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SPECIAL TOPIC — Optical field manipulation

Visible-light all-fiber vortex lasers based on mode selective couplers”
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We demonstrate visible-light all-fiber vortex lasers by incorporating the home-made mode selective couplers (MSCs).
The MSC at green or red wavebands is fabricated by specially designing and fusing a single-mode fiber (SMF) and a
few-mode fiber (FMF). The MSCs inserted into visible fiber cavities act as power splitters and mode converters from the
LPy; to LP1; mode at green and red wavelengths, respectively. The red-light all-fiber vortex laser is formed by a 10-cm
Pr3t/Yb3t:ZBLAN fiber, a fiber Bragg grating, a fiber end-facet mirror and the MSC at 635 nm, which generates vortex
beams with OAM_ | at 634.4 nm and an output power of 13 mW. The green-light all-fiber vortex laser consists of a 12-cm
Ho’t:ZBLAN fiber, two fiber pigtail mirrors, and the MSC at 550 nm, which generates vortex beams with OAM.; at

548.9 nm and an output power of 3 mW.

Keywords: fiber laser, vortex laser, mode selective coupler, visible-light
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1. Introduction

Optical vortices are the light beams with helical
phase wave-front distribution and orbital angular momen-
tum (OAM). They have a phase singularity and carry dif-
ferent topological charges, so their light intensity distribu-
tion has the shape of a doughnut.!!">) Because of these
features in angular momentum and dynamic behavior, they
are widely applied to optical tweezers,* high-resolution
imaging, ! particle trapping,!®! material processing,!”! and
quantum information.'8! Currently, the methods of generat-
ing optical vortices in the free space mainly include, like
spiral phase plates,”! spatial light modulators,!'°! cylindri-
cal lens pairs,[!"121 Q-plates,!'?! off-axis pumping,!'* and so
on. However, the optical vortices produced by the above-
mentioned methods have many limitations: (i) low purity
of vortex beams and conversion efficiency, (ii) complex and
bulky structure, (iii) high cost, and (iv) precise alignment
of free-space optics with environment sensitivity. Compared
with solid-state lasers, fiber lasers have drawn much atten-
tion for their unique advantages, such as compactness, low
cost, ease of use, maintenance-free operation.[ls‘m Many re-
searchers attempted to generate optical vortices directly from

fiber lasers. For example, Sun et al. used a specific fiber
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Bragg grating!>’! and Wang e al. used a fiber mode-selective
coupler (MSC)?¥ to generate cylindrical vector or vortex

beams. 2526

| However, all of them operated around 1pm-—
2 um near-infrared spectral region, in the visible spectral re-
gion (380 nm—-760 nm), visible vortex fiber laser has not been
fully exploited yet. In fact, visible vortex lasers have vari-
ous applications to visible-light communications,?’~2%! super-
resolution imaging,*°! and micro-fabrication.[*!] The main
difficulties of realizing visible-light all-fiber lasers are: i) Al-
though rare-earth-doped fluoride fibers as visible gain medium
have low quantum energy and low background loss, they are
difficult to fusion splice with other fibers, which increases the
difficulty to construct visible all-fiber cavity; ii) The vortex
devices operating in the visible region are relatively absent.
Most recently our research group reported visible-light
all-fiber vortex lasers where directly generate visible vor-
tex beam oscillations through the lateral offset splicing
method,3>33] but the offset splicing introduces large loss due
to the mismatched mode fields. An alternative solution is to
fuse an MSC into the visible fiber cavity, which can not only
realize mode conversion from LPy; to LP{; mode, but also ex-
tract out the intracavity laser as laser output. Moreover, MSCs
also have high conversion efficiency and vortex purity. There-

fore, it is promising to explore the compact all-fiber visible
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vortex lasers by incorporating visible-wavelength MSCs.

In this paper, we designed and fabricated visible-
wavelength MSCs at first, and then inserted them into
We have
achieved the all-fiber visible vortex laser generation at
548.9 nm and 634.4 nm. This is, to the best of our knowledge,
the first demonstration of visible-light all-fiber vortex lasers

red/green all-fiber laser cavities, respectively.

based on MSCs, which has high purity and compact structure.

2. Visible-wavelength all-fiber mode selective
couplers

The operation principle of visible MSCs is that the fun-
damental and higher-order modes are phase-matched, the SMF
and the FMF change the transmitted energy according to the
phase-matched conditions. The power of LPy; mode can be
converted into a certain higher-order mode, when the length
of the coupling region is equal to the periodic value. The
SMF is pre-tapered to a specific diameter so that the propa-
gation constant of the fundamental mode matches the one of

the higher-order modes in the FMF. When the two propaga-

experiment, The SMF is pre-tapered to some optimal diame-
ters before fusing together with the FMF due to the asymmet-
rical fiber profile. The MSC consists of a single-mode fiber
(SMF, HP650) and a few-mode fiber (FMF, core/cladding di-
ameter = 10 um/125 um, NA =0.23). We find, when the SMF
diameters are around 110 um and 112 um for 638-nm and
520-nm MSCs, respectively, high-order mode (LP;;) conver-
sion can be achieved, and the coupling efficiencies are up to
94% and 95% with insertion loss of about 0.5 dB and 0.3 dB.
Then, a fiber coupler made up of two parallel fibers wounded,
stretched, and fused together by hydrogen and oxygen flames,
making their cores very close to each other. During the fus-
ing process, the visible-light laser is input into the SMF port,
and the power meter is used to monitor the output power ratio.
When the ideal coupling ratio is reached, the fully self-motion
fusing process is ceased. Finally, the fused coupler is pack-
aged with a heat shrinkable tube. MSCs can not only realize
the efficient conversion of LPy; to LPy, but also act as power
splitters that laser power is also reallocated in the coupling

area.
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Fig. 1. (a) Photograph and (b) schematic diagram of the red-light MSC. (c) Transmission spectra of the red-light MSC, the inset shows the LPy; and

LP;; modes.
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Fig. 2. (a) Photograph and (b) schematic diagram of the green-light MSC. (c) Transmission spectra of the green-light MSC, the inset shows the mode

patterns of the LPy; and LP;; modes.
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After the fabrication and package, we tested the perfor-
mance of the visible-wavelength MSCs. As given in Fig. 1(a),
when a red laser diode (LD) around 635 nm is poured into
the SMF import, it is clearly seen that the SMF output port
still output LPy; mode, and the FMF output port shows the
strong LP;; mode. The output power ratio of the LPy; and
LP;; modes measured by power meter is ~ 40 : 60 at 635 nm
(Fig. 1(b)). Moreover, the transmission spectra of the LPg;
and LP{; modes are further measured in Fig. 1(c), indicating
that the MSC can work in a wide visible spectral range. In
particular, the measured MSC insert loss is 0.8 dB at 635 nm.
The green-light MSC is also measured by the similar meth-
ods. As shown in Fig. 2, the mode conversion from LPy;
(SMF) to LP;; (FMF) mode can be clearly observed, and the
output power ratio of the LPy; and LP;; modes is 90 : 10 at
550 nm. The broadband transmission spectra of the LPy; and
LP;; modes in Fig. 2(c), which show the MSC enabling in the
wide green waveband, the measured insertion loss is 0.7 dB at
550 nm.

3. Results and discussion

3.1. The 635-nm red-light all-fiber vortex laser based on
MSC

Figure 3(a) gives the photograph of the red-light
Pr3t/Yb3:ZBLAN all-fiber vortex laser, and the schematic
diagram is given in Fig. 3(b).
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Fig. 3. (a) Photograph and (b) schematic diagram of the 635-nm red-light
all-fiber vortex laser.

The red fiber vortex laser composes of a 444-nm fiber-
coupled LD, a 10-cm Pr3t/Yb3t:ZBLAN fiber, a 98% high
reflectivity fiber Bragg grating (FBG) at 635 nm, a fiber pigtail
mirror M, an as-fabricated red-light MSC, and an in-line fiber
polarization controller (PC). The Pr’*/Yb**:ZBLAN fiber as
a down-conversion visible gain medium has a Pr’* concentra-
tion of 3000 ppm and an Yb>* concentration of 20000 ppm,
and its core diameter and numerical aperture are 2.8 pm and

0.23, respectively. The fluoride fiber and two silicate fiber are
butt-coupling by ceramic sleeves to achieve high coupling ef-
ficiency (~ 85%). The resonator is made up of the 635-nm
highly-reflective FBG and the home-made fiber end-facet mir-
ror M. A plasma sputter deposition technology is used to fab-
ricate fiber end-facet mirror by coating Si0,/TayO5 dielectric
films onto the facet ends. The mirror M is highly reflective at
635 nm, and a reflectivity is 99%. All the other fibers in the
cavity are Nufern 780 HP. The MSC was inserted in the cav-
ity to excite the LP1; mode (including four vector modes) into
FMEF, which could further enable vortex laser with high purity
to be realized. The role of the in-line PC at the output port is
to make the phase difference between the two vector modes up
to 7r/2 to further obtain the donut-shaped beam.

In our experiment, red-light laser was generated when
pump power increased to 36.3 mW. We used a spectrograph
to measure the output laser spectrum (see Fig. 4). A central
wavelength of 634.4 nm was measured at the pump power of
52.3 mW in the red-light laser, and the linewidth of 3 dB is
0.4 nm. And we found that the central wavelength stays the
same as the pump power increases.
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— 76.7 mW
— 93.2 mW
—101 — 107.7 mW
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M _oof — 156.1 mW
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> — 211.4 mW
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Fig. 4. Optical spectra of the 635-nm red-light laser at different powers.

We also further investigated the mode characteristics of
the output red laser. The near-field intensity distributions of
634.4-nm laser are shown in Figs. 5(a) and 5(b), and the two-
lobe-shaped beams are typically vector modes of the LPyj.
Technically, LP{; mode can be superimposed by four vec-
tor modes (i.e., TEg;, TMg;, HESY™", and HE(Z"IM), and their
combination corresponds to LPS{® and LPS9¢.341 By adjust-
ing the PC, the parameters (e.g., birefringence) of the FMF are
changed by the stress, resulting in the two modes with different
phase velocities. By adjusting the stress in the PC, the phase
difference of the two orthogonal modes reaches 7/2. Thus,
£ 1-order OAM beams with symmetrical annular intensity dis-
tribution and helical phase front could be obtained.3>-3! Fig-
ures 5(c) and 5(d) give the corresponding donut-shaped pat-
terns by properly adjusting the PC at the output. Figures 5(e)
and 5(f) depict the counterclockwise and clockwise interfer-
ence patterns of the donut-shaped beams, indicating that the

094204-3



Chin. Phys. B Vol. 29, No. 9 (2020) 094204

obtained vortex beams with OAM | in the red-light fiber laser.
By tight bend approach, >3 we measured the purity of the 635-
nm vortex beams with OAM_ is 91.4% and 92.8%. We also
measured the effect of pump power on output power in the

red-light vortex laser.

Fig. 5. Near-field intensity distributions of the LP;; mode in the red-light
all-fiber laser. (a) and (b) Intensity patterns of the LP;; mode. (c) and (d)
Intensity profiles of donut-shaped patterns. (e) and (f) Counterclockwise and
clockwise spiral interferograms.

Figure 6 shows the output power up to 13 mW, and the
output power increases linearly with the pump power. In addi-
tion, we observed that the profile and intensity of LP;; mode
field remain constant for a long time under the same state, in-

dicating that the vortex mode has a certain stability.

15

12

Output/mW
©

50 100 150 200 250 300
Pump/mW

Fig. 6. The power of the red vortex laser under different pump powers.

3.2. The 550-nm green-light all-fiber vortex laser based on
MSC
Figures 7(a) and 7(b) show the photograph and schematic
A 444-
nm fiber-coupled LD plays an important role as the pump

diagram of the green-light all-fiber vortex laser.

source, and a 12-cm Ho3T:ZBLAN fiber with a concentration
of 1000 ppm is used as gain medium to provide green-light
gain. Its core diameter and numerical aperture are 8.4 pwm
and 0.16. The Ho’*:ZBLAN fiber and silicate fiber are ef-
ficiently coupled by two ceramic sleeves. The linear resonator
consists of two homemade fiber pigtail mirrors (M1 and M2).
As given in Fig. 7(b), the M1 and M2 are carefully designed,
they are highly reflective at 550 nm, with reflectance of 99.6%
and 94.6%, respectively. It is worth noting that the M1 has
high transmissivity of 85% at 444 nm so that the pump laser

can mostly inject into the cavity through the fiber mirror M1.
The MSC acts as a high-order mode transformer as well as an
output splitter.
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Fig. 7. (a) Photograph and (b) schematic diagram of the 550-nm green-light
all-fiber vortex laser.

The 550-nm laser has a threshold of 373 mW. Figure 8
shows the output optical spectra of the 550-nm laser. The
central wavelength was measured to be 548.9 nm, and the
linewidth of 3 dB is 0.4 nm. We measured the spectra at differ-
ent powers, and found that an increasing of pump power does
not change the central wavelength.

0

| I
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Intensity /dBm

|
N
ot
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Wavelength/nm

Fig. 8. Optical spectra of the 550-nm green-light laser at different powers.

Subsequently, we observed the characteristics of the az-
imuthally/radially polarized beams in the green-light laser by
a visible CCD. Figures 9(a) and 9(f) shows donut-shape inten-
sity profiles, to verify whether they are azimuthally or radially
polarized beams, we insert a polarizer in front of the CCD to
observe property of the vortex beams. By rotating the polar-
ized axis direction of the polarizer, two-lobe-shaped intensity
patterns are obtained. Figures 9(b)-9(e) show near-field inten-
sity patterns through the polarizer. It can be seen that the ori-
entations of intensity patterns are perpendicular to the polar-
ized axis of the polarizer, indicating that the cylindrical vector
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beam is azimuthally polarized as TEg; mode. Figures 9(g)—
9(j) show the intensity patterns are the same direction as the
polarized axis of the polarizer, indicating that the cylindrical
vector beam is radially polarized as TMy; mode. In particular,
OAM modes also can be obtained by compressing and rotat-
ing of the PC. The typical near-field profiles (two-lobe) of the
LP;; mode can be seen in Figs. 10(a) and 10(b). Figures 10(c)
and 10(d) show the donut-shaped intensity profiles, and we
further measured their spiral interferometry patterns as seen

in Figs. 10(e) and 10(f). The results indicated that green-light
vortex beams with OAM_| were successfully generated. Fi-
nally, we explored the effect of pump power on output power
in green-light vortex lasers. Figure 11 shows that the aver-
age power of the output laser increases linearly with the pump
power, and a maximum power of 3 mW was obtained. The
purity of the 550-nm vortex beams with OAM_ is 88.4% and
90.7%, and the profile and intensity of the LP;; mode field can
keep stable for a long time under the same state.

Fig. 9. Near-field distributions of azimuthally/radially polarized beams in the green-light all-fiber laser. (a) and (f) Donut-shape intensity profiles.

(b)—(e) and (g)—(j) Near-field intensity patterns with rotation of a polarizer.

Fig. 10. Near-field intensity distributions of the LP;; mode in the green-light
all-fiber laser. (a) and (b) Intensity patterns of the LP;; mode. (c) and (d)
Intensity profiles of donut-shaped patterns. (e) and (f) Counterclockwise and
clockwise spiral interferograms.
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Fig. 11. The power of the green vortex laser under different pump powers.

4. Conclusion

In summary, visible-light all-fiber vortex lasers based on
MSCs have been proposed and demonstrated. The MSCs op-
erating in the red and green wavebands were fabricated and
characterized. Combining the MSCs and the fiber pigtail mir-

rors to constitute the all-fiber visible cavities, we successfully
achieved the green/red vortex fiber lasers at 548.9 nm and
634.4 nm. The red vortex laser generates the =1 order OAM
and the output power of 13 mW, and the green vortex laser
also generates the 1 order OAM and the output power of
3 mW. The purity of vortex lasers is high, but because the
length of ZBLAN fiber are not optimized and the MSCs have
slightly larger loss, the laser conversion efficiency and the out-
put power are not optimal. In the follow-up experiments, we
will optimize the length of the ZBLAN fiber and the inser-
tion loss of MSCs to improve the efficiency and try to propose
visible-light pulse vortex lasers.
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