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In this paper, we propose and experimentally demonstrate a vortex random fiber laser (RFL) with a controllable
orbital angular momentum (OAM) mode. The topological charge of the vortex RFL can range from −50 to 50 with
nearly watt-level output power. A triangular toroidal interferometer is constructed to verify the spiral phase struc-
ture of the generated vortex random laser with a special coherence property. Vortex RFLs with fractional topo-
logical charge are also performed in this work. As the first demonstration of a vortex RFL with a controllable
OAM mode (to the best of our knowledge), this work may not only offer a valuable reference on temporal modu-
lation of a vortex beam and optical field control of an RFL but also provide a potential vortex laser source for
applications in imaging, sensing, and communication. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.413455

1. INTRODUCTION

A vortex beam is a classic type of spatially structured light beam
that shows a spiral wavefront with a centrally located phase sin-
gularity and carries an orbital angular momentum (OAM) of l h
(l is the topological charge; h is the reduced Planck constant)
per photon [1–4]. The current research of the vortex beam
mainly addresses vortex generation [5–7], OAM manipulation
[4,8], and special optical vortex [9,10]. Owing to these distinc-
tive properties, vortex beams attracted much attention in opti-
cal communication [11,12] and optical tweezers [13] as soon as
being discovered. In order to serve various demands of appli-
cations, spatial and temporal modulation such as the spatiotem-
poral coherence control of a vortex beam is creating extensive
concern. Previous studies have shown that spatial coherence
modulation makes vortices perform unique optical effects,
which are different from those of conventional completely co-
herent vortices and extend a new branch called the “partially co-
herent vortex beam” [14,15]. Conspicuous behavior of a
partially coherent vortex beam is that intensity distribution
would be transformed from a hollow profile into a solid core
along with degeneration of spatial coherence [10]. This effect
can achieve Gaussian, flat, or hollow profiles of beam intensity
easily via spatial coherence modulation, which allows a vortex
beam to demonstrate great performance in particle trapping
[16]. Moreover, the degree of spatial coherence of a partially co-
herent vortex beam is confirmed to be capable of self-
reconstruction, further extending its applications in information

transmission and recovery [10]. Practical applications such as
free space optical communication may be challenged by atmos-
pheric turbulence-like scintillation of light intensity, where a
partially coherent vortex beam behaves better in decreasing scin-
tillation than a partially coherent beam [17].

Up to now, most of the reported vortex fiber lasers have em-
ployed a defined cavity structure [18–20]. As we know, the
demonstration of a cavity-structured fiber laser with stable tem-
poral characteristics is, however, not trivial for the influence of a
common self-pulsing factor [21–23]. Further, modulation of an
obtained vortex fiber laser is difficult. Hence, a temporal stable
laser source is crucial for the spatiotemporal modulation of a
vortex fiber laser [24–27].

At this point, a temporally stable random fiber laser (RFL)
could be a remarkable option for light sources to generate a
vortex beam. As a new type of laser regime, an RFL employs
Rayleigh scattering (RS) to provide randomly distributed feed-
back and stimulated Raman scattering (SRS) to realize power
amplification [28,29]. Different from the rare-earth-doped fi-
ber lasers, whose emission windows are located at several dis-
crete wavebands, an RFL enabled by Raman gain in the passive
fiber has become a ready-made and well-suited platform to ob-
tain a wavelength-tunable output. Besides, low coherence of an
RFL leads to weak speckle effect in imaging, which can generate
vortex beams with more homogeneous intensity distribution
and may be of great help for optical tweezers. The simple struc-
ture of an RFL also attracts great attention for its potential to
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realize cost-effective practical applications. Due to these unique
properties, RFLs have been widely used in optical communi-
cation [30,31], remote sensing [32], frequency conversion [33],
and ultrafast lasing [34]. Since the first demonstration of an
RFL, many efforts on power scaling [35–38], polarization
[39,40], and spectral manipulation [41,42] have been made.
As a significant manifestation, temporal property of an RFL
has also been of great interest. Previously studies have demon-
strated experimentally that, an RFL, especially if pumped by an
amplified spontaneous emission (ASE) source [23], demon-
strates ideal temporal stability with suppressed amplitude fluc-
tuation, which allows an RFL to exhibit superior quality in
various applications, such as midinfrared laser [43] and pulsing
operation [44,45]. It is promising that the demonstration of a
vortex RFL could incubate novel practical applications and fur-
ther offer a platform for investigation of the vortex beam’s tem-
poral modulation and an RFL’s optical field control.

In this paper, a vortex RFL with a controllable OAM mode
has been proposed and experimentally realized for the first time
to the best of our knowledge. Distinct spiral phase behaviors
derived from an annular vortex beam with a dark hollow
can be distinguished, and the topological charge of the vortex
beam can range from −50 to 50 with nearly watt-level output
power. Verification and wavefront analysis have been accom-
plished via a triangular toroidal interference setup; fractional
phases are also performed, indicating that the generated vortex
RFL can provide a potential source for many applications, such
as imaging, sensing, and communication.

2. EXPERIMENTAL SETUP

To generate such vortex RFLs and realize optical field modu-
lation, we design and construct an experimental setup, as sche-
matically shown in Fig. 1. The RFL employs an all-fiber half-
opened structure, which is composed of a 5 km long passive
fiber (8 μm core diameter and 0.14 NA) providing Raman gain
and randomly distributed feedback, along with a highly reflec-
tive fiber Bragg grating (FBG) centered at 1092.1 nm generat-
ing point feedback. The passive fiber and FBG are spliced with

the common port and the 1090 nm port of a wavelength di-
vision multiplexer (WDM), respectively. The pump source
centered at 1046 nm is spliced with the 1040 nm port of
WDM. All the free fiber ends are 8° cleaved to suppress the
parasitic feedback, and the random laser output is utilized as
the illumination of the following vortex generation setup.
The random lasing radiated from the passive fiber is collimated
by a collimator and slashed by an aperture to apply a suitable
size to the spatial light modulator (SLM, operating at 1000–
1100 nm) before incident on the polarization beam splitter
(PBS). After passing the PBS, the laser beam is separated into
two parts. The reflective beam with vertical polarization is in-
cident on a diffuser for elimination, and the other with hori-
zontal polarization is transmitted directly for the following
vortex conversion and interference. The SLM is mounted after
the PBS, and real-time vortex spots are captured by a CCD
camera after being focused by a convex lens, as shown in
Fig. 1(a).

Figure 1(b) illustrates the interferometer with a triangular
toroidal structure, formed by a beam splitter (BS), a reflector
with the reflectivity >99.9% at 1000–1400 nm, and the SLM.
In the transmissive path, the function of SLM is to manipulate
the vortex RFL, while it is also utilized as a reflective mirror in
the reflective path. After reconvergence inside the BS, the in-
terference light is reflected, and real-time interferograms are
captured by a CCD camera after being focused via a convex
lens. By loading different holograms onto the SLM, the desired
laser modes can be gathered.

3. EXPERIMENTAL RESULTS AND
DISCUSSIONS

To analyze physical properties and verify the spiral wavefront of
the generated vortex RFL, the output properties of the RFL are
first characterized. The normalized amplitude spectra of a
1092.1 nm laser at different pump powers are shown in
Fig. 2(a). It can be found that, owing to the utilization of
FBG with a narrow reflection bandwidth, the full width at half
maxima (FWHM) of the random lasing has no serious broad-
ening after the pump power increases to 2.24 W, and the maxi-
mal FWHM is measured to be ∼0.38 nm. Figure 2(b) shows
the power evolution curves of an RFL. Prior to 3.44 W pump
power, the rising tendency of output power is relatively steep,
which turns flat after exceeding the second-order Stokes thresh-
old of 3.4 W. The maximal power of the random lasing mea-
sured at the end of the passive fiber is ∼1.04 W with the pump
power of 4.5 W, corresponding to an optical–optical efficiency
of ∼23%. Considering the losses induced by the spatial struc-
ture, such as the insertion loss of the lens and diaphragm, the
reflected vertically polarized light of the PBS, and the limitation
of effective illumination area of SLM, the maximal power at the
point of CCD camera is ∼0.5 W.

Then, via loading holograms with different l as depicted in
Fig. 3(a) on SLM [2,3,11], the vortex spots were obtained by
the CCD camera with l (the topological charge) from 1 to 5
after being focused by a convex lens, as shown in Fig. 3(b). It
can be seen that a dark hollow appears at the center of the vor-
tex beam, indicating where the phase singularity exists. Except
for the surrounding diffraction ripples, circinate and regular

Fig. 1. Experimental setup of the vortex RFL system.
(a) Generation setup of the vortex RFL. (b) Interference setup of
the vortex RFL. WDM, wavelength division multiplexer; FBG, fiber
Bragg grating with central wavelength at 1092.1 nm; PBS, polarization
beam splitter; BS, beam splitter; SLM, spatial light modulator; CCD,
charge-coupled device.
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distribution of beam intensity with clear boundaries can be ob-
served; further, the size of annulus expands as the topological
charge grows.

To verify the spiral phase of generated vortex RFL, an inter-
ferometer is constructed. A matter to be aware of is that the
coherence property of RFL has not been investigated system-
atically thus far, while it is a common view for researchers that
the spatiotemporal coherence of a random laser is lower than
that of a conventional laser, which enables an RFL to demon-
strate better performance in many applications such as speckle-
free imaging [46,47]. In this work, the temporal coherence
plays a dominant role, as a passive fiber only supports two
propagation modes in the wavelength range around
1090 nm, which is unsatisfied for the spatial coherence to
be regarded. Besides, the real-time output spectra of an RFL
are obtained in Ref. [48], and the average total spectrum
can be seen as an intensity envelope with a wide bandwidth,
which determines the temporal coherent length (about a few
millimeters in this work). Therefore, it is difficult to employ
the common parallelogram path, namely, the Mach–Zehnder
(M–Z) interferometer, in regulating the optical path difference
(OPD), where the incident beam is separated into two com-
pletely independent beams, and the interference performances
are affected largely by the temporal coherence feature of the
RFL. To address this challenge, we utilize a triangular loop
[see Fig. 1(b)]. Two beams pass through three sides of the same
triangle in the loop, consequently ensuring that OPD is strictly
zero and even further simplifying the setup. The interference
fringes of vortex RFL with l from 1 to 5 acquired by the CCD
camera are shown in Fig. 3(c). It can be distinguished that the

generated interference fringes vanish at the center of each in-
terferogram, where a phase singularity exists, and form a fork
pattern located in the center. Further, the number of the dis-
appeared fringes is the same as in the topological charge l . At
this point, the validity and the spiral phase of vortex RFL gen-
erated above are confirmed.

A vortex RFL with negative OAMs has also been shown.
Figure 4 exhibits vortex performances when reverse phases
are loaded on the SLM. Compared with Fig. 3, vortex spots
with l of −1 to −5, as shown in Fig. 4(b), manifest much the
same as those with the positive l numbers; however, the orien-
tation of fork fringes has a reverse rotation of 180°, as illustrated
in Fig. 4(c).

In the experiment, phase distribution can be changed flex-
ibly with the aid of SLM. The vortex performances with l of 10,
20, and 50 are exhibited as well, as depicted in Fig. 5. The size
of annulus multiplies as l is increased twofold. Further, the in-
tensity distribution gradually becomes dispersive with the range
of surrounding diffraction ripples extending, whereas the beam
spots remain rounded. Through observing the evolution of vor-
tex spots with l from 1 to 50, it can be measured that the size of
vortex spots is enlarged by

ffiffi

l
p

times as the topological charge
enlarges l times, which demonstrates that the generated vortex
RFL satisfies the universal physical laws of the vortex beam. It is
worth noting that, on the left of circular zone centrally located
at interference image, there exists a mirror shape with nearly the
same size and a fork fringe. This is owing to the double-faced
reflection of the reflective mirror employed in the interferom-
eter. As l is increased twofold corresponding to Fig. 5, the left

Fig. 3. (a) Holograms loaded onto the SLM. (b) Intensity distribu-
tion. (c) Interference fringes of the vortex RFL acquired by a CCD.
The topological charge l is 1 to 5 from left to right.

Fig. 4. (a) Holograms loaded onto the SLM. (b) Intensity distribu-
tion. (c) Interference fringes of the vortex RFL acquired by a CCD.
The topological charge l is −5 to −1 from left to right.

Fig. 2. (a) Normalized amplitude spectra of a 1092.1 nm random
laser at different pump powers. (b) Output power evolution of RFL at
different pump powers.

268 Vol. 9, No. 2 / February 2021 / Photonics Research Research Article



reflection image is displayed out of shape, resulting in a low
visibility of characteristic interference fringes. The double-faced
reflection is mainly due to two unparallel interfering light
beams. Through adjustment of position and flip angle of
the reflective mirror, the increased angle between the two light
paths approaches zero, and the two circles centrally superpose.

A vortex RFL with fractional OAMs has been further dem-
onstrated. Vortex profiles with topological charge l of 1.5 and
2.5 are shown in Fig. 6(b), which degenerate from complete
circles to distorted hollow rings with a radial gap along the hori-
zontal direction. The extent of the radial gap is large with half-
integral topological numbers. Meanwhile, a serrated gap occurs
connected with the circular zone horizontally, the size of which
increases along with the growth of l , as shown in Fig. 6(c).

In fact, apart from the SLM, there are many other devices
that can achieve vortex conversion, such as the spiral phase plate
(SPP) and the mode-selective coupler (MSC). The SPP is
widely applied in the generation of a vortex beam [49–53] with
the advantages of convenient operation and high-power afford-
ability. The MSC allows an all-fiber structure of the vortex
beam generation [54–57] by virtue of operation stability,
low intermode crosstalk, and rapid response rate. However,
these two modulators are confined to single-functionality,
which means that, for one wavelength, vortex beams can be
generated only with a single topological charge, making it dif-
ficult to reach large topological charges. In this work, genera-
tion and verification of the vortex RFL are in demand for the

extensible control of the topological charge and real-time mon-
itoring of vortex beam. From our perspective, the SLM, which
can realize dynamically controllable vortex beams with flexible
operation, high control precision, and high resolution, is a pref-
erable option among various modulators of vortex conversion.

4. CONCLUSION

In summary, a vortex RFL with controllable OAMmode is suc-
cessfully developed and experimentally realized. The topologi-
cal charge of the vortex beam can range from −50 to 50 with
nearly watt-level output power, and the spiral wavefront distri-
bution is verified by implementing a triangular toroidal inter-
ferometer for a generated random laser with special coherence
property. The intensity distributions of vortex spots are
extremely rounded and homogeneous, which reveal central
dark hollows; further, helical wavefront behaviors can be dis-
tinguished as unambiguous fork shapes. Fractional vortex
RFLs are also analyzed, indicating that the generated vortex
RFL follows the same physical laws as common vortices.
This work may not only offer a new approach to temporal
modulation of vortex beams and optical field control of an
RFL but also provide an alternative laser source for vortex
beams to expand their application in imaging, sensing, and
communication.
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