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Abstract—We propose and demonstrate a continuous-wave
all-fiber ring laser generating cylindrical vector beams (CVBs)
using a MSC as transverse mode converter and mode splitter. The
MSC is fabricated by a novel method free of pre-tapering,
achieving LP;; mode with a high purity of > 96% near the
wavelength of 1064 nm. The CVB fiber laser operates at a center
wavelength of 1053.9 nm, with a 3 dB linewidth of less than 0.04
nm and a signal-to-background ratio of > 60 dB. The laser slope
efficiency is > 9%. The radially and azimuthally polarized beams
can be switched by adjusting the polarization controllers in the
fiber ring cavity, with a high mode purity measured to be > 96%.

Index Terms—Cylindrical vector beams, optical fiber lasers,
mode converter.

I. INTRODUCTION

he cylindrical vector beams (CVBs) includes radially and
azimuthally polarized beams [1]. Due to their characteristic
of unique axial symmetry in both amplitude field and
polarization, CVBs have been widely used in particle physics
[2], optical tweezers [3], material processing [4]
high-resolution metrology [5], and surface plasmon excitation
[6]. Especially the radially polarized beam, which is attracting
more and more attention.
Various kinds of continuous-wave (CW) CVB generation
techniques have been demonstrated with the use of certain

spatial polarization selective elements introduced into the laser
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cavity, such as dual conical prism [7], birefringent components,
[8], spatial-light modulator (SLM) [9], and sub-wavelength
gratings [10]. As compared with using certain spatial
polarization selective elements, all-fiber CVB generation
method has the advantages of low cost, high compactness and
efficiency [11], [12]. At present, two all-fiber methods are used.
The first one is using offset splicing spot (OSS) method to
generate high-order mode and few-mode fiber Bragg grating
(FM-FBQ) as the transverse-mode selector. Using this method,
CW CVBs and pulsed CVBs based on mode-locking and
Q-switched techniques are achieved [13]-[16]. However,
high-order modes are excited by lateral misalignment between
single mode fiber (SMF) and few mode fiber (FMF) which
introduces insertion loss into fiber cavity and deteriorates slope
efficiency of the CVB lasers [17]. The second method is using
the mode selective coupler (MSC) as the transverse mode
converter and splitter inside the laser cavity, as compared with
the OSS, the fiber laser slope efficiency can be effectively
improved [17], [18]. In Reference [18] we demonstrated a
passively mode-locked fiber laser generating pulsed CVB
based on an all-fiber MSC fabricated by pre-tapered technique,
operating near a wavelength of 1550 nm. However, the laser
slope efficiency is still limited to about 3.1%. Efforts are still
needed to improve the laser slope efficiency as well as to extend
the laser operating wavelength with a high CVB purity.
Furthermore, the MSC’s fabrication technology is relatively
complex due to the pre-tapered process [19]-[21].

In this paper, firstly, we theoretically and experimentally
present a novel all-fiber MSC capable of exciting LP;; mode in
TMF with high mode purity and low loss. Then, we
demonstrate a high slope efficiency CW CVB fiber laser based
on the MSC near a wavelength of 1.0 um with an ultra-high
mode purity. To the best of our knowledge, this is the first
report on CW CVB fiber laser with high efficiency and mode
purity near a wavelength of 1.0 um, using an all-fiber MSC
fabricated free of pre-tapering. All these results are attractive
for developing CVB lasers with high power for further
potentially applications many applications in material
processing and micro-machining [22], [23].

II. MSC WORKING PRINCIPLE AND FABRICATION

The basic structure of the MSC is depicted in Fig. 1. It
consists of a two mode fiber (TMF) and a SMF (core/cladding
diameter = 6.2/125 pum, NA = 0.14). The conventional single
mode telecom fiber (SMF-28, core/cladding diameter = 8.2/125
um, NA = 0.14) is used as the TMF at wavelength of 1064 nm.
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The principle of the coupler is to phase match the fundamental
mode in the SMF with a high-order mode in the TMF, and
achieve fundamental mode conversion to high-order modes
[21].
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Fig. 1. Schematic of the MSC. The LPy; mode is launched into the SMF input
port, the LP;; mode is expected to be excited at the TMF output port, while the
uncoupled LPy; mode will propagate along the SMF.

According to the coupling mode equation [24]:
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Where z is the distance along the coupling region of the
coupler, A, and A, are the modal field amplitudes of the LPy,
mode in the SMF and a certain high-order mode in the FMF,
respectively. B; and B, are the propagation constants of the
fundamental mode in the SMF and a certain high-order mode in
the FMF, respectively. C;; and C,, are self-coupling
coefficients, C, and C,; are mutual-coupling coefficients. Cy;
and C, are negligible with respect to Ci, and C,; and
approximately C,=C;,=C. The power distributions of the two
output ports of the MSC are:
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Suppose B, is the propagation constant of the LP,; mode in
the TMF, when f; is equal to P,, the phase mismatch

Af=,—f, is equal to 0, indicating that the fundamental

mode (LPy;) in the SMF and the high-order mode (LPy;) in the
TMF meet the phase matching conditions. Under phase
matching condition, Eqs. 3 and 4 can be simplified as:
Pi(z) =cos’(Cz) and p,(z)=sin’(Cz) indicating a complete
periodic power exchange between the two modes in the lossless
case and achieve the conversion between LP;; mode and LP,
mode.

A. MSC Simulation

Since the propagation constant of the mode varies with the
diameter of the fiber, in order to meet the phase matching
condition, it is necessary to find the optimum fiber diameter.
We calculated the mode effective index versus different fiber
diameters by finite element method (FEM) as shown in Fig. 2.
There are two kinds of situations that meet the phase matching
condition. Firstly, at a diameter of about 22.4 pm, the

SMF-LPy, curve and the TMF-LP;, curve have an intersection
point (meeting the phase matching between the LPy; mode and
the LP;; mode). The diameter of SMF and the TMF are pulled
to about 22.4 um directly, which is free of pre-tapering.
Secondly, namely the pre-tapered situation. When the diameter
of the SMF is less than 6 um and the diameter of the TMF is
less than 9 um, the effective index curve slope of the LPy; mode
(in the SMF) equals to that of the LP;; mode (in the TMF). The
best diameter ratio of the SMF as compared to the TMF is 0.64,
so the diameter of the SMF should be pre-tapered to 80 um.

1.450
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Fig. 2. The mode effective index of the LPy; mode (in the SMF) and the LPy,
mode (in the TMF) versus different fiber diameters at the wavelength of 1064
nm.

We use beam propagation method (BPM) to calculate the

modes’ propagating in the MSC and confirm two kinds of
aforementioned phase matching conditions. As shown in Fig. 3.
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Fig. 3. Simulation results: (a) and (g) mode intensity distribution in the fiber; (b)
and (h) Power exchange in the coupling region when LPy; mode (in the SMF)

converts to LP;; mode (in the TMF); (c)-(f) and (i)-(1) Evolutions of the mode

field distribution in the coupling region when LPy; mode converts to LP;; mode

in one period.

The simulation results show that the mode power of the LPy,
mode (in the SMF) and the LP,; mode (in the TMF) are
periodically exchanged in the coupling region. The diameter of
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the SMF and the diameter of TMF have the same value of 22.4
pm as shown in Figs. 3(a)-(f). The diameters of SMF and TMF
optical fibers are 5 um and 7.8 um, respectively (the diameter
ratio is about 0.64), as shown Figs. 3(g)-(1).

B. MSC Fabrication

In order to achieve high mode purity, we use weak fusion
technique for maintaining the geometry of the SMF and the
TMF [21], [25]. Furthermore, unlike other mode selective
coupler fabrication techniques for which SMF (or FMF) must
be pre-tapered, we use technique free of pre-tapering to
fabricate the MSC. The SMF was aligned directly (without
pre-tapering) with the TMF and they are fused together using
the flame modification method [26]. During the pulling process,
a laser source with a wavelength near 1064 nm is launched into
the SMF input port. Meanwhile, mode intensity distribution at
the TMF output ports is monitored by a CCD camera (CinCam
IR, InGaAs). During the pulling process, we can see the
intensity distributions of the two-lobed LP;; mode on the CCD
camera, but the coupling efficiency can only reach about 20%.
This is because the phase matching between the LPy; mode and
LP;; mode can only be achieved when both the SMF and the
TMF have the same diameter of 22.4 pum. The coupling
efficiency depends on the power of the LP;; mode From
Equation 4, the power of the LP;; mode depends on the
coupling length z. It can be seen from Fig. 2 that when the two
optical fibers have the same diameter of 22.4 pm, the power of
the LP;; mode reaches the maximum value at a coupling length
of about 1.7 cm. However, in our present experiment, the
coupling length is only about 0.5 cm when the two fiber
diameters are maintained at 22.4 pm, and the coupling
efficiency is about 20%. The mode intensity distributions at the
TMEF output port with different wavelengths are detected by the
CCD, as shown in Fig. 4. The purity of the LP;; mode is
estimated to be above 96% near the wavelength of 1064 nm,
measured by the tight bend approach [20]. The LPy; mode can
be efficiently converted to the LP;; mode with a low loss of
about 0.5 dB.

Fig. 4. CCD images of the LP;; mode excited in the TMF at different launching
wavelengths.

Figs. 5(a) and 5(b) show the microscopic images of the
MSC’s coupling region and cross-section, measured by a
high-precision vertical optical microscope and a horizontal
high-precision optical microscope, respectively. It is confirmed
that the SMF and the TMF have the same diameter of about
22.4 um and the coupler cross-section is weakly fused. Thus,
the experimental results are in good agreement with the
simulation results.

Fig. 5. Microscopic images of the MSC: (a) The coupling region observed by a
high-precision vertical optical microscope. (b) The weakly fused coupler
cross-section observed by a high-precision horizontal optical microscope.

III. EXPERIMENTAL SETUP AND RESULTS

A. Experimental Setup

The experimental setup of the CW CVB fiber laser is
illustrated in Fig. 6, which consists of one 974 nm laser diode
(LD), a 980/1064 nm wavelength division multiplexer (WDM),
a section of ytterbium-doped-fiber (YDF, Nufern, SM-Y SF-HI),
a circulator, a single-mode fiber Bragg grating (SM-FBG), two
polarization controllers (PCs) and a MSC. By introducing
SM-FBG into the cavity to narrow the bandwidth of the laser,
the purity of the CVB is increased [15]. MSC act as transverse
mode converter and mode splitter. When the light is reflected
by the SM-FBG into the MSC, the LP;; mode converted into
the LP;; mode through a collimator is detected by CCD. The
laser spectra are measured by an optical spectrum analyzer
(OSA, YOKOGAWA, AQ6370C).
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Fig. 6. Experimental setup of the CW CVB fiber laser.

B. Experimental Results

The laser spectrum with a pump power of 120 mW at output
is measured as Fig. 7(a). The center wavelength of the laser is
1053.9 nm and the 3-dB bandwidth is measured to be 0.038 nm.
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Fig. 7. Experimental results: (a) Optical spectrum of the CW CVB fiber laser
(black), inset: compared with the reflective spectrum of a SM-FBG with a 3 dB
bandwidth of 0.05 nm (red); (b) Laser output power versus pump power.

The signal-to-background ratio is about 61 dB. Fig. 7(b) shows
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the laser output power versus the pump power, the slope
efficiency of is about 9.1%, which is higher than we have
previously proposed passively mode-locked CVB fiber laser
based on an MSC [18].

The MSC functions as a mode converter and splitter, when
light passes through the MSC, the LP,; mode is converted into
the LP;; mode and output from the TMF fiber output port,
which is connected to a collimator and detected by the CCD.
The doughnut-shaped intensity profile of the radially and
azimuthally polarized beams can be obtained at laser output
port through adjustment of PC1 and PC2 as shown in Figs. 8(a)
and 8(f). The purity of the radially polarized beam and the
azimuthally polarized beam are measured to be 96.6% and
96.3%, respectively [12], [18] .The radially and azimuthally
polarized beams could be confirmed by recording the intensity
distributions by rotating a liner polarizer inserted between the
collimator and the CCD camera. The mode intensity

distributions of the radially and azimuthally polarized beams
after passing a liner polarizer at different orientations are shown
in Figs. 8(b)-8(e) and 8(g)-8()).

Fig. 8. Intensity distributions of: (a) Radially polarization beam and (f)
azimuthally polarization beam without a polarizer; (b)-(e): Radially
polarization beam after passing a liner polarizer; (g)-(j): Azimuthally
polarization beam after passing a liner polarizer. Arrow indicates the
orientation of the linear polarizer.

IV. CONCLUSION

In summary, we present a CW all-fiber laser generating
CVBs with high efficiency and high mode purity near a
wavelength of 1.0 pm. A MSC made by a novel weakly fused
technology free of pre-tapering is used as the transverse mode
converter and mode splitter. The MSC can achieve LP;; mode
with a high purity of > 96% near wavelength of 1.0 pm with a
low loss of about 0.5 dB. The purities of the radially polarized
beam and the azimuthally polarized beam are measured to be
96.6% and 96.3%, respectively. The fiber laser works at the
wavelength of 1053.9 nm with a 3 dB bandwidth of <0.04 nm
and a slope efficiency of > 9%. This simple and novel all-fiber
laser source may find applications in many areas such as optical
tweezers, optical imaging, and mode-division multiplexed
systems.
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