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ABSTRACT

We experimentally demonstrate the controllable laser output of cylindrical vector (CV) beams, which feature flexibility, high efficiency, and
good beam quality. Particularly, the CV laser beams have negligible radial components, distinguishing themselves from the extra-cavity-
generated CV beams. The output state is controlled by an intra-cavity vortex half-wave plate (VWP). By changing the topological charge (I)
of VWP, we produce I =1 and [ =2 CV beams for example. Through rotating the half-wave plate inside the cavity, the laser outputs arbitrary
CV beams around the equator of the corresponding high-order Poincaré spheres. For /=1 and /=2 CV beams, the polarization purities are
as high as 97.8% and 96.7%, the sloping efficiencies are 15.5% and 5.4%, and the beam quality factors are 2.10 and 3.31, respectively. Our

result provides a reliable CV laser source for advanced applications in optical imaging and optical manipulation.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020945

Cylindrical vector (CV) beams'” feature axially symmetric
polarizations, which are quite different from the linearly or circu-
larly polarized beams with homogeneous polarization distribu-
tions. CV beams have drawn growing attention within the past few
decades because of their unique applications based on their trans-
verse and longitudinal field distributions.” For example, CV beams
have been utilized in stimulated emission depletion (STED)
microscopy,” edge imaging,” and optical trapping.” Another strik-
ing feature of CV beams is their special focusing properties, which
can be used in material processing,” high-resolution imaging,” "
extraordinary optical transmission,'’ particle manipulation,"’
superfocusing,”” and optical needles.'®'” In addition, the orthogo-
nality between CV modes has been recently applied in quantum
information processing.'®'” The rapid developments of practical
applications demand CV beams with a good beam quality, high
polarization purity, and controllable polarization state.

Generally, one can produce a CV beam by directly passing a line-
arly polarized Gaussian beam through a spatially anisotropic optical
device, such as a g-plate, S-waveplate, vortex half-wave plate (VWP),
and so on. These devices have similar working principles, but are

fabricated with different materials such as liquid crystal polymers or
metasurfaces.”’* However, CV beams directly generated by a single
spatially anisotropic optical device are accompanied by unwanted
radial components, leading to poor beam quality and energy disper-
sion because of diffraction.”* Advanced requirements in practical
applications demand laser output of CV beams.”” *’ For example, axi-
ally birefringent or dichroic materials have been used in a cavity to
produce specified CV beams, utilizing their discriminatory loss for
e-polarized and o-polarized components.”” *” Recently, the laser out-
puts of CV beams were realized by using a Q-plate and metasurface
inside the cavity.”* " However, it is still a challenge to realize a high-
quality and high-efficiency CV beam laser.

In this work, we design a flat-convex-flat cavity with VWP inside
to realize a CV beam laser. Due to the intra-cavity polarization conver-
sion through VWP and the mode cleaning effect of the cavity, the
directly generated 1064 nm-wavelength CV laser beams show better
beam quality than extra-cavity-generated CV beams. By simply alter-
ing the VWP, we demonstrate the generation of CV beams carrying
topological charges of /=1 and /=2. The measured beam quality
factors are 2.10 for /=1 and 3.31 for [ = 2, respectively, which are close
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to the theoretical values. The polarization purities are measured to be
97.8% and 96.7% for [=1 and =2 CV beams, respectively. The
polarization distribution can be easily controlled by rotating the half-
wave plate (HWP) inside the cavity. The sloping efficiencies of =1
and [ =2 CV beams are 15.5% and 5.4%, respectively.

To avoid the central defect in the commercial VWP, a large cavity
mode is required at the VWP position in the cavity to achieve high
polarization conversion efficiency and suppress the unwanted modes.
Besides, a small cavity mode is required at the location of the laser
crystal to match the focused pump beam. Therefore, a flat-convex-flat
cavity structure is designed. Figure 1 shows the schematic experimen-
tal setup. A continuous-wave 808 nm-wavelength diode laser serves as
the pump source. The gain medium is an a-cut 0.5at. % Nd-doped
YVO, crystal with a length of 8 mm, which is mounted on a water-
cooled copper holder maintained at room temperature and is appro-
priately oriented to generate horizontally polarized light. The coated
front face of the laser crystal serves as the front mirror, which has
>99.9% reflectivity at 1064 nm and >97.7% transmittance at 808 nm.
The end face has a high antireflection film with >99.8% transmittance
at 1064 nm. The laser crystal is placed at the focal position of the
pump beam to maximize the energy conversion efficiency. The
focused spot size of the pump beam is ~200 um in diameter. A flat
output mirror with 10% transmission at 1064 nm is comprised. A lens
with focal length f separates the cavity into two parts. The resonance
of the cavity requires that the two lengths L, and Ly satisfy’'

N E

In our experiment, we set f=200mm, L,=205mm, and
Lg =45mm. The selected L, is slightly larger than f because of the
refractive indexes of the intra-cavity optical components. The HWP
(Thorlabs Inc.) is set before the lens, while the VWP (Thorlabs Inc.) is
placed adjacently behind the lens. Under these parameters, a large cav-
ity mode is designed at the VWP position to fully utilize the effective
area of VWP. The cavity mode at the position of the laser crystal is
designed to well match the pump beam size. The Jones matrix of the
HWP is expressed as

cos(2p)

sin(2f) @

—cos(2f3)

Muwp(f) = {

sin(2f) }

FIG. 1. Sketch of the experimental setup. The experimental setup for generating
/=1 and /=2 CV beams. An Nd:YVOy, crystal, a convex lens, and an output cou-
pler makeup a flat-convex-flat 1064 nm laser cavity. A polarizing beam splitter
(PBS), n HWP, and a VWP are set in sequence. A 1 mm-in-diameter pinhole is
close to the output coupler.

scitation.org/journal/apl

where f§ represents the orientation angle of the HWP. The VWP can
be seen as a spatially variant half-wave plate. The orientation of its fast
axis is expressed as

o) zéqﬂrao, (3)

where ¢ is the azimuthal angle, o refers to the initial orientation angle
of its fast axis when ¢ =0, and / is a positive integer determined by the
VWP. The angular-dependent Jones matrix of the VWP can be writ-
ten as

cos 20
sin 2o

(4)

Mywp(s) = [ sin 20 }

—cos 2o

When passing a horizontally polarized light, represented by E;
—[1 0]" through the HWP and VWP, the output is defined by

B2 = Mo (oMmen(E = | e T
which shows that the output is the CV beam. Here, y =0 — f. In
our experiment, the value of o is fixed. The HWP is installed in a
rotation stage to control f accurately. By changing [ and y, CV
beams with various polarization distributions can be generated.
For [=1, 7y =0 (or n/4) corresponds to the output of a typical radi-
ally (or azimuthally) polarized beam. In a complete cycle inside the
cavity, the light E; passes through the HWP and VWP twice, which
can be expressed as

E; = [(1) _01 ] Mpwp(—f)Mywp(—)
1 0
0 —1

X

Mywp (o) Mpwp(f) {(l)] =E;. (6)

Equation (6) indicates that the cavity design satisfies the self-
reproductive condition. Higher-order CV beams can be feasibly
produced by using VWPs with higher values of L In the cavity, a
1 mm-in-diameter pinhole is inserted adjacently to the output mirror
to suppress unexpected radial modes. Besides, a PBS is used to remove
the unwanted vertically polarized component in front of VWP in the
cavity, which is induced by the non-perfect intracavity mode
conversion.

First, without putting VWP in the cavity, the laser emits a hori-
zontally polarized Gaussian beam. After passing through HWP and
VWP (y=0), the Gaussian beam is converted into an extra-cavity-
generated CV beam as shown in Figs. 2(b) and 2(e) for [=1 and 2,
respectively. Here, we use a laser beam profiler (LBP, Newport Corp.)
to record the intensity pattern of CV beams. Then, we put the VWP
inside the cavity. The laser can directly emit the intra-cavity-generated
CV beams as shown in Figs. 2(a) and 2(d) for I=1 and 2, respectively.
One can observe outer rings (i.e., unwanted components) in the extra-
cavity-generated CV beams [Figs. 2(b) and 2(e)]. The higher the value
of | is, the more the unwanted components become. In comparison,
the intra-cavity-generated CV beams have negligible radial compo-
nents [Figs. 2(a) and 2(d)]. Figures 2(c) and 2(f) show the 1D intensity
profiles across the centers of the generated CV beams. Clearly, in
comparison to the extra-cavity-generated CV beams (red dots), the
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FIG. 2. Intensity patterns of intra (a) and extra-cavity-generated (b) /=1 CV beams. Intensity patterns of intra (d) and extra-cavity-generated (e) /=2 CV beams. (c) and (f)

show the comparisons to an ideal CV beam. Here, y =0°.

intra-cavity-generated CV beams (blue dots) are much closer to the
ideal CV beams (black lines).

Arbitrary CV beams around the equator of high-order Poincaré
spheres’ can be obtained by simply changing y inside the cavity.
Figures 3(a)-3(d) and 3(i)-3(1) show the polarization distributions of
the output CV beams with /=1 and /=2, respectively. Here, 7 is set
to be 0°, 22.5°, 45°, and 67.5°. The white arrows present the polariza-
tion distribution of the output CV beams. Then, we use a PBS behind
the output coupler to monitor the horizontally polarized components
of different CV beams as shown in Figs. 3(e)-3(h) and 3(m)-3(p).

(k) (|)

(n) (o) (9)
® NC ® e

® @ QO e

FIG. 3. (a)-(d) and (i)—(l) show the polarization distributions of the intra-cavity-
generated /=1 and /=2 CV beams, respectively, with y being 0°, 22.5°, 45°,
and 67.5°. (e)-(h) and (m)—(p) present the corresponding horizontally-polarized
components.

The clear symmetry of the recorded intensity pattern indicates the
high polarization purity of the output CV beams.

The polarization purities of the generated CV beams are further
analyzed by point-to-point polarization tomography.”’ Here, we select
the CV beams in Figs. 3(a) and 3(i) for example. We use a half-wave
plate and a PBS to project the polarization of the CV beams into hori-
zontal (H), vertical (V), anti-diagonal (A), and diagonal (D) bases and
measure the corresponding intensity Ip, Iy, Ly, and Ip by LBP as
shown in Figs. 4(a) and 4(b). To weight the polarization purity of
the CV beams, we deduce the Stokes parameters S; and S, at each pixel
of LBP,

S =1y — Iy,
{SZIIA—ID. @)

The azimuthal angle of the polarization ellipse is defined by

@

/2 /2
300
200 n/4 /4
200
100
0 0 0

200 300

0 200 400

FIG. 4. The measured intensity patterns after CV beams [(a) for /=1 and (b) for
|=2] are projected to horizontal (H), vertical (V), anti-diagonal (A), and diagonal
(D) bases. The deviation Ay from an ideal CV beam (/=1 and /=2) is shown in
(c) and (d).

Appl. Phys. Lett. 117, 111105 (2020); doi: 10.1063/5.0020945
Published under license by AIP Publishing

117, 111105-3


https://scitation.org/journal/apl

Applied Physics Letters

1 S
V= 5 arctan <81> . (8)
And  can be calculated from the experimental data in Figs. 4(a) and
4(b). By comparing the experimental i to its theoretical value Yo = lp
of an ideal CV beam, we can obtain Ay = |y — Y|, as shown in
Fig. 4(c) for =1 and Fig. 4(d) for [ = 2. It can be observed that deviation
occurs mainly in the central and marginal areas because of the nearly
zero intensity. The polarization purities of generated CV beams in
Figs. 3(a) and 3(i) are calculated™” to be 97.8% and 96.7%, respectively.

We also measure the beam quality factors M? of the intra-cavity-
generated CV beams to be 2.1 and 3.3, which are close to the ideal
value of 2 and 3 for /=1 and /=2, respectively. Under pump powers
of 1.8 W and 3.4 W, the output powers of /=1 and /=2 CV beams
reach 170 mW and 100 mW, respectively. The slope efficiencies of
I=1and =2 CV beams are measured to be 15.5% and 5.4%, respec-
tively. The insertion losses for /=1 and /=2 VWPs are 4.6% and
18.6%, respectively.

In conclusion, we have demonstrated a compact, high purity, and
polarization-controllable CV beam laser. The cavity has been carefully
designed to achieve excellent laser performance. In principle, by
replacing the VWP, we can produce higher-order CV beams. Besides,
our cavity system can be transplanted into other laser and nonlinear
systems, such as CV beam pulsed laser and CV beam optical paramet-
ric oscillators.
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