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ABSTRACT In this work, we designed and simulated a novel air-core As;Sj3 ring fiber that supports
orbital angular momentum (OAM) modes. By optimizing the structure parameters of the designed fiber to
effectively tailor its chromatic dispersion, a near-zero flat dispersion profile with a total of < £30 ps/nm/km
variation over 3380-nm bandwidth from 2025 nm to 5405 nm is achieved for OAM ;| mode. After launching
a 100-fs 70-kW hyperbolic secant pulse into an 8-mm air-core AspSj3 ring fiber, a light-carrying OAM
supercontinuum is numerically formed beyond two-octave range, covering 5717nm bandwidth from 1182 nm
to 6897 nm at -30dB. Furthermore, the generated supercontinuum is highly coherent across the whole spectral
range. This can serve as an effective manner to expand the spectral coverage of the OAM beams for various

applications.

INDEX TERMS Supercontinuum generation, optical vortex, nonlinear optics, ring fiber.

I. INTRODUCTION
Orbital angular momentum (OAM) has gained much atten-
tion due to its special doughnut-shaped intensity distribution,
as well as the theoretically infinite topological states. It has
enabled a variety of applications such as optical communica-
tions [1]-[3], sensing [4], [5], particle manipulation [6]—[8],
imaging [9]-[11], laser beam machining [12], [13], etc...
Since coaxially light beams with different OAM states can
be efficiently separated, it is possible to increase the spectral
efficiency and data capacity of communication systems by
using OAM mode-division multiplexing (MDM) [14].
Supercontinuum has been an active field for decades due
to its numerous applications. Among different characteristics,
the spectral range of the supercontinuum is one of its criti-
cally important factors. Recently, supercontinuum generation
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of OAM light states in nonlinear fiber has been reported,
which could expand the spectral coverage of the ensuing
optical vortex beams. One pioneer research has shown that
an octave-spanning supercontinuum of light-carrying OAM
was generated using specially designed optical fibers [15].
Another latest work used a 100-kW 60-fs input pulse to obtain
a stable supercontinuum of optical vortex beams spanning
from 696 to 1058 nm at —20 dB power level [16]. However,
the spectral range of the generated OAM supercontinua is
limited to around one octave. Proper material choice and
advanced dispersion engineering are highly desirable to fur-
ther expand the OAM spectrum with improved coherence.
Numerous researches have been performed toward vari-
ous fiber or fiber-based devices suitable for near- and mid-
infrared (IR) wavelengths. One of the promising material
platforms is chalcogenide glass (including S, Se, and Te),
which exhibits a wide transmission window in IR band [17].
Consequently, it becomes an enabling material for various IR
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FIGURE 1. (a) Concept of supercontinuum generation; (b) Cross-section
of the air-core As, S5 fiber; (c) Intensity and phase distribution of the
OAM, ; mode supported in the fiber.
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devices. A number of previous researches have been investi-
gated in chalcogenide waveguides and fibers, and suggested
that they may be suitable for supercontinuum generation with
both broad bandwidth and flat spectrum profile [18]-[23].

In this paper, we propose a novel air-core ring fiber with
a high-index As;S3 ring, which could better support OAM
modes. The annular high-index profile of the ring fiber makes
it suitable for preserving OAM modes, as the intensity profile
of the OAM beams is also ring-shaped. By optimizing the
structural parameters of the designed fiber to 8-um air-core
and 1-umring width, we could theoretically achieve flattened
dispersion with < £30 ps/nm/km variation over a 3380-nm
optical bandwidth ranging from 2025 to 5405 nm. After
launching a 100-fs 70-kW pulse train centered at 3400 nm
into the 8-mm long designed air-core As;S3 ring fiber, a >2.5
octave supercontinuum spectrum carrying the OAM| | mode
is generated with the wavelength from 1182 nm to 6897 nm at
-30 dB of power level. These results are validated through the
numerical solution of the generalized nonlinear Schrodinger
equation.

Il. CONCEPT AND FIBER STRUCTURE

Figure 1(a) illustrates the concept of the OAM supercontin-
uum generation, in which the spectrum is broadened when
a short pulse train is incident into a nonlinear transmission
medium. The phenomenon is mainly due to the interaction
of the nonlinear and dispersion effects. Here, we propose a
novel fiber design with a low-index air core, a high-index
AsyS3 ring, and a SiO; cladding, as shown in Figure 1(b). The
ring fiber’s annular high-index profile makes it suitable for
preserving OAM modes, as the OAM beams also has a ring-
shaped intensity profile. The large material index-contrast
among the cladding, the air core, and the ring region enables
a large effective-index separation among the HE;ij; or
EH;_1,1 mode of the same |/| family, which significantly
reduces the intermodal coupling and potentially reduces
the modal crosstalk. Therefore, this design choice on fiber
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material and structure can better support and conserve OAM
modes. Moreover, the As;S3 chalcogenide material, in which
most of the OAM mode resides, has high nonlinear coefficient
over wide transparency window, which can potentially realize
efficient OAM supercontinuum generation over a wide spec-
tral range. Besides, we choose a 125-um cladding diameter,
the same as the standard single-mode optical fiber (SMF).
Because of the large index contrast, the fiber could preserve
sufficient effective refraction index difference between adja-
cent modes, which enables mode separation and help avoid
the modal crosstalk.

From the fabrication point of view, the material selec-
tion and fiber structure design are feasible [24] and fibers
composed by silica and chalcogenide have been manufac-
tured in practice [25]. The detail fabrication process is as
the following. Firstly, the bulk chalcogenide glass should
be grinded into fine powder using a ceramic mortar. This
process should be in a Nitrogen environment to avoid the
material oxidation. Then the chalcogenide glass powder is
dissolved in ethylenediamine with >99% purity to prevent
the solvent from evaporation. In the next step, the initial
silica fibers are infiltrated by means of the capillary forces.
Finally, the samples can be further annealed close to the
transition temperature (7'g) of the chalcogenide glass in order
to remove the solvent and leave only the glass layer. Noted
that using high purity chalcogenide glass prepared based on
the melt-quenching technique could effectively improve the
glass quality in the experiments [25].

The intensity and phase distributions of the OAM;,; mode
(OAM;,; =HES{" + ixHEJ%)) are depicted in Fig. 1(c),
which are obtained by analytical theory and validated by
full-vector finite-element-method (FEM). Since the HE‘;V‘Ien
and Hng‘ld eigenmodes are nearly degenerate, the walk-off
between them within 8-mm length is very small. We note that
the shape of the ring-like intensity distribution remains and
the phase distribution of the OAM;; mode has a 27 change
azimuthally. For the higher-order OAM; ,, modes (I > 2),
they can be composed by HE; 11, **" + ixHE,; | ,0da OF
EHj_1 meven +ixEH;_ ,0aa. Here, we focus our investigation
of supercontinuum generation to HE; 1, corresponding to the
! = 1 mode.

lIl. FIBER PROPERTIES WITH OPTIMIZED DISPERSION
The chromatic dispersion plays an important role, in which a
flat and low dispersion is significantly desirable for achiev-
ing supercontinuum generation over a wide bandwidth. The
dispersion D in the units of ps/km/nm can be calculated by
2
D= _l‘ﬂ )
¢ d\?

where ¢ is the velocity of light in free space and ngy is
the effective refractive index of the propagating mode in the
designed fiber. In order to obtain flat and near-zero dispersion
in the proposed air-core ring fiber, we have investigated
the structure parameters including the ring width (Ar) and
air-core radius (7).
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FIGURE 2. (a) Dispersion as a function of the fiber ring width (Ar);
(b) Dispersion as a function of the fiber air-core radius (ry); (c) Nonlinear
coefficient and dispersion of the fiber with the optimized design.

We first change the ring width (Ar) and the dispersion
curve of HE> | mode is shown in Figure 2(a). One can see that
the smaller ring width induces a faster-changing dispersion
under conditions of the same air-core radius and the disper-
sion curve moves up with the larger ring width. We further
optimize the air-core radius (r1), which has less impact on
the dispersion as illustrated in Figure 2(b). The dispersion
curve comes down slowly by enlarging the air-core radius.
According to the above simulated results, we can obtain the
desired dispersion curve by carefully choosing the structure
parameters of the fiber.
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Nonlinearity is another important parameter to affect the
efficiency of nonlinear process. Figure 2(c) shows the non-
linear coefficient (y) and the dispersion from 1000 nm
to 7500 nm of the HE; ;| mode in the designed waveguide with
optimized geometric parameters (r;] = 8 um, Ar = 1 pum).
The structure is dispersive in the short wavelength range until
2 um, which is mainly induced by the material dispersion.
In the mid-infrared region, the fiber has small normal dis-
persion, with a total dispersion variation of < £30 ps/nm/km
over a 3380-nm bandwidth from 2025 nm to 5405 nm. It is
obvious that the optimized structure has a smooth disper-
sion profile over a wide wavelength range. Moreover, the
chromatic dispersion is negative up to 5300 nm, reaching a
local maximum of -6.5 ps/nm/km at 2685 nm. The simulation
results show that the proposed special air-core ring fiber
offers y as approximately 707 /W/km at 1.0 pum, and it
decreases with the wavelength due to the increased effective
mode size.

IV. SUPERCONTINUUM GENERATION

The supercontinuum generation is investigated using the gen-
eralized nonlinear Schrodinger equation (GNLSE), which
considers the contributions of both the linear effects (loss
and chromatic dispersion) and the nonlinear effects (self-
phase modulation, stimulated Raman scattering, and self-
steepening) [26].

MM « LR LY\
4 ZA— B
Z + 2 anz nWﬂ" aT"
i 9
=iy (1- APA— ——[A)PA
iy ( fR)<[] oo o7 A )

+iyfrd+ wio)(A/0 R(t) A T —1)*d1) (2)

where o represents for the loss coefficient, wq is the input
pulse frequency, 7 is the present time frame, and fg is
the fractional contribution due to delayed Raman function
R(7) [27]. Besides, B, means the nth-order dispersion and
up to tenth order of dispersion is taken into consideration for
this simulation. The nonlinear refractive index np for AsyS3
is 3 x 10718 m?%/W and we used a full-vector model to obtain
the Kerr nonlinear coefficient y in the simulation [17], [27].

In the simulation, we set the fiber loss as 1 dB/m from
1000 nm to 6000 nm, and then gradually increased to 10 dB/m
at wavelength larger than 6000 nm, according to the As>S3
material loss [17] and the previous experiment results of
AsyS3 ring fiber [28]. The generated supercontinua in the
designed fiber with 8-pm air-core radius and 1-um ring width
are shown in Figure 3, where the influence of various parame-
ters including the pump center wavelength, pump peak power
and pulse width have been analyzed. We obtained the material
refractive indices of SiO, and As;S3 using the Sellmeier
equations in our model [29], [30].

First, a 100-fs 70-kW secant hyperbolic pulse with differ-
ent center wavelength Ao is launched into the 8-mm fiber
with different peak powers. The simulation results are shown
in Figure 3(a). We pumped the fiber at 2500 nm, 3400 nm
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FIGURE 3. Influence of the initial pulse parameters on the broadening of
output spectra. (a) Full-width at half maximum (Tgypn) = 100 fs, input
pulse peak power (Py) = 70kW and changed pulse wavelength (1),

(b) Trwhm = 100 fs, Lo = 3400 nm and changed Py, (c) 1o = 3400 nm,
Py = 70kW and changed Tgyym-

and 4000 nm, respectively, considering that 2500-nm opti-
cal parametric amplifier pump lasers are practically avail-
able [31] and the emission band of future praseodymium
(Pr’*)-doped chalcogenide fiber lasers have broadband emis-
sion in the 3000-5000 nm wavelength region [32], [33].
We noted that the spectrum obtained with the pump peak
power at 3400 nm is much broader than at 2500 nm and
much flatter than that at 4000 nm, covering the wavelength
range from 1.2 um to 7.1 wm. This can be explained that
the spectrum is easily extended to short wavelength range as
the nonlinear coefficient () in the short wavelength range is
larger than that of long wavelength range. Therefore, pump-
ing at longer wavelength is preferable to further expand the
supercontinuum to a longer wavelength region. The super-
continuum pumped at 4000 nm is not effectively broadened
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FIGURE 4. Broadening of the output spectra obtained at various lengths
of the designed air-core ring fiber.

and becomes poorer since the pump wavelength was far
away from local minimum of the chromatic dispersion. The
influence of the input peak power is illustrated in Figure 3(b).
It can be clearly seen that higher peak power results in
larger supercontinuum bandwidth, while it could degrade the
flatness and induce spectral fluctuation if the input power is
too high. We choose 70-kW input pulse to achieve a tradeoff
between the spectral broadness and its flatness. Moreover,
symmetric broadening can be observed for the pump with
20-kW power due to self-phase modulation (SPM), whereas
four-wave mixing rises in the long wavelength and the spec-
tral broadening tends to be asymmetric at higher pump power.

Finally, Figure 3(c) illustrates the effect of the full-width at
half maximum (Trwpm) of the input pulse. We use a 70-kW
short pulse as the input to the designed fiber, with different
pulse durations of 50 fs, 100 fs, 200 fs, respectively. One
can clearly see that there is more fluctuation in the output
spectrum for an input pulse with a longer duration. The input
pulse with a longer pump pulse duration has more energy
and narrower spectrum when the peak power is fixed. Thus,
the nonlinear effect is more pronounced, which is mainly
responsible for the roughness. Moreover, the output spectrum
of the 50-fs input pump pulse is narrower than the others.
The reason behind is that different pulses has the same peak
power, and thus shorter pulse has lower total input power
and wider spectrum. As a result, shorter input pulse has a
smaller power spectral density, and thus not enough power
is provided at the long wavelength region besides the low y.
Additional simulation shows that one can enhance the pump
power to further expand the supercontinuum range for 50-fs
input pump pulse case.

Figure 4 illustrates that supercontinuum generation using
the 70-kW 100-fs input pulse centered at 3400 nm after the
propagation of 0, 0.6, 1, 2, 4 and 8-mm fiber lengths, respec-
tively. The result shows that the broadening of the output
pulse can be obtained in only a few millimeters propagation
length, which is mainly due to the strong nonlinearity and low
dispersion. Here, the nonlinear length (Lny) and dispersion

VOLUME 8, 2020
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FIGURE 5. Temporal and spectral evolutions of the pump pulses along
the 8-mm air-core As, S ring fiber.

length (Lp) can be expressed as

1
Iy, = — 3)
M= h
1
Lp = — 4
D 5 “®

where y is the nonlinear coefficient, Py is the peak power
of input pulse, and B represents the propagation constant.
The Lnp, and Lp for the proposed air-core ring fiber are
8.4 x 1072 mm and 260 mm, respectively. The nonlinear
effect is stronger than the dispersion effect, and play a leading
role in the process of the spectrum broadening. Moreover,
although the loss increases to 10 dB/m at wavelength larger
than 6000 nm, this only results in small total insertion loss
for the 8-mm length designed fiber. Thus, the spectrum in the
long wavelength region holds and the shape of the two-octave
supercontinuum remains. By further properly adjusting the
designed fiber structure, the supercontinuum can be poten-
tially obtained for other OAM modes.

Figures 5(a) and (b) present the temporal and spectral
evolutions of the corresponding supercontinuum over propa-
gation distance. One can see that the spectrum is expanded to
approximately 5000-nm wavelength range after propagating
through a 6-mm designed fiber. Firstly, the spectrum broadens
uniformly around the input pulse wavelength due to SPM.
Then, optical wave breaking (OWB), which can also be
explained as a degenerate four-wave mixing (FWM) process,
leads to the generation of new spectrum components [34].
After 2-mm propagation length, the accumulated dispersion
leads to the walk-off effect, as shown in Figure 5(b). After
4-mm propagation length, the spectrum stops broadening
and get smoother, which is illustrated in Figure 5(a). The
simulated results show that >2.5 octave supercontinuum can
be generated, covering 5715-nm bandwidth from 1182 nm
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TABLE 1. OAM Supercontinuum Generations in Fibers.

Fiber SC Range Bandwidth Reference
. L 630-1430 nm
air-core SiO; ring fiber (20 dB) 800 nm [15]
annular-core SiO, 696-1058 nm
photonics crystal fiber (20 dB) 362 nm (16l
As,S; ring photonic 1196-2418
crystal fiber nm (-20 dB) 1222 nm (21]
air-core As,S; ring 2850-6573 .
fiber nm (20 dB) 3723 nm this work
air-core As,Ss ring 1182-6897 .
fiber nm (30 dB) 5715 nm this work
T T T T T
1.0 .
o 0.8} .
=
o 06 4
e
2
o 04}
&)
0.2} -
0_0 1 1 1 1 1
1.5 3.0 4.5 6.0 7.5

Wavelength (um)

FIGURE 6. The coherence of the generated supercontinuum for
Py = 70 kW, Tpyyym = 100 fs and 1y = 3400 nm.

to 6897 nm at -30 dB. We further compare our result with
some previous researches as shown in TABLE 1.

Finally, we analyzed the coherence of the corresponding
generated supercontinuum. The quantum noise of the input
source can influence the coherence property of the supercon-
tinuum spectrum [27]. A series of simulated spectra is formed
and the result of the simulation is shown in the Figure 6.
Here, we took random quantum noise into consideration and
executed 40 times. Thanks to the normal dispersion design
for the <5300 nm wavelength regime, the generated spectra
are highly coherent.

V. CONCLUSION

In summary, 8-mm designed air-core As;S3 ring fiber is used
for OAM supercontinuum generation with a 100-fs 70-kW
secant hyperbolic pump pulse. Simulation results show that
a >2.5 octave supercontinuum can be generated of light-
carrying OAM; 1 mode in the mid-infrared region, expand-
ing from 1182 nm to 6897 nm. The generated OAM spec-
trum can maintain >0.99 coherence across the above 6-yum
spectral range. The new type of ring fiber we designed can
be a good candidate for generating supercontinuum carry-
ing OAM modes which is applicable for various nonlinear
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applications. Furthermore, it is expected that the supercon-
tinuum carrying higher-order OAM modes can be achieved
with new design of the fiber.
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