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The vectorial eigenvector method was applied to compute the cylindrical vector (CV) modes of polarization-dependent
resonators and multiple modes in the CV mode selected resonator were tracked. Then, the mode characteristics of CV mode
selected resonator depending on the Fresnel number, geometry parameters, and polarization parameters were simulated.
When the difference in reflection coefficient between radial and azimuthal polarization is greater than 0.021 for spherical
semi-confocal cavity, the radially polarized TM01∗ mode most probably appears in the resonator due to its lowest loss,
which is consistent with an azimuthal polarization-selective resonant cavity. Moreover, the appropriate phase shift factor
contributes to suppress non-rotationally symmetrical modes, which promotes the selection of CV modes. The Fresnel
number between 2 and 2.5 are the appropriate range of values when the value of geometry parameters g2 is 0.5, both of
which decide the effective Fresnel number.
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1. Introduction

Due to the special polarization distribution of cylin-

drical symmetry, cylindrical vector beams (CVBs), such

as azimuthally polarized beams (APBs) and radially po-

larized beams (RPBs), are of importance for the applica-

tions of electron acceleration,[1] optical trapping,[2] optical

microscopy,[3] optical storage,[4] laser processing,[5,6] plas-

mon excitation,[7,8] and so on. A high power radially polar-

ized laser is superior in industrial applications, and can im-

prove the speed and quality of laser cutting.[5] These advan-

tages of cylindrical vector beams have led to the production

of high power radially polarized beams and azimuthally polar-

ized beams.

Many methods of generating cylindrical vector beams

have been explored,[9–20] and can be divided into two cat-

egories: intra- and extra-cavity methods. Among them,

polarization-selective diffraction grating mirror and axicon are

commonly utilized as rear mirrors to generate high power

cylindrical vector beams directly in the resonator[14–16,19] be-

cause of their superior thermal stability and polarization selec-

tivity. For these cylindrical vector mode selected resonators,

the laser dynamics of the selecting cylindrical vector mode by

mode competition and the cylindrical vector mode distribution

are very significant for the generation and application of the

cylindrical vector beams.

In the present study, based on our previous investiga-

tions,[20] the vectorial eigenvector method (VEM) was utilized

to compute the eigenmodes of the cylindrical vector mode se-

lected resonators, which can derive lots of eigenmodes at a

time, including scalar modes and vectorial modes. The mul-

tiple eigenmodes of the resonator were then tracked, which

makes it possible to analyze the mode competition in the laser

cavity. The mode characteristics depending on the Fresnel

number, the geometry parameters and the polarization param-

eters were also simulated. The simulation results will be used

to guide the design of the cylindrical vector mode selected res-

onators.

2. Vectorial eigenvector method

In our previous work, we presented the vectorial eigen-

vector method (VEM) to compute the eigenmodes in the

resonator.[20] The vectorial eigenvector method is based on

finite element method and evolved from scalar eigenvector

method. New transmission matrices of laser resonant cavities

with polarization-selective devices are built using Jones ma-

trix representation. According to Jones vector theory, U1(x,y)

and U2(x,y), the fields distributions on the mirror 1 and the

mirror 2, can be discretized into a column vector, consisting

of x-direction and y-direction components. Then, we can es-

tablish the following relationship:
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where u2x[n] and u2y[n], the n-th components of U2x and U2y,

are the superposition of the fields produced by the fields of

all elements of mirror 1. The factor A12p[m,n] (p = x,y), de-

rived from vector Rayleigh–Sommerfeld diffraction integral of

paraxial approximation, is written as[21]

A12p[m,n]

=−i
exp(ikz)

λ z

∫∫
Sm

exp
{

ik
2z

[
(x− x0)

2 +(y− y0)
2]} dx0 dy0,(

m = 1,2, . . . ,s
n = 1,2, . . . ,g

)
, (2)

where Sm and Sn are the integral area of the m-th and n-th

element on mirrors 1 and 2, respectively. Then, we can ob-

tain the transfer matrices A12 from mirror 1 to mirror 2, as

well as transfer matrices A21 from mirror 2 back to mirror

1. For the CV mode selected resonator, matrices of polariza-

tion selective device (P1) and coordinate transformation be-

tween Cartesian and cylindrical coordinate system (T1) should

be established.[19] Thus, the total transfer matrix can been ex-

pressed as

A = A21T T
1 P1T1A12. (3)

So, under self-reproducing condition, we can obtain all eigen-

modes by solving complex eigenvectors and eigenvalues (γ) of

the total transfer matrix of the CV mode selected resonator.
The VEM can derive lots of modes at a time, including

scalar modes and vector modes. Each discrete unit is indepen-

dent, so we can solve the mode of resonator with the Parallel

Computing Toolbox in MATLAB, which improves the calcu-

lation speed by three times.

3. Analysis of CV mode-selected resonator
3.1. Mode characteristics

As shown in Fig. 1, a representative CV mode selected

spherical semi-confocal cavity is simulated with resonator

parameters: diameter of the circular planar mirror 1 and

polarization-selective spherical mirror 2 of 2a = 20 mm, ra-

dius of the spherical mirror 2 of R2 = 10 m, reflection coef-

ficients and phase shift factor of azimuthal and radial polar-

ization of Rte = 0.93, Pte = 0, Rtm = 0.99, and Ptm = 0 re-

spectively, resonator length of L = 5 m and wavelength of

λ = 10.6 µm. Then, the Fresnel number and geometric pa-

rameters of the resonator are F = a2/λL = 1.887, g1 = 1, and

g2 = 0.5. The calculated modes of the three largest |γ| are

given in Table 1.

L

a

2


a

1

mirror 1

out mirror

mirror 2

polarization selective device 

R2

L

Fig. 1. Spherical semi-confocal cavity.

The degree of polarization (DP) of beams with axial po-

larization is given by[5]

DP =
(Ir− Iφ )

(Ir + Iφ )
, (4)

where Ir and Iφ are the intensities of radial and azimuthal opti-

cal field components. DP = 1 and DP =−1 mean completely

radial and azimuthal polarization respectively. The Stokes

vector is used to detect the polarization state of the modes.

According to the results of calculation, we can find that TM01∗

mode, TEM00 mode and TEM01∗ mode are the eigenmodes of

the CV mode selected resonator and TM01∗ most possibly ap-

pears in the cavity due to its lowest loss.

3.2. Influence of resonator parameters

We separately change each parameter of the resonator to

further study the influence of the Fresnel number, geometry

parameters and polarization parameters of the CV mode se-

lected resonator on the mode characteristics of the resonator,

which is called the control variable method. Unless otherwise

specified, the default parameters are the same as used previ-

ously. Then, we track each mode and its complex eigenvalue

of the resonator.
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Table 1. Optical field distribution corresponding to the eigenvalues with Rte = 0.99 and Rtm = 0.93.

No. 1 2 3

|γ| 0.97844 0.95906 0.94865
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3.2.1. Influence of polarization parameters

Commonly, for CV mode selected resonator, the modes
depend on the difference of reflection coefficients between az-
imuthal and radial polarization; i.e., ∆R = Rtm−Rte. Thus,
we set the parameters of polarization-selective device that
Rte = 0.95 or 0.9 and let ∆R increase from 0 to 0.05 by an
interval of 0.001. The calculated modes of the three largest |γ|
are listed in Table 2.

When Rte = Rtm = 0.95, the CV mode-selected resonator
degenerates to ordinary polarization insensitive resonator. Al-
though TEM00 mode, TM01∗ mode and TEM01∗ mode are all

the eigenmodes when Rtm = 0.97, TEM00 mode will establish

oscillation in the resonator. However, the loss of TM01∗ mode

becomes the lowest one when Rtm = 0.99. As illustrated in

Fig. 2, the calculated |γ| of the three largest values linearly in-

crease with ∆R. The |γ| of TEM00 mode is greater than that

of TM01∗ mode when ∆R < 0.021. However, the slope of the

|γ| of TM01∗ mode is relatively large. When ∆R > 0.021, |γ|
of TM01∗ mode is greater than that of TEM00 mode. Thus, it

is concluded that the value of ∆R should be greater than 0.021

for selecting CV mode in the resonator.
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Table 2. Optical field distribution corresponding to the eigenvalues with Rte = 0.95.
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Fig. 2. Relationship between polarization selective parameters and |γ|.

In addition, phase shift factor is also an important param-

eter of polarization-selective device. Then, Pte, the phase shift

factor of TE polarization, is assigned the value of 0 and the

reasonable ranges of Ptm, the phase shift factor of TM polar-

ization, are chosen from 0 to 2π . The calculated results based

on VEM are listed in Table 3.
From the Table 3, we can find that the |γ| of TM01∗ mode,

the lowest loss eigenmode of the resonator, is dependent on

phase shift factor. However, |γ| of the second lowest loss

eigenmode (C-TM01∗), TEM00 mode or TE01∗ mode, changes

with phase shift factor, which has a direct impact on mode

competition.
As shown in Fig. 3, the |γ| of C-TM01∗ mode has a pe-

riod of 2π and there is a peak around ±2mπ (m = 0, ±1, ±2,

. . .), where C-TM01∗ mode is TEM00 mode. While C-TM01∗

mode of flat area is TE01∗ mode. Thus, we think that the ap-

propriate phase shift factor helps to suppress non-rotationally

symmetrical mode.
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Table 3. Optical field distribution corresponding to the eigenvalues with Pte = 0.
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Fig. 3. Relationship between phase shift factor and |γ|.

3.2.2. Influence of Fresnel number

The Fresnel number is an important parameter of the res-
onator, which determines the loss of eigenmodes within the
resonance. We control the change of the Fresnel number by
changing the size of the aperture. As shown in Table 4, when
F = 1, it is the TEM00 mode that the loss is the smallest, of
which TM01∗ mode replace the position while F = 2. Thus,
larger Fresnel number contributes selecting CV mode in CV
mode-selected resonator. As shown in Fig. 4, we can find

that |γ| monotonically increase with the Fresnel number and

gradually approaches the maximum value. It also reveals that

larger Fresnel number favors the selection of CV mode within

the CV mode selected resonator. However, the supernumerary

calculation results show that the Fresnel number cannot be in-

creased indefinitely. With the increase of Fresnel number, |γ|
of the higher order mode will gradually increase and dominate

the resonator. Consequently, it is appropriate to set the Fresnel

number of CV mode selected semi-confocal cavity about 2.5.
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Table 4. Optical field distribution corresponding to the eigenvalues with g2 = 0.5.
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Fig. 4. Relationship between Fresnel number and |γ|.

3.2.3. Influence of geometric parameters

The geometric parameters describe the facet of the reso-

nant cavity, which is applied to describe and analyze the res-

onator. For CV mode selected resonator, the geometric pa-

rameters also has an important effect on the selection of CV

modes. The partial calculation results and the relationship be-

tween geometry parameters and |γ|when the geometry param-

eter changes between 0 and 1 are shown in Table 5 and Fig. 5,

respectively. The trend of the curve is consistent with the ef-

fective Fresnel number of mirror 2. For the default parameters

of this article, g2 = 0.5 is suitable due to the maximum effec-

tive Fresnel number.
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Table 5. Optical field distribution corresponding to the eigenvalues with F = 1.887.
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Fig. 5. Relationship between geometry parameters and |γ|.

In summary, the VEM is used to study the influences

of the polarization parameters, Fresnel number and geometry

parameters of the polarization-sensitive resonator on the CV

mode selection. The calculated results are utilized to guide

our design of a high power radially polarized CO2 laser.[22]

4. Conclusions

In this paper, the VEM was applied to compute the modes

of polarization dependent resonators and multiple modes in

the CV mode selected resonator were tracked. Then, the mode

characteristics depending on the polarization parameters, Fres-

nel number and geometry parameters were simulated. For

above-mentioned CV mode selected spherical semi-confocal

resonator, ∆R ≥ 0.021, radially polarized mode TM01∗ most

probably appears in the resonator due to its lowest loss, which

is consistent with azimuthal polarization-selective resonant

cavity. Moreover, the appropriate phase shift factor contributes

to suppress non-rotationally symmetrical mode, which pro-

motes the selection of CV modes. Fresnel numbers between

2 and 2.5 are the appropriate range of values and g2 = 0.5 is

suitable, both of which decide the effective Fresnel number.

The study of CV mode selected resonator has significance for

the design of a polarization dependent resonator and can help

to generate high power CV beams.
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