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Abstract—The theoretical modeling of large-mode-area silica
holey fiber tapers with collapsed air holes that are fabricated with
a nonadiabatic process is reported. The transmission spectra of
such tapers exhibit multiple interference peaks due to the beating
between two modes of the taper waist. The devices investigated
here can be useful for a variety of sensor applications since the
interference peaks are sensitive to the external environment. Our
theoretical model confirms the experimental results.

Index Terms—Holey fiber (HF), interferometry, optical fiber
devices, optical fiber interferometer, optical fiber sensors.

I. INTRODUCTION

THE UNUSUAL guiding mechanism and the structure of
photonic-crystal fibers [1], [2], also known as microstruc-

tured fibers or holey fibers (HFs), offer new possibilities for
the development of optical sensors. Such possibilities are being
investigated in different laboratories around the world. HFs pro-
vide an efficient method to exploit the interaction of the guided
light with different gases, liquids, or biological samples present
inside the holes [3]–[6]. The advantage of this alternative is
that the HF itself can work as a chamber. In addition, some
parameters such as the size of the holes and the separation
between the holes can be optimized to improve the overlap
between the parameter being sensed and the mode field [7]. HFs
combined with tapering technology also offer new possibilities
for optical sensing [8], [9]. In this case, one can either taper the
HF and preserve its structure [8] or taper the fiber and collapse
the air holes over a localized region [9]. In both cases, the
tapering is adiabatic, and it makes the HF to become sensitive
to the external environment. Although the tapers reported in [8]
and [9] are suitable for evanescent wave sensing, no sensors
based on them have been demonstrated yet.

HFs can also be tapered with a nonadiabatic process. With
such a process, the air holes of the fibers can be gradually
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collapsed over a length of several millimeters. The collapsing
of the voids transforms a section of an HF into a piece of solid
multimode fiber. This transformation allows the coupling and
beating between the guided modes and makes the transmission
spectrum of the tapers to exhibit an oscillatory pattern. In a
previous publication, we reported some preliminary results on
the application of a tapered HF with collapsed air holes for
refractive-index sensing [10]. Our findings reported in [10] the
need for a complete explanation of the origin of the interfer-
ence peaks, and the potential applications of HF tapers with
collapsed air holes for different sensing purposes served as a
motivation for this paper. We provide here a detailed theoretical
investigation of the transmission properties of a tapered large-
mode-area HF with collapsed air holes. Some experimental
results are also provided to corroborate the theoretical calcu-
lations. The results presented here may be useful for the design
of novel sensors based on nonadiabatically tapered HFs.

II. MODAL PROPERTIES OF TAPERED HFS

The fiber employed in our experiments was fabricated in
our facilities. It was a large-mode-area HF with solid core
surrounded by a few air holes in the cladding. The fabrication
and properties of such a fiber are described in detail in [11]
and [12]. A cross section of the cleaved end of our HF and a
schematic representation of the taper are shown in Fig. 1. The
diameter of the solid core is 11 µm, the average hole diameter d
is 2.73 µm, and the average hole spacing, or pitch, Λ is 5.45 µm.
As one can see in Fig. 1(a), the HF consists of four full rings
of air holes arranged in a hexagonal pattern (the fifth ring is
partially collapsed). Before the tapering, the HF was spliced to a
standard single-mode fiber in order to seal the ends. The length
of the HF was approximately 30 cm, although a shorter length
can also be employed. Then, we stretched the HF while it was
being heated with an oscillating high-temperature flame torch.
All the tapering conditions are described in detail elsewhere
[13]. The length of oscillation of the torch, and also the length
of the uniform waist of the taper, was in the 3–5-mm range.
We fabricated several samples with waist diameters between 10
and 80 µm.

To analyze the transmission spectra of the tapers, we im-
plemented a simple light transmission measurement setup
consisting of a low-power light-emitting diode (LED), with
peak emission at 1280 and 80 nm of spectral width and a
high-resolution optical spectrum analyzer. The measured trans-
mission spectra of three tapered HFs and also the radiation
spectrum of the LED are shown in Fig. 2. The waist diameters
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Fig. 1. (a) Image of the cross section of an untapered HF used in our
experiments. The outer diameter of the HF is 125 µm, and the relative hole
diameter d/Λ = 0.5. (b) Illustration of a uniform-waist tapered HF. L0 and
Aw are the length and the radius of the taper waist, respectively. The variables
that appear in the figure are discussed in the text.

of the tapers, from top to bottom of Fig. 2(a) were 44, 32.6,
and 15 µm, respectively. All the spectra were normalized with
respect to the maxima of the highest peak. We can note from the
figure that the spectrum of the 44-µm-thick taper is basically
the output spectrum of the LED. However, the spectra of the
tapers with waist diameters of 32.6 and 15 µm exhibit a series
of peaks. In Fig. 2(a), we can see that the number of peaks
increases as the diameter of the taper is reduced. Note also that
the peaks become sharper as the taper becomes thinner. It is
important to point out that the nonadiabatic tapering of our HF
introduces losses, but they are typically below 3 dB.

To understand the origin of the peaks shown in Fig. 2(a),
we analyzed the optical field in a tapered large-mode-area HF
by the beam propagation method. For the calculations, we
considered that the rays of light in a real taper make small
angles with silica–air interfaces.

In this case, the following scalar approximation for the
lateral components u(ρ, ϕ, z) of the optical field can be applied
[14]–[16]:

∂2u

∂ρ2
+

1
ρ

∂u

∂ρ
+

1
ρ2
∂2u

∂ϕ2
+
∂2u

∂z2
+ k2

0(εs + ∆ε)u =0 (1)

u|ρ=A(z) =0. (2)

Here, ρ, ϕ, and z are the cylindrical coordinates, k0 = 2π/λ0 is
the wavenumber of free space, ∆ε = ε(ρ, ϕ, z) − εs, in which

Fig. 2. (a) Transmission spectra of three tapered HFs with waist diameters of
44 µm (top plot), 32.6 µm, and 15 µm (bottom plot). (b) Radiation spectrum of
the LED used.

ε(ρ, ϕ, z) is the permittivity of the medium inside the taper,
including the air channels, and εs is the permittivity of the silica
glass. A(z) is a local outer radius of the taper [see Fig. 1(b)].
The function u(ρ, ϕ, z) can be expressed in the form of an
expansion of local modes of a uniform fiber of radius A(z)
given as follows:

u(ρ, ϕ, z) = exp(−ikz)
m∑

ν=−m

n(ν)∑
s=1

Cνs(z)uνs(ρ, ϕ, z). (3)

The term exp(−ikz) is a phase factor that is included for
convenience in later analysis, k = k0

√
εs, Cνs(z) are unknown

amplitudes, and m and n(ν) are the reduction orders of the
expansion. The base functions uνs(ρ, ϕ, z) in (3) have the form

uνs = exp(iνϕ)Jν(κνsr) (4)

where r = ρ/A(z), and κνs are the zeroes of the Bessel func-
tions [Jν(κνs) = 0]. Atm→ ∞ and n(ν) → ∞, the functions
uνs(ρ, ϕ, z) form a full set of functions for two variables ρ and
ϕ at any values of the longitudinal coordinate z [17]. Therefore,
a possibility of the notion (3) must give no rise to doubts.
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By substituting (3) into (1) and using the Galerkin’s pro-
cedure, we get the following system of ordinary differential
equations with respect to the amplitudes of the local modes:
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l=1

KνsµlCµl (5)

where

Nνs =

1∫
0

xJ2
ν (κνsx)dx = 0.5Jν+1(κνs)

I
(2)
νsj =

1∫
0

xJν(κνsx)
∂Jν(κνjx)
∂κνj

dx

I
(3)
νsj =

1∫
0

x3Jν(κνsx)Jν(κνjx)dx

Kνsµl =

1∫
0

xJν(κνsx)Mµ−ν(ρ, z)Jµ(κµlx)dx

Mα(ρ, z) =

2π∫
0

∆ε exp(iαϕ)dϕ.

Note that (5) is written in an approximation of the zero bound-
ary condition given in (2). However, for sensing applications,
it is important to include the influence of the external medium
on the optical field in the taper. This can be done, in the first
order of the perturbation theory, by replacing κνs by κνs in (5),
where κνs is expressed as [15]

κνs = κνs

√
1 − (εs + εa)(k0A

√
εs − εa)−1. (6)

To the left (z < −ZL) as well as to the right (z > ZL) of
the tapered zone [see Fig. 1(b)], we have untapered HFs, both
with constant radii A(z) = A0. Since k0A0 � 1, the HFs can
support a multitude of eigenmodes. The fields of these modes

Fig. 3. (a) Intensity distributions of the HF fundamental mode and (b) the first
higher order mode of the HF, for which modulus |βl − β0| (l > 0) is minimal
at λ0 = 1.31 µm. In both figures, curves 1, 2, and 3 correspond to ϕ = 0,
ϕ = π/4, and ϕ = π/2, respectively. The inset illustrates the cross section of
the HF.

are described by the expression (3), in which the amplitudes
Cνs(z) are replaced by C(l)

νs (z), where

C(l)
νs (z) = Gl exp [i(k − βl)z] a(l)νsN

−0.5
νs (7)

where l ≥ 0 is the mode number (l = 0 refers to the fundamen-
tal mode), Gl is the amplitude of the mode, βl is the mode
propagation constant, and the a(l)νs are unknown coefficients.
The values of a(l)νs and βl can be found by solving the following
algebraic eigenvalue problem:

(
k2−β2

l −κ2
νsA

−2
0

)
a(l)νs +

k2
0

2π

m∑
µ=−m

n(µ)∑
j=1

Kνsµj√
NνsNµj

a
(l)
µj = 0.

(8)

Equation (8) follows from the differential equation (5) with
the assumption that dA/dz ≡ 0.

The distributions of the mode fields for an untapered HF are
shown in Figs. 3 and 4. The fields were computed by assuming
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Fig. 4. One-quarter parts of the intensity distributions for the HF fundamental
modes with the main components of the magnetic field (a) Hx and (b) Hy .
Isolines 1, 2, 3,. . ., 8 of the normalized longitudinal component Sz(ρ, ϕ)
of the Poynting vector refer to ln[Sz max/Sz(ρ, ϕ)] = 0.5, 1, 1.5, . . . , 4,
respectively. Dashed curves are exact results obtained by the method of integral
equations; solid curves indicate the scalar approximation.

Nc = 5, a0 = 1.365 µm, A0 = 62.5 µm, λ0 = 1.31 µm, and
Λ0 = 5.45 µm, where Nc is the number of hexagonal rings
of air holes around the HF core, a0 is the average air-hole
radius, A0 is the outer radius of the untapered HF, and Λ0 is the
hole spacing or pitch. The value of εs was calculated, taking
into account Sellmeier’s coefficients of silica. These values
correspond to the parameters of the large-mode-area HF with
which we fabricated the tapers [see Fig. 1(a)].

The hexagonal symmetry of the HF cross section was taken
into account to reduce the computation time. As a result of such
symmetry, the following relations are valid:

Mα =M−α (9)

Mp+6q = 0 (10)

where p = 1, 2, 3, 4, 5 and q = 0, 1, 2, . . .. Since the coef-
ficients Mα(ρ, z) are different from zero only at α values that
are divisible by 6, then it is possible to substitute µ by 6µ̄ and
ν by 6ν̄ in (5) and (8), where µ̄, ν̄ = 0, ±1, . . . , ±Int(m/6).

The numerical data used in the plots of Fig. 3 were obtained by
takingm ≥ 18, n(0) ≥ 37, and n(6ν̄) ≥ 7, where ν̄ ≥ 1.

Note from Fig. 3 that the field of the HF fundamental mode is
localized within the core and the ring of the air holes adjacent to
it. In contrast, the fields of the higher order modes are localized
basically between the cladding and the external medium. These
fields are formed by the reflection of light from the external
surface of the fiber at ρ = Ao. However, such modes die out fast
since the surface of the HF is coated with an absorbing polymer
[see Fig. 3(b)]. Therefore, we can suppose that the fundamental
mode of the HF is the only mode that excites the taper and that
the registered signal at the taper output is proportional only to
the power of the fundamental mode.

Fig. 4 illustrates applicability of the scalar approximation (3),
(4), (7), and (8) for computation of the analyzed HFs. Here,
we compare the exact intensity isolines of fundamental modes
computed by the full vectorial method of integral equations [18]
with those computed on the basis of the described scalar ap-
proximation. Fig. 4(a) and (b) refers to fundamental modes with
main components of magnetic fields Hx and Hy , respectively.
Despite the same propagation constants of these modes [19],
their exact intensity distributions are slightly different. How-
ever, the intensity distributions are completely the same in the
scalar approximation. Fig. 4 shows that the scalar approxima-
tion is quite valid for evaluation computations in spite of large
difference in indexes of fused silica and air. The effectiveness
of the scalar approximation for the HFs under consideration can
be explained by the fact that radiation guided by HFs is mainly
localized in silica and reflected from the interfaces at sliding
angles. In accordance with the well-known perturbation theory
[15], it results to low magnitudes of electromagnetic fields at the
interfaces and makes it possible to neglect the terms coupling
the orthogonal transversal components of the electromagnetic
field [15], [16]. Estimates presented in [16] show an increase
in the accuracy of the scalar approximation with decreasing
a/Λ, where a is the hole radius along the taper, i.e., at the air
filling factor lowering. For the considered tapers, the maximal
ratio a/Λ = 0.25 is realized at the taper ends, where a = a0
(see later discussion). The presented arguments are to give
credit to the scalar approximation validity. Note also that this
approximation results to satisfactory agreement between the
theory and experiments (see later discussion).

Let the fundamental mode of the HF enters the contracting
zone of the taper, i.e., from z < 0. Then, if one ignores the weak
reflection of the radiation from the taper, the initial conditions
given in (5) can be expressed as

Cνs(−ZL) = a(0)νs N
−0.5
νs

dCνs

dz

∣∣∣∣
z=−ZL

= i(k − β0)Cνs(−ZL). (11)

A numerical integration of the Cauchy problem given in (5)
or (11) (for instance, by the Runge–Kutta method) presents
just a few problems. By calculating the amplitudes Cνs(ZL)
from (5) and (11), one can write the ratio of the power of the
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Fig. 5. Profile of the fabricated HF taper with parameters L0 = 5 mm, Zw =
2.5 mm, and Aw = 16.3 µm. Solid line represents the theoretical dependence
computed by using (12)–(15); points are experimental data.

fundamental HF mode at the output of the taper to the power of
this mode at the input of the taper as

η =

∣∣∣∣∣∣
m∑

ν=0

n(ν)∑
s=1

Cνs(L)a(0)νs

√
Nνs

∣∣∣∣∣∣
2

.

This formula can be easily deduced using the orthogonality of
the functions uνs(ρ, ϕ, z) and the normalization [17]

m∑
ν=−m

n(ν)∑
s=1

∣∣∣a(0)νs

∣∣∣2 = 1.

For numerical modeling of the taper transmission, i.e., for
calculating the function η(λ0), it is necessary to know the
parameters along the HF taper. For this purpose, we used
a commercial “Beta LaserMike” gauge to measure the outer
diameter in different points along one of our tapers. The experi-
mental data and a fitting line to the data are shown in Fig. 5.
The theoretical fitting to the experimental data was done by
assuming that the taper diameter varied with z [see Fig. 1(b)] as

A(z)=A0, at |z| ≥ ZL (12)

A(z)=Aw

=A0 exp [(Zw − ZL)/L0] , at |z| ≤ Zw (13)

A(z)=A0 exp [−(z + ZL)/L0] , at − ZL ≤ z ≤ −Zw

(14)

A(z)=A0 exp [(z − ZL)/L0] , at Zw ≤ z ≤ ZL. (15)

Note that we assume that the taper waist radius Aw is
constant within the interval −ZW < z < ZW , where ZW ≈
0.5L0. The function A(z), which is calculated using(12)–(15),
is shown in Fig. 5 by a solid line. We took A0 = 62.5 µm, and
L0 was determined by processing the experimental points by
the least squares method. Note that the experimental measure-
ments and the theoretical fitting are in good agreement.

Now, if the outer diameter of the HF varies with z, then the
separation between the air holes or pith Λ and the diameter of

Fig. 6. Dependence of the average air channels radii on the outer radius Aw

of the HF taper. Solid curve was computed on a basis of (17)–(19) at α = 0.35;
points are experimental data.

the holes also vary with z. Before the air holes collapse, we can
suppose that the pitch varies with z.

To explore these dependencies, we have performed a micro-
scopic analysis of cross sections of HFs cleaved in the taper
waist. Our measurements have shown that in the absence of any
collapse of the air holes, the average pitch Λ was approximately
proportional to the waist radius Aw. This result is similar to
results of [20] and [22]. Therefore, in our theoretical model, we
believe that

Λ(z) = A(z)Λ0/A0. (16)

Measuring the averaged radius a in the cross sections, we
found that when radius Aw slightly differed from radius A0 of
the untapered fiber, a was proportional to Aw. Therefore, in the
range A0 ≥ Aw ≥ As, we put

a = a0Aw/A0 (17)

where the value ofAs is defined in the latter part of this section.
However, withAw essential decreasing, the a(Aw) dependency
became essentially nonlinear. Analyzing the experimental data,
we have found the following empirical formula:

a =KAw

[
(Aw −Ac)/(A−Ac)

]α
, at As ≥ Aw ≥ Ac

(18)

a =0, at Aw < Ac (19)

whereK = 0.012, Ā = 25 µm,Ac = Ā(M − 0.78)/(M − 1),
and M = (0.51)1/α were deduced with the help of experi-
mental data. The expression Aw = Ac represents the radius at
which collapse of the air channels occur. The value of As is
expressed as

As =
[
a0(kA0)−1

]1/α (A−Ac) +Ac

to satisfy the condition of continuity of the function a(Aw).
The exponent α that appears in (18) depends on the heating

temperature and on the stretching velocity of the taper. Accord-
ing to our tapering technology and some experimental studies
on the dependence of a(Aw), we found that 0 < α ≤ 1. The
experimental and theoretical dependence of the average air-hole
radius on the taper radius is shown in Fig. 6. The experimental
points were obtained by measuring the taper’s holes diameters
with an atomic force microscope. The theoretical fit was done
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Fig. 7. Computed transmission spectrum of the taper with Aw = 22 µm,
L0 = 5.3 mm, Zw = 2.23 mm, and α = 0.35.

Fig. 8. Computed transmission spectrum of the taper with Aw = 22 µm,
L0 = 5.3 mm, Zw = 2.23 mm, and α = 0.35 corresponding to excitation of
the device by the LED with the radiation spectrum presented in Fig. 2(b).

Fig. 9. Computed transmission spectrum of the taper with Aw = 16.3 µm,
L0 = 5 mm, Zw = 2.5 mm, and α = 0.35.

by applying (17)–(19) after replacing Aw by A(z), where the
function A(z) is given in (12)–(15).

III. NUMERICAL DATA, DISCUSSION, AND CONCLUSION

With the theoretical model described earlier, we calculated
η(λ0) (i.e., the normalized output pattern of the taper) of two
tapers with L0 of about 5 mm but with different waist diameters
and one taper with L0 = 3 mm. For the same tapers, we also
calculated η̄(λ0) = P (λ0)η(λ0), where P (λ0) is the emission
spectrum of the LED employed in the experiments. The results
are shown in Figs. 7–12. In all the figures, 1.18 ≤ λ0 ≤ 1.36 to
match the range of wavelengths of the LED employed.

Fig. 10. Computed transmission spectrum of the taper with Aw = 16.3 µm,
L0 = 5 mm, Zw = 2.5 mm, and α = 0.35 corresponding to excitation of the
device by the LED used.

Fig. 11. Computed transmission spectrum of the taper with Aw = 7.5 µm,
L0 = 3 mm, Zw = 1.5 mm, and α = 0.45.

Fig. 12. Computed transmission spectrum of the taper with Aw = 7.5 µm,
L0 = 3 mm, Zw = 1.5 mm, and α = 0.45 corresponding to excitation of the
device by the LED used.

Fig. 7 shows the output pattern of a taper with Aw = 22 µm,
L0 = 5.3 mm, Zw = 2.23 mm, and α = 0.35. In this taper,
the air channels are not collapsed. The average air-hole radius
a at the taper waist is equal to 0.21µm (see Fig. 6). The
transmission of this taper is close to 100% at 1.18 µm ≤ λ0 <
1.3 µm (adiabatic regime). However, for λ0 > 1.3 µm, the
adiabatic condition is broken, and the function η(λ0) becomes
oscillatory. Note that a similar oscillatory transmission was
observed for biconical tapers (Aw < 5 µm and L0 < 1 mm)
made from conventional single-mode fibers [23]. Fig. 8 shows
the output spectrum of the taper, considering that the input light
comes from the LED with emission spectrum P (λ0) given in
Fig. 2(b). The theoretical spectrum η̄(λ0) = P (λ0)η(λ0) is in
good agreement with the experimental one [compare the top
plot of Fig. 2(a) with Fig. 8].

Figs. 9 and 10 show, respectively, the theoretical functions
η(λ0) and η̄(λ0) for a taper with Aw = 16.3 µm, L0 = 5 mm,
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Zw = 2.5 mm, and α = 0.35. In this taper, the air channels
no longer exist since the collapsing takes place at A = Ac =
18.3 µm (see Fig. 6). Such a value of A, according to our
theoretical model [see (12)–(15)], indicates that the air channels
are collapsed in the region z = ±ZC , where Zc = 3.08 mm.
As a result, at −3.08 mm < z < 3.08 mm, we have a piece
of multimode optical fiber with variable radius. The modes
supported by such a fiber are excited by the HF fundamental
mode. The oscillatory behavior of η(λ0) (see Fig. 9) is a
consequence of the interference between the modes of the piece
of solid fiber.

Note that at 1.25 µm < λ0 < 1.36 µm, the calculated η̄(λ0)
of the taper described in Fig. 10 is in good agreement with the
experimental transmission spectrum shown in Fig. 2(a). How-
ever, outside this wavelength range, the agreement between
theory and experiment is not good enough. We believe that the
discrepancy is due to the approximate character of the model
given in (17)–(19). In real tapers, the radii of the air holes are
not exactly identical as we suppose in this model.

The theoretical η(λ0) and η̄(λ0) of a taper with Aw =
7.5 µm, L0 = 3 mm, Zw = 1.5 mm, and α = 0.45 (Ac =
17.9 µm) are shown in Figs. 11 and 12, respectively. Note
that the transmission spectrum for this taper has a pronounced
periodicity (the averaged period ∆λ0

∼= 0.01 µm). The same
period is observed in the experimental transmission spectrum
of the taper with the same parameters [compare the bottom plot
of Fig. 2(a) with Fig. 12]. The period of the taper transmission
spectra is of interest for sensing applications [10], [23]. Thus,
it is important to find a simple expression that gives us such
a period.

First, let us consider the system of differential equations that
appear in (5) in the half-space z < 0 [see Fig. 1(b)]. Let us
change the variable z by −z and take the complex conjugate, as-
suming that εs is real. Since z = 0 is the plain of symmetry, and
taking into account (9) and (10), with the changes, we, again,
get the same system of equations of (5). In this case, it is not
difficult to conclude that under the condition

C∗
νs(0) = Cνs(0) exp(iφ) (20)

where the asterisk denotes the complex conjugate, ν =
0,±1, . . ., s = 1, 2, . . ., and φ is a constant, the optical field
at the output of the taper is identical to the one at the input of
the taper. In such a case, the transmittance of the taper has a
maximum η = 1 (ignoring the absorption and reflection effects
in the taper). Thus, according to (3), the relations (20) are
equivalent to the equality

u∗(ρ, ϕ, 0) = u(ρ, ϕ, 0) exp(iφ). (21)

This equation means that the plain z = 0 coincides with the
surface of the constant phase of the optical field.

It is obvious that (20) and (21) are approximately valid only
for adiabatic tapers in which solely the transmission of the
HF fundamental mode takes place [20]. However, the situation
changes when the air channels are collapsed. In such a case, we
have a piece of an unclad multimode silica fiber in the interval
|z| < ZC [see Fig. 1(b)]. The optical field at the plane z = 0
is the result of the interference of all the modes uνs supported

by the multimode fiber. Such modes have different propagation
constants. If many of modes uνs had comparable power, then
the phase of the optical field in the plane z = 0 would be a
fast varying function of the transversal coordinates ρ and ϕ. In
such a case, one can expect the dependence η(λ0) to be almost
stochastic. However, if the taper has some selective properties,
i.e., if it concentrates the light power predominantly in two local
modes, let us say in the modes uνs and uµl, then the dependence
η(λ0) may be periodic.

Let us suppose that the power of the optical field in the region
−ZC < z < 0 [see Fig. 1(b)] is concentrated predominantly in
the modes uνs and uµl. Thus, the relations for the maximum
transmittance of the taper (20) can be applied only to these
two modes. If we assume that the phase front of the optical
field generated by the HF mode at z = −Zc is plane, i.e., that
the equality

C∗
νs(−Zc)/Cνs(−Zc) = C∗

µl(−Zc)/Cµl(−Zc)

is satisfied, then (20) can be reduced to one equation, i.e.,

−ZW∫
−ZC

[βνs(z)−βµl(z)]dz+[βνs(−ZW )−βµl(−ZW )]ZW =nπ.

(22)

In (22), βνs(z) and βµl(z) are, respectively, the propagation
constants of the local modes uνs and uµl, and n is any integer.
Note that (22) means that the difference between the phases of
the modes uνs and uµl after they propagate from −Zc to Zc,
i.e., the solid section of the taper, is multiple of 2π.

To find a solution of (22), we use the following
approximation:

βνs(z) = k0
√
εs − κ2

νs [k0A(z)]−1

∼= k0√εs − κ2
νs

2k0
√
εsA2(z)

(23)

which is valid when k0A(z) � 1 [15].
Substituting (23) into (22) by taking into account (13) and

(14) and performing an elementary integration, we get

λ0 = n∆λ0 (24)

where

∆λ0 =
4π2√εs(

κ2
µl−κ2

νs

)
[L0/ (2A2

W ) + ZW /A2
W −L0/ (2A2

C)]
.

(25)

Therefore, the transmittance of the taper exhibits maxima only
at wavelengths determined by (24) and (25). If one neglects the
dispersion of silica, then the taper transmission will be periodic
with period ∆λ0 given in (25).

To verify numerically this qualitative reasoning, we com-
puted the dependencies of Pνs(z), where Pνs is the ratio of the
uνs local mode power to the full power of the HF fundamental
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Fig. 13. Computed power distributions for local modes u0s for the section of
narrowing of the taper with Aw = 7.5 µm, Ac = 17.9 µm, L0 = 3 mm, and
Zw = 1.5 mm. The numbers of the curves coincide with the meaning of s at
the designation of the mode.

mode at the input of the taper. To do so, we used the following
expression:

Pνs(z) = [A(z)/A0]
2 |Cνs(z)|2Nνs (26)

which results from the orthogonality conditions of the functions
uνs(ρ, ϕ) [17].

The theoretical functions Pνs(z) for six modes calculated
with (26) for a taper with Aw = 7.5 µm, Ac = 17.9 µm, L0 =
3 mm, and Zw = 1.5 mm are presented in Fig. 13(a) and (b).
According to the figure, the HF fundamental mode at the input
of the taper (z = −ZL) consists of a wide spectrum of local
modes of the uniform fiber. However, as the air channels are
narrowed, the optical power is concentrated predominantly in
the local modes u05 and u06. After the collapse of the air
channels at z > −ZC , where ZC = 4.22 mm, the exchange
of power between the local modes becomes insignificant. It is
important to point out that the sum of powers for the modes
u05 and u06, i.e., Pσ = P05(−ZW ) + P06(−ZW ), at the input
of the taper waist is more than 70% of the total optical power.
It is also necessary to mention that the concentration of optical
power in the local modes u05 and u06 takes place in all the
considered range of wavelengths. Fig. 14 shows the dependence
of Pσ(λ0) for two tapers with different diameters.

Now, let us calculate ∆λ0 with (24) and (25) for the taper
described in the previous paragraph. By substituting κ05 =
14.93 and κ06 = 18.07 in (25) [21], we get ∆λ0 = 0.011 µm.

Fig. 14. Total power of the local modes u05 and u06 at the entrance of
the waist for the tapers with Aw = 7.5 µm (curve 1) and Aw = 16.3 µm
(curve 2).

Such a value is in good agreement with the theoretical and
experimental values given earlier, which confirm the correct-
ness of (25). For comparison, it is necessary to note that the
oscillatory transmission spectra of tapers made from conven-
tional single-mode fibers is explained by interference between
the fundamental u01 mode and the higher order u02 mode [23].
For such tapers, κ01 = 2.405 for the fundamental mode and
κ02 = 5.52 for the higher order mode [23]. Thus, the period
of the interference fringes in abrupt tapers, which is computed
by (25), is ∆λ0 = 0.048 µm. This means that the interference
fringes of HF tapers are closer in wavelength separation than
those of the tapers made from conventional optical fiber.

Calculations done for a taper with Aw = 16.3 µm, L0 =
5 µm,Zw = 2.5 µm, andAc = 18.3 µm also testify that the op-
tical power is concentrated in the local modes u05 and u06. The
dependence of the total optical power Pσ on the wavelength for
these modes is illustrated by curve 2 in Fig. 14. In this case, the
violation of periodicity of the function η(λ0) at λ0 > 1.25 µm
in Figs. 9 and 10 can be explained by lowering the power Pσ

in this wavelengths range (see Fig. 14). The application of (25)
to the considered taper gives ∆λ0 = 0.048 µm, which is the
period that one calculates for the function η(λ0) in Fig. 9.

The tapers analyzed in this paper can be used for different
sensor applications since the interference peaks can be shifted
by the influence of various external parameters. Note that the
propagation constants of the interfering modes depend on the
refractive index and temperature of the external environment.
This property was exploited for sensing the refractive index
of liquids around the tapered section of an HF [10] and for
sensing high temperature [24]. The length of the taper also has
influence on interference fringes. Thus, minute elongation of
the taper will cause a shift of the interference fringes. This
property can be exploited for strain sensing [25]. The sensing
of other parameters that can be translated to refractive index or
strain is also possible.

The advantages of HF tapers with collapsed air holes for
optical sensing are listed as follows. 1) Interferometric working
mechanism. This is recognized as the most sensitive method
by the sensing community. 2) The parameter being sensed is
codified in an absolute parameter, the wavelength. With an
optical spectrum analyzer, it is simple and straightforward to
monitor the shift of the interference fringes. 3) The taper’s
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interference pattern is really stable and immune to drifts or
fluctuations of the optical source employed. 4) The tapers
operate with long-life and low-cost LEDs and can be spliced to
conventional optical fibers which may reduce the overall cost
of the sensors dramatically. 5) The fabrication of the tapers is
simple and can be carried out in a few minutes. In addition, one
can adjust the taper geometry during fabrication.

Note that similar oscillatory patterns were obtained for
biconical tapers made from conventional single-mode fibers
(Aw < 5 µm) [23], [26], [27]. Such tapers are more difficult to
realize with long uniform beating regions (i.e., with L0 greater
than 3 mm) [23]. Tapers with such small dimensions are not
easy to handle, and for some sensing applications, they are
impractical.

It may be concluded that the proposed theoretical model of
tapers based on large-mode-area HFs allows the explanation
of some peculiarities of their transmission. The agreement
between theory and experiment is satisfactory. The presented
analysis allows us to conclude that the experimentally observed
oscillatory transmission spectra can be explained by interfer-
ence of the modes supported by the solid taper waist. The period
of the transmission function can be evaluated by the simple
analytical function (25). For the studied tapers, the periodic
transmission function is formed due to the interference between
two local modes u05 and u06, which concentrate most of the
optical power.
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