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Abstract: We report fabrication and simulation of an F2 glass six-strut suspended core fiber
(SCF) with small effective core diameter of 2.5 pum for cylindrical vector (CV) modes
generation and propagation. Simulation results show that the fiber has a large effective
refractive index difference in the order of 107*-107° between the first higher-order CV modes,
including TEy, HE;™" and odd and TM,, modes. TE, and TM, were experimentally
generated and were evaluated as having high purity of 82 percent and 85 percent,
respectively. The results demonstrate that the SCF is a competitive waveguide candidate for
selectable CV mode generation and propagation.

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

1. Introduction

The cylindrical vector (CV) beams and orbital angular momentum (OAM) beams,
characterized by a dark hollow center, have special properties with phase or polarization
singularities. Typically for these beams, radially polarized light under tight focusing
conditions has strong longitudinal electric field at the focus, while the azimuthally polarized
light produces strong longitudinal magnetic field with zero electric field at the center of the
focused beam [1]. Those properties have been explored for a variety of applications, such as
far field nano/microscopy [2—6], trapping and acceleration of particles [7,8], material
processing [9-11], laser machining [10], quantum optics [12] and high power lasers [13,14].

In recent years, optical fibers as a means of generating and propagating CV and OAM
beams are gaining attention. Much progress has been made on designs of optical fibers
supporting CV modes, which includes TEgy,, HE,; and TM,, modes [15-20]. Doughnut-
shaped radially and azimuthally polarized modes generated in fibers underpinned the
demonstration of high power fiber lasers with reduced nonlinear and damage effects [21,22],
and enabled applications for digital signal processing multimode communications [23].
Moreover, azimuthally polarized TEy; modes have been exploited in fiber based two photon
endoscopy for nanoscale resolution imaging [24] and sensing [25]. The hybrid HE,; mode in
fiber has been studied for fiber based stimulated emission depletion (STED) nano/microscopy
[26,27]. All these fiber-based applications require a fiber that is capable of generating and
propagating distinct, pure CV modes.

STED microscopy is a powerful far-field imaging technique that can achieve resolution
beyond the diffraction limit [3,28]. It uses a Gaussian beam to excite the fluorophore and a
red-shifted, doughnut-shaped beam spatially overlapped with the Gaussian beam to deplete
the fluorescence spherically except at the dark center of the depletion beam. The resolution of
STED microscopy is critically dependent on the dark center intensity of the doughnut
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depletion beam, called the STED beam, since any residual light or misalignment of the dark
central region directly degrades the depletion effect that yields nanoscale resolution.

Free space STED systems have a number of practical challenges associated with the high
precision alignment required for the Gaussian beam and the STED beam. The conventional
system setup is bulky, requiring a number of discrete optical components, and is susceptible
to environmental thermal variations and vibrations which currently limit the application in
clinical environments. One effective solution to address the alignment issue is to use a STED
fiber to stably deliver the STED beam (comprising the fiber TEq; or HE,; Eigen-mode) and
Gaussian beam of different wavelengths simultaneously through a single strand of fiber
[20,24,26]. In addition to supporting two wavelengths beams, stable delivery along one fiber
enables highly precise alignment and increases the STED system flexibility for applications,
including making remote on-site imaging possible.

In most conventional fibers, the required fiber modes are normally degenerate with
neighboring modes due to the fiber modes having nearly identical mode propagation
constants. Fibers that have large mode propagation constants differences (i.e. large effective
index differences) are required to deliver stable, pure CV modes for fiber-based STED
microscopy. Fibers with specially designed glass claddings [24,26] have large core/cladding
index contrast and hence large effective index differences. They were demonstrated to
support CV modes propagation for STED application.

In this work, we report for the first time the successful fabrication of a six-strut suspended
core fiber (SCF) using extrusion technique and experimental confirmation of stable fiber CV
modes generation and propagation in the fiber. The fiber has a distinct structure with air
cladding and hence significant larger core/cladding index contrast compared to those fibers
with specially designed glass claddings. The strut number of six is selected because the core
of a six-strut SCF has a hexagonal shape, which is closer to a circular core shape and hence
results in more uniform, close to circular first higher order modes field distributions compared
to that of SCFs with smaller number of struts. The fiber exhibits a loss of 1.5 dB/m at
wavelength of 808 nm. Our fiber’s first higher order modes, including azimuthally polarized
TEy mode, hybrid HE,;""*" and odd 1 hdes and radially polarized TMy; mode, have been
theoretically investigated using finite element software COMSOL. The simulations show that
our six-strut SCF with 2.5 pm effective core diameter is capable of generating and delivering
stable CV modes such as TEy, HE;; or TMy, modes individually with large effective
refractive index difference between them in the order of 107*-107 which is about one order
magnitude higher than that of fiber being reported so far. Using the measured field
distribution of the TE,; mode, the maximum extinction ratio of this CV mode doughnut rim
maximum field intensity to the dark center minimum field intensity was determined to be 5.6
dB. The purity of the experimentally generated TE,; and TM,; modes was found to be 82%
and 85%, respectively.

2. Fiber fabrication and characterization

In this work, a commercially available lead silicate F2 glass (Schott Glass Co.) was used. F2
glass is attractive because it combines high transmission in the visible spectral range with a
low softening temperature of 592°C [29]. The high transmission in the visible is of interest for
(bio) chemical sensing and imaging applications since it allows for the efficient excitation of
a range of fluorophores (for examples, quantum dot labelled proteins at 532 nm [30], nano
diamonds of type Ila [31] at 532 nm or xanthene dye JA26 at 635 nm [32]). The low
softening temperature makes it possible to extrude the glass through stainless steel dies for
preform and jacket tube fabrication [33]. The refractive index of F2 glass (n = 1.62 at 588
nm) is higher than that of silica glass (n = 1.46 at 588 nm) bringing advantages such as higher
sensitivity due to enhanced fluorescence capture fraction [34], tighter mode confinement and
higher optical nonlinearity.
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The fibers were made in a three-step process using the extrusion technique for preform
fabrication [33], which is a more reproducible and economical fabrication process than the
stacking technique traditionally used to produce microstructured optical fibers. Firstly, the
structured preform and jacket tube with outer diameter (OD) of ~12 mm and ~10 mm,
respectively, were extruded from F2 glass billets of ~30 mm diameter. Secondly, the preform
was reduced in size to a “cane” of ~1 mm OD using a fiber drawing tower. This cane was
inserted into the jacket tube with inner diameter (ID) fitting closely to the cane. Finally, the
assembly was drawn down to the final SCF with 125 um OD.

The dimensions of the preform, cane and fiber features (OD, core diameter, strut length
and thickness) were measured using cross-sectional images taken using a digital camera for
the preform, an optical microscope for the cane and a scanning electron microscope (SEM)
for the fiber. For the cane and fiber, the average dimensions of several samples were
determined. The cross-section of the extruded structured preform is shown in Fig. 1(a). The
structure comprises a central solid core supported by six long thin struts, which extend along
the preform length. The cross-section of the drawn cane [Fig. 1(b)] shows that the structure
has been well maintained during the scale-down draw process. As the SCF has a hexagonal
core shape [Fig. 1(c)-1(e)], we define the fiber core diameter d as the diameter of the circle
that is inscribed within the hexagonal core, whereas the effective core diameter d. is defined
as the diameter of the circle that has the same area as the hexagon that fits wholly within the
SCF core, i.e. deir = 1.05 % d, as shown in Fig. 1(e). The SCF has OD of 125 um and core
diameter d of 2.36 pm (dg = 2.5 pm). The fiber core is suspended in the outer glass region by
six fine struts with length s of ~3.9 um and thickness of less than 150 nm. The outer glass
region protects the small core and thin struts and provides sufficient mechanical strength for
handling and cleaving the fiber. The air holes make up the cladding, with the fine struts
suspending the core in the air cladding while being sufficiently thin and long to enable tight
mode confinement.

Fig. 1. Cross-sectional images and definitions of the cross-sectional structure features of (a)
extruded preform taken by digital camera; (b) drawn cane taken by optical microscope; (c)-(e)
drawn SCF taken by SEM.

In [29], modelling of the Gaussian confinement loss of F2 glass three-strut SCF shows
that the air cladding to effective core radius ratio, r./resr, at 0.1 dB/m confinement loss
decreases with increasing effective core diameter normalized to the wavelength A, d.s/A, with
the air cladding radius being defined as the sum of one strut length and effective core radius,
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Fair = 8 T Fegr. In [29], for the largest modelled d.i/A = 1, the r,;/res ratio is 3.5. Compare to our
fiber, d/A is 3.1 and ry/regr is 4.1. The similarity of the modelled r,;/re for the three-strut
SCF with the measured r,;/r.s for our six-strut SCF suggests that the confinement loss of our
fiber for Gaussian mode is ~0.1 dB/m. From the modeling of our F2 glass six-strut SCF, the
confinement loss for TEy mode is calculated to be ~0.4 dB/m for the mode at 808 nm
wavelength which is also small. In addition, the absence of significant increase of the
measured fiber loss for >808 nm wavelength as shown below indicates negligible
confinement loss for our fiber up to 1.2 um wavelength.

The fiber loss was measured using the cut-back loss measurement technique with a
plasma white light source. The loss spectrum for the fiber is shown in Fig. 2. At the
wavelength of 808 nm, considered here for STED microscopy, the fiber loss of ~1.5 dB/m for
our six-strut SCF with d.¢ = 2.5 pm core is slightly higher than the loss of ~0.6 dB/m for a
three-strut F2 glass SCF with d. = 2.1 um core [29,35]. Possible reasons for higher loss are
fiber core surface contamination and different glass flow in the die used for our fiber
compared to the die design used for the three-strut SCF. The loss of 1.5 dB/m is acceptable
for applications requiring only a couple of meters of fiber, such as fiber-based STED
microscopy for in-vivo bio-imaging over short distance in a clinical environment. In this
work, we approximate the loss of each mode to be the same as overall fiber loss we measured
which is based on a beam supposed comprising all modes.

6 ’ T Y T J T Y T

Fiber loss (dB/m)

T T T T T T T
400 600 800 1000 1200

Wavelength (nm)

Fig. 2. Measured loss spectrum for the fabricated fiber.
3. Modeling of the first higher-order modes

Large mode propagation constant differences between a fiber’s first higher order modes
(typically with doughnut shape fields distributions that resemble CV beams) are essential to
prevent degeneration or coupling between neighboring modes, enabling stable CV mode
propagation along the fiber, which is critical for STED microscopy. To evaluate the
propagation properties of the first higher order modes in our six-strut SCF, numerical
modelling of those modes in the fiber were performed. To understand the impact of core
shape and symmetry on mode field distribution, we modelled not only the fabricated, real six-
strut fiber with asymmetric hexagonal core (using the vectorized geometry based on the tested
real fiber cross-section SEM image) but also an ideal six-strut fiber with symmetric
hexagonal core having the same effective core diameter of 2.5 pm as the real six-strut fiber
(using constructed geometry) and an air-clad (unstructured) fiber with circular core having the
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same diameter. These three fiber structures were modelled using refractive index of 1.6 at
wavelength of 808 nm and commercially available finite element modelling software
COMSOL [27].

The large core/cladding refractive index contrast of the fibers results in a large mode
effective refractive index difference An. (hence large propagation constants difference)
between the first higher order modes, which include TEy, HE,; and TM, modes. The
simulation results of the field distribution of the TEg;, HE,,°% “"¢¢*" and TM,; modes for the
three fiber structures investigated are shown in Fig. 3. For the real, asymmetric hexagonal
core six-strut fiber, An of the fundamental modes (HE;;** “¢*") and the first higher order
hybrid modes (HE,,*% @ evny are in the order of 107°. Ang between the TE,, and the
neighboring first higher order HE,; mode and between TMy, and its neighboring HE,; mode
are in the order of 10~°. These index difference scales are expected to support stable TEq; and
TMy; modes propagation along the fiber as these values are at least one order of magnitude
higher than that reported for a fiber with specially design glass cladding (1.8 x 10™*), which
showed experimentally stable CV mode propagation [20].

TEo HE ;"™ HE;,°% TMg;

Fig. 3. The first higher order mode field distributions at 808 nm wavelength and 1.6 glass
refractive index for (a) air-clad fiber with circular core of 2.5 um diameter, (b) ideal six-strut
fiber with symmetric hexagonal core of 2.5 um effective diameter, (c) real six-strut fiber with
asymmetric hexagonal core of 2.5 um effective diameter.

The first higher order Eigen-mode fields of the CV modes of the circular core air-clad
fiber and the ideal symmetric hexagonal core six-strut fiber are distributed symmetrically in
doughnut shapes in the fibers’ cross section [Figs. 3(a) and 3(b)]. The circular core air-clad
fiber has doughnut modes with circular outer and circular inner shape, while the symmetric
hexagonal core six-strut fiber has doughnut modes with hexagonal outer and circular inner
shape. Comparison of the mode field distributions of the circular core and symmetric
hexagonal core fibers shows that both fibers have identical field polarizations. By contrast,
the real, asymmetric hexagonal core six-strut fiber which has been modelled for the first time
in this work has shown distorted mode field distribution [Fig. 3(c)] due to the asymmetric



Research Article Vol. 26, No. 24 | 26 Nov 2018 | OPTICS EXPRESS 32042 I

Optics EXPRESS

geometry of the core in the fabricated SCF. The effect of the distortions will be reported in
detail in future work.

The refractive index differences between the CV modes for the three fiber structures
investigated at 808 nm wavelength are listed in Table 1. More detailed An.s properties of the
ideal symmetric core six-strut SCF were reported in [27] which focused on theoretical
modeling of SCFs with different materials and dimensions to understand the properties of the
fiber. For the circular core air-clad fiber, An.¢ between the TE(; or TMy; and the neighboring
HE,; modes is in the order of 10~. Both the symmetric and the asymmetric hexagonal core
six-strut fibers have similar An. values, which are approximately half of the circular core air-
clad fiber. The results show that our real SCF has a high An. of 1.427 x 107° between TEy,
and the neighboring HE,; which is in the same order as that of circular core air-cladding fiber.
Although An.g between TM,; mode and the neighboring HE,;°* mode in the symmetric and
asymmetric hexagonal core six-strut fibers (8.22 x 107" and 9.25 x 107, respectively) is
smaller than that in the circular core air-clad fiber (1.723 x 10"3), these Angy are well in line
with the mode stability proxy Ang >107* [19,36] to support distinct mode generation and
propagation. The hybrid modes have Angy in the order of 107 for the circular core air-clad
fiber and the ideal symmetric core SCF between the even and odd modes which is too small,
making the propagation constants too close to make those modes distinguishable. For the real
asymmetric core SCF, Angy between the hybrid even and odd modes is calculated to be
~7.232 x 107° which is approaching the order of 10~ and suggests a possible to be excited
separately. According to the calculation, An.; between the fundamental modes and the
neighboring first higher order mode is 2.431 x 107 which is in the order of 1072 to support the
selective excitation of a fundamental mode in this fabricated SCF as well.

Table 1. Refractive index differences between the neighboring first higher order modes
for circular core air-clad fiber, symmetric and asymmetric hexagonal core six-strut

fibers.
fiber structure Aneg(TEq-HE;, ") Aneg(HEy*"-HE,,*") Ang(HE*™-TM,)
circular core air-clad fiber | 2.41 x 107 1.873 x 10™° 1.723 x 107
ideal symmetric core six- |} 44q 10 8.408 x 107 8.22 x 107
strut fiber
real asymmetric core six- | 45 0 7232 % 107 9.25 x 107
strut fiber

4. Experimental results for CV mode field distributions in six-strut SCF

For the fabricated six-strut SCF with effective core diameter of 2.5 um, TE,, HE;; and TMy,
modes have been successfully generated and investigated experimentally using the setup
shown in Fig. 4. An S-waveplate (WOP: Workshop of Photonics), which is a super-structured
space variant polarization converter, was used to convert a Gaussian beam into an azimuthally
or radially polarized beam as the light source. A Gaussian beam from a pigtailed diode laser
source with 808 nm wavelength (LOS BLD 0808 2W, HTOE) is launched to a linear
polarizer through a 40 % objective (0.65 NA) and propagated through the S-waveplate to
convert the Gaussian beam to an azimuthally polarized doughnut beam or a radially polarized
doughnut beam for TE,;; mode and TM,; mode generation in the same fiber. With limited
length of useful fabricated fiber, the length of the fabricated six-strut SCF for CV modes
excitation testing varied from 30 cm to 80 cm. The fiber length was 43 cm for the best results
reported in this work. The fiber was mounted on two NanoMax stages (Max313D/M,
Thorlabs) placed closing to each other with the fiber bended with a bending radius of ~5 cm.
The generated TE(; and TM,; modes from the output end of the fiber were measured by a
CCD camera (LBA-FW-SCOR20, Spiricon) through a 60 x objective (0.75 NA). The modes’
polarization characteristics were tested using a linear polarizer (LPNIR050, Thorlabs) set
between the fiber output end and the CCD camera.
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Fig. 4. Schematics of the experimental setup for CV modes generation in the six-strut SCF
using input doughnut beam generated through an S-wave plate together with a linear polarizer.

In this setup, azimuthally and radially polarized free space beams are generated by the S-
waveplate combined with the linear polarizer. When azimuthally polarized light is coupled
into the SCF, a TE( mode is generated and propagates along the fiber, while radially
polarized light excites a TM,; mode in the fiber. The measured intensity distributions for
TEq;, TMy; and HE,; odd modes of the real six-strut fiber shown in Fig. 5 closely resemble
the predicted intensity distributions shown in the insets in Fig. 5 column (1). The results show
that the first higher order group modes TE,; and TMj, can be selectively generated in the SCF
due to the large Ang in order of 1073-107* between the neighboring modes. Partial HEzl"dd
mode was observed due to it has a An.g with its near neighbor HE,,***" mode in the order
close to ~107*,

(1) (2) (3) (4) (5) (6)

Fig. 5. (a)(1) Azimuthally polarized TE,;; mode; (b) (1) radially polarized TM,, mode and
(c)(1) hybrid polarized HE;; mode fields at A of 808 nm obtained by imaging the near field at
the end face of the fiber (fabricated six-strut SCF with effective core diameter of 2.5 pm) onto
a CCD camera together with the linear polarizer in four orientations as indicated by the arrows
in columns (2)-(5) and (6). Vector plots of the electric field orientations that were calculated
from the measured horizontally and vertically polarized light intensity data. The insets in
(a)(1), (b)(1) and(c)(1) are the calculated field distributions of the azimuthally polarized TE,,
radially polarized TMy, and hybrid HE,, modes of the fabricated SCF.

The intensity distributions measured with four different linear polarizer directions (as
shown in Fig. 5 by the white arrows at 0 degree, 45 degree, 90 degree and 135 degree relative
to horizontal direction) exhibit typically two lobes. The intensity distributions vary with linear
polarizer. The orientation of the two lobes of the TEy and TMy; modes turn in the same
direction as the linear polarizer turning direction as shown in Fig. 5(a) and 5(b) columns (2)-
(5), while the orientations of the two lobes of the HE,; mode turn in opposite direction to that
of the linear polarizer turning direction as shown in Fig. 5(c) columns (2)-(5). By combining
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the measured intensity at each point of the distributions of Fig. 5 columns (2) and (4), the
local total intensity and the field orientations at any point in the cross section of the output
beam can be calculated based on Stokes parameter Sy, which is the total intensity of the light
according to [37]. The calculated output beam polarizations are shown in Fig. 5(a), 5(b) and
5(c) column (6).

The measured TEj, mode intensity distribution profile is shown in Fig. 6. The mode
excitation efficiency was calculated. Using the ratio of the measured fiber output end power
to the input end power, the TE( mode total loss including TE,; mode coupling loss and the
fiber transmission loss can be obtained. Subtracting the fiber transmission loss of the
measured 1.5 dB/m, TE,; mode coupling efficiency is estimated to be ~8%. The TM,; mode
and HE,;°* mode excitation efficiencies were estimated to be ~21% and ~12%, respectively.
The low coupling efficiency of the TE(; mode could be due to the fiber end cleaving issue and
mismatching of the input beam size and the fiber core excited mode dimension etc. For a low
coupling efficiency, a high power laser source would be required and such a source will
increase the cost of the whole setup. The doughnut beam extinction ratio of the doughnut rim
maximum field intensity to the central dark area minimum intensity was measured to be ~5.6
dB for the TE(; mode shown in Fig. 6 (corresponding to a residual intensity of ~28% of the
maximum intensity of the doughnut rim in the dark center of the doughnut beam). This 28%
residual intensity in the dark center for our six-strut SCF is much higher than the ~1%
residual intensity in the dark center (18.75 dB extinction ratio) reported for a fiber with
specially designed glass cladding [38]. The higher value of central dark area residual intensity
for our fiber may come from various factors including the imperfection of the SCF core
symmetry, wavelength mismatch between the S-wave plate (800 + 25 nm) and laser line (808
+ 1 nm), imperfect laser beam quality, misalignment of the laser source beam center and S-
waveplate center (limited by the components controlling precision of tuning position),
imperfection of the S-waveplate and resulting imperfection of the doughnut beam source
symmetry. The central dark area residual intensity of the STED beam spoils the STED image
by drastically reducing the STED image intensity [39]. More specifically, for free space
STED microscopy [39], 5% and 50% doughnut center intensity of the STED beam leads to an
image with resolution of ~60 nm and ~160 nm, respectively, and 50% and 90% intensity
drop, respectively, compared with a confocal image, which makes collection of a high quality
image difficult. In our six-strut SCF, the central dark area intensity is ~28%, which is
expected to result in a poor quality, dim STED image with >100 nm resolution. Hence
optimization of our experimental setup and improvement of the fiber core symmetry are
required to reduce the central dark area residual intensity.

Fig. 6. TE( mode (a) field distribution; (b) profile along horizontal dashed line and (c) profile
along vertical dashed line.

For the azimuthally polarized TE,; mode, the orientation of the bisector of the two lobes is
normal to the direction of the linear polarizer [Fig. 5(a) columns (2)-(5)]. For the field
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distribution of this mode, the contour plot from the measured image is compared with the
contour plot calculated using measured horizontally and vertically polarized components [Fig.
7 (a) and 7(b)]. Using the measured data of the output beam, the measured horizontally and
vertically polarized fields together with the measured 74.5% linear polarizer transmission, the
average TE(; mode purity (power of the azimuthally polarized component shown in Fig. 7(b)
of the overall TE(; mode field intensity shown in Fig. 7(a)) was calculated to be 84%.
Considering the linear polarizer transmission of 82.6% given in the polarizer data sheet, the
purity was calculated to be 82%.

Fig. 7. Field intensity contour of (a) measured azimuthally polarized TE,; mode; (b) calculated
azimuthally polarized TE; mode using measured horizontally and vertically polarized
distribution data; (c) measured radially polarized TMy; mode; (d) calculated radially polarized
TMy; mode using measured horizontally and vertically polarized distribution data.

For the radially polarized TM,; mode, the orientation of the bisector of the two lobes is
parallel to the direction of the linear polarizer [Fig. 5(b) columns (2)-(5)]. Using the measured
polarizer transmission of 74.5%, the average TMy, mode purity was calculated to be as high
as 90%. Using the 82.6% transmission listed in the polarizer datasheet, the mode purity was
calculated to be higher as 85%. For both TE,; and TM,; modes, the calculated fields intensity
distributions based on the horizontal and vertical polarization fields are more circular than the
measured field intensity distribution based on CCD camera image.

For the hybrid HE,; mode, the orientation of the bisector of the two lobes is no longer
orthogonal or parallel with the direction of the linear polarizer. The calculated local
polarization is shown by the vector plot in Fig. 5(c) column (6). The calculated purity based
on the data of the measured image is just 70%.

The same factors that contribute to the doughnut beam center intensity determine the
purity of the measured higher order modes. Main factors include excitation beam and fiber
core alignment error, input STED beam residual polarization errors and the fiber core
geometry symmetry (especially for TMy, and HE,;, modes in this experiment). The laser
source and the detector noise introduced errors are negligible for the purity due to those
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noises compared to the near saturated doughnut crest maximum intensities are small and also
can be further cancelled out in the calculation. With high precision adjustment of the
azimuthally or radially polarized input beam source position and distribution within the
limitations of our experimental setup such as position tuning precision and S-waveplate
quality, the alignment coupling error and beam source polarization error can be reduced.
Using a fiber with higher core symmetry, the geometry induced mode field distribution
distortion can be minimized.

5. Summary

We report for the first time in this work the real six-strut F2 SCF fabrication based on our
previously modelling predictions and the experimental confirmation of the fiber’s selective
generation and propagation of individual TEy;, HE;; and TMy; modes with high purity. The
fabricated high index F2 glass six-strut SCF provides significant high index contrast between
glass core and air cladding and a small effective core size of 2.5 um, enabling large effective
index differences between the doughnut-shaped CV modes. Hence this structured SCF
supports stable distinct mode generation and propagation. The experimental results show that
stable TE(; and TMy; modes can be generated and propagated along our 43 cm long SCF with
high purity of 82% and 85%, respectively. The mode purity can be further enhanced by
improving alignment adjustment, input beam quality and fiber core symmetry. The TEg,
mode in our SCF is of particular interest for fiber based STED micro/nano microscopy
imaging.
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