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Understanding cladding properties is crucial for designing microstructured optical fibers. This is
particularly acute for Inhibited-Coupling guiding fibers because of the reliance of their core guidance
on the core and cladding mode-field overlap integral. Consequently, careful planning of the fiber

. cladding parameters allows obtaining fibers with optimized characteristics such as low loss and broad

. transmission bandwidth. In this manuscript, we report on how one can tailor the modal properties

. of hollow-core photonic crystal fibers by adequately modifying the fiber cladding. We show that the
alteration of the position of the tubular fibers cladding tubes can alter the loss hierarchy of the modes
in these fibers, and exhibit salient polarization propriety. In this context, we present two fibers with
different cladding structures which favor propagation of higher order core modes — namely LP4; and

: LP,; modes. Additionally, we provide discussions on mode transformations in these fibers and show

. that one can obtain uncommon intensity and polarization profiles at the fiber output. This allows the

. fiber to act as a mode intensity and polarization shaper. We envisage this novel concept can be useful for

: avariety of applications such as hollow core fiber based atom optics, atom-surface physics, sensing and
nonlinear optics.

Intense efforts have been devoted to hollow-core photonic crystal fiber (HCPCF) research since its first proposal

: in 1995'. In the latest years, HCPCFs have revealed themselves as a great platform for the understanding of the

. waveguiding mechanisms and as an excellent tool for addressing diverse applications needs.

: HCPCF can guide light by photonic bandgap (PBG)' or Inhibited-Coupling (IC)* mechanisms. In PBG guid-
ing fibers, and similarly to total-internal reflection fibers, the coupling of the core mode to the cladding is forbid-
den because the cladding modal spectrum is void from any propagation mode at the core guided-mode effective
index-frequency space!. Otherwise, in IC guiding fibers, the core and cladding modes coupling is robustly min-
imized by having a strong mismatch in their transverse spatial phases and a small spatial overlap between their
fields?. In this context, the confinement loss (CL) in IC fibers, in contrast with PBG ones, is strongly dependent
on the core contour characteristics. This observation motivated the introduction of the hypocycloid-core contour
(i.e. negative curvature) in 2010>*, which allowed to attain a dramatic reduction in the transmission losses in IC
guiding HCPCFs.

: Thus, a great interest was observed on the development of HCPCFs with hypocycloid-shaped cores and, in

: particular, on the study of single-ring tubular lattice (SR-TL) HCPCF®. The growing interest in this sort of fibers

. has been motivated by their noteworthy properties, which encompass a cladding geometric simplicity combined

. with the absence of connecting nodes, and allows obtaining, by virtue of IC criteria, ultralow-loss and broad
spectral transmission bandwidth®. In this framework, research papers have been published on the optimization
of SR-TL HCPCF design to reduce confinement and bend losses®, to study their modal content and to achieve
single-mode operation®®'. Additionally, one can find in the literature a set of investigations on the use of such
fibers in applied fields as in mid-IR lasers'?, generation of single-cycle pulses', and sensing'*.
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SR-TL HCPCFs transmit light by IC guiding® In SR-TL HCPCFs, the lattice tubes define an hypocycloid core
contour, which lowers the spatial overlap between core and cladding modes. Additionally, it is endowed with a
silica microstructure which is void of structural nodes (which support low azimuthal number modes and disfavor
IC guidance)®.

As in SR-TL HCPCFs the core contour is demarcated by the tubes that forms the fiber cladding, the definition
of their geometric parameters are of great importance for designing the fiber properties. For instance, by ade-
quately choosing the diameter, the thickness and the number of tubes in the cladding, the researcher can design
fibers with different core sizes, predict the spectral location of the transmission bands and the losses levels which
are suitable for the desired application®°.

Here, in a different fashion, we study and demonstrate that the alteration of the azimuthal position of the
cladding tubes can favor the propagation of higher order core modes, i.e., by adequately choosing the spacing of
selected cladding tubes, it is possible to tailor the fiber modal properties and alter the loss hierarchy of the modes
in the fiber. To achieve this goal, we used the findings of the detailed study on the Poynting vector in the trans-
verse plane of SR-TL HCPCF available in®, which concluded that the power leakage through the spacing between
the lattice tubes is strongly increased when this spacing between them is enlarged.

Thus, here, we explore this concept both theoretically and experimentally by studying and developing two
tubular fibers whose lowest loss modes are the LP;; and LP,,, instead of the LP,;. We believe that such control
feature on the mode loss hierarchy is unprecedented in optical fiber.

Additionally, we present experiments on mode transformations in these fibers with modified cladding struc-
tures. We show that interesting output intensity profiles can be obtained. In particular, for one of the studied
fibers, the superposition of LP,; and LP,; modes entails an LP,-like intensity profile in the fiber output with
unusual orthogonal polarization sites. Remarkably, if the input light polarization is conveniently adjusted, these
orthogonal polarization regions can be individually or simultaneously excited. We envisage that these properties
can be useful for atom optics and sensing experiments.

Simulation Results

Figure 1 summarizes numerical simulation results for three SR-TL HCPCFs fiber designs (FD). The first FD (see
top left of the panel Fiber Design #0 of Fig. 1a) is a SR-TL HCPCF with 10 tubes and constant spacing between
the tubes, used here as a reference to study the properties of the novel designs proposed in the following. The
second FD consists of a cladding with 8 tubes and two larger gaps defining an angle of 180° between them (Fiber
Design #1) and a third fiber with 8 tubes and four larger gaps apart 90° with respect to each other (Fiber Design
#2). The fibers have same core diameter (45 pm) and same tubes sizes (outer diameter D = 15pm and thickness
t=750nm). FD #1 is obtained from FD #0 structure by simply removing two tubes on the horizontal axis. The
obtained larger gaps measure 20.2 um. FD #2, in turn, has the same number of tubes than FD #1 but a different
azimuthal distribution of the same. Thus, in FD #2, we obtain two pairs of larger gaps, one along the horizontal
direction and the other along the vertical one. The larger gaps in FD #2 are narrower than in FD #1 and they
measure 12.3 pm.

In Fig. 1, each of the FD panels shows the fiber structure transverse profile (top left), its effective index (top
right), and the CL spectrum of the most representative core modes that can be guided through the fibers — namely
the LP;;, LP,; and LP,, modes (medium of the panel). The intensity profiles of these modes are shown in the
bottom left. The bottom right of the panel shows the corresponding Poynting vector transverse component. It
is noteworthy that TE,-like, TM,,-like and HE,,-like modes were found in the simulations of FD #0 and FD #2
due to its 10-fold and 4-fold symmetry, respectively. However, in FD #1, owing to its 2-fold symmetry, LP;-like
modes were obtained in the simulations. In order to have homogeneous results between the different fibers under
test, we choose to analyze LP-like mode profiles and adopt the LP notation for simplicity. Within this context,
the LP,;-like modes profiles for FD #0 and FD #2 were obtained by a suitable superposition of the TE,-like,
TM,,-like and HE,,-like modes found in the simulations'®. Additionally, as LP modes with same azimuthal num-
ber can exhibit different field distributions, here we define as LP; |, the mode with the two lobes along the vertical
direction and as LP,;,, the mode having the two lobes along the horizontal one. Moreover, it is true that for each
field distribution there are two different polarizations. Since the numerical results show a weak dependence on the
polarization in the investigated fibers, we emphasize that we only consider the vertically polarized LP-like modes
in our analyses for simplicity.

The effective indices plots show comparable dispersion curves for the three FD. In contrast, the plots for the
CL reveal that the alteration of the azimuthal position of the cladding tubes in the fiber structure allows changing
the modes losses hierarchy. For FD #0, as expected, the simulation results show that the LP,, is the core mode with
lowest CL figures (with losses around 3.6 dB/km at 1000 nm), followed by the higher order modes. Instead, we see
that, for FD #1, the inclusion of larger gaps between the tubes at 180° enhances more than two decades the CL for
the fundamental mode LP,, and for the modes LP,,;, while keeping low impact in the CL of the LP,,, and LP,,
modes. It entails that, for FD #1, the mode with lowest loss is the LP;;, mode, whose CL is calculated to be 33 dB/km
at 1000 nm - not so different than the loss of the same mode in FD #0 (12 dB/km).

In this context, it is also remarkable that FD #1 geometry entails very different loss figures among the modes
of LP,, family. It is noteworthy that the LP,;, mode, which has the zero electric field line separating the two lobes
passing through the larger gaps, exhibits much lower losses than the LP,,, which has the zero line passing through
a narrower gap. The larger gaps between the cladding tubes in the horizontal direction causes the LP;;;, mode field
to spread towards the silica jacket, which strongly deteriorates its confinement and highly increases its loss from
11 dB/km to 16500 dB/km at 1000 nm. Also, the LP,; mode has the zero line passing through the larger gaps
and, thus, shows a weak dependence on them. At 1000 nm, its CL passes from 70 dB/km in FD #0 to 360 dB/km
in FD #1. Finally, it is worthy observing in Fig. 1 that the larger gaps in the FD #1 cladding enhances the difference
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Figure 1. Schematic diagram for the cross sections of the studied fibers; plots for the effective refractive index
(n.¢) and CL as a function of the wavelength for LP, (black curve), LP,, (red curve), LP,,;, (blue curve) and LP,,
(green curve); mode profiles and color map for the radial component of the Poynting vector (p, - in logarithmic
scale, at the wavelength of 1000 nm) for LP,, LP,,,, LP,;;, and LP,,. (a) Fiber design #0: tubular fiber with identical
gap between the lattice tubes. (b) Fiber design #1: tubular fiber with two bigger gaps at 180°; (c) Fiber design #2:
tubular fiber with four bigger gaps at 90°. In the effective refractive index plots, the cladding tubes HE,; (LP;)
dispersion (pink curves) is shown for comparison.

between the effective refractive indexes of LP;;, and LP;;, modes. At 1000 nm, the difference between their effec-
tive refractive indices is 7 x 107>,

Furthermore, by observing in Fig. 1 the FD #2 figures, we can observe that the addition of four larger gaps
defining an angle of 90° between each other again allows to change the modes losses hierarchy. For this fiber, the
inclusion of the bigger gaps at 90° deteriorates the losses of the LP;; mode, causing the modes with lowest losses
to be the LP,, and LP;; modes. In particular, at 1000 nm, the mode with the lowest loss is the LP,, one with CL
around 80 dB/km.

The explanation of how the alteration of the azimuthal position of the cladding tubes can modify the modes
losses hierarchy is centered on the fact that the power leakage through the spacing between the cladding tubes is
strongly increased when this spacing is larger®. To address this point, we calculated the power flux along the fiber
radial direction for the most representative modes guided through the fibers. The density of power flowing along
the radial direction is accounted by the normalized radial component of the Poynting vector, p,, given by Eq. (1),

where E and H are the electric and magnetic fields of the mode, 7 is the radial unit vector, and p, the maximum
value of the longitudinal component of the Poynting vector®. The results of these simulations are shown in Fig. 1,
where p, (at the wavelength of 1000 nm) is plotted in logarithm scale.

1 — —_—
pr:—E>< H* 7

2p, 1

It is seen that, for FD #0, the main channel for mode leakage is the direction along the lattice tubes instead of
the gaps between the same. For the mode LP,,, the electric field distribution does not depend on the azimuthal
angle. This results in a symmetric p, distribution on the fiber cross-section plane. Conversely, the modes with
non-zero azimuthal number exhibit one or more zero lines in the electric field distribution. For these modes, the
p; distributions show that the flux along these zero electric field lines is significantly lower. For the mode LP,,,
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Figure 2. (a) Cross section of the fiber with two bigger gaps at 180° (F#1), (b) the transmitted spectra and (c)
the near field profiles for different lengths. (d) Measured loss for the LP;; mode (blue line) together with the
simulated CL (red line).
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Figure 3. (a) Cross section of the fiber with four bigger gaps at 90° (F#2), (b) the transmitted spectra and (c)
the near field profiles for different lengths. (d) Measured loss for the LP,, mode (blue line) together with the
simulated CL (red line).

this corresponds to the horizontal axis and, for LP,},, to the vertical direction. For the mode LP,,, zero electric
field lines exist along horizontal and vertical directions.

In FD #1, the larger spacing between the lattice tubes in the horizontal direction causes the gap between the
tubes to be the main channel for power leakage of LP;, and LP,y;. In fact, by comparing CL figures of FD #0 and
FD #1 we can observe that the CL of LP;, and LP,, significantly increase whereas the variation for the CL of LP,,,
and LP,, is much weaker. As a consequence of that, in FD #1, the LP,;, mode becomes the lowest loss one. This
property is confirmed by the results of FD #2. In this case, the only mode having zero electric field lines along the
direction of the two pairs of larger gaps (and, thus, low p, along these directions) is the LP,, mode. Therefore, it
exhibits the lowest CL in this fiber (around 1000 nm wavelength).

To stress that the change in the modes loss hierarchy in these fibers is due to the modification in the fiber
cladding rather than any resonant coupling of the core modes to the cladding, we provide in Fig. 1 the dispersion
curve for the fundamental mode of the cladding tubes (pink line). We see there is a great difference between the
core modes effective refractive indexes and the effective refractive index of the fundamental mode in the cladding
tubes, which excludes the possibility of resonant coupling between them.

Ergo, we can observe that the CL hierarchy of the fiber modes can be effectively tailored by working on the
tubular fibers cladding unit-cell. In this approach, we take into account the field distributions of the core modes
and strategically enlarge selected gaps between the cladding tubes in order to favor the propagation of higher
order modes.

Fiber Fabrication and Loss Measurement

To experimentally study the results attained in the simulations, we performed the fabrication of two different
fibers, which reproduced the characteristics of the ones studied in the last section (Figs 2a and 3a show their cross
sections). The fibers were fabricated by using stack-and-draw technique. Here, we refer to the fabricated fibers as
F#1 and F#2 to avoid confusion with the simulated ones. F#1 structure has larger gaps between the tubes defining
an angle of 180° between them. F#2 has, instead, larger gaps at 90° between each other. The larger gaps between
the tubes in F#1 measure (17.0 = 0.2) pm while the smaller ones measure (4+ 1) um. In F#2, the larger gaps
between the lattice tubes measure (9.2 +-0.8) um and the smaller ones (3.4 +0.4) um.

Cutback measurements were performed in order to account for LP,, and LP,, losses in F#1 and F#2 respec-
tively. To achieve this, we optimized the input coupling conditions to obtain the LP,, and LP,, profiles at the fibers
output before performing the cutback. It was done by both offsetting the input beam from the fiber center and/
or by conveniently tilting it. Figure 2b show the transmitted spectra through F#1 for different fiber lengths. For
each fiber length, the output beam profile is recorded to ensure that only the mode of interest is excited. Figure 2¢
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Figure 4. (a) Electric field profiles of LPy, y, LP,,, y, and of the superposition of these modes in FD #1
(Erpory Erpi1ay and Ey). |Ey|? stands for the intensity profile. (b) Electric field profiles of LPy, x, LP, ), x, and
of the superposition of these modes in FD #1 (E_py; x> Ep11ax and Ey). |Ex|? stands for the intensity profile.
(c) Resultant intensity profile for the superposition of the LP,, and LP,,, modes as a function of the input
polarization angle (0). Arrows represent the electric field.

shows the reconstructed near field profiles for the spectra presented in Fig. 2b. Here, the camera images were
superposed to the fiber cross section to help visualization. The results shown in Fig. 2c readily demonstrate that
the measured loss (Fig. 2d, blue line) stands for the LP,; mode loss in F#1, measured to be 200 dB/km for wave-
lengths around 1000 nm. Also, it is shown in Fig. 2d the CL for LP,; which was simulated from a model based of
the fiber microscopy image (red line). A good agreement is seen between simulated and experimental results.

Analogously, Fig. 3b show the transmitted spectra through F#2 for different fiber lengths when the fiber out-
put was that of the LP,; mode (near field profiles available in Fig. 3¢, with camera images superposed to the fiber
cross section to help visualization). The measured loss for the LP,; mode in F#2 was accounted as 300 dB/km for
wavelengths around 1000 nm (Fig. 3d). Similarly to F#1, the simulated CL for LP,, mode in F#2 (red line) com-
pares well with the measured results. It is noteworthy that it is the first time that exciting selectively LP,, or LP,,
over such long section of fiber of this type is reported.

Mode Transformations In Modified Cladding Fibers

Although the tubular fibers with modified cladding we study herein can favor the propagation of higher order
modes and change the modes losses hierarchy in the fibers, we can, by adequately tuning the coupling conditions,
excite combinations of the modes supported by the fiber structure. Indeed, we could, by conveniently tuning the
light launching conditions, obtain LP,-like and LP;-like mode profiles in F#1 output, and LP,-like, LP,,-like,
and LP,,-like mode profiles in F#2 output. The observation of these mode profiles is consistent to the modal con-
tent of F#1 and F#2 measured using spectral and spatial imaging technique (S* technique)'”, which detected that
LP,, and LP,, contributions in F#1 output and LP,,;, LP, and LP,, contributions in F#2 output.

In this section, we show that owing to the possibility to excite combinations of these modes on one hand and,
on the other, due to their particular polarization properties, we can generate interesting output intensity profiles
with unusual intensity profile and polarization distributions. The fiber, thus, acts as a mode intensity and polar-
ization shaper.

As an example, we investigated the superposition of LP;, and LP,;, modes in FD #1 to illustrate the fiber inten-
sity and polarization shaping capability. Figure 4a,b show the simulated electric field distributions of vertically
and horizontally polarized LP, and LP,,, modes (E;pg; yv» Erpor x> Erpi1ay and Epp; 1, x)> and the electric field and
intensity profile which results from their superposition (Ey, Ey, |Ey|* and |Ex|?), calculated according to Eq. (2)
and Eq. (3). In Egs (2) and (3), o, B, ~, and 8 are constants that account for the contributions of the LP, y, LP,, v,
LPy, x and LP, |, x modes to the output profile. The Ey, Ey, |Ey|* and |Ex|*profiles shown in Fig. 4 were calculated
for «=0.75,3=0.25,y=0.75, and 6=10.25.
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Figure 5. (a) Experimental setup for the mode transformations characterizations. HWP: half-wave plate;

L1 and L2: lenses; BS: beam splitter; PBS: polarizing beam splitter; C1, C2 and C3: CCD cameras. (b) Output
intensity profile of F#1 measured in C1 for different input polarization angles. Output intensity profiles
measured in C1, C2 and C3 for (c) F#1 and for (d) a standard telecom optical fiber. (e) Polarization ellipses from
polarimeter data for upper and bottom lobes in the LP,,-like profile of F#1 output. (f) Output intensity profile
of F#2 measured in C1 for different input polarization angles. In (b,f) the camera images were superposed to the
fiber cross section for better visualization.

Ey = a Epgy + B Eppriay (2)

Ey = Eppo1,x + 6 Eppriax (3)

In Fig. 4a, we observe that a y-polarized lobe at the bottom half of the core can be obtained if vertically polar-
ized light is launched into the fiber. Otherwise, Fig. 4b shows that, if horizontally polarized light is coupled into
the fiber, an x-polarized lobe at the upper half of the core is obtained.

An interesting outcome of the above properties is seen when we examine a beam with such modal content
after passing through a polarizer which axes are defined by an angle 6 with respect to the horizontal plane. The
resulting intensity is given by Eq. (4):

ER@O)F = [(y Erporx + 6 Eppriax)cosfF + [ Eppory + 5 Eppiig,y)sinF 4)

Figure 4c shows the intensity profiles for different 6 values (obtained by using a=0.75, 3 =0.25, y=0.75,
and §=0.25). It is observed that, as the polarization angle is changed, the output intensity profile is altered so
that a LP,,-like mode profile with unusual orthogonal polarization regions can be obtained when 0 =45°. This is
remarkable and very different from the usual electric field configuration of a LP,; mode output, whose electric
field orientation at the lobes are parallel. When 6= 0° and 6 = 90°, we obtain, respectively, the x- and y-polarized
lobes at the upper and bottom halves of the core, which is consistent to Fig. 4a,b results.

The experimental demonstration of this intensity spatial-mode shaping principle was carried for both F#1
and F#2, and it is shown in Fig. 5. The setup employed (Fig. 5a) uses a diode laser at 1070 nm to couple into the
fiber under test, CCD cameras (C1, C2 and C3) for beam profile recording, and polarizing optical components to
control the beam polarization at fiber input and at the different output ports.

Figure 5b presents the output LP,,-like intensity profiles measured in C1 for different input polarization angles
(0) for a 3.6m long F#1 (the camera images were superposed to the fiber cross section to help visualization). We
observe that, consistently with the simulations shown in Fig. 4c, the alteration of the input light polarization allows
obtaining the bottom lobe, the upper lobe or both lobes in the fiber output. Additionally, Fig. 5¢ exhibits that, for the
situation in which the fiber output has the two-lobed LP;-like profile (observed in C1), the detected profiles in C2
and C3 are that of the upper and bottom lobes respectively. As C2 and C3 are placed at different ports of the PBS, we
conclude that the lobes in the output profile of the F#1 have orthogonal polarization states, as the simulations have
predicted. For comparison, we show in Fig. 5d the profiles detected in C1, C2 and C3 when F#1 is replaced by a 1 m
long standard telecom fiber (singlemode at 1550 nm, but which supports few modes at 1070 nm). The procedure for
LP,, excitation in the telecom fiber was the same than the one performed to couple the higher order modes in the
tubular fibers - the input beam was conveniently offset and tilted to obtain the desirable output profile. As expected,
the lobes of the LP;; mode in the telecom fiber have parallel polarization direction and, therefore, the mode profile
is not split by the PBS. The property of having an LP,,-like output profile with orthogonal polarization sites is, there-
fore, remarkable and very particular to the tubular fiber design we study herein.
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Additionally, we measured, by replacing C1 by a polarimeter, the polarization state of each lobe in F#1 output
profile individually. It was done by selectively blocking the LP,,-like profile lobes and launching the resulting light
into the polarimeter. Figure 5e shows the polarization ellipses measured in the polarimeter for both lobes. The
ellipticity (¢) of the polarization ellipses was measured as 0.15 and 0.21 for the upper and bottom lobe respectively.
The crossed orientation of the polarization ellipses shown in Fig. 5e confirms that the lobes in F#1 output inten-
sity profile have indeed mutually orthogonal polarization states.

Furthermore, we show in Fig. 5f that it is also possible to tune the output intensity profile shape when using
F#2. For this one, we see that the rotation of the input polarization angle () allows to obtain two lobes at the bot-
tom or at the upper part of the core at the fiber output, which, once again, is very distinctive. By simply rotating
the polarization angle, we can obtain a variety of intensity profile such as ones with two and three lobes.

Conclusion

In conclusion, we theoretically and experimentally investigated the properties of IC guiding tubular fibers with
modified cladding structures. A strategic modification of the azimuthal position of the tubular fiber cladding
tubes allows altering the mode losses hierarchy in these fibers. To study this new concept, we studied two novel
fibers with modified cladding structures, which favored the propagation of LP,; and LP,; modes. In addition, we
showed that it is possible to work on the combinations of the modes in the fibers with modified cladding in order
to obtain interesting intensity and polarization profiles at the fiber output. We believe that this concept will be
useful for new experiments in HCPCF based sensing, atom optics, atom-surface interaction and nonlinear optics.
For example, in alkali atom filled HCPCF experiments such as the ones reported in', the ability to excite the atoms
with such intensity profiles could be useful to assess the contribution of the atom-surface interaction compared to
a Gaussian-like profile. Also, the capability to excite selectively such polarization dependent modes would open
the control parameter space in nonlinear optical experiments. Furthermore, it should also be said that the loss
levels reported here could be reduced if a cladding structure with lower confinement loss such as nested cladding
tubes is used’. Finally, the results reported herein reinforce the idea that a deep understanding of the fiber clad-
ding is key for designing IC guiding optical fibers with the desired characteristics and performances.

Data Availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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