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Abstract: We demonstrate a class of all-fiber torsion-tunable orbital angular momentum (OAM)
mode generators based on oxyhydrogen-flame fabricated helical long-period fiber gratings
(HLPFGs). The 1-order and 3-order OAM modes are excited based on the HLPFGs inscribed
in the single-mode fiber (SMF) and six-mode fiber (6MF), respectively. Theoretical analysis
reveals that the twisting can result a resonant wavelength shift of the HLPFG, which means that
the OAM modes can also be excited at various wavelength by simply applying a twist rate on
the HLPFG. Experiments are carried out to characterize the torsional tunability of the OAM
modes, and the results show that the 1-order and 3-order OAM modes can be excited at various
wavelength of ∼1564 - 1585 nm and ∼1552 - 1574 nm, respectively, when the torsion angle
varied from −360° to 360°, which is consistent with the theoretical analysis. Therefore, the
HLPFG can be a candidate for all-fiber wavelength tunable OAM mode generator.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In recent years, mode-division multiplexing (MDM) has attracted considerable attention due
to the potential to increase the transmission capacity in optical communication systems [1–4],
which is using the spatial linear polarization modes or orbital angular momentum (OAM) modes
to carry independent data channels or enable efficient multiplexing. For the unique properties
of helical phase-fronts, OAM mode has attracted great attention due to a variety of promising
applications, such as optical fiber communication [5–8], atom manipulation [9] and optical
tweezers [10]. The OAM modes can be obtained by use of a linear combination of the vector
modes or the degenerated modes with a π⁄ 2 phase difference [11,12]. The spiral phase plates
[13], mode converters [14], q-plates [15], spatial light modulators (SLMs) [16] are the common
free-space-based schemes to generate OAM. Nevertheless, the additional coupling system is
needed for the excited OAM modes to integrate into communication systems, which may introduce
additional coupling losses.

Meanwhile, many implement schemes on mode generators based on all-fiber have been
demonstrated, such as fiber couplers [17], mode excitation of fiber end face [18] and fiber
gratings [19,20]. The LPFG-based mode generators, with the significant advantages of scalability,
compactness, low loss and low cost, have attracted increasing attentions from researchers and
produced promising experimental results in recent years [21,22]. The helical long-period fiber
grating (HLPFG), as a new type of LPFG, can easily generate OAM modes owing to its special
helical refractive index modulation [23–26]. Based on the HLPFG, the ±1-order OAM modes
[27], OAM±5 and OAM±6 modes [28] were successfully excited in a single mode fiber (SMF) and
a photonic crystal fiber, respectively. All the OAM mode generators mentioned above can generate
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OAM mode with different orders effectively. However, the wavelength tunable characteristics
have not been studied. Zhao and Bai et al. [29,30] investigated the tunable characteristics of the
resonant wavelength with the change of torsion angle, but the effects on OAM modes have not
been demonstrated.

In this paper, we demonstrate a class of all-fiber torsion-tunable OAM mode generators by
using of the HLPFGs, which are inscribed by twisting the fiber during hydrogen–oxygen flame
heating. The HLPFGs based on the SMF and six mode fiber (6MF) successfully excite the 1-order
and 3-order OAM modes, respectively. Firstly, the torsional characteristics of the HLPFGs are
theoretically analyzed in detail, which reveals that the period of the HLPFG can be easily changed
by torsion, resulting in the large shift of the resonant wavelength. The corresponding torsion
experiments are designed and implemented, and the results reveal that the resonant wavelength
shifts linearly with the increase of the twist rate. When the torsion angle is varied from −360° to
360°, the 1-order OAM modes are excited at varied wavelength of ∼1564 - 1585 nm in SMF-based
HLPFG. Similarly, the 3-order OAM modes are excited at varied wavelength of ∼1552 - 1574 nm
in 6MF-based HLPFG.

2. Theoretical analysis

Helical long-period fiber grating (HLPFG) formed by the periodic helical refractive index (RI)
modulation along the longitudinal axis of an optical fiber, which couple light from fundamental
core mode into forward-propagating high-order mode at the resonant wavelength. According
to the coupled-mode theory and the mode perturbation, the resonance wavelength and the
mode-selection rules of the gratings are determined by the phase-matching condition and the
angular momentum matching conditions [31,32]:

λres = (nco
eff − nn

eff ) · Λ/N (1)

Jco = Jn + N · σ (2)

where Λ and λres represent the period and the resonant wavelength of the HLPFG, respectively,
nco

eff and nn
eff are the effective RIs of the fundamental core mode and the high-order coupling

mode, respectively. Jco and Jn are the total angular momentum of the core mode and coupling
mode. The topological charge number l of excited OAM mode is determined by N. σ is the
helix direction of the HLPFG, where σ = 1, and −1 represent the left-and right-hand helicity,
respectively.

When the fiber is twisted along the axis, a shearing force and a torsion strain will be brought
to the fiber, result in an elliptical birefringence in the HLPFG. The elliptical birefringence can be
defined as [33,34]:

E = GRT (3)

where E is the elliptical birefringence vector induced by twisting, and the change of which results
in the changing of δnco

eff and δnn
eff . δnco

eff and δnn
eff represent the effective RI variations of the core

mode and the coupling mode in every period of the HLPFG, respectively. RT and G are the twist
rate vector and the photo-elastic coefficient, respectively, and the twist direction of the twist rate
vector RT determines the direction of the elliptical birefringence vector E.

Furthermore, owing to the helical structure, the grating period of the HLPFG can be easily
reduced or enlarged by the clockwise (CW) or counter-clockwise (CCW) torsion, as shown in
Fig. 1. It is worth noting that the direction of the torsion is relative to the helicity of the grating,
and the CW and CCW represent the direction correspond and opposite to the helicity of the
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HLPFG. Thus, the resonant wavelength shift ∆λres can be calculated by [33,35]:

∆λres = (nco
eff − nn

eff ) · ∆Λ/N + (δnco
eff − δnn

eff ) · Λ/N (4)

where ∆Λ is the variation of grating period of the HLPFG caused by twisting. In particular,
compared with the high-order coupling mode, the effective RI of the fundamental core is hardly
affected by the shear stress. Therefore, the vector component of E will determine the change of
δnn

eff [33]. Thus, Eq. (4) can be revised as:

∆λres = (nco
eff − nn

eff ) · ∆Λ/N − δnn
eff · Λ/N (5)

Fig. 1. The change of the period induced by twisting: (a) before twisting and after twisting:
(b) clockwise direction; (c) counter-clockwise direction.

Compared with the conventional LPFG, besides the change of δnn
eff , the twist can also bring

the variation of ∆Λ. Therefore, twisting can result a larger resonant wavelength shift of the
HLPFG than that of the conventional LPFG. That, the wavelength of the OAM modes excited in
the HLPFG can also be dynamically tuned by simply applying a twist rate on the HLPFG.

3. Fabrication and experimental results

3.1. Fabrication of HLPFG-SMF

Firstly, a clockwise HLPFG (cwHLPFG) and a counter-clockwise HLPFG (ccwHLPFG) with the
grating period of Λ = 653.1µm are inscribed in SMFs with the hydrogen–oxygen fabrication
system [26]. Except the opposite directions of the rotator, the same fabrication parameters
are set to prepare the two spiral fibers. The corresponding grating length of the two samples
are L1 = 17 mm and L2 = 19 mm, respectively. Figures 2(a) and 2(c) show the transmission
spectra of the cwHLPFG-SMF and ccwHLPFG-SMF, respectively. The resonant wavelengths
and attenuations are (1576.2 nm, −35.2 dB) and (1575.4 nm, −25.9 dB), respectively, the small
discrepancy of the two HLPFGs may result from the different cutting lengths. The mode
distributions and its interference patterns with the Gaussian beams at the resonant wavelength for
the cwHLPFG-SMF and ccwHLPFG-SMF are measured with the OAM mode test system [30],
as shown in Figs. 2(b) and 2(d). The modes conversion efficiency of both HLPFGs are higher
than 99%, which can be deduced from the dip loss of the transmission spectrum. As we can see
from the mode distributions, the clear phase singularities in the center of the mode field verified
that the fundamental mode is effectively converted into the OAM mode. The counter-clockwise
and clockwise spiral interference patterns are clearly observed in Figs. 2(b) and 2(d), which
indicated that the −1-order and +1-order OAM modes are successfully excited at the output end
of the cwHLPFG-SMF and ccwHLPFG-SMF, respectively.

3.2. Torsion tuning characteristics the 1-order OAM mode

The torsion response is investigated by fixing the two ends of the HLPFG-SMF to a rotating
stage and a stationary stage, and the experimental setup is shown in Fig. 3. The small weight
is applied to provide a constant pre-strain to stretch state of the fiber. When twisting the fiber
from 0 to 360° and −360° in steps of 30°, the resonant wavelengths of the cwHLPFG-SMF
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Fig. 2. Transmission spectra of (a) the cwHLPFG-SMF and (c) ccwHLPFG-SMF. The
mode field distributions and its interference patterns with the Gaussian beams at the resonant
wavelength for the (b) cwHLPFG-SMF and (d) ccwHLPFG-SMF

(S1) and ccwHLPFG-SMF (S2) are recorded at room temperature, as shown in Figs. 4(a) and
4(b). Each torsion angle is maintained for 5 minutes to ensure the stability transmission spectra.
The inserts show the spectra evolution of S1 and S2 with varying torsion angles. A twist rate
is used to characterize stress per unit length of the HLPFG induced by twist, which is defined
as γ = θ/L′, where θ is the rotation angle and L′ = 13 cm is the length between the two fiber
holders. As we can see from Fig. 4, the resonant wavelength of S1 shifts linearly toward shorter
wavelength with the counter-clockwise twist increasing, and the opposite process is observed
when clockwise twisted is applied, the linearity is 99.30%. When the torsion angle increases
from 0 to −360°, the resonant wavelength of S2 shifts linearly toward longer wavelength, and
the opposite phenomenon is observed when twisting the fiber from 0 to 360°, the linearity is
99.31%. The torsion sensitivities of S1 and S2 are calculated of 209.76 and −176.49 nm/(rad/mm),
respectively.

Fig. 3. Schematic diagram of the experimental setup for the torsion measurement.

Figures 5(a) and 5(b) show the evolution of mode distributions and its interference patterns
with the Gaussian beams of the ±1-order OAM modes generated by samples S1 and S2 with
varying torsion angles at the resonant wavelength, respectively. As we can see from Fig. 5, when
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Fig. 4. The wavelength shift for samples (a) S1 and (b) S2 for an applied torsion angle.
Inset: The spectra evolution of sample (a) S1 and (b) S2 with varying torsion angles

twisting the HLPFG-SMF from −360° to 360°, the phase singularities in the center of the mode
field and the ±1-order OAM modes can be clearly observed at various wavelength of ∼1564 -
1585 nm. Therefore, the OAM modes can be excited at varied wavelength just by applying a twist
rate on the HLPFG, which is consistent with the theoretical analysis.

Fig. 5. The evolution of mode field distributions (upper) and its interference patterns with
the Gaussian beams (lower) of samples (a) S1 and (b) S2 with varying torsion angles

3.3. Fabrication of HLPFG-6MF

To verify the torsion tunability of the OAM modes generated by HLPFG, we repeat the experiment
with the HLPFG inscribed in 6MF. A cwHLPFG-6MF and a ccwHLPFG-6MF are prepared
with the same grating periods of Λ′ = 571 µm and different grating lengths of L3 = 28 mm and
L4 = 29 mm. Figures 6(a) and 6(c) show the transmission spectra of the cwHLPFG-6MF and
ccwHLPFG-6MF, the resonant wavelengths and attenuations are (1561.8 nm, −10.3 dB) and
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(1562.8 nm, −9.9 dB), respectively. The mode field distributions and its interference patterns with
the Gaussian beams at the resonant wavelength for the cwHLPFG-6MF and ccwHLPFG-6MF
are shown in Figs. 6(b) and 6(d). Similarly, there are phase singularities in the mode field and
the ±3-order OAM modes are clearly observed in the interference patterns. It can be seen from
the mode distribution that there is still Gaussian light in the center, and the mode conversion
efficiency is about 90%, which may result from the insufficient modulation of the RI, that can be
ameliorated by changing the preparation parameters.

Fig. 6. Transmission spectra of (a) the cwHLPFG-6MF and (c) ccwHLPFG-6MF. The
mode field distributions and its interference patterns with the Gaussian beams at the resonant
wavelength for the (b) cwHLPFG-6MF and (d) ccwHLPFG-6MF

3.4. Dynamical tunability of the 3-order OAM mode

Then, we experimentally study the torsion response of samples S3 and S4 with the same
experimental setup mentioned above, as shown in Fig. 7. Similar to the HLPFG-SMF, the resonant
wavelength of the cwHLPFG-6MF (S3) shifts linearly (the linearity is 99.94%) toward shorter
wavelength with the counter-clockwise twist increasing, and the opposite process is observed
when clockwise twisted is applied. The opposite phenomenon is observed for ccwHLPFG-6MF
(S4). The torsion sensitivities of S3 and S4 are +237.34 and −211.68 nm/(rad/mm), respectively.
The mode distributions and its interference patterns with the Gaussian beams for the ±3-order
OAM modes at varying torsion angles are shown in Figs. 8(a) and 8(b), respectively. When the
torsion angle is varied from −360° to 360°, the phase singularities and the ±3-order OAM modes
can also be clearly observed at the varied wavelength of ∼1552 - 1574 nm, which are same to ±1
-order OAM modes generated by S1 and S2. Therefore, the ±3-order OAM modes at different
wavelength can also be excited just by twisting the HLPFG-6MF.
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Fig. 7. The wavelength shift of samples (a) S3 and (b) S4 for an applied torsion angle. Inset:
The spectra evolution of sample (a) S3 and (b) S4 with varying torsion angles

Fig. 8. The evolution of output mode distributions (upper) and its interference patterns with
the Gaussian beams (lower) of samples (a) S3 and (b) S4 with varying torsion angles
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4. Conclusions

In this paper, a class of all-fiber torsion-tunable mode generators based on HLPFG are demon-
strated. The HLPFG-SMF and the HLPFG-6MF are prepared by twisting the SMF and 6MF under
a hydrogen–oxygen flame, which can excite ±1-order and ±3-order OAM modes, respectively.
The torsional characteristics of the HLPFGs are investigated, and the results show that the OAM
modes can be excited at varied wavelength just by applying a twist rate on the HLPFGs. Thus,
the proposed mode generators can be used as a class of all-fiber wavelength tunable OAM mode
generators, which can find applications in all-fiber MDM systems and fiber sensing systems.
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