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1.89 kW cylindrical vector beams (CVBs) at 1,064 nmwith the 3 dB linewidth being
about 0.08 nm have been generated from a narrow linewidth all-fiber linearly-
polarized laser by metasurface extra-cavity conversion. At the maximum output
power, the transmission efficiency, mode purity of radially polarized cylindrical
vector beams (RP-CVBs) are 97% and 92.7%, respectively. To the best of our
knowledge, this is the highest power of narrow linewidth CVBs generated from
fiber laser. The temperature of the metasurface is moderate, and the maximum
temperature is 75.5°C at 1.89 kW, which means that the system can be further
power scaled. The evolution of mode purity has been analyzed numerically, and
the influence of high-order modes (HOM) in laser source and thermal effects of
metasurface has been calculated, which reveals that the presence of high-order
modes and the temperature rise of metasurface degrade the mode purity of the
CVBs. Among them, HOM causes a degradation of 1.68%, thermal lensing effect
contributes 2.32%, and the microstructure variation of the metasurface
contributes the remaining 3.3%.
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1 Introduction

Due to the unique polarization and amplitude symmetric properties with highly compact
configurations [1, 2], narrow linewidth cylindrical vector beams (CVBs) generated from fiber
lasers by intra-cavity or extra-cavity conversion have attracted increasing attention in recent
years for its versatile applications, such as material processing [3, 4], optical trapping and
manipulation [5–7], high resolution imaging [8, 9], and optical communication [10–12], and
so on. Among the aforementioned applications, narrow linewidth CVBs with ever increasing
performance figures are demanded, and various methods, including coherent beam
combination [13, 14], metasurface [15, 16], grating mirror [17, 18], have been proposed
and demonstrated to generate high power CVBs. Among them, it is an efficient and
convenient method to generate CVBs by metasurface [19, 20]. In 2014, X. Yi et al
presented a simple and efficient method to convert a linearly polarized beam produced
by a He–Ne laser to any CVBs based on two cascaded metasurfaces [21]. Then, a 500 W
narrow linewidth CVB has already been generated from a linearly polarized fiber laser source
by metasurface, which was limited by the output power capability of the employed laser
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sources [15]. Due to that the achieved power level is moderate, the
data revealed that no obviously obstacle has been observed, and the
possible limitations of generating CVBs with metasurface are still
unknown. Fortunately, laser power from narrow linewidth linearly-
polarized ytterbium-doped fiber lasers have soared up rapidly in
recent years due to the successful mitigating of stimulated Brillouin
scattering and transverse mode instability simultaneously [22–25],

and 4-kW level narrow linewidth linearly-polarized laser has already
been demonstrated [26]. Higher power CVBs can be generated with
more powerful linearly-polarized fiber laser sources, which provides
the chance to investigate the power scaling capability of the
metasurface method and show the road to more powerful CVBs.

In this paper, near 2 kW linearly-polarized narrow linewidth
laser was converted into the high-purity radially polarized CVBs

FIGURE 1
Experimental setup to generate andmeasure CVBs: (A) transmission efficiency ofmetasurface; (B) performance ofmetasurface (PM-FL, polarization
maintaining fiber laser; HWP, half-wave plate; GLP, Glan laser prism; MS, metasurface; CCD, charge coupled device.)

FIGURE 2
Parameters of fiber laser: (A) 3 dB linewidth of fiber laser at different output power (inset: spectrum at maximum power); (B)M2 of laser source and
power after passing through GLP 1.
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(RP-CVBs) based on the metasurface with high transmission
efficiency. To the best of our knowledge, this is the highest
power of CVBs generated from fiber laser. The influence of laser
modes on purity of the CVBs has been analyzed, and the power
limitation has been discussed.

2 Methods

A metasurface can be regarded as a spatially inhomogeneous
phase delay plate with a spatially variable optical axis, and the optical
axis of which is set to be parallel to the surface of silica substrate,
described with a simplified expression

α r,φ( ) � 1
2
φ (1)

where (r, φ) is the polar coordinate representation. The metasurface
can lead to a phase retardation δ between the incident electric field
with parallel and perpendicular polarization to the optical axis by the
effective birefringence effect. Generally, the manipulation of
polarization state can be characterized by the multiplication
between Jones matrices of an incident beam and metasurface. It

should be mentioned that the phase retardation δ is set to be π to
realize the conversion from an incident linearly polarized beam to
radially polarized beam [21]. Thereby, the Jones matrix T of the
metasurface can be written in terms of

T r,φ( ) � cos φ( ) sin φ( )
sin φ( ) −cos φ( )[ ] (2)

Similarly, the Jones matrix of the linearly polarized Gaussian
beam can be expressed by Ein (r, φ) = E0 (r, φ)×[cos(θ) sin(θ)], where
θ is the initial angle between the polarization orientation of the
incident linearly polarized beam and the main optical axis direction
of the metasurface. After passing through the metasurface, the
output beam Eout (r, φ) = T (r, φ) Ein (r, φ) can be deduced by

Eout r,φ( ) � E0 r,φ( ) cos φ − θ( )
sin φ − θ( )[ ] (3)

Therefore, the RP-CVB can be obtained by the linearly polarized
beam with the preconditions of θ = 0.

The metasurfaces can have several structures [27], including
orthogonal nano-slit pairs arranged [28], rectangle or ellipse silicon
resonators [29] and so on. In this paper silicon resonators structure
is applied to metasurface. The metasurface is fabricated by writing
self-assembled nanostructures in silica glass with a femtosecond
laser. The interaction of the plasma with the incident light results in
a strip-like nanostructure and the phase retardation is chosen as
π. During fabrication, the silica substrate is mounted onto a
triaxial translational stage system. This way helps to realize
the silicon resonators’ optical axis distribution described by
Equation 1.

The experimental setup to generate CVBs is shown in Figure 1.
To generate narrow linewidth CVBs, a homemade narrow linewidth
linear-polarized fiber laser source at 1,064 nm has been employed,
which deliverers a maximal laser power of 2095 W with 3 dB
linewidth of 0.08 nm. At the maximal output power, the
polarization extinction ratio (PER) of the fiber laser is about
10.3 dB, while the beam quality M2 has been measured to be
1.27 which is not a strictly single mode laser. This is due to that
a piece of 1.5 m Germanium doped fiber (GDF) with core diameter
being 30 μm has been spliced to deliver the narrow linewidth laser
power to avoid the onset of stimulated Brillouin scattering, which

FIGURE 3
The laser power after passing through the metasurface and the
transmission efficiency as increasing of incident power.

TABLE 1 Comparison of CVBs generated from LP01 and LP11 laser source.

Laser source Input-field Near-field Ix Iy Mode purity (%)

Ideal beam (LP01) 100

High order mode (LP11) 66.65
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results to that some amount of power coupling (typically a few
percent) from the fundamental LP01 mode to higher order modes
(HOMs). The excited HOMs have uncontrolled phase and
polarization relative to the fundamental mode. Interference of
these HOMs with the LP01 mode was responsible for the
degradation of beam quality that drove up the M2 values while
the depolarization of the HOMs was responsible for the limited PER.

The laser beam has been expanded and collimated with a diameter of
3 mm before projecting onto the metasurface conversion system. A
Glan laser prism (GLP 1) was utilized to ensure that the incident
beam of the metasurface is completely linear polarized while a
rotatable half wave plate (HWP) was employed to adjusting the
direction of the injecting laser polarization. Finally, the linear-
polarized beam was converted into CVBs by passing through the
anti-refection-coated metasurface, which works as a vortex half-
wave plate [11], and the aperture diameter of the metasurface is
14 mm. A power meter (PM) was utilized to measure the laser power
before and after passing through the metasurface to calculate the
transmission efficiency. At last, as shown in Figure 1B, to quantify
the performance of metasurface, GLP 2 was placed behind the
metasurface to convert the polarization modulation into easily
observable intensity modulation. The transmitted intensity

FIGURE 4
(A)Measured laser beam profiles of RP-CVBs generated by metasurface (pictures in 5th line) and after passing through GLP 2 (pictures in 1-4th line)
at different output power level (the arrows on the left of vertical axis represent the transmission axis of GLP 2); (B) normalized intensity distribution of RP-
CVBs along the diameter direction at different output power level; (C) beam diameter of RP-CVBs at different output power level.

TABLE 2 The weights and phases of six modal components.

Mode LP01 LP11e LP11o LP21e LP21o LP02

Weight 0.851 0.018 0.072 0.007 0 0.052

Phase/rad 0 1.91 1.71 1.39 — 5.97
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distribution by rotating GLP 2 was recorded by a charge coupled
device (CCD).

3 Results

Firstly, the parameters of the linearly-polarized laser were
measured, including optical spectrum, beam quality (M2) and
PER. Figure 2A displays the linewidth of the fiber laser at
different output power. Figure 2B presents the M2 of the fiber
laser and the laser power after passing through the GLP 1. One
can see that the 3 dB linewidth of laser remains about 0.08 nm as the
power scaling. M2 varies from 1.24 to 1.27 as the power increasing,
indicating that the laser source has stable and good beam quality.
The polarized power after the GLP 1 is 1916 Wwhen the laser source
operates at 2095 W, and the measured PER of the laser is 10.3 dB.

The transmission efficiency as increasing of incident power has
been shown in Figure 3. One can see that the maximal power of
radially polarized beam is 1,890 W, and the maximal average power

density is about 27 kW/cm2 in this experiment. The transmission
efficiency of the metasurface is above 98.6%, which shows no sign of
degradation or damage, and means that the metasurface can
operation stably at multi-kilowatt level with average power
density being around 27 kW/cm2. The transmission loss is
induced by several factors, including coating and substrate
absorption, light scattering by surface microstructure and so on.

The laser beam profiles of RP-CVBs generated by metasurface
and after passing through GLP 2 at different output power level have
been recorded. Due to the fact that the intensity distribution of CVBs
can almost keep the same over several meters [30], the beam profiles
are measured after 1 m free space propagation, which has been
plotted in Figure 4. One can conclude that the linearly polarized
beams have been converted to RP-CVBs after passing through the
metasurface. The profiles of RP-CVBs at different output power level
are displayed in the last line of Figure 4A, which manifest as typical
“doughnut” intensity distributions. In order to evaluate the quality
of RP-CVBs generated in our experiment, the intensity distributions
after passing through GLP 2 were measured by CCD, and the
measured beam profiles are shown in line 1 to line 4 of
Figure 4A. The profiles present the typical shapes of two lobes,
which are parallel to the transmitted direction of GLP 2. One can see
that the profiles remain the shape of doughnut or two lopes, but
gradually shrink as the output power scales. This shrinking is caused
by the thermal-lens effect of the metasurface [31]. In order to see
more intuitively, the normalized intensity distribution of RP-CVBs
along the diameter direction at different output power has been
calculated based on the beam profiles of line 5 in Figure 4A, and the
results are presented in Figure 4B. The shrinking effect can be
observed obviously, and the minimum intensity of central
depression area rises with the power scaling, indicating the
degradation of CVBs mode purity. Figure 4C shows the beam
diameters of RP-CVBs at different output power level, which
were calculated with the second-order moment algorithm. One
can see that the beam diameters decrease near linearly with the
output power increasing.

Furthermore, the surface temperature located in the center of
metasurface at different output power level was measured by using
an infrared thermal imager. The room temperature was 20°C. As
plotted in Figure 5, the maximum temperature reached 75°C at the

FIGURE 5
Temperature located in the center of metasurface at different
output power level (inset: picture caught by infrared thermal imager).

FIGURE 6
(A) Mode purity analysis at output power of 1,890 W (inset: data sampling along the white dashed line); (B) mode purity at different output power.
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maximum output power. Considering the linear increment of
temperature with the power scaling, it can be fitted with a linear
function being T = 0.0282×Pin+21.43. The thermal slope is about
28.2°C/kW, agreeing well with the results in Ref. [15].

To evaluate the CVB quantitatively, the one-dimensional
intensity distributions of the output beams are fitted by a
linear superposition of HE11 and TM01 modes [32, 33], and
the results are shown in Figure 6A. In Figure 6A, the blue
circles refer to the measured one-dimensional intensity
distribution curve in the radial direction (white lines in inset
figure) at the maximal output power while the green line (IFitted)
refers to the average value. The red line (IHE11) refers to the
intensity distribution of HE11 mode by Gaussian-fitting. It should
be mentioned that the peak value of IHE11 equals to the value of
IFitted at zero-position. The mode purity of TM01 can be obtained
by calculating the area enclosed by the above-mentioned two
curves [32, 33] in terms of

Mode Purity � ∫ IFitted − IHE11( )dr
∫IFitteddr (4)

and the calculated mode purity is 92.7%. The mode purity at
different output power level is displayed in Figure 6B, which
illustrate that the initial mode purity is about 97.2%. There are
several factors leading the deviation of mode purity from 100%, such
as the HOMs of the laser source, the defects during processing the
metasurface, and so on. As the power scaling, the mode purity
decreases from 97.2% to 92.7% which could be attributed by the
variation of microstructure with the temperature of metasurface
rising [29] and the thermal lens effect.

4 Discussions

To find out the possible physical mechanism of the mode purity
gradually degradation as the output power increasing, the impacts of
the mode purity of laser source and the thermal-lens effect have been
simulated. Due to the fact that the HOMs have stronger gain in fiber
laser systems, the power fraction of HOMs increases as laser power
increases [34, 35]. The characteristics of CVBs generated from the

LP01 and LP11 laser source has been list in Table 1. The near-field
after passing through the metasurface was deduced by the Fresnel
diffraction formula.

It can be seen that the mode purity of CVB reaches 100% as
the input field be assumed with the ideal beam (LP01), the near
field after passing through the metasurface demonstrates a typical
“doughnut” intensity distribution. However, as the input field
changes to LP11 laser source, the central zero strength singularity
no longer exists while the mode purity of generated CVB
decreases to 66.65%. Thereby, one can conclude that the
HOMs power fraction of the laser source can influence the
mode purity of CVBs.

Furthermore, in coincide with our experimental results,
mode characteristics of the laser source have been analyzed
with the mode decomposition technique [36, 37]. Although
dozens of modes are supported in the 30/400 μm double-clad
fiber, only the first six scalar modes (LP01, LP11o, LP11e, LP21o,
LP21e, and LP02) have been taken into consideration, since the
power ratio of higher-order modes is negligible. The output beam
profile of the fiber laser source under maximum power was
measured by the CCD camera at the focal plane, which was
employed to deduce the mode characteristics. Based on the
stochastic parallel gradient descent (SPGD) algorithm, the
mode characteristics are calculated, and the results are listed
in Table 2, including the relative weights and phases of six modal
components.

Based on the decomposed data in Table 2, the characteristics of
CVBs have been deduced, and the simulation results are list in
Table 3. It is worth noting that, due to the neglect of higher order
modes, the mode decomposition cannot complicatedly restore the
measured beam profile of laser sources, which could result in a better
mode purity of the CVBs. However, from the first column in Table 3,
the restored beam profile is almost the same as the measured one,
which proves that the higher order modes of laser source are indeed
negligible. The mode purity of CVB generated by the reconstructed
light source is 98.32%, meaning that the HOMs of the employed
laser source decreases the mode purity of CVBs by 1.68%. Thus, the
mode purity of CVB could be further improved by restricting the
weight of the HOMs, such as using 20/400 μm GDF to emit laser
instead of 30/400 μm GDF.

TABLE 3 Comparison of measured beam, reconstructed beam.

Input-field Near-field Ix Iy Mode purity (%)

Measured beam 92.70

Reconstructed beam 98.32
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In the aforementioned discussion, thermal-lens effect of the
metasurface has not been taken into consideration, while the
metasurface shows obvious temperature rising during power
scaling. It is well known that the thermal-lens effect is non-
negligible at high-power level, so the influence of thermal-lens
effect should be simulated. An equivalent lens was assumed to
accommodate the thermal-lens effect of metasurface, and the
focal length of which is deduced by fitting the beam diameter
data of RP-CVBs at maximal output power. After adding an
equivalent lens during the simulation, the mode purity further
reduces from 98.32% to 96% at the maximal output power,
meaning that the thermal-lens effect in our experiment could
result in the decreasing of the mode purity of CVBs by 2.32%.
The remain 3.3% degradation of CVBs’ mode purity could be
induced by the microstructure variation of the metasurface with
the temperature rising, the defects during processing the
metasurface, ect. Thereby, one can conclude that the power
scaling of CVBs is limited by the beam quality of the fiber laser
source and the thermal-lens effects of the metasurface. In the future,
light source with high beam quality will be employed to improve the
quality of CVBs, and cooling devices will be added tometasurface for
reducing the thermal effect [38].

5 Conclusion

In summary, we have demonstrated 1890 W RP-CVBs by
metasurface extra-cavity conversion in fiber lasers. This is the
highest power of narrow linewidth CVBs generated from fiber
laser, to the best of our knowledge. The transmission efficiency
of metasurface is 97% while the mode purity of generated CVBs is
92.7% at the maximum power, respectively. The temperature of the
metasurface has been recorded, which demonstrates the potential
for further power scaling. The variation of metasurface’s
transmission efficiency and the purity of RP-CVBs as power
scaling have been measured and calculated, which reveals that
the degradation is slight. Furthermore, the physical origin of the
purity degradation has been investigated, and the simulation results
indicate that the HOMs in laser source and the temperature rise of
the metasurface can degrade the mode purity of the CVBs. Among
them, HOM causes a degradation of 1.68%, thermal lensing effect
contributes 2.32%, and the microstructure variation of the
metasurface contributes the remaining 3.3%. Thereby, the further
power scaling of the CVBs generated by metasurface extra-cavity
conversion in fiber lasers are mainly limited by the power scalability

of single mode linearly-polarized laser source and the thermal-lens
effect in free-space optics. In general, a stable and flexible approach
is presented to generate high-power CVBs, and we believe that it can
promote the applications of CVBs, such as material processing,
science research, etc.
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