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We reporte and demonstrate a solid-state laser to achieve controlled generation of order-switchable cylindrical vector
beams (CVBs). In the cavity, a group of vortex wave plates (VWPs) with two quarter-wave plates between the VWPs
was utilized to achieve mode conversion and order-switch of CVBs. By utilizing two VWPs of first and third orders, the
second and fourth order CVBs were obtained, with mode purities of 96.8% and 94.8%, and sloping efficiencies of 4.45%
and 3.06%, respectively. Furthermore, by applying three VWPs of first, second, and third orders, the mode-switchable
Gaussian beam, second, fourth, and sixth order CVBs were generated.
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1. Introduction

In recent years, cylindrical vector beams (CVBs) have attracted
much attention because of their unique features from the cylin-
drically symmetric electric field[1]. Different from linearly or cir-
cularly polarized beams with a uniform polarization state, the
intensity of CVBs at the optical axis is zero[2], which gives rise
to many applications, such as optical communication[3], optical
trapping[4], and optical storage[5]. Compared with low-order
CVBs, the azimuthal modes of high-order CVBs have more than
one rotation of the polarization vector, whereas their radial
modes have a few radial nodes in the electric field[6]. So,
high-order CVBs have been demonstrated for potential applica-
tions in high-capacity storage[7], information processing[8],
quantum entanglement[9], high-resolution imaging[10], optical
trapping[11], and optical communication[12]. Particularly, the
higher-order CVBs can scale the transmission capacity in optical
communication[12].
So far, many methods have been developed to generate high-

order CVBs[13–17], which are mainly divided into two methods:
the extracavity method[18] and the intracavity method[19]. The
extracavity method refers to the conversion of Gaussian beams
into high-order CVBs outside the resonator by applying
spatial light modulators (SLMs)[20], subwavelength dielectric

gratings[21], q-plates[22–24], digital micromirror devices
(DMDs)[25], birefringence elements[26], and so on[27,28].
However, in the process of beam shaping, the energy conversion
efficiency of the extracavity method is lower than that of the
intracavity method due to the loss caused by diffraction loss;
other reasons exist in the extracavity method, and the beam
quality of the extracavity method is not very high. In contrast,
the intracavity method can directly generate high-order CVBs
in laser resonators[19,29], which have higher energy conversion
efficiency and better beam quality[30,31]. In recent years, many
attempts have been made to generate these modes in laser
cavities based on the thermal lens effect[29], q-plates[32–36], dig-
itally addressed holography[36], and so on. Among them, the
q-plate or so-called vortex wave plate (VWP)[37] has been uti-
lized to directly generate high-order CVBs in solid-state laser
and fiber laser due to its variability and accessibility[19,32–35].
However, these lasers can only achieve the mode-switch of
high-order CVBs in a unique order. To the best of our knowl-
edge, there have been no reports about the controlled generation
of mode-switchable high-order CVBs between different orders
in a solid-state laser.
In this Letter, we report and demonstrate a compact solid-

state laser to obtain controlled generation of mode-switchable
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higher-order CVBs between different orders. In the cavity, a
group of VWPs with two cascaded quarter-wave plates
(QWPs) between the VWPs were utilized to achieve the mode
conversion between linearly polarized TEM00 mode and CVBs,
as well as the mode-switch of CVBs between different orders.
Based on the Jones matrix theory, we verified that by manipu-
lating the orientation of the two QWPs, the addition and sub-
traction of the orders of VWPs can be achieved, which
becomes an order-switchable VWP (OSVWP). Then, a solid-
state laser was built to obtain controlled generation of mode-
switchable higher-order CVBs between different orders. By
applying two or three VWPs with the order of m1, m2, or m1,
m2, m3, mode-switchable CVBs of order m =m2 ±m1 or m =
m3 ±m2 ±m1 were achieved.

2. Methods

The VWP can be seen as a spatially variant half-wave plate
(HWP), of which the fast axis rotates continuously around a sin-
gularity point. It can convert linearly or circularly polarized
beams into CVBs or vortex beams with a transmission efficiency
of 96%. The orientation of its fast axis can be expressed as

θ�φ� =m
2
φ� φ0, (1)

where θ is the fast axis direction of the given azimuth angle φ on
the wave plate, φ0 is the orientation of fast axis at φ = 0, andm is
the order of the VWP. For convenience, let φ0 = 0, and the Jones
matrix of VWP can be written as

JVWP�θ� =
�
cos 2θ sin 2θ
sin 2θ − cos 2θ

�
: (2)

In addition, the Jones matrices of the HWP and QWP are

JHWP�α� =
�
cos 2α sin 2α
sin 2α − cos 2α

�
, (3)

JQWP�β� =
�
1 − i cos 2β −i sin 2β
−i sin 2β 1� i cos 2β

�
, (4)

where α and β are the angles between the fast axis and the 0° axis
of the HWP and QWP, respectively. Due to the limited order
availability of VWPs, a new VWP can be implemented by cas-
cading two or more VWPs together,

J2 · J1 = Jm2
· Jm1

=
�
cos�m2 −m1�φ sin�m2 −m1�φ
sin�m2 −m1�φ − cos�m2 −m1�φ

�

= Jm2−m1
: (5)

It is found that a VWP of �m2 −m1�th order can be realized.
When the HWP is inserted into two cascaded VWPs[22], the
VWP of �m2 �m1�th order is formed,

J2 · JHWP · J1 = Jm2
· JHx

· Jm1
= Jm2�m1

, (6)

where Hx represents the fast axis of the HWP along the x axis.
So, we can realize the addition and subtraction of the order of
VWPs by applying two QWPs between them, as shown below,

Jm2−m1
= Jm2

· Jm1
= Jm2

· JQx
· JQy

· Jm1

= Jm2

�
1 0

0 i

��
1 0

0 −i

�
Jm1

, (7)

Jm2�m1
= Jm2

· JHx
· Jm1

= Jm2
· JQx

· JQx
· Jm1

= Jm2

�
1 0

0 i

��
1 0

0 i

�
Jm1

, (8)

where Qx and Qy represent the fast axis of the QWP along the x
axis and y axis directions respectively. Thus, bymanipulating the
orientations of two QWPs, the addition and subtraction of
orders of VWPs can be achieved.
When the VWP is inserted into the laser cavity, an HWP,

combined with a VWP, should be applied for achieving the
self-reproduction of the mode after each round trip. So, when
a horizontal polarized beam, represented by E1 = �0,1�T , passes
through the HWP and VWP (as shown in Fig. 1), the Jones vec-
tor can be expressed as

E2 = JVWP · JHWP · E1 =
�
cos�mφ − 2α�
sin�mφ − 2α�

�
: (9)

It shows that the output is themth-order CVB and by rotating
the angle of α, arbitrary CVB on the equator of the higher-order
Poincaré sphere can be generated.
In a round trip inside the cavity, the light E1 passes through

the HWP and VWP twice, which can be expressed as

E3 = JR · JVWP�−θ� · JHWP�−α� · JR · E2 = E1, (10)

where JR represents the Jones matrix of the output coupling mir-
ror. Then, the self-reproduction condition can be obtained.
Moreover, the output of order-switchable CVBs in the laser

cavity can be realized by applying the OSVWP instead of the
VWP, which provides a theoretical basis for the controlled

808nm
Laser Diode L1

Nd:YAG

M
PBS

HWP

L3

VWP1

VWP2QWP1

QWP2

OC BQP
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P

Fig. 1. Solid-state laser for the generation of mode-switchable high-order
CVB. L1, collimating lens; L2, L3, focus lenses; M, input mirror (HT@808 nm,
HR@1064 nm); Nd:YAG, laser crystal; PBS, polarizing beam splitter; HWP,
half-wave plate; VWP1 & VWP2: vortex wave plates; QWP1 & QWP2: quarter-
wave plates; OC, output coupling mirror; P, polarizer; BQP, beam quality
profiler.
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generation of order-switchable higher-order CVBs in a solid-
state laser.

3. Experimental Setup

As shown in Fig. 1, the experimental device is kept at room tem-
perature. A continuous-wave (CW) 808 nm-wavelength fiber-
coupled laser diode (LD) serves as the pump source. The Nd:
YAG crystal is used as the gain medium, with a length of
1.8 mm and a diameter of 10 mm. The surface of the crystal
is coated with 808 nm and 1064 nm high antireflective films,
whose transmittance is about 99.8%. The pump beam from
the LD is focused to the center of the Nd:YAG crystal by a cou-
pling lens bank, consisting of two convex lenses (L1 and L2) to
maximize energy conversion efficiency. The focusing radius of
the beam is about 300 μm.
Due to the long cavity length, the loss and threshold will

increase. So, a convex lens, L3, with focal length f = 150mm
is inserted to solve the problem, which divides the resonator into
two parts, LA and LB. LA = 12 cm is the distance from the input
mirror (M) to the lens (L3) and LB = 10 cm is the distance from
the lens (L3) to the output coupling mirror (OC). Antireflective
films of 808 and 1064 nm are plated on the end face of the lens
(L3), whose transmittance is about 99.8%. The input mirror (M)
of the cavity is a plane mirror with high transmittance (HT)
(99.8%) for 808 nm and high reflectivity (HR) (99.8%) for
1064 nm. A polarization beam splitter (PBS) in the laser cavity
is utilized as the linearly polarization controller. Then, an HWP
is inserted and mounted on a precision rotating bracket, which
can accurately control the orientation of the linearly polarization
beam incident on the VWP. A group of VWPs with two QWPs
in adjacent VWPs are used as an OSVWP. A plane–concave lens
is adopted as OCmirror for 1064 nm with transmittance of 10%
and curvature of 1 m.
In order to clarify the modes of self-reproduction and polari-

zation conversion in the cavity, an example is given in Fig. 2 by
applying two VWPs of order m = 1. Two QWPs are placed
between the VWPs. On the one hand, by rotating the angle
of two QWPs, the addition and subtraction of the order of
VWPs can be achieved. On the other hand, all the CVBs on

the equator of the Poincaré sphere also can be manipulated
by rotating the angle of the HWP[38]. When the fast-axis angles
of QWP1 and QWP2 are rotated to the x-axis direction, the ulti-
mate second-order CVB can be obtained.

4. Results and Discussion

First, in the case of inserting two VWPs of order m = 1 into the
cavity, rotating the fast-axis angle of HWP to 0, π=8, π=4, and
3π=8, typical second-order CVBs of Φ = 0, π=4, π=2, and 3π=4
can be obtained, where Φ is coordinate system of the Poincaré
sphere, also known as the polarization azimuth (PA). A beam
quality profiler (THORLABS, BC106N-VIS/M) was used to
measure the intensity distribution, as shown in Figs. 3(a1)–
3(d1). Then, a polarizer, placed at angles of 0, π=4, and π=2,
respectively, was used to monitor the polarization component
of the output CVBs, as shown in Figs. 3(a2)–3(d4). At the same
time, the Stokes vectors S1, S2, S3 and PA of the second-order
CVBs were measured using a polarizing camera (LUCID,
PHX050S-QC) to confirm the polarization of the generated
CVBs[14]. The Stokes vectors and PA distributions of the
second-order CVBs of Φ = 0, π=4, π=2, and 3π=4 are shown
in Fig. 4.
In addition, the experimental generation of the Gaussian

beam and the second-order CVBs based on intracavity and ex-
tracavity methods are given in Fig. 5. Obviously, by rotating the
angle of the HWP in the cavity, the second-order CVBs ofΦ = 0
and π=2 can also be generated. A polarizer was used to monitor
the polarization distributions, the CVBs generated outside the
cavity have an apparent diffraction ring, and the CVBs generated
in the cavity have purer mode and better beam quality.

Gaussian m=1 m=1+1

Nd:YAGM PBS
HWP

L
VWP1

VWP2
QWP1

QWP2
OC

QWP1 Fast-axis

QWP2 Fast-axis

Intensity(a.u.)

HWP Fast-axis

0           1

Fig. 2. Profile and polarization states of a tunable high-order CVB generated
by a microchip laser which goes through a round-trip path in the cavity. M,
input mirror; PBS, polarizing beam splitter; HWP, half-wave plate; VWP1&VWP2,
q-plates of order m = 1; QWP1 and QWP2, quarter-wave plates; OC, output
coupling mirror.

Fig. 3. (a1)–(d1) Intensity distributions of the second-order CVBs generated
using the group of first-order VWPs and intensity distributions after passing
through a linear polarizer oriented at different angles of (a2)–(d2) 0; (a3)–
(d3) π/4; (a4)–(d4) π/2.
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The output spectrum measured by the spectrum analyzer
(Yokogawa, AQ6370C) is shown in Fig. 6(a). An optical power
meter (THORLABS, PM16-425) was utilized to measure laser

power; the output power and pump power curves are shown
in Fig. 6(b). The threshold power of TEM00 mode without
VWP is about 0.3 W, with a slope efficiency of 15.1%. Because
of the additional loss caused by the insertion of the VWP, the
threshold for the laser TEM00 mode is about 1.5 W, and the cor-
responding slope efficiency is about 11.7%. When the pump
power is increased to 4.8 W, TEM00 mode output power reaches
408 mW. However, the threshold of second-order CVBs is
increased to 2.3 W. With the increase of pump power, the slope
efficiency decreases gradually and stabilizes at 8.9%. We

Fig. 5. Intensity distributions of the Gaussian beam and the second-order CVB
are generated (a1)–(a3) in the cavity and (b1)–(b3) outside the cavity, respec-
tively, using the group of first-order VWPs; intensity distributions after passing
through the linear polarizer placed at 0 (a4)–(a6) inside and (b4)–(b6) outside
the cavity.

Fig. 4. Stokes parameters and polarization azimuth of the second-order CVBs.
(a1)–(d1) S1, (a2)–(d2) S2, (a3)–(d3) S3, (a4)–(d4) PA.
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Fig. 6. (a) Output spectra. (b) Output power and pump power curves (the red
is the Gaussian beam without VWP; the black and the blue are the Gaussian
beam and second-order CVB with VWP).

Fig. 7. (a1)–(d1) Intensity distributions of the second- and fourth-order CVBs
are generated using the group of first- and third-order VWPs; (a2)–(d2) mea-
sured intensity distributions after passing through a linear polarizer oriented
at 0.

Fig. 8. (a1)–(h1) Intensity distributions of high-order CVBs are generated
by different orders and numbers of VWP combinations inside the cavity;
(a2)–(h2) measured intensity distributions after passing through a linear
polarizer oriented at different angles of 0.
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speculate that this is due to the thermal effect of the crystal with
the increase of power. In addition, with the increase of beam
order, the loss caused by the nonideal mode produced by the
VWP also increases.
The combination of two different-order VWPs can still get

the desired results. We changed the VWP combination of orders
m = 1 and m = 3. The VWPs with smaller and larger orders
were placed near the crystal, and the end of the OC mirror, sep-
arately. When the order of the CVB is larger, it will diverge
faster. The second- and fourth- (m = 3 ± 1) order CVBs of
Φ = 0 and π=2 can be generated, as shown in Fig. 7. Then,
themode purity, the ratio of theminimum andmaximum values
(the CVBs pass through the linear polarizer at different angles),
was measured by the optical power meter[39]. For the second-
and fourth-order CVBs, the polarization purities are as high
as 96.8% and 94.8%, and the sloping efficiencies are 4.45%
and 3.06%, respectively. Furthermore, to achieve more order-
switchable and higher-order CVBs, an OSVWP, consisting of
three VWPs and four QWPs, was applied in the laser cavity.
As shown in Fig. 8, with three VWPs of the first, second, and
third order, the Gaussian beam, as well as the second-,
fourth-, and sixth-order (m = 3 ± 2 ± 1) CVBs of Φ = 0 and
π=2 are generated, which verifies that the mode-switchable
CVBs between 2n−1 different orders can be generated by utilizing
n pieces of VWPs.

5. Conclusion

In summary, we report and demonstrate a solid-state laser to
obtain controlled generation of mode-switchable higher-order
CVBs between different orders. A group of VWPs with two cas-
caded QWPs between the VWPs were utilized to achieve the
mode conversion between TEM00 mode and CVBs, as well as
the mode-switch of CVBs between different orders. Then, two
first-order VWPs were used to generate a Gaussian beam and
second-order CVBs with the slope efficiency of 11.7% and
8.9%, respectively. In addition, we obtained the second- and
fourth-order CVBs with two VWPs of first and third order,
of which the mode purities were as high as 96.8% and 94.8%
and the sloping efficiencies were 4.45% and 3.06%, respectively.
Furthermore, by applying three VWPs of first, second, and third
orders, themode-switchable higher-order CVBs among four dif-
ferent orders were generated, including a Gaussian beam and
CVBs of second, fourth, and sixth order. By analogy, mode-
switchable CVBs between 2n−1 different orders can be generated
by utilizing n pieces of VWPs. The results have potential appli-
cations for the generation of ultrahigher-order CVBs, as well as
mode-switchable higher-order CVBs between different orders.
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