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Abstract
The mode field intensity, spot size, central peak intensity evolution and adiabaticity are
calculated for different points along the transition of an optical fibre taper that adiabatically
tapers from the standard 125 nm down to 1 µm and then to 440 nm diameter for low loss
operation at 1550 nm wavelength. The first section of the taper is evaluated using a weak
guidance approximation. The second section is treated as a three-index layer structure
(double-clad) and evaluated with eigenvalue equations for three refractive indices. The third and
thinnest section of the taper is studied using an exact mode eigenvalue equation. The results
show that the fundamental mode for the third section has a discontinuity at the fibre edge with a
peak intensity larger than the intensity at the centre of the fibre. Since the guiding by the core
disappears in the first section of the taper, the mode field does not simply reduce monotonously
along the taper with the outer diameter of the fibre. By this novel approach, and for the first
time, to the best of our knowledge, the taper shape that complies with the adiabaticity criterion,
the mode intensity profile and the spot size (first Petermann definition) of the fundamental mode
evolution, along their position on the taper are determined.

Keywords: optical fibres taper, fundamental mode evolution, spot size evolution,
adiabaticity condition, first Peterman definition

(Some figures may appear in colour only in the online journal)

1. Introduction

It is almost five decades since tapers in optical fibres were
identified as a significant topic of research [1]. Tapered fibres
are enjoying renewed interest because of useful applications
as optical fibre sensors and couplers [2]. Examples of these
are evanescent wave biosensors [3–6], hydrogen detection [7],
astro-photonics devices [8, 9], fibre optic laser applications

Original content from this workmay be used under the terms
of the Creative Commons Attribution 3.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

[10, 11], chemical pollutants detection in seawater [12] also
[13]. The analysis of fibre tapers including the adiabatic
concept, has been available since 1983 in a textbook and
papers [14, 15]. The concept of adiabaticity states that it is
possible to fabricate low loss tapers provided that their geo-
metrical shape varies slowly, so it does not allow energy con-
version from the fundamental mode (LP01 or HE11) to the next
circularly symmetric mode (LP02 or HE12). This can also be
applied to single mode fibre tapers. In 2003, a new develop-
ment was reported: that the fibre taper waist diameter can be
downsized to 1 µm (micro optical fibre) or even less (approx-
imately down to 200 nm) in what was called ‘sub-wavelength
diameter silica wires’ [16]. Some authors refer to these ultra-
thin optical fibres as ‘nano optical fibres’. In this work, the
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term ‘sub-micro’, which we believe is more accurate, is used.
The significance of this result was that these fibre devices can
have new optical properties and new applications as depicted
in the ‘Tong Tree’ [16]. This has been called ‘The second life
of optical fibre tapers’ [17] as its technology entered a very
productive phase. However, little detailed attention has been
paid to the evolution of the fundamental mode intensity and
its exact shape distribution along all the fibre, from the stand-
ard size (125 µm) to the micro size (1 µm) and sub-micro size
(200 nm).

The core diameter for standard fibres is approximately 8µm
for an SMF-28 Corning optical fibre at 125 micron outer dia-
meter. This core shrinks to 64 nm at 1 µm external diameter
and less than 15 nm at 220 nm external diameter. If we con-
sider that the guiding limit is around 200 nm [18], the original
core effectively vanishes at microscopic and sub-microscopic
sizes and a new optical waveguide is formed by the cladding
and the surrounding medium. Analysis of the mode therefore
requires the evaluation of the eigenvalue equation at many suc-
cessive points along the taper for the general case of a three-
layer refractive index profile waveguide. As themode intensity
profile extends beyond the core, the peak amplitude decreases,
preserving the total amount of optical power in the funda-
mental mode. It is critical to observe how the mode intens-
ity changes along the tapered fibre. The results show novel,
unexpected variations in the mode intensity profile and spot
size along the taper. The application of the adiabatic criterion
yields unexpectedly long tapers.

The analysis starts by assuming an initial hypothetical
shape based on an experimental taper reported by Linslal
[19, 20]. The proposed theoretical taper shape is shown in
figure 1, subdivided to include a section which is ‘micro’,
i.e. 1 µm waist diameter and another section which is ‘sub-
micro’ or ‘sub-wavelength’ with a minimum waist diameter
of 440 nm at 1550 nm wavelength. A diameter smaller than
200 nm reaches the guiding limit and the waveguide effect
ceases to exist at a wavelength of 633 nm. The taper has been
assumed to be a symmetric biconical shape with 19 equidistant
points (identified by the letters A-S, 2 mm apart) along the
taper from the initial standard size A (125 µm diameter) to the
smallest waist diameter at S (440 nm). As the taper is symmet-
ric, the waveguide parameters in the tapering down section (A-
S) are mirrored in the tapering up section (S-A). The shape of
the taper was divided into three sections: section 1 (from point
A to F), section 2 (from point G to N) and section 3 (from point
O to S).

The first section has two refractive indices correspond-
ing to a single mode (at 1550 nm) with an initial cladding
radius of 62.5 µm and an initial core radius a(0) = 4 µm. The
refractive indices of the core and cladding are n1 = 1.46125
and n2 = 1.45625 respectively. The second section has three
refractive indices n1, n2, n3 and a core radius ‘a’ and a cladding
radius ‘b’. n1 and n2 are the same as in the first section, and
n3 = 1.0 (air) [21]. In the third section, the core has become so
small that it has effectively disappeared and only two refract-
ive indices n2 = 1.46125 and n3 = 1.0 remain. The fibre radius
goes from 611 nm (O point) to 220 nm (S point).

Figure 1. Initial theoretical taper shape. Length = 72 mm, Initial
external diameter (A) = 125 µm, Taper waist (at S) = 0.44 µm.

2. Eigenvalue equations for the fundamental mode
propagation

To determine the mode intensity profile evolution along the
taper, the solution of three different sets of eigenvalue equa-
tions is required. For points A to E, the weakly guiding mode
equation is employed [22].

u
Jυ+1 (u)
Jυ (u)

= w
Kυ+1 (w)
Kυ (w)

(1)

Where ‘u’ and ‘w’ are the modal parameters as defined

as: u= a
(
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2n12 −β2
)1/2

, w= a(β2 − k0
2n12)1/2, a = core

radius, k0 = 2π/λ, β is themode propagation constant. Jυ is the
Bessel function of the first kind of order ν, Kυ is the modified
Bessel function of the second kind of order ν.

From points F to N, the Monerie equation is used [23] and
for the last section (points M to S) the exact mode equation is
employed [14] as:(
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3. Results and discussion

The intensity profiles for points A to F are shown in figure 2.
Note how the wings start to rise from point E onwards.

For the second section the results are shown in figure 3
below.

Note how the mode expands considerably in the first part
of the third section, where it moves outside the core and
into the cladding, only to contract again in the second part.
For the final section the results are shown in figure 4. Here
again the mode expands as it loses guiding by the cladding, but
now the surrounding air has a much lower refractive index, so
that the mode remains close to the remaining fibre.
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Figure 2. Fundamental mode intensity from points A to F.

Figure 3. Fundamental mode intensity from points G to N.

Figure 4. Fundamental mode intensity from points O to S.

3.1. Adiabaticity criterion

For most applications, it is important to ensure that the optical
fibre taper is adiabatic so that the taper represents low optical

Figure 5. (a) Limit slope given by the adiabatic criterion and the
(b) adjusted taper slope for low optical loss.

Figure 6. Designed taper geometry to meet the adiabatic criteria
(overall biconical taper length).

losses [14]. Figure 5 shows the adiabatic limit slope versus
taper slope as expressed by the following equation:∣∣∣∣da(z)dz

∣∣∣∣≪ ∣∣∣∣a(z)zb

∣∣∣∣ (3)

zb =
2π

β1 −β2
(4)

Where a(z) is the effective core radius of the waveguide (in
some cases is b(z)), zb is the beat length between the LP01 and
LP02 modes (or HE11 and HE12 modes), β1 is the propaga-
tion constant of LP01 (or HE11 mode) and β2 is the propaga-
tion constant of LP02 (or HE12 mode). The rate of change of
the taper (taper slope) should be lower than the rate of change
given by the theoretical limit slope which is a function of the
effective core radius of the fibre divided by the beat length
of the first circular symmetric modes. It should be noted that
when the taper is single mode, β2 corresponds to the cut-off
condition of the LP02 mode equal to n2k0 or n3k0.

Using the adiabatic limit slope, the initial taper shape of
figure 1 was modified to ensure adiabaticity. Figure 5 shows
the adiabatic limit slope.

Themain consequence is that the overall taper length is now
quite large: 526 mm (figure 6). Also, the shape of the outside
diameter is no longer monotonous but reflects the fact that the
mode first ‘escapes’ the confinement by the core and later loses
the guidance by the cladding.
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Figure 7. Central mode intensity evolution along the tapered fibre.

Figure 8. Spot size evolution along the tapered fibre.

3.2. Fundamental mode field intensity evolution

Figure 7 shows the evolution of the central mode intensity
on the axis along the tapered fibre. It is calculated assum-
ing that the optical power launched at point A is 1 Watt. The
normalisation is shown in equation (5) and determines the
coefficient A0. The units for the intensity profile are in Watts
per squared micrometre, as micrometre units for the radial
coordinate r are being used in this work.

P= 2π
∞
∫
0
[A0φ]

2rdr= 1Watt (5)

Given the adiabaticity, all profiles calculated along the
length (B-S) can be normalized in the same way. Figure 7
shows A0 as a function of the position along the taper. It can be
seen that the central mode intensity decreases as the field ini-
tially expands away from the core and subsequently increases
as the cladding start to confine the field again.

To show how the spot size radius (ω0) changes along the
taper, we use the first Petermann definition as given by equa-
tion (6):

ω0 =
√
2

[
∫∞0 φ2 (r) r3dr
∫∞0 φ2 (r) rdr

]1/2
(6)

Figure 9. Mode intensity profile along the tapered fibre.

Where φ is the fundamental mode field. The spot size
directly shows the expansion and contraction of the mode
field, and therefore evolves inversely to the field intensity pro-
file. In this work, the spot size definition for the Gaussian
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approximation for the mode field is not used as it does not
apply for the majority of points along the taper. Figure 8 shows
the spot size evolution along the position of the taper.

The spot size radius increases in the first section of the
taper, reaching a maximum (21.20 µm) at point F with
23.13 µm of fibre external radius, showing the mode expands
to fill the cladding. Subsequently the spot size evolution fol-
lows the outer radius down to (0.76 µm) at point P for 0.81 µm
of fibre external radius. The spot size radius then increases
again to 4.84 µm as the 220 nm of fibre external radius no
longer effectively confines the mode.

3.3. Mode intensity profile evolution

The detailed mode intensity profiles can be presented only
using different logarithmic scales as the variation is very large.
Figure 9 shows how themode intensity profiles increases at the
end of the taper with respect to the initial mode intensity at the
beginning of the taper in a linear scale only the last five profiles
can be shown.

It can be seen that the central mode intensity is nearly 58
times larger at the submicron size (0.81 µm of fibre external
radius) as compared with the initial standard size of the taper.
For comparison, the thinning of the taper is 77 times. It is
important to realize that the smallest spot size is not at the
thinnest end of the taper. Also, it must be kept in mind that
the peak intensity of the profile at the thin end is at the edge
of the fibre, the maximum being at point Q, for this case
the ratio of this edge mode intensity to the central mode
intensity of point A is approximately 80 times, which again
can be very useful for submicron optical fibre sensors and
devices.

4. Conclusion

This work has presented a novel but realistic simulation of the
evolution of the mode intensity profile along a tapered fibre,
from standard size (125 µm external diameter) to micron and
submicron size external diameter, with 440 nm being the smal-
lest waist size operating at 1550 nm wavelength for the case
of a taper in air. The first section was evaluated via the weak
guidance approximation. The second section was treated as
a three-index layer structure and evaluated using eigenvalue
equations for three refractive indices. The third and thinnest
section of the taper was studied using an exact mode eigen-
value equation. With this rigorous strategy, optimum fibre
external diameter values for smallest spot sizes and largest
mode field intensities were found, suitable for low-loss taper
applications. It is expected that this analysis will be useful for
researchers in the area of evanescent submicron optical fibre
sensors.
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