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Abstract: Type II π-phase-shifted Bragg gratings stable up to ~1000°C are written inside a 

standard single mode silica optical fiber (SMF-28) with infrared femtosecond pulses and a 

special phase mask. Inscription through the protective polyimide fiber coating is also 

demonstrated. The birefringence of the Bragg gratings and, as a result, the polarization 

dependence of their spectra are strongly affected by the femtosecond laser polarization. Using 

optimized writing conditions, the full width at half maximum of the π-phase-shifted passband 

feature can be ~30 pm in transmission, while the polarization-dependent shift of its central 

wavelength can be less than 8 pm, for a 7 mm long grating structure. This makes such 

gratings a unique tool for high-resolution measurements of temperature, load and vibration in 

extreme temperature environments. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

OCIS codes: (060.3738) Fiber Bragg gratings, photosensitivity; (060.7140) Ultrafast processes in fibers; (140.3390) 

Laser materials processing. 
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1. Introduction 

The preferred and by far most common method to fabricate fiber Bragg gratings (FBGs) is to 

use intense laser radiation in order to induce periodic or quasiperiodic changes in the 

refractive index of the fiber core. Interestingly, by introducing just a single phase defect – 

typically a π-phase shift – in the middle of an otherwise regular FBG, a very narrow 

transmission peak can be produced within its main stopband. Due to this special spectral 

feature, phase-shifted FBGs are widely used in distributed-feedback fiber lasers [1,2], optical 

sensors designed for pressure, strain and torsion measurements [3–6], sensitive ultrasonic 

detectors [7], and optical signal processing [8–10]. 

Traditionally, phase-shifted FBGs are fabricated by exposing the fiber to the ultraviolet 

(UV) radiation of excimer or frequency-doubled Ar-ion lasers [11]. The main UV laser 

writing techniques include the use of a special phase-shifted mask [12], precisely displacing a 
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uniform phase mask and the fiber with respect to each other during the process of FBG 

inscription [13], and post-processing of the FBG produced with a uniform mask [11]. 

Alternatively, phase-shifted FBGs can be fabricated using infrared (IR) femtosecond (fs) 

lasers. The primary techniques in this case are based on point-by-point/line-by-line writing 

[6,14,15] and displacing a uniform phase mask during the inscription [16,17]. Uniform phase 

masks were also used to produce phase-shifted FBGs when i) a uniform FBG was 

overexposed in the center [18], ii) the central part of the fs-laser beam was blocked [19] and 

iii) a uniform FBG was written in a length of fiber that incorporates a fusion splice [20]. 

Generally, the mask technique is faster, more accurate and more robust compared with the 

point-by-point technique. The latter, however, is much more flexible and thus allows one to 

more easily fabricate complex FBGs. 

IR fs-laser technology has a great advantage over its UV counterpart as Bragg gratings 

can now be inscribed in almost any optical fiber without the need to photosensitize the fiber 

core [21]. Moreover, if the IR fs-pulses are focused sufficiently tightly, inscription through 

the protective coating (‘trans-jacket inscription’) becomes possible [22–29]. This allows one 

to avoid the removal of the protective coating and, if it is needed, its reapplication after 

grating inscription. These steps are undesirable from a manufacturing perspective because 

they are time consuming, introduce structural flaws to the fiber surface and weaken the 

strength and degrade long-term reliability of the resultant FBG [30,31]. 

In this work, we demonstrate that π-phase-shifted FBGs can be fabricated in a single step 

using an IR fs-laser and a special phase mask where one half of the uniform mask is shifted 

with respect to the other by 5/4 of the mask period. More specifically, we concentrate on the 

fabrication of stable Type II π-phase-shifted FBGs that can be used for highly precise 

measurements of temperature, strain and vibration at temperatures up to ~1000°C. This task is 

non-trivial because the presence of Type II modification in an FBG makes it lossy and 

birefringent [32]. As far as Type II π-phase-shifted FBGs are concerned, the increased optical 

loss associated with Type II gratings spectrally broadens the π-feature while the 

birefringence, depending on its magnitude, either broadens the π-feature or even splits it into 

two components [3,5,6]. Obviously, the ultimate accuracy and resolution of sensing 

measurements based on the π-feature decreases because of this broadening. Additionally, the 

interference pattern behind a π-phase-shifted phase mask contains a V-shaped region, which 

has its apex at the π-phase-shift on the surface of the mask and divides the interference fringe 

system into three distinct sub-regions [34,35]. The interference fringes inside the V-shaped 

region are shifted by + π/2 and -π/2 with respect to the fringes formed to the left and right of 

it. An FBG inscribed with such a pattern has an asymmetric spectrum [34,36], which makes 

locking to the π-feature for sensing applications more difficult. 

Whereas optical loss associated with Type II modification depends on the FBG 

characteristics (e.g., FBG length and strength), we find that the birefringence of the Type II π-
phase-shifted FBGs can be easily controlled by the fs-laser polarization. The birefringence is 

minimized when the linear laser polarization is aligned parallel to the fiber axis and 

maximized when the polarization is perpendicular to the fiber axis. We attribute this result to 

the presence of light-induced nanostructures in Type II FBGs [37]. We also experimentally 

measure and reconstruct the interference pattern behind the π-phase-shift of a 1st- and 3rd-

order phase mask and in each case observe a V-shaped region which has its apex at the π-
phase-shift of the mask and divides the interference pattern into three distinct sub-regions, as 

predicted [35]. The presence of the V-shaped region causes a pronounced asymmetry in the 

spectra of FBGs written with the 1st-order mask. We show that this asymmetry can be 

corrected by covering the π-phase-shift region of the mask with a rectangular beam stop and 

choosing the correct mask-to-fiber distance based on the transverse and longitudinal walk-off 

of the diffracted fs-beams [28,38,39]. 
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2. Background 

2.1 Light intensity distribution after a π-phase-shifted mask 

Interference patterns produced with fs-pulses and a uniform phase mask (i.e., phase 

diffraction grating) are well-studied both theoretically and experimentally [28,38,39]. 

Consider an ideal situation when the mask (M in Fig. 1(a)) splits the incident light only into  

+ 1 and −1 diffraction order, as schematically presented in Fig. 1(a). A pure two-beam 

interference pattern is then formed in region I, whereas the intensity distribution is fringeless 

in regions II and III. It can also be seen that the intensity distribution at the fiber (F) will be 

strongly affected by both the effective width 2w of the fs-beam at M (e.g., the diameter at the 

 

Fig. 1. Regions where ultrashort pulses produce interference patterns after a phase mask (M) 

that diffracts light only into ± 1 orders. (a) A uniform phase mask. (b) A π-phase-shifted phase 

mask. (c) A π-phase-shifted phase mask when the central portion of the laser beam is 

obstructed by a rectangular stop (S) of width 2s. An optical fiber (F) is at a distance L from 

(M). The diffraction angle is θ ; the effective beam width is 2w. 
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1/e2 intensity level for a fs-beam with a Gaussian intensity profile) and the mask-to-fiber 

distance L. 

Now we consider a uniform phase mask containing a phase-shift. In the simplest case, the 

introduction of a single phase shift into a uniform phase mask of pitch d can be thought of as 

cutting it into two sections and then inserting (or removing) material of width δ between the 

two sections. Hereinafter, a ‘π-phase-shifted mask’ is defined as a uniform phase mask one 

half of which is shifted with respect to the other by 5/4 of the mask period d, i.e., δ = d/4. The 

‘π-shift’ terminology originates from the fact that a phase shift with δ = d/4 in the middle of a 

uniform phase mask causes a phase-shift of 2πδ/(d/2) = π in the resultant FBG, whose period 

is d/2 by definition. 

If a phase shift is introduced into M, the interference pattern produced after it becomes 

more complicated compared with the one presented in Fig. 1(a). In the case of a π-phase shift 

(‘π-shift’ in Fig. 1(b)), the + 1 diffraction order of the M’s left half (shown in orange in Fig. 

1(b)) and the −1 diffraction order of the M’s right half (shown in green in Fig. 1(b)) can now 

generate an additional interference fringe system within region I, which divides it into three 

sub-regions. The interference fringes within sub-region Ia are shifted with respect to the 

fringes in the left and right triangular sub-regions by π/2, i.e., by a quarter of the fringe period 

[35]. The boundaries of the sub-regions are defined by M and the diffraction angle θ. 
When the fiber intercepts all of the three sub-regions, the light-imprinted structure inside 

it will consist of three sections with a π/2-shift between the adjacent sections. The length of 

the central section (in yellow) and each of the two side sections (in grey), provided that the 

fiber is aligned along the x-axis, can be approximated by 2Ltan (θ) and w-2Ltan (θ), 
respectively. 

The presence of the central section causes an asymmetry in the FBG spectra, as 

demonstrated in Fig. 2 using simulation software (OptiGrating, Optiwave Inc., Nepean, ON, 

Canada). A detailed analysis of why the π-features in the spectra are shifted to shorter 

wavelengths is provided in [36]. 

We consider a phase mask with a pitch d = 1.07 ȝm (i.e., a phase mask to inscribe FBGs 

with the 1st-order resonance at ~1.55 ȝm in SMF-28 fiber). For fs-laser radiation centered at λ 
= 800 nm the diffraction angle θ = arcsin (λ/d) is large (i.e., θ ~48.5°) and the contribution of 

the central section can be quite significant. For example, for L = 0.5 mm and a fs-beam with 

2w = 7 mm, the length of the central section at the fiber core is ~1.1 mm, whereas the length 

of the side sections is ~2.4 mm. Also, we consider a fs-beam with a quasi-flat-top intensity 

profile (see the ‘Experimental’ section) and, as a result, assume the light-induced refractive 

index modulation Δn in the central and side sections to be the same. For the same reason, the 

effective refractive index of the fiber core neff in the central and side sections is also assumed 

to be the same. For Δn = 5·10−4 and neff = 1.447, a strong asymmetry in the spectrum is 

produced, as shown in the blue plot in Fig. 2(a). For L = 0.25 mm, the length of the central 

section at the fiber core decreases to ~0.55 mm and the length of the side sections increases to 

~2.9 mm. The asymmetry in the spectrum under these writing conditions is weaker than in the 

previous case but is still quite noticeable (red plot in Fig. 2(a)). Obviously, to reduce the 

contribution of the central section it has to be made short relative to the side sections, which 

can be achieved, for instance, by expanding the beam along the fiber to increase 2w, 

minimizing L, and using a higher order mask (e.g., a 3rd-order mask instead of a 1st-order 

mask) to decrease θ. 
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Fig. 2. Spectral characteristics of FBGs produced with a π-phase-shifted mask under different 

laser writing conditions. In the simulations (Optiwave software), the mask pitch d is 1.07 ȝm, 

the effective refractive index of the fiber core neff is = 1.447, the light-induced refractive index 

modulation in the core Δn is 5·10−4. (a) FBG spectra corresponding to the case shown in Fig. 

1(b). The blue plot represents L = 0.5 mm, with the length of the central section and side 

sections at the fiber core being 1.1 mm and 2.4 mm, respectively. The red plot represents L = 

0.25 mm, with the length of the central section and side sections at the fiber core being 0.55 

mm and 2.9 mm, respectively. (b) Spectra corresponding to the case shown in Fig. 1(c) when L 

= 0.25 mm and 2s = 1 mm. The blue plot represents a π-shifted Fabry-Pérot interferometer 

composed of two detached 2.4 mm-long uniform Bragg gratings with a 1.6 mm separation 

between them. The black plot (dashes) shows how the spectrum of the above interferometer is 

changed when neff in the two detached π-shifted FBGs is higher than in the central unexposed 

section by 5·10−5. The red plot represents a standard 4.8 mm-long π-shifted FBG. 

Alternatively, the central part of the fs-beam can be obscured by a rectangular stop (S) of 

width 2s, as shown in Fig. 1(c). In this case, the additional interference fringe system 

described earlier can be moved away from the mask and a π-shifted Fabry-Pérot 

interferometer composed of two detached Bragg gratings inscribed into the fiber by choosing 

a proper mask-to-fiber distance L. The two Bragg gratings will always be π-shifted with 

respect to each other because they are produced by interference patterns that are π-shifted by 

definition (the fringes are ‘affixed’ to the mask). It can be shown using simulations (Fig. 2(b)) 

that such a fiber interferometer will spectrally resemble a standard π-shifted FBG if the 

separation between the two constituting FBGs, which is given by 2(s + Ltan (θ)), remains 

smaller than their length, which is respectively given by w-s-2Ltan (θ). The linear dimensions 

of the π-shifted Fabry-Pérot interferometer whose spectrum is shown in Fig. 2(b) are 

calculated based on the above expressions and a 7 mm width (i.e., 2w) of the quasi-flat-top fs-

beam. 

Strictly speaking, for the above consideration to be valid, one has to assume that neff is not 

affected by the inscription process. In reality, neff in the laser-irradiated regions and the 

unexposed portions of the fiber is different, which also causes an asymmetry in the FBG 

spectrum. If neff in the irradiated regions is higher/lower than that in the unexposed fiber core, 

the π-feature moves towards shorter/longer wavelengths within the FBG spectrum. The 

dashed black trace in Fig. 2(b) demonstrates the situation when neff in the two detached π-
shifted FBGs of the Fabry-Pérot interferometer is higher than in its central unexposed section 

by 5·10−5, i.e., 0.1·Δn. Such light-induced changes (i.e., Δneff = (0.1-0.3)·Δn) are typical of 

FBGs produced using IR fs-lasers [40]. One can see that the spectral asymmetry in the dashed 

black trace in Fig. 2(b) is significantly smaller than in the red trace in Fig. 2(a). 

We note that, in principle, the above ‘beam-stop technique’ may also be used with 

standard uniform masks to produce π-shifted Fabry-Pérot interferometers if the unexposed 

region at the fiber core happens to introduce the correct phase shift between the two detached 
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Bragg gratings [19]. Taking into account that in this case the phase shift critically depends on 

the length of the unexposed region, the latter has to be somehow adjusted to a fraction of a 

micrometer to produce a symmetric spectrum. 

2.2 Birefringence of Type II FBGs 

FBGs inscribed using IR fs-laser radiation are typically classified into two main categories, 

Type I and Type II gratings, which have differing degrees of resistance to high-temperature 

(i.e., ~1000°C) annealing [40]. It is traditionally thought that the light-induced texture inside 

Type I and Type II FBGs is respectively smooth and disrupted [41–43]. Recently, periodic 

planar nanostructures [44,45] were found in Type II Bragg gratings produced in SMF-28 fiber 

by side-illuminating it with multiple linearly polarized IR fs-laser pulses through a phase 

mask [37]. Similar nanostructures were also observed in many different transparent bulk 

materials [46–55]. 

The planar nanostructures, which are often referred to as nanogratings, are aligned 

perpendicular to the linear laser polarization and exhibit strong form birefringence [33,56–

58]. Form birefringence is observed in a periodically layered medium when the spacing 

between the layers is small compared with the wavelength of light [59]. In this case the 

medium behaves as an optically uniaxial crystal whose optical axis is oriented perpendicular 

to the layers. The refractive index difference between the ordinary and extraordinary rays in 

fs-laser-induced nanostructures can be as high as 5·10−3 [56]. 

Additionally, it was shown that nanogratings are responsible for a deformation in the host 

material on the order of ~0.03%, and that this deformation (and associated stress) is largest in 

the direction perpendicular to the nanograting planes, i.e., parallel to the linear beam 

polarization [60]. Because of photoelasticity, anisotropic stress caused by the presence of 

nanograting structures induces birefringence inside them and the surrounding material, with 

the optical axis of such an optically anisotropic medium being parallel to the dominant stress 

component [61,62]. 

As a consequence of the above two effects, i.e., form birefringence and stress 

birefringence, the spectral characteristics of a (π-shifted) Bragg grating whose planes contain 

nanostructures will depend on how the nanostructures are oriented with respect to the fiber. 

The FBG spectrum is expected to be least sensitive to the polarization state of the probe light 

propagating through it when the planar nanostructures are aligned perpendicular to the fiber. 

Indeed, in this case both the uniaxial form-birefringent crystal associated with the 

subwavelength periodic structure of nanogratings and the uniaxial stress-birefringent crystal 

induced by the deformation in the material due to nanogratings have their optical axes aligned 

parallel to the fiber core. For such a geometry, the effective refractive index of the core for 

different states of polarization of the probe light is the same. Thus, in order to avoid or 

minimize the polarization dependence of the FBG spectrum, the polarization of the fs-laser 

pulses should be aligned parallel to the fiber axis. Conversely, in order to maximize both the 

form birefringence and stress birefringence of (π-shifted) Type II FBGs, which is desirable 

for some applications [6], the fs-laser polarization should be aligned perpendicular to the 

fiber. Under such writing conditions, optical axes of the form-birefringent crystal and the 

stress-birefringent crystal are aligned perpendicular to the fiber core and the FBG can be 

thought of as a (multiple-order) wave plate in terms of its birefringent properties. If other 

orientations of the linear polarization are used for the inscription, the resultant planar 

nanostructures are produced at an angle with respect to the fiber core and the birefringence 

attains an intermediate value. 

3. Experiment 

A schematic of the inscription set up used to write the phase-shifted FBGs is presented in Fig. 

3. An 80 fs Ti-sapphire regenerative amplifier operating at a central wavelength of λ = 800 

nm was used in the experiments. The linearly polarized output Gaussian beam ~7 mm in 
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diameter at the 1/e2 intensity level was expanded ~3 times along the x-axis and focused 

through a π-shifted phase mask (M; the pitch either 1.07 ȝm or 3.21 ȝm; the masks were 

fabricated using standard e-beam photolithography) using a plano-convex acylindrical lens 

(CL; focal distance 12 mm; the curved surface of CL is designed to reduce spherical 

aberration in one dimension), with the resultant line-shaped laser focus being aligned parallel 

to the fiber axis (Fig. 3(a)). A rectangular aperture (A) (i.e., a slit) aligned along the y-axis 

was placed between CL and M, as depicted in Fig. 3(a). 

 

Fig. 3. Inscription of π-phase-shifted FBGs using the phase mask technique. (a) A schematic of 

the setup. CL is an acylindrical lens; (A) is an aperture to select the central part of the fs-beam 

and make it quasi-flat-top along the x-axis; (S) is a rectangular stop to obstruct the central 

portion of the beam in order to not allow any light to impinge the π-phase shift on (M) (see 

text). (b) A fs-beam with a quasi-flat-top intensity profile of width 2w = 7 mm along the x-axis 

induces a 7 mm Type II modification (purple) in the fiber core. (c) When (A) is removed from 

the fs-beam path the resultant FBG consists of both Type I (green) and Type II (purple) 

modification. 

Consider a situation when A is centered relative to the fs-beam along the x-axis (Fig. 

3(b)). We also assume that the width of A, which is denoted by 2w, is significantly smaller 

than the beam width along the x-axis at the 1/e2 intensity level. If the distance from A to M 

along the z-axis is not too large compared with 2w, diffraction effects at A can be neglected 

[28] and the light intensity distribution at M (and F) along the x-axis becomes quasi-flat-top, 

as schematically presented in red in Fig. 3(b). By keeping the peak light intensity in the line 

shaped fs-laser focus well above the intensity threshold to induce Type II modification in the 

fiber core [40], which is denoted by I2, a FBG consisting of well-delineated Type II 

modification (shown in purple) and Type I modification (shown in green) can be produced. 

At the operating temperature, i.e., at 700-1000°C, Type I modification in the material is 

dramatically reduced or completely erased due to annealing [42,43] and a uniform Type II 

FBG is thus created. Without A, the intensity distribution at F along the x-axis will be 

Gaussian (Fig. 3(c)). As a result, the FBG in this case will consist of Type I modification at 

the ends, where the intensity is higher than the threshold intensity I1 to induce Type I 

modification, but lower than I2, and Type I and Type II modification in the center, where the 

peak intensity is higher than I2. Type I and Type II modification can also intermingle in the 

regions where the intensity is close to I2 [37]. After exposing this FBG to high temperatures, 

the Type I modification will be erased and the FBG spectrum will become determined by a 

rather complex distribution of the remaining Type II modification, which can be intermittent 
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and asymmetric with respect to the π-shift. To avoid this issue, A was always used during the 

inscription. Using IR induced photoluminescence in the fiber [63], the line focus was 

centralized in the fiber core along the y-axis. During grating inscription the beam was not 

scanned across the fiber in the y-direction. 

3.1. Inscription of π-shifted Type II FBGs in SMF-28-type fiber using a first-order 
mask 

The averaged xz-intensity distributions of the femtosecond pulses after a π-shifted phase mask 

with a 1.07 ȝm pitch are presented in Fig. 4(a) and Fig. 4(b). Figure 4(a) shows the 

distribution in the vicinity of the π-shift (the π-shift is at x = 0, z = 0; region Ia in Fig. 1(c)), 

whereas Fig. 4(b) shows the distribution 500 ȝm away from it along the x-axis. For the 

reasons discussed below, the z-range of the images in Fig. 4(a) and Fig. 4(b) is also different. 

To produce the images, the respective xy-intensity distributions with a 1 ȝm separation along 

the z-axis were projected onto a CMOS matrix by means of a high numerical aperture (i.e., 

NA = 0.9) objective lens, recorded and combined into 3D stacks [63]. The values of points 

with fixed (xi, zi) coordinates were then averaged along the y-axis and the respective mean 

values projected onto the xz-plane in order to minimize the ~10-times difference in brightness 

between the intrafocal and out-of-focus regions along the z-axis. As a matter of fact, the focal 

plane of CL is at z ~50 ȝm in Fig. 4(a) and at z ~250 ȝm in Fig. 4(b). 

The most salient feature of the intensity distribution in Fig. 4(a) is the pronounced V-

shaped region whose apex coincides with the π-shift [34]. The angle at the apex is estimated 

at 90-95°. This value is close to twice the diffraction angle θ = arcsin (λ/d) corresponding to λ 
= 800 nm and d = 1.07 ȝm, as predicted [35]. The clear Talbot interference pattern observed 

in Fig. 4(a), especially at z < 50 ȝm, is caused by the presence of the 0th diffraction order, 

which we neglected in the ‘Background’ section. In reality, the 0th order always contains a 

certain portion of the incident laser power, albeit it can be as low as 1% for state-of-the-art 

holographic masks. As a consequence, the contrast of the Talbot pattern generated by a 1st-

order mask depends on the ratio of laser powers diffracted into the 1st and 0th order and the 

longitudinal walk-off of the orders [28,38,39]. This power ratio can be varied within a broad 

range by selecting the mask design, but for a given design it will also be affected by the pulse 

polarization. For consistency, all the images in Fig. 4 and Fig 6 were obtained using the pulse 

polarization aligned along the x-axis. 

Fig. 4.(b) represents the case when the separation between the 0th and 1st diffraction order 

along the z-axis (i.e., longitudinal walk-off) is sufficiently large and, as a result, pulses 

diffracted into the + 1 and −1 orders produce a classic two-beam interference pattern. 

Following the discussion in the ‘Background’ section, in Fig. 5(a) we demonstrate that the 

presence of a wide-angle V-shaped feature in the intensity distribution after a 1.07 ȝm pitch 

mask results in a quite large asymmetry in the FBG spectrum when the mask-to-fiber distance 

L is ~450 ȝm (see Fig. 1), as expected. Importantly, the asymmetry almost disappears when a 

~1 mm wide rectangular stop S (Fig. 1 and Fig. 3) is inserted to cover the π-shift and thus 

eliminate the additional interference fringe pattern at the fiber core, as shown in Fig. 5(b). 
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Fig. 4. Interference patterns produced by 80 fs pulses after a π-phase-shifted mask with a 1.07 

ȝm pitch. The mask is at z = 0. While recording the images, the laser power was kept at a ~1 

mW level and the pulse repletion rate was 1 kHz. (a) The pattern in the vicinity of the π-shift 

(x = 0, z = 0). (b) The pattern 500 ȝm away from the π-shift along the x-axis. The different z-

ranges in (a) and (b) are used to demonstrate that a Talbot-type interference pattern is formed 

near the mask, while a two-beam interference pattern is formed at z > 200 ȝm. 

 

Fig. 5. Spectral asymmetry of π-shifted FBGs produced by a π-phase-shifted mask and a 

method to correct this asymmetry. The mask pitch d is 1.07 ȝm. (a) The spectrum of an FBG 

written at L ~450 ȝm when the fiber core was exposed to a complex interference pattern 

consisting of three regions (see Fig. 1(b)). (b) The spectrum of an FBG written at L ~450 ȝm 

when the π-shift is blocked by a stop (S) with 2s ~1 mm (see Fig. 1(c)). The FBG in (b) 

becomes a π-shifted Fabry-Pérot interferometer composed of two detached uniform Bragg 

gratings. The laser parameters in (a) and (b) are the same. The spectra were recorded using a 

tunable laser source with a 1 pm resolution. 

To produce these Type II Bragg gratings we irradiated a polyimide-coated SMF-28-type 

fiber with ~10 80 fs pulses at a 1 Hz pulse repetition rate. The alignment of the line-shaped 

laser focus with respect to the fiber core was performed using the nonlinear microscopy 
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technique described in Refs [28,63]. The pulse energy used for the inscription was 

approximately 3.5 times the pulse energy threshold required to induce Type II modification in 

this fiber under otherwise the same writing conditions. The pulse polarization was aligned 

along the fiber, i.e., along the x-axis. 

3.2. Inscription of π-shifted Type II FBGs in SMF-28 fiber using a third-order mask 

The results from the previous section demonstrate that by blocking the π-shift one can 

fabricate quite symmetric Type II FBGs using a 1st-order mask, even when the inscription is 

performed at some distance from the mask, i.e., at L ~450 ȝm. However, our previous results 

demonstrated that the long-term stability of Type II FBGs at high temperatures (i.e., 

~1000°C) was improved when a 3rd-order mask was used for the inscription [64]. Taking into 

account the fact that this paper focuses on stable π-shifted Type II FBGs for extreme 

environments, the remainder is dedicated to studying the properties of gratings produced with 

a 3.21 mm pitch mask. Additionally, the use of a high-order mask has another advantage. As 

can be seen in Fig. 6(a), the apex angle of the V-shaped feature is ~3 times smaller than in the 

case of the 1.07 ȝm pitch mask (Fig. 4(a)) and at convenient mask-to-fiber distances in the 

range of 200-500 ȝm there is no need to use a beam stop S any longer. To be consistent with 

the previous section, in Fig. 6(b) we also show the averaged xz-intensity distributions 500 ȝm 

away from the π-shift along the x-axis. In this case, however, the longitudinal walk-off of the 

0th, 1st, 2nd and 3rd diffraction orders is small and instead of a two-beam interference pattern 

shown in Fig. 4(b) a Talbot-type interference pattern is formed. 

As in the previous section, 80 fs pulses at a 1 Hz repetition rate were used during the FBG 

inscription process. In this case, however, the FBGs were produced inside stripped SMF-28 

fiber (i.e., the acrylic protective coating was removed). The fiber was placed at L ~300 ȝm 

from the mask. The pulse energy was the same as the one that we used to produce π-shifted 

Type II FBGs with the 1.07 ȝm pitch mask. For the 3.21 ȝm pitch mask, however, the 1.55 

ȝm wavelength corresponds to the 3rd-order Bragg resonance and in order to keep the FBG 

strength at the level of 10-15 dB (in transmission) the number of pulses deposited into the 

fiber had to be increased to ~20-25, to enhance the refractive index modulation Δn in the fiber 

core. Additionally, two orientations of the linear pulse polarization – along the fiber (x-

polarization) and perpendicular to the fiber (y-polarization) – were used for the inscription to 

investigate whether the pulse polarization had any effect on the spectral properties of the π-
shifted Type II FBGs. We note that for the 3.21 ȝm pitch mask the diffraction efficiency into 

different orders varied with polarization only slightly (relative change was < 3% for the 1st 

order). The results of these studies are presented in Fig. 7. 

Figure 7(a) clearly demonstrates that the y-polarization produces highly birefringent 

FBGs. In this work, the polarization-dependent difference in the central wavelength (PD-Ȝ) of 

the π-feature is almost 70 pm. The three plots in Fig. 7(a) correspond to different states of the 

probe light polarization (i.e., ps, pf and p45), which were prepared by means of an in-line 

polarization controller. The blue and red traces represent the situations when the probe light is 

linearly polarized and the polarization is aligned along the slow axis (ps; ‘large’ neff) and the 

fast axis (pf; ‘small’ neff) of the FBG, respectively. The black trace represents the case when 

the linear polarization is at 45° with respect to the axes (i.e., p45). 
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Fig. 6. Interference patterns produced by 80 fs pulses after a π-phase-shifted mask with a 3.21 

ȝm pitch. The mask is at z = 0. While recording the images, the laser power was kept at ~1 

mW level and the pulse repletion rate was 1 kHz. (a) The pattern in the vicinity of the π-shift 

(x = 0, z = 0). (b) The pattern 500 ȝm away from the π-shift along the x-axis. The longitudinal 

walk-off of the 0th, 1st, 2nd and 3rd diffraction orders for the z-range in (b) is insufficient to 

ensure a two-beam interference pattern (see Fig. 4(b) for comparison). 

 

Fig. 7. Birefringence of fs-laser-written π-shifted Type II FBGs and its dependence on the fs-

laser polarization. (a) The fs-laser polarization is aligned perpendicular to the fiber (y-

polarization). The polarization-dependent wavelength shift of the π-feature (i.e., PD-Ȝ) is ~70 

pm. (b) The fs-laser polarization is aligned along the fiber (x-polarization). In the insert to (b): 

PD-Ȝ is ~8 pm; 3 dB band width (i.e., 3 dB BW) of the π-feature is ~35 pm. The same writing 

conditions except for the fs-laser polarization were used for the FBGs presented in (a) and (b). 

The spectra were recorded using a tunable laser source with a 1 pm resolution. 

On the other hand, the FBG written with the x-polarization (Fig. 7(b)) shows almost an 

order of magnitude smaller PD-Ȝ (i.e., 7-8 pm), with all other laser writing conditions being 

the same in both cases. Importantly, the PD-Ȝ of 10-15 dB π-shifted Type I FBGs is found to 

be much smaller, at the level of 1-2 pm for x-polarization and 3-5 pm for y-polarization. 

These results suggest that the observed polarization sensitivity of the Type II FBG spectra 
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(i.e., PD-Ȝ) is caused by the presence of light-induced planar nanostructures (or 

nanogratings), which inside dielectrics are aligned perpendicular to the laser polarization 

[44,45,56,58]. It has also been shown that nanograting formation can occur with as little as a 

few tens of overlapping pulses [65], which represents our laser writing conditions.  In the case 

of UV laser induced birefringence during FBG fabrication [66], the PD-Ȝ is instead associated 

with a gradient in the UV-induced index change profile that traverses the core [67] and 

asymmetric glass densification in the photosensitive regions of the exposed fiber [68] in the 

absence nanogratings. Similarly, Type I FBGs written with a femtosecond laser and a phase 

mask were also observed to have high birefringence when the inscription laser polarization 

was normal to the fiber axis [32]. The relative contributions of fs-laser induced index 

gradients versus nanograting formation are unclear.  A detailed study of the impact of the 

inscription IR-beam polarization on the form birefringence and PD-Ȝ of thermally stable fs-

FBGs will be presented elsewhere. 

To test how π-shifted Type II FBGs written with the 3.21 ȝm pitch mask respond to high-

temperature annealing, we fabricated tens of devices having different strength (3-30 dB in 

transmission), which for a fixed pulse energy increases with the number of pulses deposited 

into the fiber core. The devices were then temperature-cycled 20 times inside a tube furnace 

from 20°C to 1000°C in ambient air. During this testing, the FBGs stayed in the furnace at 

1000°C for more than 200 hours. We observed that the π-features of all the FBGs tested 

shifted towards longer wavelength by 150-250 pm. However, this noticeable shift mainly 

occurred only in the first 30-50 cumulative hours of annealing at 1000°C and almost no shift 

could be detected during the later stages of the experiment. As an example, the high-

temperature performance of an 8 dB FBG is presented in Fig. 8. 

Figure 8(a) shows the spectrum (in blue) of this FBG at room temperature (i.e., T = 20°C) 

right after the inscription together with its spectrum (in red) at T = 1000°C after ~200 

cumulative hours of annealing at this temperature. It can be seen that the FBG strength has 

decreased from ~8 dB to ~7 dB and the FBG spectrum has slightly changed its shape. We 

also note that these transformations took place during the first 25-30 cumulative hours of 

annealing at 1000°C after which the FBG remained unchanged. The wavelength shift of the 

π-feature as a function of annealing time at 1000°C is presented in Fig. 8(b). Based on these 

data, the FBG can be considered ‘almost’ stable and ‘absolutely’ stable after respectively ~35 

and ~100 hours at 1000°C. Such a behavior is also typical of the other FBGs we used in the 

experiment. 
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Fig. 8. High-temperature performance of fs-laser-written π-shifted Type II FBGs. (a) The blue 

trace shows the initial FBG spectrum at 20°C, whereas the red trace shows the spectrum at 

1000°C after ~200 cumulative hours of annealing at this temperature. (b) The wavelength shift 

of the π-feature as a function of annealing time at 1000°C. 

4. Conclusions 

In this paper, we have demonstrated that π-shifted Type II FBGs can be inscribed in a single 

step inside a standard telecom fiber (SMF-28) using an e-beam written phase mask 

incorporating a π-phase shift in its center and an infrared femtosecond laser. 

Despite the seeming similarity between the FBG inscription using a uniform phase mask 

and a phase-shifted mask, diffraction at the phase shift in the latter case leads to the formation 

of an interference pattern with three distinct phase-shifted regions, which we experimentally 

observe after a 1st- and 3rd-order π-phase-shifted mask. If such a complex pattern is 

imprinted into the fiber core, a Bragg grating with an asymmetric spectrum is produced. This 

effect is especially pronounced when inscription is performed with a 1st-order mask. 

However, this inherent asymmetry can be removed by covering the π-shift in the mask. By 

doing so, a π-shifted Fabry-Pérot interferometer composed of two equal uniform Bragg 

gratings can be inscribed into the fiber if a proper mask-to-fiber distance is chosen. We 

demonstrate these cases both numerically and experimentally. By using a 3rd-order mask 

there is no need to cover the π-shift for certain writing conditions. 

Further, we have demonstrated that the birefringence of π-shifted Type II FBGs is 

strongly affected by the femtosecond laser polarization. When gratings are produced with the 

fs-laser (linear) polarization aligned perpendicular to the fiber, the central wavelength of the 

π-feature can shift by as much as 70 pm (i.e., PD-Ȝ ~70 pm) depending on the probe light 

polarization. On the other hand, when the fs-laser polarization is aligned along the fiber, the 

birefringence of the resultant FBG and, as a consequence, the wavelength shift of the π-
feature can be reduced by an order of magnitude (i.e., PD-Ȝ ~8 pm). We attribute the 

birefringence of Type II FBGs to the presence of light-induced nanostructures inside the 

grating planes. 

The π-shifted Type II FBGs fabricated with a 3rd-order phase mask using the ‘optimum’ 

fs-laser polarization have shown PD-Ȝ in the range of 3-10 pm and a remarkable thermal 

stability at 1000°C at prolonged annealing intervals. Such gratings can provide a unique 

solution to perform high-resolution measurements of temperature, load and vibration in 

extreme temperature environments. 
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