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All-Fiber High Efficiency Wavelength-Tunable
Mode-Locked Cylindrical Vector Beam Laser

Yuan Lu and Peijun Yao

Abstract—A wavelength-tunable mode-locked cylindrical vector
beam (CVB) fiber laser with a dumbbell-shaped structure was pro-
posed and demonstrated experimentally. A homemade broadband
long-period fiber grating (LPFG) and a high-birefringence Sagnac
fiber loop work as mode converter and comb filter respectively. The
mode-locking mechanism is based on the nonlinear polarization
rotation (NPR) effect. The central wavelength can be tuned from
1023.257 nm to 1046.123 nm with mode-locked operating state.
The laser has a high slope efficiency of 15.75% with the mode-
locking threshold value of 232.5 mW at the central wavelength of
1041.361 nm. The mode-locked CVB pulses have a repetition rate
of 7.06 MHz with the duration of 107 picoseconds. Radially and
azimuthally polarized beams can be obtained by eliminating the
degeneracy of LP11 mode, with the purity of 94.86%. This CVB
laser with controllable operating wavelength may have potential
applications in mode division multiplexed (MDM) systems, optical
manipulation, and electron acceleration.

Index Terms—Cylindrical vector beam, fiber laser, mode-locked
laser, wavelength-tunable.

I. INTRODUCTION

CYLINDRICAL vector beams (CVBs) are vector beam so-
lutions of Maxwell’s equations, the intensity distributions

of which present a donut shape and the polarization distribu-
tions have cylindrical symmetry. Compared with conventional
Gaussian beams, a smaller spot size can be reached by focusing
CVBs with high aperture lens [1]. And flattop focal shapes
can be obtained by shaping technique using CVBs [2], [3].
These properties make it play an important role in many areas
such as material processing [4], optical trapping [5], second-
harmonic generation [6], biomimetic surface structuring [7],
optical data storage [8], sensor [9], and so on. What’s more, the-
ory indicates CVBs outperform conventional Gaussian beams
for wireless power transfer within the Fresnel zone recently
[10]. The need for practical applications promotes the rapid
development of techniques to produce CVBs. Passive methods
are transforming Gaussian beam into CVBs by using a mode
converter such as spatial light modulators [11], subwavelength
gratings [12], and Q-plates [13]. Active methods are aimed for
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achieving laser oscillating in higher-order mode and CVBs are
emitted from the laser cavity directly [14]–[16]. LP11 mode
in few-mode fiber contains four degenerated modes, including
TM01, TE01, HE21odd, and HE21even modes. TE01 and TM01

modes correspond to azimuthally and radially polarized beams
respectively, which makes it possible to produce CVBs in an
all-fiber structure. In the past few years, all-fiber CVB lasers
attract more and more attention due to the advantages of simple
structure, good flexibility, and good heat dissipation. Moreover,
all-fiber structures are helpful for combining with mode-locking
techniques to generate CVB mode-locked pulses.

In 2015, Sun et al. achieved a mode-locked CVB fiber laser
by utilizing the offset splicing structure to excite higher-order
mode with a figure-8 configuration, where a few-mode fiber
Bragg grating (FM-FBG) acts as transverse mode selector [17].
The laser can emit rectangular pulses with duration tunable from
2.8 to 23 ns. In 2017, Chen et al. demonstrated an all-fiber
actively mode-locked laser producing CVB pulses with high
efficiency and a tunable repetition rate, where a two-mode
long-period fiber grating (TM-LPFG) was introduced into the
laser cavity as a mode converter and a two-mode fiber Bragg
grating (TM-FBG) is used as a mode selector [18]. In 2018, Wan
et al. proposed a passively mode-locked CVB fiber laser using a
mode selective coupler (MSC) as the transverse mode converter
and a semiconductor saturable absorber mirror (SESAM) for
mode-locking [19]. The pulse repetition rate is 18.58 MHz with
the signal-to-noise ratio (SNR) of 52 dB. In 2019, Xu et al.
reported a passively mode-locked all-fiber ring-cavity laser for
CVB generation based on the nonlinear polarization rotation
(NPR) effect, where a two-mode fiber optical coupler (TMF-OC)
was used to generate CVBs [20]. In addition, CVB mode-locked
laser based on mode superposition with an all-polarization-
maintaining fiber structure [21] has been also demonstrated.
However, these mentioned CVB fiber lasers operate at fixed
wavelengths due to the relatively narrow spectral bandwidth
of the mode converter or the mode selector. On the other
hand, many applications such as sensing [22], [23], material
handling and processing [24], [25], and optical trapping [26],
[27] are sensitive to wavelength. In aspect of optical nonlinear
application and study, laser with different wavelength may be
required. Therefore, wavelength-tunable lasers are important
which can meet the demand in different applied fields. However,
wavelength-tunable CVB fiber lasers are rarely reported.

Conventional mode-locked fiber lasers based on NPR usually
has a ring-cavity structure [28]–[31], where the optical isolator
(ISO) or the optical circulator brings additional loss. In this
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Fig. 1. Experimental setup of the wavelength-tunable mode-locked CVB fiber
laser; OC, optical coupler; SMF, single-mode fiber; COL, collimator.

paper, a dumbbell-shaped NPR mode-locked fiber laser was
proposed to generate CVB pulses. A broadband LPFG and a
high-birefringence Sagnac fiber loop are employed as mode
converter and filter respectively. By adjusting the polarization
state of the polarization controller (PC) in the Sagnac filter, the
laser achieves tunable wavelength range from 1023.257 nm to
1046.123 nm. Radially and azimuthally polarized beams can
be switched by adjusting another PC mounted outside the laser
cavity.

II. EXPERIMENT PRINCIPLE AND SETUP

The schematic of our proposed mode-locked laser with CVB
generation is illustrated in Fig. 1. The Sagnac filter is com-
posed of a 50:50 single-mode optical fiber coupler, a 12 cm
polarization-maintained fiber (PMF, Nufern, PM980-XP) with
the birefringence of ∼4.5 × 10−4, and a PC (PC1). A 974 nm
laser diode (LD) pumps a 23 cm single-mode ytterbium-doped
fiber (YDF, Nufern, Yb1200) with 1200 dB/m absorption at
976 nm via a 980/1053 nm wavelength-division multiplexer
(WDM). A polarizer and two PCs (PC2 and PC3) placed inside
the laser cavity are used to realize mode-locked operation based
on the mode-locking mechanism of NPR. The broadband LPFG
fabricated using two-mode fiber (TMF) is used to convert LP01

mode to LP11 mode. A 90:10 two-mode optical fiber coupler
constitutes the right Sagnac reflector, which not only acts as the
right cavity mirror but also provides a 64% laser output [32]. PC4
is installed outside the laser cavity to tune the polarization state
of the output modes. The numerical aperture (NA) and cutoff
wavelength of the SMF (blue line in Fig. 1, Corning, HI-1060)
are 0.14 and 920 nm. The diameters of core and cladding are
5.3 µm and 125 µm respectively. The spectral properties of
the laser are measured by an optical spectrum analyzer (OSA,
YOKOGAWA, AQ6373B). A 4 GHz oscilloscope (LeCroy, Wa-
verunner 640Zi) together with a 3 GHz photoelectric detector
is employed to record the temporal characteristics. The pulse
duration is measured by an autocorrelator (A.P.E, pulseCheck
600). The mode field profiles of the output beam can be captured
by a charge-coupled device (CCD, @1.0 µm) camera after been
collimating. A linear polarizer (LP) is placed before the CCD to
test the polarization distribution of the output beam.

The period of the transmission curves can be calculated the-
oretically [33],

Δλ = λ2/ (BL) . (1)

Fig. 2. (a) Measuring equipment of the Sagnac filter’s transmission spectrum;
(b) Measured transmission spectra of the Sagnac filter (curves of different colors
correspond to different polarization states of PC1).

where λ is 1035 nm, B and L represent the birefringence and
the length of the PMF. As a result, the period is approximately
19.84 nm. The filtering characteristics of the Sagnac filter can
be measured by the experimental device shown in Fig. 2(a).
An amplified spontaneous emission (ASE) source is injected
into the Sagnac filter from port 1, and the optical ISO is used
to prevent the reflection of ASE from the Sagnac filter. The
measured transmission spectra of the Sagnac filter are illustrated
in Fig. 2(b), which shows the insertion loss of the Sagnac filter
is ∼3 dB. The period of the transmission curves is ∼19.78 nm,
which is consistent with the theory value.

When the phase matching condition is satisfied [34],

Λ = λ/ (neff,01 − neff,11) . (2)

LPFG written on TMF can convert LP01 mode to LP11 mode
at the resonance wavelength of the LPFG. Λ and λ represent
grating period and resonance wavelength respectively. neff,01

and neff,11 denote effective refractive index of LP01 mode and
LP11 mode respectively. The grating period of the LPFG versus
resonance wavelength shows a non-monotonic parabolic trend at
1.0µm band [35]. There is minimum grating period corresponds
to one resonance wavelength, and the transmission spectrum
of the LPFG presents one resonance dip. When the period is
bigger than the minimum period, there will be two resonance
wavelengths that correspond to one same period. Accordingly,
the transmission spectrum of the LPFG shows two resonance
dips. If the grating period is suitable, the two resonance dips
will overlap with each other [36], thus an LPFG with broad con-
version bandwidth can be fabricated. Our group have fabricated
a broadband LPFG with the mode conversion efficiency higher
than 93.7% (12 dB) from 940 nm to1065 nm using Corning
SMF-28e fiber (NA: 0.14, cutoff wavelength: < 1260 nm, core
diameter: 8.2 µm, cladding diameter: 125 µm) [37], which is
calculated to be a TMF at 1.0 µm band. The insertion loss of the
LPFG is ∼1 dB. In the experiment of this paper, the broadband
LPFG is employed as a broadband mode converter.

III. EXPERIMENTAL RESULT AND DISCUSSION

When the pump power is 428.3 mW, we adjust PC2 and PC3
properly to achieve mode-locked operation of the laser. Funda-
mental mode pulse emitted from the polarizer will be converted
into LP11 mode pulse by the LPFG. And 36% LP11 mode pulse
launched out from the LPFG is reflected back into the laser
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Fig. 3. Output characteristics of mode-locking operation at the wavelength
of 1041.361 nm. (a) Output spectrum; (b) Pulse train of the laser with 5 µs
time window, inset: pulse with a time duration of 320 ns; (c) RF spectrum of
the pulse with a 6 MHz span, inset: RF spectrum with a 600 MHz span; (d)
Autocorrelation trace, inset: measured pulse duration versus pump power.

Fig. 4. (a) Output spectra under different pump power; (b) Output power as a
function of pump power, inset: pulse peak power versus pump power; (c) Output
spectra recorded with intervals of 10 minutes during 2 hours under the pump
power of 428.3 mW; (d) Center wavelength and intensity variation during 2
hours with the pump power of 428.3 mW.

cavity by the Sagnac reflector, while 64% of which is output. As
shown in Fig. 3(a), the central wavelength is 1041.361 nm with
the 3 dB linewidth of 2.928 nm. The corresponding pulse train
illustrated in Fig. 3(b) shows the pulse interval is 141.6 ns. The
radio-frequency (RF) spectrum of the mode-locked pulse train
with a 6 MHz span and 30 Hz resolution in Fig. 3(c) indicates the
fundamental repetition rate is 7.06 MHz, which matches with the
cavity length of 14.60 m. And the SNR at fundamental repetition
frequency is 59.17 dB. The inset exhibits a wider RF spectrum
with a 600 MHz span and 100 Hz resolution. The autocorrelation
curve shown in Fig. 3(d) illustrates the pulse width is 107 ps. The
inset of Fig. 3(d) illustrates the pulse duration increases linearly
with pump power.

Changing the pump power, the laser can keep at stable mode-
locked state and the spectral width is slightly broadened with
the increase of pump power due to the enhancement of the
nonlinear effect as depicted in Fig. 4(a). When the pump power

TABLE I
SOME PREVIOUS WORKS ABOUT ALL-FIBER MODE-LOCKED CVB LASERS

changes, the output power is measured by using a power meter
(Tgorlabs, S146C, 900 nm-1650 nm, 20 W). Fig. 4(b) indicates
the slope efficiency is as high as 15.75% with the mode-locking
threshold value of 232.5 mW. The inset of Fig. 4(b) shows the
pulse peak power is between 83.95 W and 89.18 W when the
pump power varies from 326.2 mW to 650 mW. Table I lists
some previous works about all-fiber mode-locked CVB fiber
lasers. It can be seen our laser has the highest slope efficiency and
largest output power, which is attributed to the dumbbell-shaped
configuration and the high transmissivity of the output cavity
mirror. To evaluate the mode-locking stability, the output spectra
are recorded every 10 minutes in 2 hours at room temperature
under the pump power of 428.3 mW. As depicted in Fig. 4(c),
the change of the spectral profile is almost negligible. Fig. 4(d)
shows the fluctuations of center wavelength and power are less
than 0.12 nm and 0.16 dB within 2 hours. In addition, the SNR
of the RF spectrum is larger than 59 dB and the pulses possess
a highly uniform amplitude. These indicate the mode-locked
operation is very stable.

Keeping the polarization state of PC1 and adjusting PC2 and
PC3, the central wavelength can be tuned within ∼3 nanometers
due to the effect of intra-cavity birefringence filtering. Changing
the polarization state of PC1 in the Sagnac filter under the
pump power of 428.3 mW, the filter spectrum of the Sagnac
filter will change accordingly and the gains and losses of dif-
ferent wavelengths are balanced. As depicted in Fig. 5, the
central wavelength is continuously tuned from 1023.257 nm
to 1046.123 nm corresponding to a tunable range of 22.866
nm with mode-locked operating state. The 3 dB bandwidths
and intensity of the spectra are slightly different, which may
be caused by the different modulation depth of the transmission
curve and different intra-cavity losses with different polarization
states of the three PCs. It can be seen that all the side-mode
suppression ratios are >43 dB. The spectrum fringes are caused
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Fig. 5. Output spectra of the laser operating at different central wavelengths.

Fig. 6. (a) Intensity distribution of radially polarized beam; (b)–(e) Intensity
distributions of radially polarized beam after an LP; (f) Intensity distribution
of azimuthally polarized beam; (h)–(j) Intensity distributions of azimuthally
polarized beam after an LP. The white arrows denote the axis of the LP.

by the interference between LP11 mode and a small amount of
residual LP01 mode which is not transformed.

When the laser operates at mode-locked operating state, ad-
justing PC4 carefully to remove the degeneracy of the LP11

mode, both radially and azimuthally polarized beams can be
obtained from the output end. The intensity distributions and
images can be observed by a CCD camera. The beam profiles
of the radially and azimuthally polarized beams are illustrated
in Fig. 6(a) and (f) respectively, presenting a doughnut-shaped
intensity profile, which is a typical characteristic of CVBs.
Fig. 6(b) to (e) and Fig. 6(g) to (j) show the intensity distribu-
tions of radially and azimuthally polarized beams after passing
through an LP at different orientations respectively, which con-
forms to the characteristics of CVBs. Using the bending-loss
method proposed in Ref. [38], the mode purity of the CVBs is
measured to be 94.86%.

IV. CONCLUSION

In summary, a dumbbell-shaped NPR mode-locked CVB fiber
laser with high efficiency was demonstrated. Fundamental fre-
quency mode-locking can be realized by adjusting PCs inside the
cavity. The laser can achieve continuously wavelength-tunable
mode-locked operation from 1023.257 nm to 1046.123 nm by
using a Sagnac filter. At the typical wavelength of 1041.361
nm, the laser delivers CVB pulses with the pulse duration of
107 ps. The slope efficiency is as high as 15.75%. The funda-
mental repetition rate is 7.06 MHz and the maximum output
power is 97.2 mW, corresponding to the pulse energy of 13.8

nJ. The fluctuations of central wavelength and power are less
than 0.12 nm and 0.16 dB within 2 hours, which demonstrates
the stability of the mode-locking state. The mode purity of the
CVBs is 94.86%. It has good application prospects in sensor,
optical tweezers, and MDM systems.
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