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Abstract—For the first time, micro-tapering of fluoride glass
optical fibers is exploited as a feasible technique to obtain long
period gratings. The spectral properties of the fabricated long
period gratings are accurately predicted by means of finite element
method modal analysis and coupled mode theory. An efficient
optical grating inscription is performed by using a commercial
glass processing system, based on graphite filament heating. The
periodic tapering, obtained via heating and stretching technique,
of a section of zirconium fluoride optical fiber, provides a mea-
sured transmission attenuation with a dip larger than 15 dB at
the designed resonant wavelength. A good agreement between
the simulation and the characterization is obtained. These results
pave the way for a number of applications, among which notch
filtering in fiber amplifiers and sensing in the Mid-Infrared spectral
range.

Index Terms—Biconical taper, coupled mode theory, fluoride
optical fiber, long period grating, mid-infrared, notch filters.

I. INTRODUCTION

LONG period gratings (LPGs) were firstly demonstrated
and fabricated at the end of the 90s exposing photosensitive

optical fibers to ultraviolet (UV) laser [1], [2], [3]. Typically,
LPGs are employed for coupling the guided modes in the core
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to the copropagating cladding modes at specific resonant wave-
lengths, inducing dips in the transmission spectrum due to the
steep attenuation of the cladding modes [4], [5]. LPGs have been
extensively investigated in the field of optical communications,
as gain equalizers, band-rejection filters, and polarizers [6], [7],
[8]. In the field of sensing, they can be designed to detect temper-
ature, strain, torsion, pressure and biochemical substances [9],
[10], [11], [12], [13]. Furthermore, properly designed LPGs can
exhibit sensitivities to the specific parameter under investigation
higher than those of fiber Bragg gratings (FBGs) [14]. Different
techniques have been proposed to further enhance the sensitivity
of LPGs [15], [16], [17], [18]: i) mode transition, where a thin
film deposited on the cladding increases the resonance shift by
guiding the cladding mode; ii) dispersion turning point, which
exploits two resonance bands from the same cladding mode; iii)
double cladding fiber shape, where the low-refractive-index of
the second cladding first prevents cladding mode leakage and
then enhances cladding mode guidance in the thin film.

Although the UV-based fabrication method is a well-
established technology, either using an amplitude/phase mask,
spatial interferometer (holographic method) or point by point
inscription, it can require complex and time-consuming pro-
cesses, e.g., including hydrogen loading, annealing, or high-cost
laser writing equipment [4]. In addition, this technique is not
appropriate for non-photosensitive fibers, such as zirconium
fluoride, bismuth or phosphorus-doped fibers and it is limited
to low temperature applications [1], [4], [19]. In recent years,
other writing techniques have also been reported, based on the
exploitation of CO2 laser, femtosecond laser radiation, tungsten,
graphite or iridium filament, and electric arc discharge [4], [20],
[21], [22], [23], [24], [25], [26], [27]. Several mechanisms,
mainly triggered by thermal effects, are responsible for the
grating formation such as diffusion of dopants, geometrical
changes (e.g., tapering, micro bends, grooves), residual stress
relaxation, frozen-in viscoelasticity, and structural modifications
of the glass matrix [1], [28], [29], [30]. The micro-tapering
fabrication technique is cost-effective, eliminating the necessity
for expensive UV lasers, complex phase masks, or vibration-
isolated tables [14]. Additionally, it allows saving time, due to
the straightforward fiber alignment process [14]. In this method,
the coupling strength correlates directly with the quantity of
micro-tapered regions [23]. It is worthwhile to note that this
technique allows the fabrication of LPGs and not of FBGs
because the size of the heater limits the resolution of the
grating.
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In recent decades, fluoride optical fibers have attracted in-
creasing attention due to their low phonon energy, which
contributes to reduced attenuation in the Mid-InfraRed (Mid-
IR) region up to approximately the wavelength λ = 5 μm.
The low phonon energy makes them excellent host media for
rare-earth ions in fiber sources. Fluoride fiber sources can not
only operate in wavelength ranges that are not allowed to silica
fibers, but they can also exploit a greater number of radiative
transitions, thanks to the longer upper-state lifetimes of various
rare-earth ions [31], [32], [33]. However, developing optical
components with this glass is challenging because of the fluoride
glass properties: brittleness, low glass transition temperatures,
large thermal expansion coefficients, low thermal diffusivity,
steep viscosity-temperature characteristic, high susceptibility to
contamination, and crystallization [33], [34], [35], [36], [37],
[38].

To date, LPGs in zirconium fluoride glass have been fabricated
only via a threaded steel rod which induces mechanical stress
along the fiber and femtosecond laser radiation [33], [39], [40],
[41]. The first technique is highly inflexible and difficult to be
employed in integration [33].

In this paper, for the first time, to the best of our knowledge,
zirconium fluoride LPGs have been designed and fabricated via
micro-tapering technique. An ad-hoc numerical model based
on modal analysis and Coupled Mode Theory (CMT) has been
developed. The model has been validated with the commercial
software OptiGrating © 2023 Optiwave Systems Inc. in well
known, conventional, cases and then exploited to design and
investigate the zirconium fluoride LPGs. An equivalent model
for micro-tapered LPG is proposed. The fabrication of the
zirconium fluoride LPGs is carried out via commercial glass
processing system, i.e., Vytran GPX-2400 based on graphite
filament heating. Two LPGs with different geometric profiles
are characterized obtaining in both cases a good agreement with
the simulation.

II. THEORY AND SIMULATION APPROACH

A. Model and Coupled Mode Theory

A versatile computer code has been ad-hoc developed to
accurately describe the modes coupling in LPGs. It is based
on an electromagnetic investigation, which relies on modal
analysis and CMT. The propagation constant βv/μ and the
electromagnetic field distribution of the propagation modes are
obtained via Finite Element Method (FEM) modal analysis.
These are exploited to calculate the coupling coefficients Kvμ

of the coupled-mode equations that describe the power cou-
pling between the fundamental mode and the copropagating
cladding modes. Despite the computational complexity, the code
is characterized by several advantages: i) the model evaluates
the precise electromagnetic field profile via a FEM software
without approximations; ii) the electromagnetic field profiles
are calculated for each wavelength λ in the chosen spectral range
with the desired sampling step Δλ; iii) the model considers
the coupling among a high number of modes without a priori
mode limitation (e.g., considering not only the symmetric modes
for the interaction, as generally occurs in commercial tool); iv)

it can take into account any arbitrary structure variation along
the longitudinal direction z; v) it can be used in case of complex
waveguide geometry (e.g., PANDA fiber, photonic crystal fiber,
suspended core fiber etc.) and of multiphysics simulation.

In the CMT, the inscription of a grating in an optical fiber
induces a refractive index change in the core along the length
of the fiber nco (z) = nco {1 + σ(z)[1 + mcos(2πz/Λ(z))]},
where nco is the unperturbed refractive index, σ(z) is the slowly
varying envelope of the grating, ncoσ(z) is the average dc in-
duced refractive index change in a grating period,m is the fringe
modulation, Λ(z) is the grating period, z is the longitudinal
direction [42], [43], [44], [45]. The coupling between the core
fundamental mode and the copropagating cladding modes can
be expressed by (1) [42], [43], [44], [45]:

dAμ

dz
= i

N∑
v = 1

AvKvμ
i(βv(z)−βµ(z))z

μ = 1, 2, . . . , N (1)

where N is the number of the computed modes, Av/μ are the
amplitudes of the transverse field profile of the forward v/μ-th
propagation modes, βv/μ are the propagation constants of the
of the forward v/μ-th propagation modes (dependent on z if the
fiber is not straight, as with the micro-tapering technique) and
Kvμ is the transverse coupling coefficient between modes v and
μ [42], [43], [44], [45]. The interaction between the forward
propagating fundamental mode and the backward propagation
modes is neglected since this requires a shorter grating period
Λ [42], [44]. Only the transverse coupling coefficients are cal-
culated since the longitudinal field components are 1, 2 orders
of magnitude smaller than the transverse field components [42],
[44]:

Kvμ (z) = kvμ (z)

[
1 + mcos

(
2πz

Λ (z)

)]
(2)

kvμ (z) =
ωε0n

2
coσ (z)

2

∫∫
Ω

Ev (x, y, z) · E∗
μ (x, y, z) dxdy

(3)

where E is the transverse electric field (dependent on z if the
fiber is not straight, as with the micro-tapering technique), Ω is
the core area (i.e., where the grating is written), ω is the angular
frequency, ε0 is the vacuum permittivity. The electromagnetic
field profiles of each mode are normalized so that each mode
carries a power P = 1

2Re (
∫∫
S

ExH
∗
y − EyH

∗
x dxdy) = 1 W,

where S is the fiber cross-section, consisting of both core and
cladding, Ex/y is the x/y-component of the transverse electric
field,Hx/y is the x/y-component of the transverse magnetic field
[44]. Moreover, in case of chirped LPG, the grating period Λ
changes along the length of the grating L [46].

B. Model Validation

The developed computer code has been validated with the
commercial software OptiGrating © 2023 Optiwave Systems
Inc. A conventional silica LPG is considered. The core re-
fractive index is nco = 1.44921, the cladding refractive index
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Fig. 1. Comparison between the simulated transmission spectrum of a long
period grating obtained with optigrating © 2023 optiwave systems inc. (dashed
line) and with our code (solid line); grating characteristics: core refractive index
nco = 1.44921, cladding refractive indexncl = 1.44403, core diameterdco =
8.3 μm, cladding diameter dcl = 125 μm, grating period Λ = 450 μm,
grating lengthL = 25 mm, induced-index fringe modulationm = 1, average
dc induced refractive index change ncoσ = 0.0002.

ncl = 1.44403, the core diameter dco = 8.3 μm, the cladding
diameter dcl = 125 μm. The modal analysis is carried out
in the range from λ = 1300 nm to λ = 1550 nm with a
step Δλ = 1 nm. The number of computed modes via FEM,
considering all the polarizations, is N = 100. The propagation
constant βv/μ and the electromagnetic field distribution of the
electromagnetic modes are exploited to calculate the transverse
coupling coefficients Kvμ at each wavelength λ.

Then, (1) is solved. The LPG considered for validation pur-
poses is characterized by grating period Λ = 450 μm, grating
length L = 25 mm, induced-index fringe modulation m = 1,
average dc induced refractive index changencoσ = 0.0002. The
simulated spectrum via OptiGrating © 2023 Optiwave Systems
Inc. (dashed line) and our code (solid line) is reported in Fig. 1.
A good agreement is found.

III. FABRICATION OF THE ZIRCONIUM FLUORIDE LPG

The optical fiber used for the experiments is the zirconium
fluoride ZFG [1.95] 6.5/125 (0.23) from Le Verre Fluoré (Bruz,
France), which has a core radius rco = 3.25 μm, a cladding
radius rcl = 62.5 μm and a numerical aperture NA � 0.23.
Such fiber provides single-mode operation at wavelengths above
λ = 1.95 μm.Two different gratings, namely LPG #1 and LPG
#2, are considered. In both cases, to obtain a strong mode inter-
action, the number of micro-tapered regions is NMT > 20 for a
total LPG length L � 35 mm. Moreover, large grating periods,
i.e., Λ = 1.4 mm for LPG #1 and Λ = 1.6 mm for LPG
#2 have been chosen to operate in the Mid-IR spectral range,
according to a preliminary design by employing the theory of
Sect. II. This also relaxes some challenges in the fabrication,
considering that the graphite filament width is approximately
1 mm. For the fabrication, an optical fiber segment is stripped
using a gel to eliminate the polyacrylate coating. Subsequently,
the segment is cleaved via an automatic cleaver with a diamond
blade and cleaned with isopropyl alcohol. The optical fiber is
then secured on the motorized stages, i.e., fiber holding blocks,

Fig. 2. Measured tension F during the fabrication of 5 micro-tapers.

of the commercial glass processing system Vytran GPX-2400.
The micro-tapering method is composed of two simultaneous
processes: i) heating process at a temperature close to the glass
transition temperatureTg � 265 ◦C, ii) pulling process accord-
ing to material conservation [23]. Micro-tapers with different
geometric profiles can be fabricated by changing the relative
moving velocity of the translation stages or the power supply of
the heating filament [20]. In particular, according to material
conservation, the amount of glass entering in the heat zone
should match the amount of glass exiting from the heat zone.
Hence, the pulling speed can be determined by the equation
v1 = d21/d

2
2 × v2; d1 and d2 are the initial cladding diameter

of the optical fiber and the local diameter of the tapered optical
fiber, respectively; v2 is the speed with which the optical fiber
is fed into the filament; v1 is the pulling speed [47]. Both the
feeding and pulling are in the same direction, but the speeds
are different, determining a specific tapering ratio; the graphite
filament is kept fixed. The fiber holding block pulling speed is
v1 = 100 μm/s. The graphite filament is purged with a constant
Argon flow FAr = 0.35 L/min to ensure low concentration of
moisture and impurities in the heating filament. After the fabri-
cation of one micro-taper, both fiber holding blocks are moved
of the same distance LFHB = 850 μm and another micro-taper
of identical dimension is fabricated. The optical fiber is cooled
at room temperature for Δt > 20 s before forming a new taper,
to ensure that it is not affected by the residual heat from the
previous taper [48]. The separation between two adjacent tapers
corresponds to the grating period Λ.

Fig. 2 reports the measured tension during the fabrication
of 5 micro-tapers of LPG #1. In particular, the fabrication of
the zirconium fluoride LPG starts with a pre-tension F � 18 g,
obtained via the movement of only one fiber holding block.
Then, the glass is softened and one fiber holding block moves
faster than the other, causing a tension F � 65 g. Lower max-
imum tension indicates that the glass is over softened, and
crystallization can appear in fluoride glasses. The presence of
crystallization in the region where the electromagnetic field is
confined is responsible for high propagating losses. On the other
hand, higher maximum tension indicates that the glass is not
softened enough, and the optical fiber can be easily destroyed.
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Fig. 3. Montage of longitudinal micrographs of the fabricated zirconium
fluoride LPGs, a) LPG #1; b) LPG #2.

Fig. 4. Measured cladding radius rcl as a function of the z axis, i.e., longitu-
dinal direction, a) LPG #1; b) LPG #2.

In Fig. 2, the small tension peak between two fabrication pro-
cedures is due to the movement of the fiber holding blocks of
a length LFHB = 850 μm before a new micro-taper fabrication.
With glasses characterized by low thermal diffusivity and a low
transition temperatureTg, it is important to allow the fiber to cool
down before repeating the process in order to obtain tapers with
similar geometry without changing the fabrication parameters.
If the waiting time between two consecutive micro-tapering
fabrications is not enough, a significantly lower tension can be
measured and the waist diameter dw will be larger for the second
fabrication. This can lead to undesired results in the overall
LPG spectral properties. The required time to manufacture an
LPG with a number of micro-tapered region NMT = 25 is
approximately t = 750 s.

Fig. 3(a)–(b) reports the longitudinal micrographs montage
of the fabricated zirconium fluoride LPG #1 and LPG #2, re-
spectively. A good repeatability of the micro-tapering is shown,
and the transitions highlight the high quality of fabrication.

Fig. 4 illustrates the evolution of the cladding radius rcl of
the two fabricated LPGs versus the longitudinal direction z. The
curves are obtained by means of image segmentation. The aver-
age grating periodΛ and waist diameter dw have been calculated
and they are reported in Table I. The fabrication technique can
be easily extended to indium fluoride optical fibers, by slightly

TABLE I
MAIN PARAMETERS OF THE FABRICATED LPGS

Fig. 5. Experimental set-up employed for the characterization of the fabricated
zirconium fluoride LPGs.

Fig. 6. Measured normalized transmission spectrum T of the fabricated zir-
conium fluoride LPGs, a) LPG #1; b) LPG #2.

increasing the filament power with respect to zirconium fluoride
optical fibers, since indium fluoride glass is characterized by a
higher glass transition temperature Tg [36].

IV. CHARACTERIZATION OF THE ZIRCONIUM FLUORIDE LPG

The broadband characterization of the fabricated zirconium
fluoride LPGs is performed via halogen lamp, monochromator
Horiba iHR550 to select the wavelengthλ, liquid nitrogen cooled
InSb detector, and lock-in amplifier, see Fig. 5. The light is
coupled into a segment of zirconium fluoride optical fiber ZFG
[1.95] 6.5/125 (0.23), which is then aligned with the particular
zirconium fluoride LPG under test by means of a triaxial stage.
The end facets of the ZFG [1.95] 6.5/125 (0.23) segment and of
the LPG are in proximity with each other. A high index polymer,
serving as cladding mode stripper, is placed after the LPGs to
absorb the power guided by the cladding modes, thus allowing
a better measurement of the core fundamental mode power.

The measurement is carried out in the wavelength range
from λ = 2500 nm to λ = 4000 nm with a sampling step
Δλ = 10 nm. Fig. 6 reports the measured normalized trans-
mission spectrum T of the fabricated zirconium fluoride LPGs.
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A resonance, ascribed to the coupling between the fundamen-
tal mode LP01 and the cladding mode LP02, with transmis-
sion dip T < −15 dB is exhibited at the wavelength close to
λ � 3200 nm for both LPGs. LPG #2 exhibits a resonance dip
with very high attenuation; however, its depth has not been
exactly quantified due to the detection limit of the employed
InSb detector. The measured insertion losses of the LPG #1 and
LPG#2, also including the coupling losses between the zirco-
nium fluoride optical fiber used for the injection and the LPG,
are respectively IL� 3.5 dB and IL� 5.0 dB at the wavelength
λ = 2500 nm, which is good enough for most sensing systems.
The measured full width at half maximum of LPG #1 is approxi-
matelyFWHM = 90 nm. This value is slightly larger than that
typical of the conventional LPGs. For instance, in [43], the dip
at the wavelength λ = 1800 nm exhibits a FWHM = 40 nm
while, in [49], the dip at the wavelength λ = 1340 nm is char-
acterized by aFWHM = 50 nm. LPG #2 exhibits a broadband
behaviour with a dip showing FWHM = 300 nm. It is worth
noting that, in addition to broadband filtering, the capability to
convert a mode into another across a large spectral range is a
desired feature in mode-division multiplexing [50]. In order to
verify the potential effects of aging and stress relaxation on the
transmission spectra stability, measurements were repeated a
few months after the fabrication. With the considered spectral
resolution Δλ = 10 nm, negligible variations were observed.

V. DISCUSSION

To discuss the measurement, the simulation is performed by
considering a straight LPG written in a scaled down fiber with
the same length L. Its radius is identified to obtain an equivalent
model for the actual micro-tapered LPG. All the other fiber
parameters are those reported in the previous section. In par-
ticular, the equivalent cladding radius rcl−eq has been calculated
by considering the conservation of the fiber volumes between
the micro-tapered fiber and the equivalent straight fiber:

V = π
L

∫
0
rcl(z)

2dz (4)

rcl−eq =

√
V

π × L
(5)

where V is the volume of the micro-tapered LPG, calculated
using the profiles reported in Fig. 4. For the calculation of the
equivalent core radius rco−eq, the pristine core to cladding ratio
6.5/125 is maintained. Thus, for LPG #1, the calculated equiva-
lent cladding radius is rcl−eq = 50.25 μm and the corresponding
equivalent core radius is rco−eq = 2.60 μm. For LPG #2, the
calculated equivalent cladding radius is rcl−eq = 47.30 μm and
the corresponding equivalent core radius is rco−eq = 2.45 μm.
The material dispersion versus the wavelength λ of zirconium
fluoride glasses has been considered. In particular, the equations
reported in [51] have been modified by considering the actual
optical fiber glass composition. The refractive index of the core
and of the cladding versus the wavelength λ is illustrated in
Fig. 7.

The FEM modal analysis is carried out in the range from λ =
2500 nm to λ = 4000 nm with a sampling step Δλ = 5 nm.

Fig. 7. Core and cladding refractive index n dispersion as a function of the
wavelength λ.

Fig. 8. Simulated electric field norm E (V/m) of the a) LP01 mode with
effective refractive index neff,LP01

� 1.4808 and b) LP02 mode with effective
refractive index neff,LP02

� 1.4780, at the wavelength λ = 3180 nm for
LPG #1.

The number of computed modes, considering all the polariza-
tions, is N = 50. The maximum element of the triangular mesh
is M = 1 μm.

Fig. 8 reports the electric field norm E of the LP01 and LP02

mode at the wavelength λ = 3180 nm for the ZFG [1.95]
6.5/125 (0.23) scaled down till having core radius rco−eq =
2.60 μm and cladding radius rcl−eq = 50.25 μm, pertaining to
the LPG #1. At this wavelength, the effective refractive index of
the LP01 mode is neff,LP01

� 1.4808, while the effective refrac-
tive index of the LP02 mode is neff,LP02

� 1.4780. In the com-
putation, the domain outside the cladding is air. Furthermore, for
a better estimation of the cladding modes, a perfectly matched
layer is also employed to bound the air domain. The average
grating period value Λ and the exact number of grating periods
NMT, reported in Table I, have been considered. The fabrication
tolerances induce a random slight variation of the geometry. A
random chirping of the grating period with a Gaussian error
distribution results in a widening of the transmission spectrum
dips. An equivalent dip widening could be obtained with an
arbitrary equivalent chirping Λ(z). For instance, an equivalent
linear chirping, described asΛ (z) = Λ0 − (2z− L)Δ/2Lwith
total chirp Δ = 0.095 mm � Λ0, Λ0 being the nominal grat-
ing period [46], gives consistent results for both LPGs. In the
simulation, the stress of the optical fiber has been neglected, as
in [26], and realistic average dc induced refractive index changes
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Fig. 9. Simulated transmission spectrumT of the designed zirconium fluoride
LPG, a) LPG #1; b) LPG #2.

Fig. 10. Simulated power P of the core mode LP01 and of the cladding mode
LP02 as a function of the longitudinal direction, i.e., z axis, at the wavelength
λ = 3180 nm, LPG #1.

ncoσ have been considered, i.e., ncoσ = −0.0011 for LPG #1
and ncoσ = −0.0010 for LPG #2 [33]. The induced-index
fringe modulation is m = 1, and σ (z) = σ, indicating a
uniform grating.

Fig. 9 shows the simulated transmission spectrum T of the
fabricated zirconium fluoride LPGs. A sharp resonance is cal-
culated at the resonance wavelength close to λ = 3200 nm for
both LPGs, where the power of the core mode LP01 is coupled
to the power of the cladding mode LP02. For LPG #2, see
Fig. 6(b), the measured dip in the transmission spectrum is larger
than the simulated one. This aspect can be explained considering
the large modulation of the grating geometric profile. This
makes the resonant wavelength of the LPG dependent on the
longitudinal direction, determining the resonance broadening
[52].

Fig. 10 shows the power exchange between the core mode
LP01 and the cladding mode LP02 for LPG #1, along the lon-
gitudinal direction z axis, at the resonance wavelength λ =
3180 nm. For an LPG with grating length L � 17.7 mm, the
attenuation at the wavelength λ = 3180 nm is equal to 3 dB,
since 50% of the power, i.e., P = 0.5 W, is guided by the
core mode LP01 and 50% by the cladding mode LP02. Even
though the grating period is Λ0 = 1.36 mm for LPG #1 and
Λ0 = 1.57 mm for LPG #2, the gratings do not show consider-
ably different resonant wavelengths, as expected by the theory.

In particular, LPG #2 is characterized by smaller equivalent
diameters than LPG #1, this giving rise to a smaller differ-
ence in effective refractive indices of the interacting modes
neff, LP01

− neff,LP02
. Thus, the same resonant wavelength, ap-

proximately estimated by λ = (neff, LP01
− neff,LP02

) × Λ0, is
obtained considering a larger grating period Λ0 [43].

VI. CONCLUSION

The fabrication of LPGs in fluoride optical fibers has been
demonstrated via commercial glass processing system and
micro-tapering technique. LPG #1 consists of 25 micro-tapers
with waist diameter dw � 90 μm and grating period Λ �
1.36 mm. LPG #2 consists of 21micro-tapers with waist diame-
terdw � 80 μm and grating periodΛ � 1.57 mm. In both cases,
an attenuation of more than 15 dB at the resonant wavelength
close to λ = 3200 nm has been obtained. Good agreement
between simulation and experiment is obtained.

LPGs inscribed in fluoride optical fibers can be employed
in different applications. In particular, they can be exploited to
mitigate undesired laser effects, by suppressing the emission at
specific wavelengths in fiber amplifiers. They can be utilized,
especially when considering their more sensitive higher order
cladding modes, to perform sensing in the Mid-IR spectral
range, which is attractive for chemical and biological substances
monitoring, or to achieve high-sensitivity temperature detection
also at cryogenic temperatures.
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