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Abstract: We present numerical studies on twisted polygon-shaped core fibers for achieving single
mode operation with a large mode area propagation in this paper. These large mode area fibers
can achieve single mode operation due to twisting-induced high losses to higher order modes and
coupling higher order modes with leaky modes. A tail-like profile will appear in higher order modes
when they couple with leaky modes, and the tail-like profile also indicates that these modes carry
angular momentum. Numerical simulations show that twisted octagon-shaped core fiber with a core
diameter of 80 µm can obtain first higher order mode losses larger than 19 dB/m while maintaining
fundamental mode losses at about 0.15 dB/m. In the case of twisted heptagon-shaped core, an 80 µm
diameter fiber design exists with more than 17 dB/m first higher order modes propagation losses
and less than 0.14 dB/m fundamental mode losses.

Keywords: large mode area; single mode operation; twisted structure; transformation optics formalism

1. Introduction

With intense theoretical and experimental investigations and the development of
semiconductor lasers and high power fiber components, fiber lasers have experienced
rapid power scaling with the advantages of excellent beam quality, high conversion ef-
ficiency, and maintenance-free operation over the last decade. Fiber lasers and fiber am-
plifiers with near-diffraction-limited beam quality are widely used in many application
areas such as material processing, military systems, and scientific applications (nonlinear
frequency conversion, coherent beam combination, gravitational-wave interferometric
detectors) [1–5]. However, the increasing laser power leads to high optical power density
within the conventional small core fibers, which results in nonlinear effects and then limits
further power improvement.

To address this issue, conventional large mode area (LMA) fibers have been proposed
to mitigate nonlinear effects. However, this is at the expense of beam quality degradation.
The core numerical aperture (NA) must then be lowered for single mode (SM) operation [6].
With this approach, a 35 µm core diameter ytterbium-doped step index fiber, ensuring effec-
tive single mode operation with a flat refractive index profile and an ultra-low NA of 0.038,
has been demonstrated experimentally [7]. Based on the mosaic technique, nanostructured
core fiber can be used to achieve arbitrary shaping of refractive index profiles, which allows
a dramatic increase of effective mode area and reduction of bend loses [8]. A 16 µm core
diameter Yb-doped nanostructured core fiber with an extremely low numerical aperture
of 0.027 has been developed [9]. Another approach to low NA is photonic crystal fibers
(PCF) [10], which rely on introducing air holes around a silica core to precisely control the
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refractive index difference between core and cladding. However, the existence of air hole
structure in PCF causes difficulty in splicing, which is critical for monolithic integration of
fiber lasers.

In contrast to strictly SM fibers, multimode fibers usually have larger core size and
higher NA. In this kind of fiber, SM operation can be achieved by introducing high loss to
higher order modes (HOMs) and negligible loss to fundamental mode (FM) [11]. When the
losses of HOMs become sufficiently high, these fibers behave as SM fibers. A simple way to
achieve this is by coiling the fiber, for example, with a core diameter of 25 µm, to an appro-
priate radius which can provide low loss to FM and high losses to HOMs [12]. With the help
of a resonant ring surrounding the core, single- or multi-trench fibers can ensure effective
SM operation [13,14]. A 30 µm diameter core single-trench Yb-doped fiber has been applied
in a picosecond master oscillator power amplifier (MOPA) system [15]. In this kind of
fiber, core-cladding index matching should be optimized as much as possible during its
fabrication process. Another fiber design is all-solid photonic bandgap fiber (AS-PBGF),
which relies on a photonic bandgap effect to confine light in the fiber core. Effectively, single
mode operation with good bending performance can be achieved simultaneously in a large
mode area AS-PBGF [16]. However, cladding-pumping efficiency in these fibers is reduced
due to the presence of high index rods in the cladding. Exciting a single specific mode in a
multimode fiber is a further approach demonstrated in [17] to obtain SM operation, but it
requires an optical source with a short temporal coherence length property.

In an LMA fiber amplifier, signal can be amplified in a HOM, taking the advantages
that a HOM is less susceptible to bend induced area reduction and more resistant to nearest
neighbor mode coupling compared to the fundamental mode. However, to reconvert
the HOM to a diffraction limited output, this requires additional elements, for example,
long-period grating or bulk-optic axicon [18]. In a gain-guided index antiguided (GG-IAG)
optical fiber, the refractive index of the core is lower than the cladding, and then all modes
in the core suffer loss. When low-order modes obtain sufficient gain but higher-order
modes continue to experience loss, a GG-IAG fiber can achieve single mode operation, but
the slope efficiency of lasers with GG-IAG fibers is still too low for practical use [19].

In addition to these approaches, fibers with a twisted structure can also obtain SM
operation with large mode area. Twisted single-ring hollow core photonic crystal fiber
which consists of a single ring of capillaries arranged around a central hollow core achieves
HOM suppression by twisting assisted phase-matching between the LP11-like core mode
and LP01-like modes of the surrounding capillaries [20]. Coupling between HOMs of a
central core and modes of a side core in chirally-coupled-core (CCC) fiber makes it possible
to achieve robust SM operation with a core diameter of 35 µm [21]. A further advance of
this CCC structure, octagon-shaped central core and eight-side cores CCC fiber (labeled
as polygonal-CCC (P-CCC) fiber), with central core size larger than 50 µm, operating
effectively in a single mode has been demonstrated [22]. Apart from coupling central
core HOMs to side cores, it also couples central core HOMs into central core leaky modes.
When the size of central core is increased, weaker coupling between HOMs of central
and side cores will occur in CCC and P-CCC fibers because the modal overlap between
central and side cores is decreased, i.e., the contribution of this effect to HOM suppression
is decreased.

In this paper, we propose all solid twisted polygon-shaped core fibers offering LMA SM
operation. With the reduced design and fabrication complexity compared to P-CCC fiber,
the twisted polygon-shaped core fibers can also achieve HOM suppression by coupling
HOMs with leaky modes and propagation losses of HOMs caused by fast-twisting. It is not
the case that the polygon-shaped core and eight-side cores are indispensable to achieve
single mode operation. The propagation characteristics of twisted polygon-shaped core
fibers with core diameters of 50 µm and 80 µm (larger than the existed 64 µm core P-CCC
fiber) are numerically investigated with a finite element method. The impact of fiber design
parameters on single mode performance is also discussed.
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2. Modeling Method

Transformation optics formalism has been used to calculate the modal loss, effective
refractive index (RI), and intensity profile of helical-structure fibers [23–26]. The form of
Maxwell’s equations can be kept invariant when transforming from Cartesian coordinates
(x, y, z) to helicoidal coordinates (ξ1, ξ2, ξ3) while equivalent material properties should be
used [27,28]. The transformation between Cartesian coordinates and helicoidal coordinates
can be expressed as:

x = ξ1 cos(Aξ3) + ξ2 sin(Aξ3)

y = −ξ1 sin(Aξ3) + ξ2 cos(Aξ3)

z = ξ3

(1)

The equivalent material properties (permittivity ε′ and permeability µ′ tensors) can
be obtained by multiplying the permittivity ε and permeability µ tensors in Cartesian
coordinates by transformation matrix:

ε′ =


1 + A2ξ2

2 −A2ξ1ξ2 −Aξ2

−A2ξ1ξ2 1 + A2ξ2
1 Aξ1

−Aξ2 Aξ1 1

ε (2)

µ′ =


1 + A2ξ2

2 −A2ξ1ξ2 −Aξ2

−A2ξ1ξ2 1 + A2ξ2
1 Aξ1

−Aξ2 Aξ1 1

µ (3)

A = 2π/Λ (4)

where A is the twist rate and Λ is the pitch. Then, the three-dimensional model can be
simplified to a two-dimensional model as material properties in helicoidal coordinates only
depend on ξ1 and ξ2. Simultaneously, the full information of electromagnetic phenomena
is conserved in the simplified approach.

The perfectly matched layers (PML), surrounding the region of interest in helicoidal
coordinates are used to rigorously calculate the propagation loss, shown in Figure 1.
Numerical simulations of the twisted polygon-shaped core fibers are performed with a
finite element method (FEM) implemented by Comsol software. The modal loss L in dB/m
can be expressed as [29]:

L =
40π

ln(10)λ
Im(neff) (5)

where Im(neff) is the imaginary part of the effective refractive index of the mode.
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Figure 1. FEM model of the twisted polygon-shaped (octagon) core fiber. The round arrow indicates
the twisting direction.

3. Twisted Polygon-Shaped Core Fibers

Twisted polygon-shaped core fiber is one fiber modified from P-CCC fiber with the
side cores removed, as shown in Figure 2 (inset). With this removing approach, the design
and fabrication complexity of the fiber will be decreased (six design parameters in P-CCC
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fibers to three design parameters in twisted polygon-shaped core fibers), but good single
mode performance can also be maintained. Twisted polygon-shaped core fibers are based
on two channels to achieve LMA SM operation. One of the two is coupling central core
HOMs into central core leaky modes through quasi-phase matching between them, which
has been explained in P-CCC fibers [22]. The other is fast-twisting caused propagation loss,
and it can be explained as such: a polygon-shaped core causes a part of power in modes
distributing around corners [30], and this power will experience fast helical propagation
due to the twisted structure of the fiber core, which will cause loss of power similarly to
a tight bend caused loss. In fact, all the modes in a twisted polygon-shaped core fiber
suffer loss. With the coupling and fast twisting approach, twisted octagon-shaped and
heptagon-shaped core fibers are designed to achieve LMA SM operation.
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P-CCC fiber to a twisted octagon-shaped core fiber (cross section), and the red line is the inscribed
circle of the octagonal shape. R is the inscribed circle radius and Λ is the twisting period.

3.1. Twisted Octagon-Shaped Core Fiber

Figure 2 shows the twisted octagon-shaped core fiber structure and notations, where
R is the inscribed circle radius and Λ is the twisting period. This fiber consists of a high
refractive index octagon-shaped core twisting on the fiber axis, and a low refractive index
cladding. This kind of fiber can be fabricated by spinning a fiber preform containing
a polygon-shaped core during the fiber drawing process. Here, the refractive index of
cladding is set to be the refractive index of silica at 1064 nm, ncl = 1.4496, and the diameter
of cladding is set to be 320 µm in all fiber designs. Numerical aperture is defined as

NA =
√(

n2
co − n2

cl

)
, where nco is the refractive index of the core.

As the polygon-shaped core is twisted, the modes will carry angular momentum,
which will cause different increments in each modes’ propagation constant. Then, the
degeneracy of the linearly polarized (LPmn-) mode group, which constitutes linear combi-
nations of eigenmodes (TE0n modes, TM0n modes, HEln and EHln hybrid modes, where
l = m± 1), is broken in the twisted polygon-shaped core fibers. The effective refractive
index of the mode in a twisted polygon-shaped core fiber in a helicoidal coordinate system
is given by [19]:

n′eff = neff ± m
λ

Λ
(6)

where neff is the effective refractive index of the untwisted polygon-shaped core fiber (the
same fiber design parameters, R and NA, to the twisted one) in a Cartesian coordinate
system and m is the azimuthal mode number of the mode.

As there is power of modes distributing around corners of the polygon-shaped core,
all modes of the core sustain loss due to the twisted structure. However, parameters (R, Λ
and NA) can be chosen such that HOMs experience sufficient loss compared to FM. Losses
of modes of a twisted octagon-shaped core fiber with R = 25 µm, NA = 0.065, Λ = 4.2 mm,
and λ = 1064 nm are listed in Table 1. The imaginary part of effective RI (neff), listed in the
fourth column (untwisted) of Table 1, in the untwisted octagon-shaped core fiber design
(the same fiber design parameters, R and NA, to the twisted one) are lower than 1e−19i,
which are not presented. The effective RI (n′eff), listed in the fourth column (twisted) of
Table 1, in this twisted octagon-shaped core fiber calculated by FEM modal solver are
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consistent with the Equation (6). The FM losses lower than 0.3 dB/m and the first HOMs
losses higher than 15 dB/m are achieved in this fiber design.

Table 1. Degeneracy breaking of the linearly polarized LPmn mode group, increment of the effective
RI from an untwisted (neff) to twisted (n′eff) fiber, and modal losses of a twisted octagon-shaped core
fiber with R = 25 µm, NA = 0.065, Λ = 4.2 mm, and λ = 1064 nm.

LP Modes
Modes in
Helicoidal

Coordinates

Azimuthal
Mode Number Effective RI (Untwisted→Twisted) Modal Loss in dB/m

LP01
HE11

+ 1 1.450985→1.451238−5.605259e−9i 0.29
HE11

− 1 1.450985→1.450731−5.413734e−9i 0.28

LP11

HE21+ 2 1.450875→1.451379−4.381172e−7i 22.47
TE01 0 1.450875→1.450872−4.441430e−7i 22.77
TM01 0 1.450875→1.450875−3.133396e−7i 16.05

HE21
− 2 1.450875→1.450369−3.110502e−7i 15.95

For fixed R = 25 µm and NA = 0.065, when Λ is in the range of 3.9–4.5 mm, suffi-
cient first HOM suppression is ensured (>10 dB/m) and FM losses vary in the range of
0.1–0.5 dB/m. When Λ = 4.1 mm, the loss ratio between the first HOMs and FM reaches 80,
as presented in Figure 3. It can be seen that the first HOM losses are significantly affected
by the twisting period, and it will be demonstrated that the quasi-phase matching is the
dominant mechanism for high first HOM suppression.
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To show the modal losses caused by twisted structure in polygon-shaped core fibers,
here we take HE11 and TE01 modes as an example. Intensity profiles of HE11 and TE01
modes of an untwisted octagon-shaped core fiber designs with R = 25 µm, NA = 0.065,
and λ = 1064 nm are shown in Figure 4. The values (99.27%, 98.08%) are power fractions
of modes (HE11 and TE01) in the inscribed circle of the octagonal shape. There is power
of these modes distributing around corners of the octagonal shape, which will cause
propagation loss when twisting is introduced into this octagon-shaped core fiber design.
The low loss of HE11 mode is induced by this effect, and it also contributes to the high
losses of HOMs. However, the high losses of HOMs come from the angular-momentum
assisted quasi-phase-matching shown in Figure 5. The calculated effective index lines in
the helicoidal coordinate system of TE01 and EH32

+ modes intersect around Λ = 4.2 mm,
and EH71

+ modes intersect around Λ = 4.65 mm. The EH32
+ and EH71

+ modes are leaky
modes at 1064 nm, which means that they exhibit high loss when propagating along the
fiber. When the leaky modes couple with the first HOMs, it will cause high losses and
deformation in these HOMs.
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Figure 5. Modal coupling between a guided mode TE01 and leaky modes EH32
+ and EH71

+ in a
twisted octagon-shaped core fiber with R = 25 µm, NA = 0.065, λ = 1064 nm, and Λ in the range of
4.1–4.7 mm.

To show the modal coupling caused mode deformation of these modes, x-components
(Ex) of electric field distributions of TE01, EH32

+, and EH71
+ modes of a twisted octagon-

shaped core fiber design with R = 25 µm, NA = 0.065, λ = 1064 nm, and Λ = 4.2 mm
((a) TE01, (b) EH32

+), 4.4 mm((c) TE01, (d) EH32
+, (e) EH71

+), 4.6 mm ((f) TE01, (g) EH71
+)

are shown in Figure 6. It can be seen that there is power of guided mode leaking into
cladding, shown in Figure 6a,c,f. The Ex of electric field distribution of TE01 mode around
the core and cladding interface changes to EH32

+ and EH71
+ modes, particularly when

Λ = 4.4 mm. This also indicates that the guided mode TE01 couples with leaky modes
EH32

+ and EH71
+. The tail-like profiles, which appear in TE01, EH32

+, and EH71
+ modes,

show that these modes carry angular momentum, and electric fields distributing outside
the octagon-shaped core are induced by the losses of these modes.
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The relationship between the modal losses and wavelength in a twisted octagon-
shaped core fiber design with R = 25 µm and NA = 0.065 is shown in Figure 7a. The losses
of first HOMs remain larger than 10 dB/m when wavelength changes from 1040 nm to
1080 nm, and the losses of FM increase with the wavelength, but lower than 0.5 dB/m.
Figure 7b shows the impact of NA on the performance of a twisted octagon-shaped core
fiber while keeping R = 25 µm and λ = 1064 nm. For NA in the range of 0.061–0.069,
first HOMs losses higher than 10 dB/m are obtained with constant Λ = 4.2 mm and FM
losses keep lower than 0.5 dB/m. The largest loss ratio (>100) between the first HOMs
(losses larger than 10 dB/m) and FM (lower than 0.1 dB/m) is achieved when NA = 0.069,
which is a recommended criterion in fiber laser applications for SM operation [6], shown in
Figure 7b.
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Figure 7. (a) Modal losses of a twisted octagon-shaped core fiber versus wavelength with R = 25 µm,
Λ = 4.2 mm, and NA = 0.065, λ in the range of 1.03–1.08 µm. (b) Modal losses of a twisted octagon-
shaped core fiber versus NA with R = 25 µm, Λ = 4.2 mm, and λ = 1064 nm, NA in the range of
0.061–0.069.

3.2. Twisted Heptagon-Shaped Core Fiber

The mechanism to achieve single mode operation is also applicable for a modified struc-
ture, twisted heptagon-shaped core fiber, which is modified from twisted octagon-shaped
core fiber with the passing from octagonal shape to heptagonal shape. Similarly, twisted
structure caused modal loss will appear in twisted heptagon-shaped core fibers. FM losses
lower than 0.2 dB/m and first HOM losses higher than 11 dB/m are achieved in a twisted
heptagon-shaped core fiber with R = 25 µm, NA = 0.063, Λ = 4.5 mm, and λ = 1064 nm,
listed in Table 2.

Table 2. Degeneracy breaking of a linearly polarized LPmn mode group, increment of the effective
RI from untwisted (neff ) to twisted (n′eff ) fiber, and modal losses of a twisted heptagon-shaped core
fiber with R = 25 µm, NA = 0.063, Λ = 4.5 mm, and λ = 1064 nm.

LP Modes
Modes in
Helicoidal

Coordinates

Azimuthal
Mode Number Effective RI (Untwisted→Twisted) Modal Loss in dB/m

LP01
HE11

+ 1 1.450898→1.451134−2.510708e−9i 0.13
HE11

− 1 1.450898→1.450661−2.462778e−9i 0.13

LP11

HE21
+ 2 1.450790→1.451259−2.266232e−7i 11.64

TE01 0 1.450790→1.450786−2.256496e−7i 11.59
TM01 0 1.450790→1.450791−1.083072e−6i 55.40

HE21
− 2 1.450790→1.450318−1.022606e−6i 52.32

Modal losses of this fiber design in the range of 1.03–1.08 um are shown in Figure 8a.
It demonstrates that over about 20 nm range from 1060 nm to 1080 nm, FM presents low
losses (<0.2 dB/m) and first HOMs exhibit high losses (>10 dB/m). Figure 8b shows the
modal losses of this fiber design as a function of NA. The losses of HE11

+ and HE11
− modes
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decrease to 0.01 dB/m when NA = 0.069, but the losses of HE21
+ and TE01 modes also drop

dramatically once NA is larger than 0.063. When R = 25 µm, λ = 1064 nm and NA is fixed
at 0.063, FM losses remain lower than 0.2 dB/m while first HOM losses are higher than
10 dB/m with Λ in the range of 4.5–4.8 mm, as presented in Figure 9. The high loss ratio
(>150) between first HOMs and FM is achieved with Λ in the range of 4.6–4.7 mm.
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3.3. Mode Area Scaling

In this section, the core diameters of fibers are scaled up to 80 µm for SM operation.
SM operation is achieved in a twisted octagon-shaped core fiber with R = 40 µm, NA = 0.07,
and Λ = 3.9 mm, and losses of HE11

+, HE11
−, HE21

+, TE01, TM01, and HE21
− modes at

1064 nm are 0.14 dB/m, 0.15 dB/m, 19.08 dB/m, 19.34 dB/m, 35.24 dB/m, and 33.65 dB/m,
respectively. The FM losses of this fiber with different combinations of NA (in the range of
0.068–0.072) and Λ (in the range of 3.7–4.1 mm) and ratios of the lower one of first HOM
losses to fundamental mode losses are shown in Figures 10a and 10b, respectively. In these
combinations, the FM losses vary from lower than 0.2 dB/m to 1.2 dB/m, while the loss
ratio varies from lower than 20 to higher than 120. In a twisted heptagon-shaped core fiber
with R = 40 µm, NA = 0.068, Λ = 3.9 mm, losses of HE11

+, HE11
−, HE21

+, TE01, TM01, and
HE21

− modes at 1064 nm are 0.14 dB/m, 0.13 dB/m, 17.08 dB/m, 17.49 dB/m, 93.35 dB/m,
and 92.33 dB/m, respectively. For the combinations of NA (in the range of 0.066–0.07) and
Λ (in the range of 3.7–4.1 mm), FM losses vary from lower than 0.2 dB/m to 2.4 dB/m, and
the ratio of the lower one of first HOM losses to FM losses exceeds 160 when NA = 0.066
and Λ = 4 mm, shown in Figure 11a,b, respectively.
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Figure 10. (a) Modal losses of FM in a twisted octagon-shaped core fiber versus Λ and NA with
R = 40 µm, λ = 1064 nm, NA in the range of 0.068–0.072, and Λ in the range of 3.7–4.1 mm. (b) Ratios
of the lower one of first HOM losses to fundamental mode losses.
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As modal overlap between guided and leaky modes also appears in a larger core size,
with appropriate design parameters, the core diameter may be further increased due to the
origin of the modal loss coming from the twisting-caused loss and quasi-phase matching
between HOMs and leaky modes.

3.4. Discussion

Numerical results show that it is possible to achieve single mode operation in a large
mode area twisted polygon-shaped core fiber. Twisting-induced high losses to higher
order modes and coupling higher order modes with leaky modes play a significant role
in efficient higher order mode discrimination. Twisted polygon-shaped core fibers not
only noticeably decrease the design and fabrication complexity in P-CCC fiber but also
demonstrate the feasibility of extending the octagon-shaped core, a central core of P-CCC
fiber, to heptagon-shaped or other polygon-shaped core for a single mode LMA fiber.
The modal overlap between HOMs and leaky modes does not decline with the core size,
which allows significantly increasing core size of twisted polygon-shaped core fibers [22].

4. Conclusions

In this paper, we propose all solid twisted polygon-shaped core fibers for SM operation
with large mode areas. SM operation is ensured by coupling HOMs with leaky modes and
twisting-caused loss. It demonstrates that a fiber can achieve SM operation with only a
twisted polygon-shaped core, which is not the case in P-CCC fiber that both the eight-side
cores and polygon-shaped cores are indispensable. The design and fabrication complexity
is reduced in this fiber design compared to P-CCC fiber. A twisted octagon-shaped core
fiber with core size of 50 µm (NA = 0.065, Λ = 4.2 mm, and λ = 1064 nm) can achieve low
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FM losses, 0.3 dB/m, and high first HOM suppression, >15 dB/m. The core diameter can be
further scaled up to 80 µm (NA = 0.07, Λ = 3.9 mm, and λ = 1064 nm) with FM losses lower
than 0.15 dB/m and first HOM losses higher than 19 dB/m. Twisted heptagon-shaped core
fiber can obtain FM losses lower than 0.2 dB/m and first HOM losses higher than 11 dB/m
with a core diameter of 50 µm (NA = 0.063, Λ = 4.5 mm, and λ = 1064 nm), and the core
diameter can be further increased to 80 µm (NA = 0.068, Λ = 3.9 mm, and λ = 1064 nm)
with FM losses lower than 0.14 dB/m and first HOM losses higher than 17 dB/m. It is
worth noting that the mechanism by which to achieve single mode operation in twisted
octagonal- and heptagonal-shaped core fibers is also applicable to twisted structures with
other polygon-shaped cores.
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