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Wavelength-Tunable and OAM-Switchable Ultrafast
Fiber Laser Enabled by Intracavity

Polarization Control
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Abstract—Ultrafast laser that directly emits vortex beam has
broad application prospects in many research fields and appli-
cations, such as telecommunication, bio-sampling and quantum
information science. In this article, we demonstrate a wavelength-
tunable and OAM-switchable ultrafast fiber laser enabled by in-
tracavity polarization controlling elements. The mode-locked laser
can emit vortex beam outputs with a topological charge of l=+1 or
l =−1 and the center wavelength can be continuously tuned from
1015 nm to 1038nm. The obtained output pulse has a pulse energy
of 3.3 nJ and a compressed pulse duration of 87 fs. Compared
with previous results, this laser can emit OAM-switchable output
with a shorter pulse duration and a broad wavelength tuning
range. The concept of adding polarization control elements to a
mode-locked fiber laser can be further expanded to build laser with
more sophisticated and customizable outputs.

Index Terms—Lasers, optical amplifiers, and laser optics.

I. INTRODUCTION

VORTEX beam with orbital angular momentum (OAM)
has been widely studied in scientific researches and appli-

cations [1]. Having an azimuth phase term of exp(ilθ), vortex
beam features a phase singularity in the beam center and a
ring-like intensity profile. Due to the unique phase and intensity
distribution, vortex beam has facilitated many applications such
as material processing [2], [3], microscopic imaging [4], [5],
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optical tweezers [6], [7], [8], optical communication [9], [10]
and quantum information processing [11].

To generate a vortex beam, researchers have developed var-
ious methods which include generating the vortex external to
the laser cavity, or generating vortex internal to the laser cavity.
In the first one, the vortex beam is generated externally to the
laser cavity by programmable or customized photonic devices
such as spatial light modulator (SLM) [12], metasurface [13],
sub-wavelength grating [14], spiral phase plate [15] and q-plate
[16]. These devices can convert the laser output, typically a
fundamental Gaussian beam, into vortex beam. In the second
one, vortex beam is directly emitted from the laser cavity. Since
the photon within the vortex beam carries photonic OAM of
l�, such laser is also referred to as OAM laser. To modify the
intracavity mode of a laser, scientists have been using intracavity
amplitude filters, phase plates, deformable mirrors, and SLM to
generate the favorable output mode from the laser [17]. Using
fiber-based devices, scientists also demonstrate the direct gener-
ation of vortex beam from a fiber laser based on long-period fiber
grating [18]. However, these lasers are mainly working in the
continuous wave mode, which is not favorable for applications
that need vortex beam with high peak power and short pulse
duration, for example, material processing [19], [20], electron
accelerations [21] and nonlinear optical microscopies [22]. Re-
cently, research groups have built mode-locked OAM fiber laser
using s-waveplate [23], q-plate [24], [25], [26], acousto-optic
mode converter (AOMC) [27], offset splicing structure (OSS)
with a two-mode fiber Bragg grating [28] and nonlinear loop
mirror (NOLM) device [29]. In those realizations, the center
wavelength of the OAM laser cannot be freely tuned.

Despite previous success in building OAM lasers, demon-
stration of laser that can directly emit wavelength-tunable and
OAM-switchable ultrafast output is still lacking. Such OAM
laser may find broad applications in telecommunications, bio-
logical sampling, and quantum information science. In this work,
we demonstrate a wavelength-tunable and OAM-switchable
mode-locked fiber laser enabled by intracavity polarization con-
trol elements. Pulsed vortex beam can be directly generated
from this OAM laser. Inside the laser cavity, we use additional
vortex wave plates (VWP) and quarter wave plates (QWP) for
achieving modal conversion inside the laser. The orientation of
these waveplates can be changed to generate vortex beam with a
selective topological charge. The center wavelength of OAM
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Fig. 1. Schematic and working principle of the mode-locked OAM laser.
(a) The experimental setup of fiber laser generating optical vortex beams with
orbital angular momentum. WDM: wavelength division multiplexer; HWP:
Half-wave plate; QWP: Quarter-wave plate; PBS: Polarization beam splitter;
VWP: Vortex wave plate. (b) The function of polarization control elements on
x-polarized light (upper row) and y-polarized light (lower row); inset: Schematic
of VWP.

laser can be continuously tuned from 1015 nm to 1038 nm
while the mode-locking state is always retained. Compared with
previous results [17], [18], [24], [29], we generate a wavelength-
tunable and OAM-switchable mode-locked laser with a shorter
pulse duration. The concept of this laser can be further expanded
to build ultrafast lasers with a more sophisticated, customizable
spatial profile for its output.

II. EXPERIMENTAL SETUP

Fig. 1(a) shows the schematic of the mode-locked OAM
laser. The cavity has an all-normal-dispersion (ANDi) fiber laser
structure [30], [31], [32]. The fiber part consists a 2.2 m single
mode fiber (SMF1), a wavelength division multiplexer (WDM)
for coupling λ = 980 nm pump light into the gain fiber, a 0.6 m
double-cladding ytterbium-doped fiber, and a 2.8 m SMF2. The
total length of the optical fiber is 5.6m, providing a net cavity
dispersion of 0.11 ps2. Both ends of the fiber are spliced with
two fiber collimators that collimate the fiber beam into a 2mm
beam in free space.

In the free space part, the total optical path length is 0.7m.
One half wave plate (HWP1), two quarter wave plate (QWP1
and QWP6), and a polarization beam splitter (PBS) realize the
nonlinear polarization evolution (NPE) inside the fiber. The
angle of the wave plates is adjusted so that high-energy pulses
can pass through PBS and keep circulating inside the cavity
while low-energy pulses are reflected by PBS and become the
laser output. These components can thus act as a virtual saturable
absorber for the laser. A diffraction grating (600 lines/mm) is
placed before QWP6 to couple the diffracted light back to fiber.
The grating acts as a spectral filter for the laser, which helps
self-start the mode-locking process. HWP2 is inserted before the
grating for maximizing the efficiency. A free-space isolator is
placed before HWP2 for ensuring the unidirectional propagation
of light inside the laser.

To generate vortex beam inside the cavity, polarization control
elements are introduced including two VWPs (VWP1, 2) and
four QWPs (QWP2-5). The operation of polarization control
elements on the oscillating beam is illustrated in Fig. 1(b). The
first row shows the operation of these elements on x-polarized
light and the second row shows the polarization operation on
y-polarized light. When x-polarized light passes QWP2 (α =
−45°, α: The angle between the optical axis of the wave plate
and the horizontal direction), it becomes left-circularly polarized
(LCP). Then VWP1 converts it into a RCP vortex beam with
a topological charge of l = −1. After QWP3 (α = 45°), the
beam becomes y-polarized and it is reflected by PBS as the laser
output.

Meanwhile, y-polarized light becomes x-polarized vortex
beam with l = +1 after QWP2, VWP1, and QWP3. It can pass
through PBS and the subsequent QWP4, VWP2, and QWP5.
These elements convert the beam back to a x-polarized Gaussian
beam and the beam can continue circulating inside the laser.
The inclusion of QWP4, VWP2, QWP5 is crucial for this laser
because a fundamental Gaussian beam can be coupled back to
the single-mode fiber with a significantly higher efficiency.

The mode transformation of the transverse beam can be ex-
pressed by the following Jones matrix calculation [33]. When an
input light Ei passes through N polarization devices in sequence
with their Jones matrix being G1, G2 …GN. The transmitted
output light Et can be written as

Et = GN . . . G2G1Ei (1)

An input light with x-polarization Ex0 is converted into y-
polarized after QWP2, VWP1 and QWP3. It is then reflected
by PBS and becomes the laser output EOutput. Meanwhile,
y-polarized input light Ey0 is converted into x-polarized after
all these polarization controlling elements and the light can
continue to circulate inside the laser ring as E2.

EOutput = G45oGvG−45oEx0
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Here, exp(iθ) is the spiral phase factor for VWP, θ the azimuth
angle, and the Jones matrices of polarization control elements
are given in Table I.

III. EXPERIMENTAL RESULTS

In the experiment, the laser is mode-locked when the pump
current reaches a threshold value of 400 mA. The mode-locking
state is always retained even when a pump current of 1200mA
is applied. Fig. 2 shows the characterization of the laser at a
pump current of 500mA. Fig. 2(a) shows the spatial profile of the
laser output after pulse compression, showing a typical ring-like
profile of a vortex beam. The purity coefficient of the vortex
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TABLE I
JONES MATRICES OF OPTICAL ELEMENTS

Fig. 2. Characterization of mode-locked OAM laser. (a) Spatial profile of the
laser output after pulse compression. (b) Spectrum of the mode-locked laser.
(c) Pulse train profile. (d) Relationship between the average output power and
pump current.

beam γ is evaluated by (4) [34]. I1 represents the intensity of the
perfect vortex beam and I2 is the experimental measured beam
profile (Fig. 2(a)). I1 and I2 are the average values of I1 and I2.
The final purity index γ of 97.6% can be obtained.

γ =

∑(
I1 − Ī1

) (
I2 − Ī2

)
√∑(

I1 − Ī1
)2√∑(

I2 − Ī2
)2 (4)

Fig. 2(b) shows the output spectrum of the laser. The spectrum
has a signature spectral profile of an ANDi fiber laser with a
3-dB bandwidth of 18 nm centered at 1030nm. Fig. 2(c) shows
the pulse train profile measured by a photo detector. The interval
between two pulses is 30ns, corresponding to a repetition rate
of 33 MHz. Fig. 2(d) shows the average output power of the
laser when the pump current increases from 400mA to 1200mA.
The average output power has maximum value of 108 mW,
corresponding to a pulse energy of 3.3 nJ.

The center wavelength of the OAM laser can be continuously
tuned from 1015 nm to 1038 nm by changing the diffraction
angle of the grating. Fig. 3(a) plots the spectrum of the laser
output when the pump current is fixed at 500mA. All spectra
have a similar profile of an ANDi fiber laser. In the time domain,
the pulse is linearly chirped to a pulse duration of ∼ 1ps. We

Fig. 3. The mode-locking spectrum and the corresponding autocorrelation
waveform are obtained by changing the tilt angle of the grating in the cavity.
(a) Mode-locking spectra at different central wavelengths. (b) Interference
autocorrelation waveform corresponding to the central wavelength.

Fig. 4. CCD profile when the laser beam is focused by a cylindrical lens.
(a) OAM laser with � = +1. (b) OAM laser with � = −1.

use a pair of grating to compress the pulse down to ∼100 fs.
Fig. 3(b) shows the interferometric autocorrelation profile of
the compressed pulse. The compressed pulse has a shortest pulse
duration of 87 fs when the center wavelength of the laser is at
1035nm.

To confirm the vortex beam feature of this laser, we use a
cylindrical lens to focus the laser beam into a CCD camera [35].
Fig. 4(a) shows the CCD profile when the OAM laser has a
topological charge of l = +1. When the fast axis of QWP2-5 is
rotated by 90°, the laser can emit vortex beam with an opposite
topological charge. Fig. 4(b) shows the CCD profile when the
OAM laser has a topological charge of l = −1.

IV. CONCLUSION

In conclusion, we demonstrate a wavelength-tunable and
OAM-switchable mode-locked fiber laser that can directly emit
outputs in the form of vortex beam. The laser has a typical
ANDi fiber laser structure with additional polarization control
elements for realizing the modal conversion inside the cavity.
Both the center wavelength and OAM can be switched by
changing the diffraction grating and polarization controlling
elements inside the laser while the mode-locking state is always
retained during the process. By replacing the intracavity vortex
wave plates (VWP) with higher order VWPs, the laser can
generate vortex beam with higher topological charges as well.
Moreover, the concept of building such OAM ultrafast laser can
be further expanded to build mode-locked laser that emits output
with even more sophisticated spatial profiles. This compact,
wavelength-tunable and OAM-switchable ultrafast fiber laser
has broad application prospects in ultrafast optical fields such
as space communication technology, ultra-laser processing and
super-resolution imaging.
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