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Abstract. Cylindrical vector beams and vortex beams, two types of typical singular optical beams
characterized by axially symmetric polarization and helical phase front, possess the unique focusing
property and the ability of carrying orbital angular momentum. We discuss the formation mechanisms of
such singular beams in few-mode fibers under the vortex basis and show recent advances in generating
techniques that are mainly based on long-period fiber gratings, mode-selective couplers, offset-spliced
fibers, and tapered fibers. The performances of cylindrical vector beams and vortex beams generated in
fibers and fiber lasers are summarized and compared to give a comprehensive understanding of singular
beams and to promote their practical applications.
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1 Introduction
In the past decades, spatially modulated structured light has
captured a great deal of research interest and found a variety
of applications.1–5 Spatially modulated structured light refers
to light beams with special intensity, phase, or polarization
distributions in the spatial domain, such as Bessel beams, Airy
beams, cylindrical vector beams (CVBs), and vortex beams
(VBs). Ideally, the Bessel beam represents a perfect diffraction-
free optical field with a sharply defined central maximum, and
thus the transverse intensity distribution is independent of the
propagation distance.6 Airy beam is another type of diffraction-
free waves and displays a distinctive self-accelerating property
during the propagation.7 CVBs are generally characterized by
axially symmetric polarizations and can be classified as an
azimuthally polarized beam (APB), a radially polarized beam
(RPB), and a hybridly polarized beam.8,9 VBs are characterized
by helical wavefronts10–13 and are capable of carrying orbital
angular momentum (OAM) because their equiphase surfaces
rotate around the propagation direction, enabling the potential

to develop OAM multiplexing communications.14–16 As CVBs
and VBs possess a polarization singularity and phase singular-
ity, respectively,9 they are also termed as singular beams and
exhibit a similar doughnut-like intensity profile with a dark area
at the center.17,18

Spatially modulated structured light was first generated in
free space based on discrete bulk-state elements. Durnin et al.19

demonstrated a zero-order Bessel beam by illuminating colli-
mated light on a circular slit located in the focal plane of
a lens. Siviloglou et al.20 achieved an Airy beam by imposing
a cubic phase to a broad Gaussian beam with a computer-
controlled liquid crystal spatial light modulator. Simultaneously,
various techniques and elements were developed to generate
CVBs and VBs. For instance, spatial light modulators,21,22 axial
birefringent components,23–25 specially designed laser cavities,26–28

interferometric methods,29–32 and nanostructured holograms33

have been proposed to convert Gaussian beams into CVBs or
to directly emit CVBs. At the same time, photopatterning of
liquid crystals,34,35 spiral phase plates,36,37 computer generated
holograms,38 microresonators or subwavelength gratings,39

helically twisted fibers,40 as well as plasmonic metasurfaces41–44

were developed to generate VBs. However, most of these beam*Address all correspondence to Wending Zhang, zhangwd@nwpu.edu.cn
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conversion or modulation systems are based on discrete compo-
nents, and the complexity in optical alignment makes them
difficult to use in constructing compact, low-loss, and long-haul
systems.

Recently, the generation and modulation of CVBs/VBs in
few-mode fibers and fiber lasers have attracting rising interests
as such components or systems are compatible with optical fiber
links, and this article reviews the important advances of the new
emerging field. Section 2 is a brief introduction of CVBs and
VBs and compares the two singular beams with several typical
light beams. Following the brief introduction, Sec. 3 reviews
the generation of CVBs in fibers and fiber lasers, which mainly
focuses on formation principles, experimental setups, and out-
put properties of the singular beams. In Sec. 4, we discuss cor-
responding contents of VBs in fibers and fiber lasers. Section 5
is a summarization of this review and discusses the perspective
of CVBs and VBs in fiber-based systems.

2 Brief Introduction of CVBs and VBs

2.1 Cylindrical Vector Beams

In general, natural light has a randomly distributed polarization
state as the phase and wave vector of each lightwave evolve
independently in the observed spatial plane, as shown in
Fig. 1(a). However, laser beams emitted from typical cavities
usually exhibit identical polarization states. For example, the
output beams can be linearly polarized [Fig. 1(b)], elliptically
polarized, or circularly polarized, and all of them have fixed
polarization orientations in the spatial plane. Different from
standard laser beams or natural lights, CVBs exhibit axially
symmetric polarizations in the spatial domain.45–47 As shown in
Figs. 1(c)–1(e), depending on the spatial distribution of the
polarization, CVBs can be classified as RPBs, APBs, and
hybridly polarized beams. As the polarization direction cannot
be determined at the beam center, the CVBs show a polariza-
tion singularity and have a doughnut-like intensity profile. The
focusing properties of linearly polarized Gaussian beams
and RPBs are quite different when they pass through a high-
numerical-aperture lens. The focused RPB has a strong longi-
tudinal electric-field component, and the spot size reaches
0.16λ2 which is much smaller than the focused Gaussian beam

(0.26λ2).48 Attributing to the unique focusing property, RPBs
have found numerous practical applications, such as the particle
manipulation,49 plasmonic nanofocusing,50 high-resolution opti-
cal microscopy,51 and high-sensitivity Z-scan techniques.52

2.2 Vector Beams

It is well known that plane lightwaves and spherical lightwaves
exhibit plane and spherical equiphase surfaces. Unlike the plane
wave or the spherical wave, VBs have a helical phase given by
expðilφÞ, where φ is the azimuthal angle, and l is the topological
charge that indicates the winding number of the phase front in a
single optical cycle. Figures 2(a)–2(c) show the phase evolution
of VBs, plane waves, and spherical waves during propagation in
an isotropic medium. The equiphase surface of a VB rotates
around the propagation direction, and thus a VB carries OAM
in the spatial domain.53,54 As the phase is undetermined at the
beam center, a VB shows a phase singularity and is therefore
termed as a phase singular beam. Although the CVB and VB
exhibit a similar doughnut-like intensity profile, they are in-
trinsically two different types of beams. In general, the polari-
zation distribution of a CVB is tested by passing it through a
rotating linear polarizer, while the phase property of VB is in-
vestigated by interfering it with a plane lightwave or a spherical
lightwave. It should be pointed out that VBs can be linearly
polarized,55 circularly polarized,56 and cylindrically polarized.57

Due to the distinct phase and intensity distributions, VBs have
also found widespread applications in mode division multiplex-
ing,58–61 optical imaging,62 optical micromanipulation,63–65 fabri-
cation of magnetic three-dimensional tubular micromotors,66

or twisted metal nanostructures,1,67 quantum optics,68 rotation
detection,69,70 etc. The generation methods and applications of
CVBs and VBs in free space have been discussed and summa-
rized exhaustively by several reviews and articles.9,13,17,71–74 The
following parts of this review mainly focus on the generation
and application of CVBs and VBs based on few-mode fibers
and fiber lasers.

3 Generation of CVBs in Fibers and Fiber
Lasers

Generation of CVBs in fibers and fiber lasers is mainly based on
the exciting and extracting of desired eigenmodes in few-mode
fibers such as two-mode fiber (TMF) and four-mode fiber. The
spatial properties of TMF lasers are completely different from
fiber lasers based on a single-mode fiber (SMF).75–79 As shown
in Fig. 3, taking TMF as an example, it can guide the LP01 mode
and LP11 mode in the scalar approximation. When accounting
for the polarization distribution, the LP01 mode includes two
degenerate fundamental modes (HEx

11 and HE
y
11) that have

the same effective refractive index but orthogonal polarization

Fig. 1 Polarization distribution of (a) natural, unpolarized light,
(b) linearly polarized beam, (c) RPB, (d) APB, and (e) hybridly
polarized beam.

Fig. 2 Phase evolution of (a) VB, (b) plane wave, and (c) spheri-
cal wave.
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states. The LP11 mode includes four vector modes,81 i.e., TE01,
TM01, and HE

even∕odd
21 . Among them, HEeven

21 and HEodd
21 are

strictly degenerated modes with the same effective refractive
index while orthogonal polarization states, and TM01 and TE01

modes are separated by HE21 modes and have slightly different
effective refractive indices.

To investigate the coupling characteristic between fundamen-
tal modes (HEx∕y

11 ) and the first group high-order modes
(HEeven∕odd

21 , TM01, and TE01), it is more convenient to introduce
the so-called vortex basis sets:82

Vþ
11ðr; θÞ¼ ðHEx

11 þ iHEy
11Þ∕

ffiffiffi
2

p
¼ ðx̂þ iŷÞF01∕

ffiffiffi
2

p
;

V−
11ðr; θÞ¼ ðHEx

11 − iHEy
11Þ∕

ffiffiffi
2

p
¼ ðx̂ − iŷÞF01∕

ffiffiffi
2

p
;

Vþ
21ðr; θÞ¼ ðHEeven

21 þ iHEodd
21 Þ∕

ffiffiffi
2

p
¼ eiθðx̂þ iŷÞF11∕

ffiffiffi
2

p
;

V−
21ðr; θÞ¼ ðHEeven

21 − iHEodd
21 Þ∕

ffiffiffi
2

p
¼ e−iθðx̂ − iŷÞF11∕

ffiffiffi
2

p
;

Vþ
T ðr; θÞ¼ ðTM01 − iTE01Þ∕

ffiffiffi
2

p
¼ e−iθðx̂þ iŷÞF11∕

ffiffiffi
2

p
;

V−
T ðr; θÞ¼ ðTM01 þ iTE01Þ∕

ffiffiffi
2

p
¼ eiθðx̂ − iŷÞF11∕

ffiffiffi
2

p
: (1)

Here, x̂ and ŷ represent linear polarizations along the x axis
and y axis of the TMF, F01 and F11 are radial wave functions of
the LP01 and LP11 modes, and θ is the azimuthal coordinate,
respectively. Thus, in vortex basis sets, the six vector modes
can be rewritten as

HEx
11 ¼ x̂F01;

HE
y
11 ¼ ŷF01;

HEeven
21 ¼ ðx̂ cos θ − ŷ sin θÞF11;

HEodd
21 ¼ ðx̂ sin θ þ ŷ cos θÞF11;

TM01 ¼ ðx̂ cos θ þ ŷ sin θÞF11;

TE01 ¼ ðx̂ sin θ − ŷ cos θÞF11: (2)

Because TM01 and TE01 modes are exactly RPB and APB,
respectively, the generation of CVBs in fibers and fiber lasers
comes down to the excitation and extraction of the TM01 or TE01

mode. The mode couplers are key elements to generate CVB
and VB, and the fiber-based mode couplers mainly include long
period fiber gratings (LPFGs), fiber-fused mode-selective

couplers, offset-spliced fibers, and tapered fibers. The properties
of these mode couplers and performances of CVBs are dis-
cussed in the following parts.

3.1 Long Period Fiber Grating for Generating CVBs

When the refractive index of the fiber is periodically modulated
along the propagation direction of light, the fundamental mode
can be coupled into the copropagating high-order modes based
on the following coupling equations:83,84

dA1ðzÞ
dz

¼ iδA1ðzÞ þ iκA2ðzÞ;
dA2ðzÞ
dz

¼ iδA2ðzÞ þ iκA1ðzÞ; (3)

where A1ðzÞ and A2ðzÞ represent complex amplitudes of the
fundamental mode and the desired high-order mode, and κ is
the coupling coefficient between two modes. δ is the mismatch
of two wave vectors and can be expressed as δ ¼ β1 − β2 − K,
in which β1 ¼ 2πneff1∕λ and β2 ¼ 2πneff2∕λ are propagation
constants while neff1 and neff2 are effective refractive indices
of the fundamental mode and high-order mode. λ is the wave-
length, and K ¼ 2π∕Λ is the wave vector of the fiber grating
with a period of Λ.

To realize effective coupling of the fundamental mode and
the desired high-order mode, the phase match condition must
be satisfied so that the coupling coefficient reaches critical
coupling state. Thus, the mismatch δ should be zero, and the
period of fiber grating is Λ ¼ λ∕ðneff1 − neff2Þ. As the difference
(neff1 − neff2) of effective refractive indices between two modes
is relatively small (∼10−2 to 10−3), the period of the fiber gra-
ting for mode conversion is hundreds of micrometers at the
wavelength of 1.55 μm.

The coupling coefficient κ between HEx∕y
11 and the first group

high-order vector modes (TE01, HE
even∕odd
21 , and TM01) can be

expressed as80,84

κ ¼ π

λ

ffiffiffiffiffi
ε0
μ0

r
n0

ZZ
Eiðx; yÞ · Δnðx; yÞEjðx; yÞdx dy; (4)

where Eiðx; yÞ and Ejðx; yÞ are the transverse electric fields of
the fundamental mode and the desired high-order mode, respec-
tively, n0 is the refractive index of fiber core, and ε0 and μ0 are
the permittivity and permeability of vacuum, respectively. By
substituting Eq. (2) into Eq. (4), the coupling coefficient be-
tween HE

x∕y
11 and HE

even∕odd
21 (HEx

11↔HEeven
21 ) is obtained as

κ1 ¼
π

λ

ffiffiffiffiffi
ε0
μ0

r
n0

ZZ
x̂F01ðrÞΔnðr; θÞðx̂ cos θ

− ŷ sin θÞF11ðrÞrdr dθ: (5)

If the modulation of the refractive index evolves independently
with the azimuthal angle θ and radius r such that Δnðr; θÞ ¼
ΔnðrÞΔnðθÞ, the coupling coefficient takes the form:80

κ1 ¼
π

λ

ffiffiffiffiffi
ε0
μ0

r
n0

Z
F01ðrÞΔnðrÞF11ðrÞrdr

Z
ΔnðθÞ cos θdθ:

(6)

Fig. 3 Mode distributions of TMF under (a) scalar approximation
and (b) corresponding groups of the vector modes. Adapted with
permission from Ref. 80 © OSA Publishing.
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Similarly, the coupling coefficient κ2 (HEx
11↔HEodd

21 ),
κ3 (HEx

11↔TE01), κ4 (HEx
11↔TM01), κ5 (HEy

11↔HEeven
21 ),

κ6 (HEy
11↔HEodd

21 ), κ7 (HEy
11↔TE01), κ8 (HEy

11↔TE01) are

κ2 ¼
π

λ

ffiffiffiffiffi
ε0
μ0

r
n0

Z
F01ðrÞΔnðrÞF11ðrÞrdr

Z
ΔnðθÞ sin θdθ;

κ3 ¼
π

λ

ffiffiffiffiffi
ε0
μ0

r
n0

Z
F01ðrÞΔnðrÞF11ðrÞrdr

Z
ΔnðθÞ sin θdθ;

κ4 ¼
π

λ

ffiffiffiffiffi
ε0
μ0

r
n0

Z
F01ðrÞΔnðrÞF11ðrÞrdr

Z
ΔnðθÞ cos θdθ;

κ5 ¼ −π

λ

ffiffiffiffiffi
ε0
μ0

r
n0

Z
F01ðrÞΔnðrÞF11ðrÞrdr

Z
ΔnðθÞ sin θdθ;

κ6 ¼
π

λ

ffiffiffiffiffi
ε0
μ0

r
n0

Z
F01ðrÞΔnðrÞF11ðrÞrdr

Z
ΔnðθÞ cos θdθ;

κ7 ¼ −π

λ

ffiffiffiffiffi
ε0
μ0

r
n0

Z
F01ðrÞΔnðrÞF11ðrÞrdr

Z
ΔnðθÞ cos θdθ;

κ8 ¼
π

λ

ffiffiffiffiffi
ε0
μ0

r
n0

Z
F01ðrÞΔnðrÞF11ðrÞrdr

Z
ΔnðθÞ sin θdθ: (7)

From Eqs. (6) and (7), one can find that two integrals affect
the coupling coefficient and should be non-zero simultaneously.
Actually, an acoustic flexural wave propagating in the z direc-
tion with vibration along the x axis can introduce an asymmetric
refractive index modulation with respect to the vibration direc-
tion in an unjacketed fiber.80 The asymmetric refractive index
distribution at the cross section of such acoustically induced
LPFG is

Δnðr; θÞ ¼ n0r cos θ: (8)

Therefore, the coupling coefficients between the fundamen-
tal mode and the high-order mode in the acoustically induced
LPFG can be further expressed as

κ1 ¼ Cκr

Z
2π

0

cos2 θdθ ¼ Cκrπ;

κ2 ¼ Cκr

Z
2π

0

cos θ sin θdθ ¼ 0;

κ3 ¼ Cκr

Z
2π

0

cos θ sin θdθ ¼ 0;

κ4 ¼ Cκr

Z
2π

0

cos2 θdθ ¼ Cκrπ;

κ5 ¼ −Cκr
Z

2π

0

cos θ sin θdθ ¼ 0;

κ6 ¼ Cκr

Z
2π

0

cos2 θdθ ¼ −Cκrπ;

κ7 ¼ −Cκr
Z

2π

0

cos2 θdθ ¼ −Cκrπ;

κ8 ¼ Cκr

Z
2π

0

cos θ sin θdθ ¼ 0; (9)

where C ¼ π
λ

ffiffiffiffi
ε0
μ0

q
n0, κr ¼

R
r
0 F01ðrÞF11ðrÞr2dr, and both of

them are constants for a certain acoustically induced LPFG.
Thus, RPB and APB can be obtained by coupling the HEx

11 to
TM01 and HE

y
11 to TE01, respectively.

Figures 4(a) and 4(b) show the experimental setup for gen-
erating a CVB at the wavelength of 1550 nm using the acous-
tically induced LPFG.80 First, the laser was amplified by an
erbium-doped fiber amplifier (EDFA), and the output beam
was linearly polarized HEx

11 or HE
y
11 mode after passing through

a polarizer and polarization controller (PC). Then, the laser
entered the TMF and was further purified as the HE11 mode by
a mode stripper. After that, the mode conversion was imple-
mented with an acoustically induced LPFG of which one end
was glued to the tip of an acoustic transducer and the other
end was fixed on a fiber clamp. The acoustic wave was imposed
on the TMF with an acoustic transducer. The operation was

Fig. 4 (a) Flow diagram and (b) experimental setup for generating CVBs based on an acoustically
induced LPFG. SMF, single-mode fiber; EDFA, erbium-doped fiber amplifier; PC, polarization
controller; TMF, two-mode fiber; MS, mode stripper; MO, micro-objective; GT, Glan–Taylor prism
polarizer; CCD, charge coupled device. (c) Intensity patterns of (c1), (c3), (c5) RPB and (c2), (c4), (c6)
APB at (c1), (c2) 633 nm, (c3), (c4) 532 nm, and (c5), (c6) 1550 nm before and after passing a polar-
izer. Adapted with permission from Ref. 80 © OSA Publishing.
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switchable between RPB and APB via adjusting the PC, and the
phase matching condition was satisfied via tuning the frequency
of the acoustic wave. Figure 4(c) shows the intensity patterns
of RPB and APB at the wavelength of 532, 633, and 1550 nm
before and after passing a linear polarizer. The SMF-28 fiber
was used as a TMF to generate CVBs at 532 and 633 nm, while
the TMF (OFS: two mode step-index fiber) was used to generate
CVBs at 1550 nm. This type of mode converter is capable of
delivering high-purity CVBs with broadband wavelength tuna-
bility, while the entire system is quite complicated and costly for
practical applications.

Based on the similar mode coupling principle, Dong and
Chiang85 fabricated a mode converter by directly writing the
LPFG on TMF with a CO2 laser. The asymmetrical index
distribution in the fiber core induced by the laser enabled
the coupling of the fundamental mode to the high-order cylin-
drical vector mode. The LPFG with 15 grating periods exhibited
a conversion efficiency higher than 99% from 1529.1 to
1563.1 nm. The broad conversion bandwidth was induced by
the slight variation of the grating period during the fabrication.
By adjusting the polarization state of the input HE11 mode, four
cylindrical vector modes (TE01, HEeven

21 , HEodd
21 , TM01) can be

obtained from the LPFG. Furthermore, the cascading chirped
LPFGs and dual-resonance LPFG were proposed to enlarge
the bandwidth of the mode converter, enabling the capability of
wavelength-tunable CVB generation in fibers or fiber lasers.86–88

Such LPFG-based mode converters possess obvious advantages
of low loss, small reflection, and high fabrication flexibility.

In the aforementioned works, the CVBs were formed exter-
nal to the laser cavity by modulating the transverse modes in
TMFs. By incorporating the LPFG into a fiber resonator, CVBs
can also be directly generated from fiber lasers. Chen et al89

demonstrated an all-fiber laser delivering CVBs based on the
combination of an LPFG and a two-mode fiber Bragg grating
(TMFBG). The mode conversion was realized by the LPFG, and
the mode purity of CVBs was higher than 98%. In their scheme,
the TMFBG played double roles of a mode selector to extract
the CVBs from hybrid modes and a spectral filter to fix the laser
wavelength. The lasing threshold and slope efficiency of the
laser were 24.5 mWand 35.41%, respectively. The authors have
also demonstrated that the resonance efficiency of the cylindri-
cal vector laser experienced a sudden increase from 13.26% to
32.48%when the pump reached a threshold power, and this phe-
nomenon was attributed to the transversal hole burning effect in
the double-clad Yb-doped fiber.90

3.2 Mode-Selective Coupler for Generating CVBs

Micronano fiber is an important element for ultrafast fiber lasers
and micronano optics,91–93 and it can also be used to actualize
mode-selective couplers based on the coupling of evanescent
field. The typical mode-selective couplers include fiber-polished
couplers and fiber-fused couplers, and both of them are based on
the mode coupling of closely spaced fibers.94–96 For fiber-fused
couplers, as shown in Fig. 5, the coupling equation is presented
as Eq. (10), which is similar to Eq. (3) but has different mis-
match parameters.97 It should be noted that Eq. (10) is only suit-
able for weakly fused fibers. In this case, δ1 ¼ β1 þ C11 and
δ2 ¼ β2 þ C22, where β1 and β2 are previously defined propa-
gation constants of the fundamental mode and the high-order
mode, respectively, C11 and C22 are self-coupling coefficients,
and κ is the mutual-coupling coefficient. The self-coupling

coefficient only results in the change of the effective index and
thus the phase matching condition, while it has no impact on
the coupled power between modes. To realize effective mode
coupling, the phase matching condition should also be satisfied
(Δδ ¼ δ1 − δ2 ¼ 0),97 indicating that β1 should be equal to β2.
However, SMF and TMF have different parameters, and gener-
ally, the two propagation constants β1 and β2 have different
values.

dA1ðzÞ
dz

¼ iδ1A1ðzÞ þ iκA2ðzÞ;
dA2ðzÞ
dz

¼ iδ2A2ðzÞ þ iκA1ðzÞ: (10)

Based on the finite element simulation, Wan et al.97 demon-
strated that the best diameter ratio between the SMF and TMF
should be 0.63 to satisfy the phase-matching condition. To sim-
plify the calculation, they assumed that four high-order vector
modes had the same propagation constant and coupling effi-
ciency. In their experiment, the diameter of the SMF was pre-
tapered to 79 μm, and the mode-selective coupler was fabricated
by a weak fusion technique. At the wavelength of 1550 nm, the
purity of the vector mode was measured to be about 97% by the
tight bend approach. When incorporating the mode-selective
coupler into a figure-8 fiber laser, both RPB and APB have been
obtained from the TMF terminal of the mode-selective coupler
through adjusting the polarization state. The central wavelength,
spectral bandwidth, pulse duration, and repetition rate were
1556.3 nm, 3.2 nm, 17 ns, and 0.66 MHz, respectively. With the
assistance of a carbon nanotube saturable absorber, they have
achieved femtosecond dual-wavelength soliton mode locking
in a ring fiber laser, further confirming the broadband operating
characteristics of the mode-selective coupler.98 After that, they
demonstrated an all-fiber CVB laser based on a symmetric TMF
coupler for both high-order mode excitation and splitting.99

In the aforementioned CVB fiber lasers,97,98,100 the fiber res-
onators were composed of SMF components, and the funda-
mental mode was converted into the high-order mode by the
mode-selective coupler. Wang et al.101 proposed a wavelength
division-multiplexing mode-selective coupler that converted
the LP01 mode in the SMF to the LP11 mode in the TMF and
combined the LP11 modes in the TMF at wavelengths of 980
and 1550 nm. In the fabrication process, the diameter of the
SMF was pretapered to 77.5 μm, carefully aligned with the
TMF, and then fused together with the flame brushing tech-
nique. As shown in Fig. 6, based on the TMF components of
the EDF, coupler, and WDM, they constructed an all-fiber laser
and observed the LP11 mode and CVBs with a modal purity
higher than 95%. By injecting a picosecond laser pulse into
the cavity with a mode-selective coupler, they observed a direct
oscillation of the LP11 mode with an output power of 4 mW in

Fig. 5 Mode-selective coupler based on tapered SMF and TMF.
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the all TMF laser. Based on the similar mode-selective couplers,
several high-order modes including CVBs and VBs have been
achieved at the wavelength of 1.0 μm in all-fiber Yb-doped
lasers.102

3.3 Offset-Spliced Fiber and Tapered Fiber for
Generating CVBs

For mode-selective couplers and LPFGs, the parameters such as
the fiber diameter and grating period should be precisely con-
trolled to generate the desired CVBs. According to the mode
matching theory, when the input mode in the SMF deviates from
the axial symmetry with respect to the TMF, a part of the fun-
damental mode will couple into high-order modes. The coupling
efficiency is obtained via calculating the overlap between the
modes in the SMF and TMF.103 Thus, offset splicing the SMF
and TMF can work as a simple and effective mode-coupling
element. By offset aligning the SMF and TMF, Grosjean et al.104

excited the RPB while still observing the residual fundamental
mode. The fundamental mode can be greatly reduced to
heighten the purity of the RPB with the enhancement of the mis-
match between two fibers. However, the loss also enlarged
exponentially with the increase of the mismatch, which limited
the conversion efficiency of the device.

We investigated the coupling behavior of the offset-spliced
SMF and TMF based on the finite element analysis method.105

Figure 7(a) shows the sketch map of the offset-spliced fiber,
in which the light is injected from the SMF terminal and output
from the TMF terminal. Figures 7(b) and 7(c) show that the cou-
pling efficiency from the fundamental mode to the TM01 or TE01

modes dramatically increased with the enlargement of the mis-
match distance when ΔR < 5.2 μm. Taking TM01 mode as an
example, when ΔR approached 5.2 μm, the electric field of the
TM01 mode strongly overlapped with that of HEy

11 and there
existed a maximal coupling efficiency of 20.7%. When the
mismatch distance increased further, the coupling efficiency
decreased gradually due to the subsiding overlap of the two
electric fields.

After the offset-spliced fiber, the fundamental mode and
high-order modes coexisted in the TMFs. The mode purity
can be improved by reflecting back the fundamental mode while
transmitting high-order modes with a TMFBG.106–110 The blue
curve in Fig. 8(a) shows a typical reflection spectrum of the
TMFBG, which had three reflection peaks at 1056.0, 1054.5,
and 1053.0 nm, respectively.108 For FBGs, the reflection wave-
length λB ¼ 2neffΛ, where neff and Λ were the effective refrac-
tive index of each mode and the grating period, respectively.
As the effective refractive index was different for the LP01
and LP11 modes, the TMFBG displayed three reflection peaks.
Peak 1 related to the coupling of LP01 to LP01 mode, peak 2
represented that of LP01 to LP11 mode, and peak 3 denoted that
of LP11 to LP11 mode, respectively. When the laser spectrum

Fig. 6 (a) Configuration of the all-TMF laser for LP11 mode oscillation. TM-EDF, two-mode erbium-
doped fiber; PC, polarization controller; OSA, optical spectrum analyzer; CCD, charge coupled
device; MSC, mode-selective coupler; WDM, wavelength division multiplexer. (b) Spectrum of
the TMF laser; the inset shows the near-field pattern of the generated LP11 mode. (c) The relation-
ship between the pump and output powers. Adapted with permission from Ref. 101 © OSA
Publishing.
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was fixed by a single-mode fiber Bragg grating (SMFBG)
[red curve in Fig. 8(a)] at peak 1, the fundamental mode
was reflected back and the desired high-order mode was ex-
ported from the TMFBG.111 Based on the offset-spliced fiber
and TMFBG, Sun et al. constructed the figure-8 fiber laser,108

linear-cavity fiber laser,106,112,113 and ring fiber laser109,114 to di-
rectly generate RPB and APB. In the temporal domain, these
cylindrical vector fiber lasers were capable of delivering con-
tinuous waves, microsecond pulses, nanosecond pulses, and
picosecond pulses.

Fig. 7 (a) Diagram of the offset-spliced SMF and TMF. Calculated coupling efficiency of the fun-
damental mode to (b) TM01 mode and (c) TE01 mode versus mismatch distances ΔR . The polari-
zation of the fundamental mode is (b) parallel and (c) perpendicular to the mismatch direction y ,
respectively. The insets show the calculated normalized intensities and polarization distributions
of the TM01 and TE01 modes, respectively. (d) Measured images of the SMF and TMF before and
after splicing. Adapted with permission from Ref. 105 © AIP Publishing.

Fig. 8 (a) Reflection spectrum of TMFBG and SMFBG. (b) Intensity distribution of radially polar-
ized laser beam before and after passing through a linear polarizer with the transmission axis
orientation denoted by arrows. Adapted with permission from Ref. 108 © OSA Publishing.
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With a carbon nanotube saturable absorber, we have con-
structed an ultrafast all-fiber CVB laser at 1.55 μm based on
an offset-spliced fiber and TMFBG.105 The ultrafast CVB can
be switched between radially and azimuthally polarized states
and the pulse duration reached 6.87 ps. For the optimized lateral
displacement of 4.5 μm, the coupling efficiency of the funda-
mental mode to TM01 or TE01 was about 20% while the inser-
tion loss was higher than 3 dB, which limited the emission
efficiency and output power of the laser. Based on the mode
coupling of the tapered SMF and TMF, we proposed a new
mode converter with an insertion loss of 0.36 dB to replace
the offset-spliced fibers.115 For tapered fibers, the coupling effi-
ciency of the fundamental mode to TM01∕TE01 was 14.0%/
20.6%, which was comparable with that of offset-spliced fibers.
The insertion loss of the SMF-TMF taper is much lower than

that of the offset-spliced fibers. The output power of the CVB
laser based on tapered fibers reached ∼20 mW, which was
almost 1.5 to 2 times higher than that based on offset-spliced
fibers. Similar to that of offset-spliced fibers, the laser was
switchable between the radially and azimuthally polarized
states by adjusting the input polarization in SMF, as shown in
Figs. 9(a) and 9(b). In the temporal domain, the operation was
tunable among continuous-wave, Q-switched, and mode-locked
states by changing the pump strength and saturable absorber.
Figures 9(c)–9(f) show the optical spectra, pulse trains, evolu-
tion of Q-switched lasers, and autocorrelation traces of the
mode-locked pulses. The duration of Q-switched RPB/APB
spanned from 10.4/10.8 to 6∕6.4 μs by tuning the pump power,
while that of the mode-locked pulse varied from 39.2/31.9 to
5.6∕5.2 ps by controlling the laser bandwidth with an SMFBG.

Fig. 9 Q-switched and mode-locked cylindrical vector beam lasers. Mode-locked (a) RPB and
(b) APB before and after passing through a polarizer. (c) Optical spectra and (d) pulse trains
of Q-switched and mode-locked cylindrical vector beam lasers. (e) Evolution of Q-switched cylin-
drical vector beam lasers. (f) Autocorrelation traces of mode-locked cylindrical vector beam lasers.
Adapted with permission from Ref. 105 © AIP Publishing.
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Except for the aforementioned methods, several new tech-
niques have been developed to generate CVBs in fibers or fiber
lasers. Yang et al.116 obtained a CVB with an arbitrary polari-
zation rotation angle from its radial direction by manipulating
either the polarization orientation or mode profile orientation of
two linearly polarized Hermite–Gaussian modes in different
elliptical-core few-mode fibers before their spatial superposition.

3.4 Summary of CVBs Generated in Fibers and
Fiber Lasers

The generation systems and performances of CVBs using differ-
ent schemes are summarized in Table 1 for a clear comparison.
Each scheme has its advantages and application fields. Among
them, LPFGs can be used external to the cavity or incorporated
into the fiber laser, and the output CVBs exhibit the highest
mode purity, typically larger than 98%. The mode-selective
couplers have a broadband optical response and are frequently
incorporated into fiber lasers to generate continuous-wave or
pulsed CVBs, while the output power is relatively small due
to the low coupling coefficient of the high-order modes. The
offset-spliced fiber and tapered fiber are usually combined with
TMFBGs to generate CVBs in fiber lasers. Due to the limited
reflection bandwidth of TMFBGs, the duration of the pulse is
usually higher than several picoseconds. By utilizing TMF with
a large propagation constant difference, the first reflection spec-
trum of chirped TMFBGs can be broadened and is capable of
supporting femtosecond pulses. Compared with the pretapered
mode-selective coupler that must be precisely designed, the
offset-spliced fiber, tapered fiber, and TMFBG can be easily

fabricated, and the mode purity mainly depends on the reflec-
tivity of TMFBG.

4 Generation of VBs in Fibers and Fiber
Lasers

Taking the TMF as an example, it supports six modes in the
vortex basis, as described in Eq. (1). Among them, the four
high-order modes are VBs carrying OAM (Fig. 10):

Vþ
21ðr; θÞ¼ ðHEeven

21 þ iHEodd
21 Þ∕

ffiffiffi
2

p
¼ eiθðx̂þ iŷÞF11∕

ffiffiffi
2

p
;

V−
21ðr; θÞ¼ ðHEeven

21 − iHEodd
21 Þ∕

ffiffiffi
2

p
¼ e−iθðx̂ − iŷÞF11∕

ffiffiffi
2

p
;

Vþ
T ðr; θÞ¼ ðTM01 − iTE01Þ∕

ffiffiffi
2

p
¼ e−iθðx̂þ iŷÞF11∕

ffiffiffi
2

p
;

V−
T ðr; θÞ¼ ðTM01 þ iTE01Þ∕

ffiffiffi
2

p
¼ eiθðx̂ − iŷÞF11∕

ffiffiffi
2

p
: (11)

As HEeven
21 and HEodd

21 are two degenerate eigenmodes with
the same propagation constant, the superposition of two modes
is stable during the propagation in TMF. In contrast, TM01 and
TE01 have different propagation constants, and the super-
position of them (Vþ

T and V−
T ) changes with the propagation

distance. Thus, the circularly polarized first-order VBs are gen-
erally formed with the linear combination of HEeven

21 and HEodd
21

modes with a� π∕2 phase difference.82 This is feasible for gen-
erating continuous-wave VBs that have a narrow bandwidth.
For picosecond and femtosecond VBs, the HEx

11 mode couples
to the TM01 and HEeven

21 modes, whereas the HEy
11 mode couples

to the TE01 and HEodd
21 modes simultaneously because the spec-

tra usually exceed the resonant wavelength separation of the

Table 1 Generation systems and performances of CVBs using different schemes.

Coupling device
Output
device

Wavelength
(nm)

Mode
purity

Output
power
(mW)

Pulse
duration

Generation
system

Supplementary
information Ref.

LPFG TMF 1450/1620 99.8% / / Ring-shaped fiber Microbend grating,
period: 800 μm;

insertion loss: 0.05%

117

LPFG TMF 1550/633/532 99.9% 2.4 / TMF Acoustically induced LPFG 80

LPFG TMF 1529.1 to
1563.1

99% / / TMF CO2-laser written LPFG 85

LPFG TMFBG 1548.6 98% 72 / Linear cavity fiber laser CO2-laser written LPFG 89

Mode-selective coupler TMF 1556.3 94% 3.5 17 ns Figure-8 fiber laser Insertion loss 0.65 dB 97

Mode-selective coupler TMF 1560 95% 4 1.78 ps Seeded ring fiber laser / 101

Mode-selective coupler TMF 1532.5 and
1555.5

97% 0.6 0.5/0.59 ps Ring fiber laser Insertion loss 0.65 dB 98

Symmetric TMF coupler TMF 1564.4 91% 1 2.552 ps Ring fiber laser / 99

Offset-spliced fiber TMF 632.8 Low / / TMF / 104

Offset-spliced fiber TMFBG 1053 94% 3.2 / Linear-cavity fiber laser Continuous wave 106

Offset-spliced fiber TMFBG 1550 / 4.66 958 ns Ring fiber laser Q-switched pulse 107

Offset-spliced fiber TMFBG 1550.5 / / 6.87 ps Ring fiber laser Mode-locked pulse,
insertion loss: 3 dB

105

Offset-spliced fiber TMFBG 1056.3 96% 2.5 2.8 to 23 ns Figure-8 fiber laser Rectangular pulse 108

Tapered fiber TMFBG 1548.9 / 12 to 18 5.2 to
39.2 ps

Ring fiber laser Mode-locked pulse,
insertion loss: 0.36 dB

115
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TM01 (TE01) mode and the HEeven
21 (HEodd

21 ) mode. In this case,
the formation of VBs is described as

Vx¼ Vþ
21ðr; θÞ þ V−

T ðr; θÞ
¼ ðTM01 þ HEeven

21 þ iTE01 þ iHEodd
21 Þ∕

ffiffiffi
2

p
¼ x̂eiθF11∕

ffiffiffi
2

p
;

Vy¼ V−
21ðr; θÞ þ V−

T ðr; θÞ
¼ ðTM01 þ HEeven

21 − iTE01 − iHEodd
21 Þ∕

ffiffiffi
2

p
¼ ŷeiθF11∕

ffiffiffi
2

p
:

(12)

It is apparent that the obtained VBs are linearly polarized
along the x- and y-axes, respectively.55 The phase difference
of �π∕2 can be easily induced by a PC. According to the theo-
retical analysis, the formation of VBs is also based on the cou-
pling and superposition of fiber eigenmodes. As a result, the
mode couplers mentioned previously can be modified to gener-
ate VBs (Fig. 10).

4.1 Long Period Fiber Grating for Generating VBs

Dashti et al.84 demonstrated that the OAM of the acoustic vortex
can be transferred to a circularly polarized fundamental optical
mode. They have created the stable�1-order VBs directly in the
TMF by coupling the fundamental mode to high-order modes
using two flexural acoustic waves with orthogonal vibration di-
rections. After that, our group analyzed the coupling behavior of
the fundamental mode to four high-order modes to generate
VBs based on an acoustically induced LPFG.118 As shown in
Fig. 11, the output beam delivered from a tunable laser was
amplified by an EDFA and then divided into two branches
by a 3-dB optical coupler. One branch was used to generate
the VB while the other was a reference beam to interfere with
the generated VB. For the branch of generating the VB, the
beam was first coupled into a section of SMF and then passed
through a tunable attenuator as well as a polarizer. After that, the
linearly polarized beam was converted to a circularly polarized
mode (HEx

11 � iHEy
11) by a PC. The TMF was directly spliced to

the SMF, and a mode stripper ensured the purity of circularly
polarized fundamental mode. Then, the fundamental mode en-
tered the acoustically induced LPFG and was converted to the
VB (HEeven

21 � iHEodd
21 ) when the phase matching condition was

satisfied. Simultaneously, Lu et al. reported mode-switchable
generation of LP11 modes and�1-order VBs based on an acous-
tically induced LPFG.119 The proposed scheme can also be used
to generate linearly polarized femtosecond VBs.55

Li et al.120 demonstrated a controllable all-fiber VB converter
in which a mechanical LPFG was employed to transform
the fundamental mode to higher-order modes, and two flat
slabs stressed the TMF to introduce the �π∕2 phase difference
between two higher-order modes, as shown in Fig. 12(a).
Figures 12(b1) and 12(b3) show the field distributions of the
generated VBs, which have the typical annular profiles with
a dark center. Figures 12(b2) and 12(b4) show coaxial interfer-
ence patterns of the generated VBs with the Gaussian beam.
The counterclockwise and clockwise spiral interference patterns
can be clearly observed from the figures, indicating that �1-
order VBs were successfully achieved from the TMF. They have
also investigated the generation, conversion, and exchange of
VB using helical gratings.121 The conversion efficiency and con-
version bandwidth were about 100% and 10 nm, respectively.
After that, Zhao et al.122 proposed a mode converter based on an
LPFG written in the TMF to directly deliver VB and CVB.

For LPFG based on a TMF, only first-order VBs can be gen-
erated due to the limitation of the available transverse modes.
Wu et al. fabricated a strong modulated LPFG written in a
four-mode fiber to generate �2-order VBs.123 Han et al.124 dem-
onstrated controllable generation of circularly polarized�1- and
�2-order VBs with two cascaded LPFGs for realizing mode
conversions in four-mode fiber. After that, Zhao et al.125 pro-
posed an all-fiber VB generator based on a second-order helical
LPFG written in a few-mode fiber, which enables direct trans-
forming of the fundamental mode to �2-order vortex modes
with an efficiency of ∼90%. More recently, �3-order VBs were
demonstrated by employing an asymmetric LPFG fabricated on
six-mode fiber.126

Fig. 10 Formation mechanism of VBs in TMF. (a1)–(a4) mode distribution of TM01, HEeven
21 , HEodd

21 ,
and TE01 modes. Mode distribution, phase, and polarization of (b1)–(b3), (c1)–(c3) circularly polar-
ized VBs and (d1)–(e3), (e1)–(e3) linearly polarized VBs.
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4.2 Mode-Selective Coupler for Generating VBs

The typical fused fiber coupler consists of two parallel optical
fibers that have been twisted, stretched, or fused together so that
the fiber cores are very close to each other and the power cou-
ples from one fiber to another fiber.100,127 The principle of the
mode-selective coupler is to phase match the fundamental mode
in the SMF with high-order modes in a few-mode fiber and
achieve mode conversion from the fundamental mode to the de-
sired high-order modes. In the SMF and few-mode fiber termi-
nals, the output beams are the fundamental and the high-order

modes, respectively. The fabrication method of a mode-selective
coupler for generating VB is similar to that of CVBs.128 Wang
et al.100 demonstrated femtosecond optical VBs in an all-fiber
mode-locked laser using a mode-selective coupler. The mode
converter could couple the LP01 mode to LP11 (LP21) mode
in a broadband wavelength range. They have obtained linearly
polarized �1 (�2)-order VBs by combining TM01 þ HEeven

21

(HEodd
31 þ HEeven

31 ) and TE01 þ HEodd
21 (HEeven

01 þ HEodd
31 ) with

the π∕2 phase difference. The durations of �1-order VBs and
�2-order VBs are 273 and 140 fs, respectively. By employing

Fig. 11 Generation of VBs based on an acoustically-induced LPFG. (a) Experiment setup. EDFA,
erbium-doped fiber amplifier; SMF, single-mode fiber; PC, polarization controller; MS, mode strip-
per; TMF, two-mode fiber; MO, micro-objective; NPBS, nonpolarizing beam splitter; CCD, charge
coupled device. (b) VBs and coaxial interference patterns at wavelengths of 1540, 1545, 1550,
1555, and 1560 nm. Adapted with permission from Ref. 118 © OSA Publishing.

Fig. 12 (a) Principle of the VB converter based on a mechanical LPFG. Intensity profiles of (b1)
−1-order and (b3)þ1-order VB. Coaxial interference patterns of (b2) −1-order and (b4)þ1-order VB
with a Gaussian beam. Adapted with permission from Ref. 120 © OSA Publishing.
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a microknot resonator as the comb filter, they reported direct
generation of wavelength-switchable VBs from 1546.95 to
1562.29 nm in an all-fiber erbium-doped fiber laser.129 Recently,
Yao et al.127 found that the mode purity of the VBs was
wavelength-sensitive if the input polarization of fundamental
mode kept unchanged.

4.3 Fiber Taper Combined with TMFBG for
Generating VBs

Continuous-wave and picosecond VBs can also be generated by
exploiting SMF-TMF taper as the mode coupler and TMFBG as
the mode selector.130 In the coupling region, the light in the SMF
taper couples into the TMF taper due to the strong evanescent
field. Since the light field in the TMF taper deviates from the
axial symmetry, parts of the HEx

11 and HE
y
11 modes are con-

verted into the TM01 þ HEeven
21 and TE01 þ HEodd

21 modes while
the residual mode is the fundamental mode. After that, the high-
order modes are transformed into VBs by a PC, while the
TMFBG works as a transverse mode selector to reflect the
residual fundamental mode and export VBs. We have achieved
continuous-wave and mode-locked VBs in an erbium-doped fi-
ber laser based on three different schemes in which the mode
couplers and reflectors were LPFG and fiber mirror, fiber taper,
and fiber Bragg grating, and LPFG and fiber Bragg grating,
respectively.130 The operation was switchable between �1-order
VBs by tuning the intracavity PC, as shown in Fig. 13. For the
mode-locked VBs, the pulse duration was several picoseconds,
which was mainly limited by the bandwidth of the TMFBG. For
the continuous-wave operation, the output power exceeded
35 mW, and the VBs can directly work as optical tweezers
to manipulate rhenium diselenide nanosheets.

4.4 Summary of VBs Generation in Fibers and
Fiber Lasers

The aforementioned techniques are mainly focused on mode
modulation in few-mode fibers or fiber lasers. Similar to the
principle of the offset-splicing scheme for generating CVBs,
fiber-to-fiber butt coupling was proposed to realize high-order
fiber mode conversion for creating �1-order VBs.131 Recently,
Fu et al.132 reported þ5- and þ6-order VBs by twisting a solid-
core hexagonal photonic crystal fiber during hydrogen-oxygen
flame heating process. Xie et al. developed an integrated fiber-
based mode converter to generate VBs by attaching vortex gra-
tings onto the facets of a few-mode fiber.133 The grating at the
input terminal of the fiber converted the Gaussian beam into the
VBs, while the grating at the output terminal converted the VBs
into a Gaussian beam. Such integrated (de)multiplexer has been
applied for OAM fiber communication. By directly fabricating
a metasurface onto the facet of a large-mode-area fiber, Zhao
et al.134 realized the excitation of both linearly polarized and
circularly polarized VBs from 1480 to 1640 nm with a purity
above 93%.

The mode purity and conversion efficiency are frequently
adopted to evaluate the performance of generation methods.
Bozinovic and Ramachandran et al. defined mode purity as
the energy ratio of the desired mode to all modes in the fiber
and proposed a measuring method by analyzing fiber output
projections onto left circular and right circular polarization
states.82 The conversion efficiency is usually defined as the ratio
of the output power of the desired mode to the input power of
the fundamental mode (i.e., launched pump power), which is

slightly different from the mode purity due to the insertion loss
of the converter.135 The generation methods and performances
of VBs are summarized in Table 2. Among them, the purity of
VBs based on an LPFG is higher than those of other techniques,
which is similar to that of CVBs. Due to the broadband re-
sponse, the mode-selective coupler can be incorporated into fi-
ber lasers to generate ultrafast VBs. Except for a PC that is used
to introduce the �π∕2 phase difference, the coupling devices
and generation systems of VBs are quite similar to that of
CVBs, as summarized in a recent review article.136

5 Conclusion and Outlook
During the propagation in TMF, the stability of CVBs and VBs
depends on the degeneracy of the four vector modes.137 For
CVBs and VBs generated in conventional TMFs or TMF lasers,
the beam stability is sensitive to the experimental environment.
For example, the fiber vibration and temperature fluctuation
may affect the coupling behavior and thus influence the purity
and power of desired beams. The operation state of CVB rests
with the excited eigenmodes and is switchable between APB
and RPB by changing the input polarization state. For VBs,
the chirality can be controlled by tuning the phase differences
between the excited high-order eigenmodes.

In polarization maintaining fibers, when the effective refrac-
tive index difference Δneff > 10−4, the orthogonal polarizations
of LP01 modes remain stable over the propagation length of
100 m.138 Similar to the principle of the polarization maintaining
fiber, the coupling coefficient between adjacent modes in TMF
decreases with the increase of Δneff . For standard TMFs, the
typical value Δneff is in the magnitude of 10−6, and the mode
purity of CVBs and VBs decreases significantly during propa-
gation due to the coupling of constituent vector modes.
Ramachandran et al.117 demonstrated that a fiber with light field
EðrÞ and field gradients ½∂EðrÞ∕∂r� at index steps gave a well-
separated propagation constants of the TE01, TM01, and HE21

modes. Based on this guideline, they fabricated a ring-shaped
fiber whose profile mirrored the mode distribution to realize
long-distance propagation of CVB and VB. The Δneff of adja-
cent modes was higher than 1.5 × 10−4, for example, the TM01

mode was separated by at least 1.8 × 10−4 from any other
guided modes of the TMF. In this case, the separation of each
grating resonant wavelength was larger than 80 nm, and four
high-order modes can be excited independently in the vortex
fiber by selecting the appropriate grating period.

The singularity beams generated in ring-shaped fiber are in-
trinsic solutions of the fiber transmission equation and can be
transmitted in fiber for a long distance in a steady state. With
the assistance of the LPFG, robust CVBs117 and VBs82 have been
generated and propagated over 20 m in the as-prepared TMFs.
For an input VB with a purity of 97%, the purity decreased
only by ∼10% over ∼1 km propagation in the ring-shaped
TMF. Based on a 1.1 km ring-shaped fiber, 400 Gb∕s data
transmission using four angular momentum modes at a single
wavelength, and 1.6 Tb∕s using two VBs modes over 10 wave-
lengths were achieved, indicating that VBs could provide an
additional degree of freedom for data multiplexing in fiber
networks.61 In addition, this group has also proposed two meth-
ods to measure the mode purity of CVB117 and VB82 in TMFs
and developed an air-core optical fiber that can support 12 dis-
tinct higher-order VBs over several kilometers.139 Recently,
Kim et al.140 also demonstrated a highly germanium-doped-core
optical fiber with a step-index profile that was capable of stably
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Fig. 13 (a) Mode coupling and output elements are the LPFG and fiber mirror, SMF-TMF taper
and TMFBG, and LPFG and TMFBG for schemes 1, 2, and 3, respectively. (b) Intensity distribu-
tions and interference patterns, (c) optical spectra, and (d) autocorrelation traces of mode-locked
vortex lasers. l , topological charge. Adapted with permission from Ref. 130 © AIP Publishing.
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guiding the RPB and APB over a wide spectral range. Due to the
constraints of fiber boundary conditions, the types of singular
light beams in fiber are not as abundant as that in free space,
and the excitation as well as extraction of desired higher-order
modes in fiber remains a long-term challenge. For example,
complex polarized CVBs and high-order VBs (l > 3) are diffi-
cult to be formed in few-mode fiber unless using specially de-
signed fibers.141–143

CVBs and VBs formed in fibers and fiber lasers have found
lots of special applications, such as nonlinear frequency conver-
sion,144–146 flattop beam generation,147 quantum entanglement,148

optical micromanipulation,149,150 stimulated emission depletion
(STED) microscopy,151 optical sensing,152 and mode-division
multiplexing.61,95,133 Furthermore, we have theoretically and
experimentally presented the nanofocusing characteristic of sev-
eral metal-coated fiber tips under RPB excitation in the visible
band, providing an effective guideline for designing the back-
ground-free tip-enhanced Raman spectroscopy system.153–155

Combining the azimuthal polarization characteristics of APB
with the spatial symmetry characteristics of the silver nanoprism
arrays,156 the sensitivity of surface-enhanced Raman spectros-
copy has been enhanced by a factor of 3.3 × 107. In addition,
in the fields of fiber communications, Ryf et al. demonstrated
mode-division multiplexing based on six CVBs or VBs that
carried a 40 Gb∕s signal over 96 km in few-mode fiber,157

and it significantly increases the transmission capacity of fiber
communication systems.

Compared with standard Gaussian beams, CVBs and VBs
have unique polarization and/or phase distributions, and few-
mode fibers and other specially designed fibers offer alternative
media for propagating or generating such beams. We expect that
special spatiotemporal optical fields can be formed by simulta-
neously modulating the polarization, phase, and temporal

properties in few- or multiple-mode fibers and fiber lasers,
and such optical fields can be further applied in fields of non-
linear fiber optics158–164 and ultrafast strong field physics.165–169

Compared with modulation/generation methods that have been
intensively investigated, the nonlinear effects of CVB or VB are
still less addressed when propagating in fibers or fiber lasers.
With co-actions of mode/chromatic dispersion and nonlinearity,
such CVBs or VBs may be shaped into special types of wave-
packets such as spatiotemporal optical solitons.
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