and the
insets of Figs. 7(a) and 7(b)). The focal length of L was 15 mm and the effective numerical
aperture (NA) of L was estimated to be 0.23. The focal lines of the 0 and +1 diffraction orders
were placed 300 um behind the back surfaces of the phase masks by adjusting the position of L.
The front surfaces of the fibers (protective coating removed) were placed 350-400 um away from
the phase mask.

For alignment, the optical fiber was moved along the z-axis until the focal lines of the 0 or
+1 diffraction orders were placed at its front focal plane and the sharpest images of the focal
lines were formed a few centimeters away from F (see Fig. 2(a)). Then, L was translated a
certain distance Dg, further along the positive direction of the z-axis until the focal lines were
placed in the fiber core. The respective z-coordinate of L is denoted by zg,. The alignment
of the overlapping focal lines with respect to the fiber core was performed using nonlinear
photoluminescence microscopy, as described in Ref. [38]. For each fiber-mask combination
tested, this distance (i.e., Dg,) was measured several times and averaged. We note that the
situation when the image is in the fiber core corresponds to i = Ry in Egs. (2) and (4). The
respective value of s is —Ro (denoted by sg, ) if there is no phase mask in the optical beam path
(see Eq. (2)) and

_ —RoA
T VN oe
if a phase mask with a period of A is inserted into the beam (see Eq. (4)). Distance Dg, is given
by Eq. (1) without a phase mask in the beam path (FFL + [sg,| = Ro(2 —n)/[2(n — 1)] + Rp =

(6)
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Ron/[2(n — 1)]) and, according to Egs. (1a), (3) and (6), by

9_ (nA?-22 A
22
Dg, = FFL + |sg,| = Ro A + @)
) ( (nA-2 1) VA2 - )2
A2-2

if there is a phase mask in the beam path. In Eq. (7), FFL is measured in the plane that contains
the y-axis and is at an angle 8, with respect to the yz-plane.

For each fiber under consideration, the laser-inscription was conducted at different values of
the z-coordinate of L (|z;|>[z;_,> ... >|z{|>|zr,|>|z1|> ... >|zm-1 |>|zm |) which correspond
to different values of |s| (|s;|<[s;_,|<...<[sj|<|sg,|<[s1 [<...<|sm-1 [<|sm | ), where |s| and
|z| denote the absolute values of the negative distances s and z. Indeed, the z-coordinate of L is
nominally negative because L is on the left-hand side of the air-fiber boundary (i.e., in front of F;
Fig. 3(a)). In order to avoid any possible confusion, we would like to emphasize that z is the
physical coordinate of L in the coordinate system introduced in Fig. 3(a), whereas the position of
the line-shaped focus formed by L (i.e., s) obeys the sign conventions associated with Eq. (2)
and Eq. (4). For both Eq. (2) and Eq. (4), |Az| = |As] (e.g., |zr, — zj| = s, — /1) The plots in
Figs. 4(b), 5(b-d) and 6(b), which compare the experimental data to the pertinent simulations
based on Eq. (4), are presented in the i(s)-form in order to be consistent with the notations of
Eq. (4). However, as it was mentioned earlier, the quantity we measure in our experiments is the
z-coordinate of L (i.e., z) rather than s, which is measured from the origin of the ¥yz-coordinate
system along the Z-axis. What is important is that s is uniquely defined by z and |Az| = |As|.
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Fig. 4. Laser-inscription in the 80 wm-diameter fiber at different locations. (a) Inscription
without a phase mask. (b) Inscription using a 1%-order phase mask with a period AWof 1.07
wm. According to Eq. (8b), O is located at sog, ~ =933 um and is not shown. The solid
curves in the plots represent the simulated data generated using Eqs. (2) and (4). The FS
pulses propagate along the positive direction of the z-axis, as indicated by the red arrow. The
upper, central and lower tracks of laser-modified regions in the optical microscopy images
were produced when the y-coordinate of L was 10 wm, O wm and —10 pm, respectively.

The pulse energy during the inscription was significantly increased compared with that used
in the alignment procedure in order to be able to induce easily observable Type II material
modification in the fiber core [39,40]. The first inscription step was performed at the smallest
absolute value of the z-coordinate of L, i.e., when the distance between L and F was the shortest.
The subsequent inscription steps were performed at progressively increasing absolute values of
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Fig. 5. Laser-inscription in the 125 pm-diameter fiber at different locations. (a) Inscription
without a phase mask. (b) Inscription using a 3" _order phase mask with a period ABof
3.21 um. (c) Inscription using a 2Md_order phase mask with a period A@of 2.14 um. (d)
Inscription using a 1%-order phase mask with a period AWof 1.07 um. According to Eq. (8b),
O; is located at spg, ~ —1457 um and is not shown in the plot. The solid curves in the plots
represent the simulated data generated using Eqs. (2) and (4). The FS pulses propagate
along the positive direction of the z-axis, as indicated by the red arrow. The upper, central
and lower tracks of laser-modified regions in the optical microscopy images were produced
when the y-coordinate of L was 10 um, O um and —10 um, respectively.

the z-coordinates of L, i.e., the distance between L and F was increased by retracting L for each
next step and the laser focus was thus moved closer and closer towards the front surface of the
fiber. Additionally, during each inscription step, i.e., at a fixed z-coordinate of L, three detached
regions were modified, one at a time, across the fiber by changing the position of L along the
y-axis by 10 um. In the experiments presented below (i.e., Figs. 4-0), each modified region
received 3 x 10° laser pulses during 3-seconds exposures produced by an electronic shutter. The
electronic shutter also blocked the FS beam while L was being moved between the exposures.
To visualize the laser-modified regions inside the fiber and find their positions with respect to
the front surface of the fiber, images of the cleaved fiber samples were obtained using optical
microscopy in transmitted light. In the optical microscopy images in Figs. 4-6, the light-colored
modified regions belong to Type I [39], whereas the dark-colored modified regions belong to
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Fig. 6. Laser-inscription in the 400 wm-diameter fiber at different locations. (a) Inscription
without a phase mask. (b) Inscription using a 1%-order phase mask with a period AWof
1.07 ym. According to Eq. (8b), O is located at sog, ~ —4663 um and is not shown in the
plot. The solid curves in the plots represent the simulated data generated using Eqgs. (2)
and (4). The FS pulses propagate along the positive direction of the z-axis, as indicated by
the red arrow. The upper, central and lower tracks of laser-modified regions in the optical
microscopy images were produced when the y-coordinate of L was 10 wum, O um and —10
um, respectively.

Type II [39]. Two orthogonal orientations of linear polarization of the FS pulses were used to
investigate whether the Type II modification consisted of nanograting structures [40]. When the
pulse polarization was aligned along the x-axis, the dark-colored regions in Figs. 4—6 showed up
as bright regions if reflection optical microscopy was used for examination, i.e. these regions
reflected incident light. On the other hand, when the pulse polarization was aligned along the
y-axis, the very same regions did not reflect light and remained dark. Taking into account
that light-induced nanograting structures are oriented perpendicularly to the electric vector
of the FS pulses, a conclusion was drawn that the laser-modified regions contained stacks of
micro-reflectors, that is, nanogratings. Two sets of samples for each fiber-mask combination were
prepared using both x-polarization and y-polarization, but only the results of the inscription with
one state of polarization, either x-polarization or y-polarization, are presented below.

The centroids of the laser-modified regions represented “images” of the focused FS pulses.
The positive image distances #;<i; |<...<iy-1 <iy corresponding to the source distances
Is;I<Is;_;I<...<Ism-1 |<|sm | were measured in order to plot i as a function of s (i(s)) and
compare the experimental results to the simulations based on Eqs. (2) and (4).

The following subsections summarize our observations.
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(b)

Fig. 7. Visualization of laser-inscription at the back surface of the fiber. (a) and (b)
respectively represent inscription using the 1%'-order phase mask M1 and the 3"_order phase
mask M2, which are described in the text. A FS beam B is focused through M1 and M2
using the cylindrical lens L with NA = 0.23 described in the text. The mask-to-fiber distance
in (a) and (b) is the same, whereas the lens-to-mask distance is smaller in (a) than in (b), as
shown in the insets of (a) and (b). The relative sizes of the light cones and d( will remain
the same for different fiber diameters 2R because Egs. (1a), (8a) and (8b) depend on R
linearly.

3.1. Inscription in the 80 um-diameter fiber

The left-hand side panels of Figs. 4(a) and 4(b) show some representative optical microscopy
images of the FS laser induced modification in the 80 wm-diameter fiber. The plots on the
right-hand side of Figs. 4(a) and 4(b) compare the experimental data with the simulations based
on Eq. (2) (Fig. 4(a)) and Eq. (4) (Fig. 4(b)). In these simulations, as well as in the simulations
pertinent to the other fibers under consideration, the refractive index of the fiber material n
was assumed to be 1.45 (fused silica (SiO;) at 4 = 800 nm). Figure 4(a) represents the case
when there was no phase mask in the beam path, whereas Fig. 4(b) represents the case when the
1%-order mask (i.e., AV = 1.07 um) was inserted in the beam path.

Point Oy in the plots indicates at which source distance s the image distance i is equal to Ry
(i.e., 40 um). The respective value of sg, is —Ry if there is no phase mask in the beam path and is
given by Eq. (6) if a phase mask with a period of A (i.e., AV) is in the beam path. Point O,
indicates at which source distance s the image distance i is equal to 2Ry (i.e., 80 um) and material
modification can thus be induced at the back surface of the fiber. This source distance sz, is
negative for n = 1.45 and if there is no phase mask in the beam path, is given by

2R,
sy = ——> (82)
and by
2RoA
L (8b)

S2Ry =
JaA)? =2 - 2VAZ )2

if a phase mask with a period of A is placed in the beam path. Equations (8a) and (8b) together
with the above definitions of points O; and O, will also be applied to analyze the experimental
data on laser-inscription inside the 125 pm- and 400 wum-diameter fibers (see Table 1).
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Table 1. Calculated distances sg,, S2g,, Dg, and experimentally determined distances Dg,

80 um-diameter fiber 125 um-diameter fiber 400 pm-diameter fiber
NoPM | I%torder | NoPM | 3"-order | 2™-order | 1%%-order | NoPM | I%-order
PM PM PM PM PM
sy (Oq in —40 wm —60pum | —62.5um | —64.5 um | —67 um 94 um | 200 um | =301 um
Figs. 4-6) Eq. (6) Eq. (6) Eq. (6) Eq. (6) Eq. (6)
$2Ry (O2in | =145 um | =933 um | -227 pm | =246 um | 275 um -1457 | =727 um —4663
Figs. 4-6) Eq. (8a) Eq. (8b) Eq. (8a) Eq. (8b) Eq.(8b) um; Eq. (8a) pum;
Eq. (8b) Eq. (8b)
Dg, (theory) 64 um 63 um 101 um 99 um 97 um 99 um 322 um 316 um
Eq. (1) Eq. (7) Eq. (1) Eq. (7) Eq. (7) Eq. (7) Eq. (1) Eq. (7)
D, 62+5um | 64+3 pum [ 953 um | 96 um 96 um 100+3 300+7 3206
(experiment) um pum um

The data presented in the plot of Fig. 4(a) was collected on 4 samples. Some source distances
s were the same for the 4 samples and the respective image distances i represent averaged
values with a standard deviation of 7 um. Some datapoints represent non-averaged values. The
experimentally measured distance Dg, was 62 +5 um, whereas the predicted value is *64 um
(see Eq. (1)). The laser power in the unexpanded FS laser beam was 300 mW if measured in
front of L. The sample presented in the optical microscopy image of Fig. 4(a) was prepared using
linear polarization of the FS beam aligned along the x-axis.

The data presented in the plot of Fig. 4(b) was collected on 2 samples. The source distances s
were the same for the 2 samples and the respective image distances i represent averaged values
with a standard deviation of 5 um. The experimentally measured distance Dg, was 64 + 3 um,
whereas the predicted value (see Eq. (7)) is ~63 pm. The laser power in the expanded FS laser
beam was 480 mW if measured in front of L. The sample presented in the optical microscopy
image of Fig. 4(b) was prepared using linear polarization of the FS beam aligned along the y-axis.

3.2.  Inscription in the 125 um-diameter fiber

As in the previous case of Fig. 4, the left-hand side panels of Figs. 5(a)-5(d) show optical
microscopy images of the FS laser induced modification, whereas the plots on the right-hand
side of Figs. 5(a)-5(d) compare the experimental data with the simulated data. The simulations
are based on Eq. (2) for Fig. 5(a) and on Eq. (4) for Figs. 5(b)-5(d). The data in Fig. 5(a) pertain
to the case when there was no phase mask in the beam path, whereas Figs. 5(b)-5(d) represent
the cases when the 3"-, 2" and 1t-order phase mask, respectively, was inserted in the beam
path. As it was mentioned earlier, the period of the 3-, 2"- and 1%-order phase mask is A®)
(i.e., 3.21 ym), A (i.e., 2.14 um) and A" (i.e., 1.07 um), respectively.

The data presented in the plot of Fig. 5(a) was collected on 5 samples of the 125 pm-diameter
fiber. Similar to Fig. 4(a), some i-datapoints represent non-averaged values but the majority of the
i-datapoints are averaged values with a standard deviation of 4 um. The experimentally measured
distance Dg, was 95 + 3 um, whereas the predicted value is *101 pm (see Eq. (1)). The laser
power in the unexpanded FS laser beam was 300 mW if measured in front of L. The sample
presented in the optical microscopy image of Fig. 5(a) was prepared using linear polarization of
the FS beam aligned along the x-axis.

The data presented in the plot of Fig. 5(b) was collected on 1 sample. The experimentally
measured distance Dg, was 96 um, whereas the predicted value is 99 um (see Eq. (7)). The data
presented in the plot of Fig. 5(c) was also collected on 1 sample. In this case, the experimentally
measured distance Dg, was also 96 um, whereas the predicted value is *97 um (see Eq. (7)).
In the above two experiments, the laser power in the expanded FS laser beam was 620 mW if
measured in front of L and the linear polarization was aligned along the x-axis. The laser power
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was higher in this case because the diffraction efficiency of the e-beam written 2"- and 3"-order
phase mask is lower than that of the 1%%-order holographic phase mask

The data presented in the plot of Fig. 5(d) was collected on 5 samples. Again, some i-datapoints
represent non-averaged values and but the majority of the i-datapoints are averaged values with a
standard deviation of 5 um. The experimentally measured distance Dg, was 100 + 3 um, whereas
the predicted value is ~99 pm (see Eq. (7)). The laser power in the unexpanded FS laser beam
was 480 mW if measured in front of L. The sample presented in the optical microscopy image of
Fig. 5(c) was prepared using linear polarization aligned along the y-axis.

3.3. Inscription in the 400 um- diameter fiber

The results on FS laser inscription inside the 400 um-diameter fiber are presented in Figs. 6(a)
and 6(b). As before, the simulations are based on Eq. (2) for Fig. 6(a) and on Eq. (4) for Fig. 6(b).
The data in Fig. 6(a) and 6(b) respectively relate to the cases when there was no phase mask in
the beam path and the 1*-order phase mask (A" =1.07 um) was placed in the beam path.

The data presented in the plot of Fig. 6(a) was collected on 2 samples. The majority of the
i-datapoints are averaged values with a standard deviation of 7 um. The experimentally measured
distance Dg, was 305 =7 um, whereas the predicted value is *322 um (see Eq. (1)). The laser
power in the unexpanded FS laser beam was 300 mW if measured in front of L. The sample
shown in the optical microscopy image of Fig. 6(a) was prepared using linear polarization aligned
along the x-axis.

The data presented in the plot of Fig. 6(b) was collected on 3 samples. The majority of the
i-datapoints are averaged values with a standard deviation of 6 um. The experimentally measured
distance Dg, was 320 + 6 um, whereas the predicted value is *316 um (see Eq. (7)). The laser
power in the unexpanded FS laser beam was 480 mW if measured in front of L. The sample
shown in the optical microscopy image of Fig. 6(b) was prepared using linear polarization aligned
along the x-axis.

Table 1 lists the calculated distances sg,, s2r,» Dr, and experimentally determined distances
Dg, that correspond to laser inscription without a phase mask and laser inscription using the 3.,
2"d_ and 1%-order phase mask.

4. Discussion

The underlying assumption of this work is that a laser focus can be produced within the fiber
(F). According to the geometrical optics approach used in this work, it can always be done by
choosing s between 0 and s»g,, which is given by either Eq. (8b) or Eq. (8a) depending on whether
there is a phase mask is in the beam path or not, respectively. The source and its image are treated
as mathematical lines. Namely, the source is the single focal line produced by the cylindrical lens
(L) if there is no phase mask (M) in the beam path and is represented by the overlapping focal
lines of the +1 diffraction orders if a phase mask is in the beam path (see Fig. 2(a)).

In reality, the output circular FS laser beam (B) is a circular Gaussian beam and after the
cylindrical lens it becomes an elliptical Gaussian beam stretched along the x-axis. The dimensions
of the source in the yz-plane are now finite and defined along the y-axis by its waist size and
along the z-axis by its Rayleigh range p, which is a quadratic function of the waist size. It may be
noted that at a distance p along the beam propagation direction, if measured from the position of
the waist, the width of the beam increases by a factor of V2. The Rayleigh range p of the focused
FS beam can be expressed in terms of the effective numerical aperture (NA) of the cylindrical
lens as p = 1/(xNA?).

The authors of Ref. [22] considered the case when the phase mask is removed from the
optical path and showed that the ability to position the beam waist of a Gaussian beam focused
by a cylindrical lens within a fiber depends on p, n and Ry. For a fiber with Ry =62.5 um and
n=1.457 the beam waist is always outside the fiber for p/Ry>3, while the beam waist can be
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placed within the fiber at any distance from its front surface for p/Rp<1.1. This implies that NA
of the focusing cylindrical lens in the “mask-less” case should exceed a certain value in order to
satisfy the latter condition. In the “mask-less” case, the above condition was always fulfilled in
our experiments as the effective NA of the cylindrical lens was 0.23, which translates into p = 5
um or p/Ry < 1.1 for all the fibers tested.

When a phase mask is placed in the beam path, the situation becomes quite different. In
the geometrical optics approximation, a focus can be produced within the fiber even in parallel
incident rays if the Bravais refractive index ng(6;) > 2 [30]. It may be recalled in this connection
that in the “mask-less” case the fiber focuses parallel incident rays behind its back surface at a
distance given by Eq. (1a). This also suggests a Gaussian-beam analysis of the problem in the
presence of a small-period mask (i.e., large ng(6)), which has not been done yet, would lead to
significantly different p/Rp-ratios in terms of the ability to produce a focus at the fiber core or
within the fiber. For reference, the Bravais refractive index for the 1%-order phase mask used in
our experiments, np (0&1)), is ~#1.87 and the fiber therefore focuses parallel incident rays into a
caustic lying just behind its back surface (see Fig. 3 of Ref. [30]).

4.1. Inscription without a phase mask

The main purpose of the experiments without a phase mask was to check whether the most
basic geometrical optics formalism (see Eq. (2)) can adequately describe data obtained under
our experimental conditions. More specifically, we looked i) at how accurately Eq. (2) could
predict the image position i (i.e., the position of the resultant light-induced material modification)
as a function of s and ii) how the shape and type (i.e., Type I versus Type II) of the material
modification change with 7 under the same laser-inscription parameters. The pertinent results,
which are visualized in Figs. 4(a), 5(a), 6(a), can be summarized as follows. The experimentally
determined distance by which the cylindrical lens should be translated along the z-axis from the
initial alignment point to the point where the laser focus reaches the fiber core (i.e., distance Dg,;
Eq. (1)) is close to its theoretical value for all the fibers tested. The translation distance of the
cylindrical lens along the z-axis from the initial alignment point to the point when the laser focus
reaches the front surface of the fiber (i.e., the front focal length (FFL) of the fiber) is therefore also
known with a high accuracy — to within a few micrometers. After the laser focus has been placed
at the front surface of the fiber (s = 0;7 = 0), the position of the on-axis (i.e., y = 0) material
modification can be obtained from Eq. (2), also to within a few micrometers. A much more
involved ray tracing is required in order to predict how the position of the modification changes
when the lens is scanned along the y-axis at a fixed s (e.g., Fig. 4(a)). Another observation
is that the type of material modification changes as the laser focus is moved within the fiber
from the front to back surface. The transition from Type I modification to Type II modification
clearly indicates that the light intensity in the focused FS pulses is higher in the back halves of
the fibers. This effect is mainly due to pulse focusing by the fiber and, in the “mask-less” case,
can be relatively easily analyzed using the standard formalism of Gaussian-beam optics [22].
Specifically, using the ray-transfer matrix for a cylindrical air-fiber boundary it can be shown
that the Rayleigh range of the FS beam is larger in the surrounding air than inside the fiber and,
correspondingly, the beam waist is smaller inside the fiber than in the surrounding air.

The above experiments are important from two points of view. Firstly, the O diffraction order
of every phase mask contains a certain portion of the incident laser power. This portion can
range from ~2% to ~30% depending on the phase mask design and FS pulse parameters. The
simple formalism introduced for the “mask-less” case allows one to analyze the behavior of the
focused 0O diffraction order within the fiber, which is directly relevant to FBG inscription through
protective polymer coatings. Secondly, the actual “mask-less” inscription with a cylindrical lens
only can be used to produce high-quality regions of Type I modification inside optical fibers. The
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optical images in Figs. 4(a), 5(a), 6(a), which were obtained in transmitted light, demonstrate that
such Type I-structures guide light and thus may be used in in-fiber micro-photonic components.

4.2. Inscription using a phase mask

This case represents the classical PM-technique which is widely used for FBG inscription. The
focusing effect introduced by the fiber has never been analyzed in the literature in terms of
diagonally incident diffracted light. A rigorous treatment of the problem is very difficult because
it requires i) calculating the temporal and spatial distribution of the FS pulse’s electric field in
the focal volume formed by the combination of a cylindrical lens and a phase mask and after that
ii) solving a vectorial diffraction problem at the highly curved cylindrical surface of the fiber for
the case of diagonally incident electromagnetic radiation. The treatment should also include the
residual aberrations of the cylindrical lens and the beam quality factor of the FS laser. Under
some high-power inscription conditions, equations governing the propagation of FS laser pulses
in the fiber material should include nonlinear terms. A thorough analysis of nonlinear pulse
propagation in different isotropic media, such as gases and transparent isotropic solids, can be
found in Ref. [41].

Accurate numerical simulations that would take into account all of the aforementioned aspects
are extremely difficult. However, as we have shown in this work and also in Refs. [18,19,20,21,37],
simple analytic expressions based on geometrical optics provide insight into the nature of several
observable effects. We also note that self-focusing can be neglected in the current analysis.
Indeed, in Ref. [42] we provided evidence that morphologically similar structures can be produced
with 1 mJ 80 fs pulses and 1 mJ 350 fs pulses, i.e., at a roughly 4 times lower intensity. Based on
that, we came to a conclusion that the intensity distribution rather than the intensity magnitude
is responsible for the modification morphology and self-focusing is not the dominant effect to
define the intensity distribution inside the fiber under our experimental conditions. In this work
we used the same laser-writing setup as in Ref. [42] but the pulse energy was significantly lower
(i.e., 0.48 mJ and 0.62 mJ), which should have reduced the impact of nonlinear optical effects
even further. The above remarks also apply to the “mask-less” inscription discussed earlier.

Figures 4(b), 5(b)-(d) and 6(b) show experimental evidence that our semi-quantitative formalism
can be used to i) find the position of material modification as a function of s and ii) predict the
type, shape and size of material modification as a function of s when the PM-technique is used.

As in the “mask-less” case, the experimentally determined distance Dg, (see Eq. (7)) agrees
with its theoretical value for all the fibers tested. As a result, the front focal length (FFL) of the
fiber for angled irradiation can also be accurately predicted using Eq. (1a), provided that ng is
used instead of n. After the laser focus has been moved by FFL and thus placed at the front
surface of the fiber (s = 0;7 = 0), the position of the on-axis (i.e., y = 0) material modification
can be obtained from Eq. (4).

A summary of the pertinent results is provided below. The image distance i as a function of s
approaches its 2Ry-value progressively slower as the period of the phase mask A gets smaller.
The strongest dependence of i on s around s, was in the “mask-less” case. When the 31 or
2"_order mask (i.e., A® =3.21 um and A® = 2.14 um) was used, the inscription could be
performed across the whole fiber. With the 1%-order phase mask (i.e., A" = 1.07 um) no visible
material modification could be induced inside all the fibers under consideration beyond a certain
cutoff value of i, for example i 115 wm for the 125 pm-diameter fiber (Fig. 5(d)). The type of
material modification changed from Type I to Type II in the case of the 3"- and 2"-order mask
(Figs. 5(b) and 5(c)) when the laser focus was moved from the front to back surface, similar to
what was observed in the experiments without a phase mask. The inscription performed using
the 1%'-order phase mask was different in this respect as the modification across the fibers was
predominantly of Type II. Additionally, the size of the laser-modified regions decreased very
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rapidly, both along the y-axis and the z-axis, as i approached its cutoff value (Figs. 4(b), 5(d) and
6(b)).

The existence of a well-defined maximum (or cutoff) distance from the fiber’s front surface
at which material modification cannot be induced using small-period phase masks with large
diffraction angles we explain using the following arguments. Firstly, according to Eq. (8b), sag,
increases rapidly as A decreases the other parameters remain fixed. The distance by which the
cylindrical lens needs to be moved from the alignment point (point 1 in Figs. 7(a) and (b)) to the
point when the focus reaches the back surface fiber (point 2 in Figs. 7(a) and (b)) is nominally
given by FFL + [syg,|. In order to induce modification near the back surface of the fiber, the
cylindrical lens needs to be moved forward many hundreds of micrometers. For example, in the
case of the 1%-order phase mask this distance is #1462 pm for the 125 um-diameter fiber (FFL ~
5 um; [spr,| 1457 um). At such a large FFL + [syg, |, however, the focused FS beam essentially
bypasses the fiber, as it is visualized in Fig. 7(a). This effect will be dramatically reduced for
laser-inscription with the 3'-order phase mask, in which case FFL + [s2r, | is 281 um (Fig. 7(b))
for the same 125 pum-diameter fiber. In Figs. 7(a) and 7(b), the movement of the source by the
cylindrical lens and the focusing geometry of the FS beam (B) are analyzed in the yz-plane. We
note that in this case i) the apparent numerical aperture of the cylindrical lens becomes larger

and is given by (NA - A)/\/A2 — 22(1 = NA?) (A = AD in Fig. 7(a) and A = A® in Fig. 7(b))
and ii) the distance between points 1 and 2, dy, is given by dy = (FFL + |syg,|) cos 61, where 6,
is defined by either 9(11) =sin"'A/AW or 6(13) =sin"'1/A®).

Laser inscription in the back half of the fiber using the 1%-order phase mask is also complicated
by i) the strong polarization dependence of the reflection coefficients at the air-fiber interface
for light incident at small grazing angles (i.e., near the “north” and “south” poles of the fiber
cross section) and ii) very strong spherical aberration caused by the refraction of marginal rays at
the air-fiber interface in the pole regions. All the above effects make the calculation (and even
estimation) of light intensity in the focal region near the fiber’s back surface very difficult in the
case of phase masks with large diffraction angles.

4.3. FBG inscription through protective coatings

Here we would like to emphasize the relevance of the formalism presented in this work for FBG
inscription through protective polymer coatings. Generally, a phase mask produces a set of
diffraction orders whose diffraction angles are given by 6; = sin"!1k/A, where k is a positive
integer satisfying the condition Ak/A < 1. The material modification (or damage) threshold
of the polymer coatings is much lower than that of the silica glass of the fiber. It is important
to ensure that the overlapping focal lines of the +k (k # 1) are sufficiently far away from the
coating during the inscription in order not to ablate it. In the case of a 1%-order phase mask, for
example, the focal line of the O diffraction order should be sufficiently far away from the back
surface of the fiber when the overlapping focal lines of the +1 diffraction orders are inside the
fiber’s core region.

When the cylindrical lens is translated by |Az| along the z-axis, the focal lines of the +k
diffraction orders move behind the phase mask by |Az| cos 8. Because phase masks are designed
to concentrate the incident laser power in the +1 diffraction orders, it is natural to take the
distance of the focal lines of the +1 diffraction orders from the phase mask, Dy, as a reference.
In this case, the focal lines corresponding to the +k (k # 1) diffraction orders are located at
(D1 /cos 81) cos 6y from the back surface of the phase mask.

The optimum mask-to-focus distance can be calculated based on the interplay of chromatic,
diffraction and aberration effects introduced by the laser-writing setup. The impacts of these
effects, especially in the context of tight-focusing geometries and small-period phase masks, were
rigorously discussed in Ref. [18]. We showed that there exist two independent sets of phenomena
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that affect the size and shape of the focal volume after the phase mask. Specifically, these effects
include i) spherical aberration caused by the mask substrate, counteracted by conical diffraction
occurring at the mask, and ii) angular chromatic dispersion by the phase mask, counteracted
by chromatic aberration of the cylindrical focusing lens. Experimental validation of the above
effects is presented in Ref. [18], whereas approximate expressions to find the optimum D for a
given combination of the laser-inscription parameters can be found in Ref. [43]. Distance D,
also determines whether the different diffraction orders overlap and a Talbot-like interference
pattern is formed as a result or, when the longitudinal walk-off between the diffraction orders
is large enough [20], a pure two-beam interference pattern is produced. In any respect, D; is a
key parameter of the laser-writing setup and its choice significantly affects the ability to perform
through-the-coating inscription of FBGs.

After distance D has been selected, Egs. (2) and (4) allow one to predict where the focal lines
of the 0 and +k diffraction orders are positioned with respect to the coated fiber. Of course, Ry
in Egs. (2) and (4) now stands for the radius of the coated fiber, while, in the first approximation,
n and np can be treated as weighted averages of the refractive indices of the fiber material and
the coating.

4.4. Alignment procedure as applied to Gaussian beams

When the alignment procedure (see Section 2.2.) is applied to Gaussian beams, the waist of the
input FS beam becomes the source (or the object) for the rod lens represented by the fiber (F; see
Fig. 2(b)) and the waist of the output FS beam becomes the image.

According to Ref. [44], a thin-lens equation for Gaussian beams can be written as

1 1 1
— o= ©
s+p?/(s=f) i f

where p is the Rayleigh range of the source, f is given by Eq. (1) (i.e., f is the effective focal
length (EFL) of the fiber) and s, i are the source and image distances, respectively. In the context
of the alignment procedure, distances s, i and f are positive (the fiber is a positive rod lens; the
source and image are real as the source lies in front of the fiber and the image is formed behind
the fiber). As before, all the pertinent distances for diffracted beams are measured in the plane
that contains the y-axis and is at an angle 8; with respect to the yz-plane. Equation (9) shows
that when the source waist is one f away from the input side of the fiber, the image waist is
also one f away from the fiber — not at infinity. In fact, the maximum achievable distance of
the image waist, imax, from the back principal plane of the fiber (Pp in Fig. 2(b)) is given by
imax = f +f2/2p, which happens when s = f + p [44]. For NA =0.23 (i.e., our experimental
conditions), p is nominally ~5 um yielding ipmax = 4.8 x 10%um for the 80 um-diameter fiber and
imax = 1.01 x 10* um for the 400 wm-diameter if there is no mask in the FS beam. Irrespective of
the exact values of p and f, the above “maximum distance” condition ensures that the half-angle
of divergence of the image attains its minimum value, and, as a consequence, the extent of the FS
beam behind the image plane becomes the smallest in the vertical plane at a fixed observation
distance from the fiber. The observation distance in our experiments was ~10 cm in each case.
As it was mentioned earlier, the focal lines of the 0 and +1 diffraction orders were placed 300
um behind the back surfaces of the phase masks by adjusting the position of the cylindrical lens
(L). At this distance in the case of the 1%'-order phase mask, spherical aberration caused by the
mask substrate is compensated by conical diffraction occurring at the mask and, as result, the
experimentally measured p is the smallest, approximately 5 wm [18]. When focusing is performed
through the substrate of the 1%-order mask (i.e., the “mask-less” case) or the 2"- and 3"-order
masks, the respective focal volumes are distorted by the uncompensated spherical aberration
and the apparent p‘s become much larger, in the range of 15-20 um [18]. As a consequence, the
alignment procedure becomes less accurate and the experimentally obtained values of Dg, may
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be affected by a systematic error caused by the visual interpretation of the images formed in the
far zone. Nonetheless, our experiments on ablation of the fiber’s front surface confirmed that the
alignment procedure remains quite accurate despite the abovementioned issues. Specifically, in
order to ablate the front surface of the 125 um-diameter fiber, the cylindrical lens had to be moved
towards the fiber by 7 + 2 pm from the initial alignment point in the case when the focusing was
performed through the 1%-order mask and by 38 + 3 um for the focusing through the substrate of
the 1%-order mask without intercepting the grooves. These distances are close to the respective
nominal FFL’s obtained from Eq. (1a), provided that the ordinary refractive index n of the fiber is
replaced by its Bravais refractive index np(6;) for diagonal illumination. Namely, the FFL is =5
um for the illumination through the 1-st order mask and ~38 um for the “mask-less” illumination.

5. Conclusion

Inscription of FBGs using the PM-technique and FS lasers is based on multiphoton absorption.
Multiphoton absorption of FS pulses inside transparent media is easily achieved if they are
focused sufficiently tightly. The material surrounding the focal volume remains unaffected by
the FS pulses passing through it, which nominally allows one to microstructure fibers in a 3-D
fashion and also inscribe FBGs through different types of protective coating. In this work, we
have proposed a simple and intuitive formalism based on geometrical optics to calculate the
position of the light-induced modification inside the fiber as a function of the position of the
focusing lens. Our formalism is applicable to all the diffraction orders produced by the phase
mask on condition that the inscription is performed in the in-plane manner, i.e., when the axes of
the FS beam, the cylindrical lens and the fiber lie in one plane. For the relatively tight focusing
geometry used in our work, the agreement between the experimental and modeled data is good
for different fiber diameters (i.e., 80 pm, 125 wm and 400 um) and different diffraction angles
G.e., 0°, 6’(13) ~14.4° for A®), 9(12) ~22° for A® and 6’(11) ~48.4° for AV). The fulfillment of
the tight-focusing condition is essential as it ensures that that the cylindrical lens produces a
well-defined line-shaped focus within the fiber at any distance from its front surface. In this
respect, the results of this work are less relevant for FBG inscription with nanosecond excimer
lasers in which tight focusing geometries and large diffraction angles are typically not used.

The main conclusion of our studies is that inscription of FBGs using small-period phase masks
featuring large diffraction angles (e.g., #48.4°) is practically impossible near the back surface of
the fiber if the fiber is irradiated from one side. It is a significant limitation of the PM-technique
as the reflectivity of FBGs produced with small-period phase masks is much stronger than the
reflectivity of FBGs produced with high-order large-period phase masks. In principle, the severe
distortion of the laser focus inside the fiber caused by its cylindrical geometry can be removed
even for large diffraction angles if the inscription is performed through a glass slip placed on top
of the fiber and the refractive indices of the fiber and the slip are index-matched, as it was shown
for the point-by-point technique in Refs. [45,46].

The results also show that with high-order phase masks having smaller diffraction angles (e.g.,
~14.4° and ~22°) material modification can be positioned at any predetermined distance from the
fiber’s front surface by translating the focusing cylindrical lens along the FS beam propagation
direction.

The ability to inscribe an off-axis Bragg grating inside a core of a multi-core fiber or cover the
core of a large-core fiber with cross-sectionally stitched Bragg gratings is essential for several
sensing and fiber-laser applications [23-29,47]. Traditionally, the inscription in this case is
performed using point-by-point, line-by-line, or plane-by-plane writing techniques and is often
accompanied by fiber rotation about the fiber axis so that the laser focus could consistently
reach different radial zones within the fiber. However, the implementation of these approaches
imposes very stringent requirements on the optical setup in terms of precision and mechanical
stability. In this respect, if the position of the laser line-shaped focus inside the fiber is a known
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function of the position of the focusing lens, the remarkable robustness and reproducibility of
the PM-technique could offer several advantages over the sequential laser-writing techniques.
In this context, our work provides important quantitative information on how accurately FBGs
can be positioned inside the fiber by translating the cylindrical focusing lens along the FS beam
propagation direction and how the type, shape and size of the modification change with the
position of the line-shaped laser focus inside the fiber. The use of the PM-technique together
with complimentary diagnostic tools to characterize the intensity distribution inside the fiber, for
example, nonlinear photoluminescence microscopy [38], would further facilitate the inscription.

The analytical expressions using the Bravais refractive index presented in our work are also
important for through-the-coating inscription of FBGs as they can be used to predict where the
focal lines of the different 0 and +k diffraction orders are positioned with respect to the coated
fiber for a given distance of the focusing lens from the phase mask. This knowledge may allow
choosing the pertinent distance parameters in such a way that when the focal lines of the +1
diffraction orders are inside the core region of the fiber the focal lines of the other, “parasitic”
diffraction order(s) are sufficiently far away from the coating and photoinduced damage of the
coating is thus avoided.

Disclosures. The authors declare that there are no conflicts of interest related to this article.
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