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Abstract: The Soleil–Babinet compensator (SBC) is a variable retarder and has been used in a variety
of application fields. A scheme based on the vectorial optical field is proposed to calibrate the SBC by
transforming the change of the phase retardation into the visible rotation of the petal-like pattern. The
relationship between the rotation angle of the petal-like pattern and the phase retardation of the SBC
is established theoretically. In the experiment, the vector beam is generated by using the spiral phase
plate (SPP) and the modified Mach–Zehnder interferometer based on the superposition principle
of two orthogonal circularly polarized vortex beams with opposite topological charges. Taking
advantage of the image processing method, the rotation angles of the acquired petal patterns are
calculated, and the relationship between the phase retardation of the SBC and the displacements of its
micrometer screw is determined. The measured phase retardation of the SBC ranges from −277.00◦

to 516.57◦. By linearly fitting the experimental data, the phase sensitivity is 33.076 ± 0.147 ◦/mm,
and the coefficient of determination value that shows the linearity of the experimental data is 0.9995.
The experimental results agree well with the theoretical data.

Keywords: phase retardation; vectorial optical field; Soleil–Babinet compensator; coaxial superposition;
Mach–Zehnder interferometer

1. Introduction

The Soleil–Babinet compensator (SBC) is a variable retarder, which can be used to gen-
erate continuous phase retardation to the incident linearly polarized light by adjusting its
vernier micrometer [1,2]. Therefore, the SBC has been applied to produce phase retardation
in a variety of fields, such as spectroscopic ellipsometer [3,4], Raman spectra analysis [5],
optical interferometry with weak measurement [6], phase retarder aligned [7,8], quantum
physics [9], quantum communication [10], and ultrafast pulse waveform measurement [11].
However, the SBC needs to be calibrated for performing phase modulation with high preci-
sion [12,13]. Numerous methods and schemes have been proposed for the calibration of
the SBC. With the advantages of simple and easy operation, the intensity method has been
adopted in the early scheme. In this method, the SBC is placed between two orthogonal
polarizers with its optical axis oriented at 45◦ with respect to that of the polarizer [14]. By
observing the two extinction states, the phase retardations for 0 and 2π can be quickly
located. However, whether the phase retardation of the SBC is linearly correlated with the
displacement of the micrometer screw or not is difficult to verify because of the inevitable
disturbed factors. In order to overcome the drawback of the intensity method, Wang et al.
proposed a method to calibrate the SBC [15]. The method uses a spectrophotometer and
is realized by recording the relationship between the transmittance and the wavelengths.
However, this method cannot be used to measure the zero-order retardation directly, so a
multiple-order half-wave plate is additionally needed and its phase retardation must be
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measured beforehand. Further, Zhang et al. demonstrated the heterodyne interferometry
scheme for calibrating the SBC, in which the beat frequency is generated by two acousto-
optic modulators [16]. In this scheme, the phase retardation is obtained by comparing
the phase difference between the reference beam and measurement beam, so an arbitrary
retardation between 0 and 2π can be measured accurately and continuously. In addition,
Bhattacharyya et al. presented the Mueller matrix polarimeter method to calibrate the
retardation of the SBC [17]. The retardation in this method is calculated by decomposing
the Mueller matrix over the displacement. Because the retardation is determined by the arc
cos function, it has been unwrapped with the intention to obtain the retardation that varies
from −π to π.

It is worth noting that the pervious methods for the calibration of the SBC all take
advantage of the homogeneously polarized property of the light. However, the vector
beams (VBs), which have spatially inhomogeneous states of polarization [18], have not
been employed to calibrate the SBC, to the best of our knowledge. In recent years, the VBs
have attracted significant interest due to the space-variant polarization states and annular
intensity distribution in the transverse plane [19] and have been exploited in many scientific
and engineering applications, such as laser material processing [20], optical trapping and
manipulation [21], quantum information processing [22,23], optical communication and
super-resolution microscopy [24,25]. Typically, the polarization states of the VBs can be
described by the high-order Poincaré sphere (HOPS) [26], and the VBs can be generated
by the superposition of two vortex beams with opposite topological charges and opposite
uniform circular polarizations [27]. The spatial light modulator (SLM) and the spiral phase
plate (SPP) are widely used to generate the vortex beams [28]. Compared with the SLM,
as a solid-state optical device, though the SPP has poor flexibility to generate arbitrary
vortex beams, it can bear high incident laser power, and make the experimental system
more compact and stable [29].

In this paper, we propose a scheme to calibrate the SBC based on the vectorial optical
field. In this scheme, the experimental configuration is mainly composed of a SPP and a
modified Mach–Zehnder interferometer with a dove prism, and the vector beam on the
HOPS is generated on the grounds of the superposition principle with the left-handed and
right-handed circularly polarized vortex beams. The polarization modulation characteristic
of the SBC to the VBs is analyzed, and the relationship between the rotation angle of
the petal-like intensity pattern and the phase retardation of the SBC is established. By
calculating the rotation angles of the petals, the phase retardation characteristic of the SBC
is measured with high accuracy.

2. Experimental Setup and Principle

The polarization characteristic of the vector beam can be described by means of a high-
order Poincaré sphere (HOPS) [26]. Figure 1 shows a typical schematic illustration of the
HOPS with the topological charge l = 1, in which 2θ∈(−π/2, π/2) and 2ϕ∈(0, 2π) represent
the polar angle and the equator angle of arbitrary points on the surface, respectively. As
shown in Figure 1, on the equator, the points (2ϕ, 0) represent the cylindrical vector
beams. Particularly, the points (0, 0) and (π, 0) correspond to the radially and azimuthally
polarized beams, respectively [30]. The points that locate on the north (2ϕ, π/2) and
south (2ϕ, −π/2) poles denote the left-handed and right-handed circularly polarized
vortex beams, respectively. Other points on the surface represent the elliptical vector
beams. In general, the vector beam with a polarization state on the HOPS can be generated
by the superposition of two orthogonal circularly polarized vortex beams with opposite
topological charges.

In our experiment, the setup for generating the vector beam on the HOPS and accom-
plishing the calibration of the SBC (GCO-030101, DHC Inc. Beijing, China) is shown in
Figure 2. The laser source is a solid-state single frequency laser (Model: CNILASER-MSL-
DS-532) with a center wavelength of 532 nm and a maximum output power of 30 mW. A
polarizer (P1) with its axis oriented at the x-axis is used to generate the horizontal polarized
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beam. Then, the linearly polarized beam is expanded and collimated to an expanded beam
with a size of approximately 3 mm in diameter by the beam expander (BE), which is com-
posed of a microscope objective, a spatial pinhole and a collimating lens. In order to add
the spiral phase to the fundamental mode laser, a spiral phase plate (SPP) is chosen mainly
considering the stability and reliability of the experimental system. After being phase
modulated, the vortex beam is generated, with the Jones vector expressed as [exp(ilφ), 0]T .
Here, φ = arg(x + iy) is the azimuthal angle, and l is order of the topological charge.
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Figure 2. Schematic of the experimental setup.

A half-wave plate (HWP) with its fast axis oriented at an angle β with respect to
x-axis is inserted behind the SPP to adjust the polarization of the vortex beam. Af-
ter passing through the HWP, the Jones vector of the vortex beam is converted into
[cos(2β) exp(ilφ), sin(2β) exp(ilφ)]T . Then, the linearly polarized vortex beam is split
into horizontally and vertically polarized vortex beams via a polarizing beam splitter
(PBS1), in which the horizontal component propagates through the PBS1, while the vertical
component is fully reflected. A dove prism is added into the Mach–Zehnder interferometer
to obtain opposite topological charges between the two orthogonally polarized vortex
beams. After being reflected by the high reflection mirrors (M2 and M3), the two vortex
beams are recombined and superposed coaxially by PBS2, and the Jones vector of the
combined vortex beam can be expressed as:

Ec =

[
Ex
Ey

]
=

[
cos 2β exp(−ilφ)
sin 2β exp(ilφ)

]
(1)
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To generate the vector beam, a quarter-wave plate (QWP) is added behind the PBS2
with its fast axis oriented at 45◦ to change the polarization states of the combined vortex
beam. Therefore, the two components with orthogonal polarization among the combined
vortex beam will be converted into left-handed and right-handed circularly polarized
beams, respectively. After that, the vector beam is eventually synthesized, and its Jones
vector can be given by:

E = exp(−i
π

4
)

[
cos(lφ− π

4 ) cos(2β− π
4 ) + i sin(lφ− π

4 ) sin(2β− π
4 )

− sin(lφ− π
4 ) cos(2β− π

4 ) + i cos(lφ− π
4 ) sin(2β− π

4 )

]
(2)

From Equation (2), it can be found that the ellipticity angle of the generated vector
beam is equal to (2 β − π/4). It is noteworthy that the angle θ∈(−π/4, π/4) on the HOPS
also represents the ellipticity angle of the vector beam [31]. Therefore, according to the
consistent definition of the (2 β − π/4) and θ, the Jones vector of the generated vector beam
also has the following form [31]:

E = exp(−i
π

4
)

[
cos(lφ− π

4 ) cos(θ) + i sin(lφ− π
4 ) sin(θ)

− sin(lφ− π
4 ) cos(θ) + i cos(lφ− π

4 ) sin(θ)

]
(3)

From the above analysis, it is observed that an arbitrary vector beam on the HOPS
with the order l can be generated by controlling the parameters θ and φ. To calibrate the
SBC using the vectorial optical field, the SBC is inserted between the PBS2 and the QWP.
In the experiment, the SBC is composed of three single quartz elements: one fixed wedge,
another translational wedge and one rectangular quartz crystal, as shown in Figure 2. The
optical axis of the rectangular crystal is perpendicular to that of the two wedges, while
the axes of the two wedges are parallel to each other. The thickness (h1) of the rectangular
crystal is a constant, while the total thickness (h2) of the two wedges can be continuously
changed with the movement of the translational wedge through adjusting its micrometer
screw. As a phase modulation device, the Jones matrix of the SBC can be expressed as [3]:

JSBC =

[
1 0

0 exp(iδ)

]
(4)

where δ = 2π[(ne − no)(h1 − h2)]/λ is the phase retardation of the SBC [32]. Here, no
and ne denote the refractive indices of the quartz for the ordinary light and extraordinary
light, respectively, and λ is the wavelength of the incident light. After the recombined
vortex beam passing through the SBC and QWP in turn, the final output optical field can
be expressed as:

E = exp
[

i(
δ

2
− π

4
)

][
cos(lφ + δ

2 −
π
4 ) cos(θ) + i sin(lφ + δ

2 −
π
4 ) sin(θ)

− sin(lφ + δ
2 −

π
4 ) cos(θ) + i cos(lφ + δ

2 −
π
4 ) sin(θ)

]
(5)

From Equation (5), it is clear that the phase retardation of the SBC will make the
polarization state change along the equator of the HOPS. In order to analyze the mode of
the generated vector beam, a polarizer (P2) with its axis oriented at an angle γ with respect
to x-axis is inserted between the QWP and the CCD camera, as shown in Figure 2. The
Jones matrix of the P2 can be expressed as [33]:

Jp =

[
cos2 γ sin γ cos γ

sin γ cos γ sin2 γ

]
(6)

After the generated vector beam is transmitted through the P2, combining Equations
(5) and (6), the final intensity distribution that detected by the CCD, can be calculated as:

I ∝ I0[1 + cos 2θ sin(2lφ + δ + 2γ)] (7)
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where I0 = A0
2 is the intensity. For simplicity, the amplitude distribution of the vortex beam,

whose radial index is zero and azimuthal index is l, can be simply expressed as [34]:

A0 = E0

(√
2(x2 + y2)

ω0

)|l|
exp

(
− x2 + y2

ω2
0

)
(8)

where E0 is the amplitude constant, and ω0 is the waist width of the vortex beam.
From Equation (7), it is easy to find that the transmitted intensity distribution is

modulated by a sine function. So the transmitted intensity will satisfy the petal-like
distribution, and there are 2|l| pieces of intensity petals in the captured images by CCD.
In addition, when the orientation of the polarizer (P2) or the phase retardation of the SBC is
changed, the petal will rotate around the center. Meanwhile, the rotation angles of the petal
are 1/|l| and 1/(2|l|) times compared with the change in orientation of the P2 and the
change of the phase retardation of the SBC, respectively. Based on these analyses, the phase
retardation characteristic of the SBC can be measured, and the feasibility of the proposed
scheme can be verified by measuring the certain rotation angles of the polarizer.

When the value of θ is set as θ = 0, the polarization of the vector beam is located
on the equator of the HOPS according to Equation (5) and the cylindrical vector beam
is generated. The simulated intensity distribution that the cylindrical vector beam with
l = 8 passes through a linear polarizer (P2) are shown in Figure 3. When there is no phase
retardation, the simulated results for the polarizer placed along the x-axis and y-axis are
depicted in Figure 3(a1,a2), respectively. For the case that the phase retardation of SBC
is π/2 and the polarizer is placed along the x-axis, the simulated result is presented in
Figure 3(a3). It can be seen that the number of petals is 16, and the petal patterns rotate with
the rotation of the P2 or the change of the phase retardation of the SBC. In Figure 3(a1–a3),
the red cycles are obtained by fitting the centroid of each petal in the petal-like intensity
patterns. The intensity distributions on the red cycles of Figure 3(a1–a3) are plotted as
shown in Figure 3b, in which the results that correspond to the quarter of a period are
demonstrated for manifesting the results more clearly. From Figure 3b, it can be seen that
the angle between two adjacent petals in a petal pattern is π/8. When the orientation of
the polarizer changes at an angle of π/2, the petals rotate at an angle of π/16. The rotation
angle of the petals is π/32, when the phase retardation of the SBC is changed by π/2. The
results agree well with the theoretical analysis in Equation (7).
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3. Experimental Results

It is well known that the measurement error can be minimized by multiple measure-
ments [35]. As shown in the theoretical analysis, the higher the order of the vector beam,
the greater the number of petals obtained. In our scheme, the calibration of the SBC is
performed by detecting the rotation angle of the petal patterns. Therefore, for the higher-
order vector beam, there will be more information about the variation of the position of
the intensity distribution, then the rotation angle can be determined with higher precision
by averaging all the variations of the petal positions. In the experiment, considering the
fabrication accuracy and the cost, a SPP with l = 8 is used to transform the incident Gaussian
beam into vortex beam. Consequently, there will be 16 pieces of petals, which is enough to
determine the rotation angle of the petal-like pattern with high precision.

The experimentally generated vector beam is given in Figure 4a. After passing through
the polarizer (P2), the petal-like intensity pattern of the vector beam is shown in Figure 4b,
and the number of petals is 16. Rotating the orientation angle of P2 at 40◦ increments, the
corresponding petal patterns are acquired and processed to verify the feasibility of the
experimental scheme. Figure 4b–f show the caught partial petal patterns after the P2 with
the orientation of 0◦, 80◦, 160◦, 240◦ and 320◦, respectively. In Figure 4b–f, the green cycles
are obtained by fitting the centroids of all the petals, and the green lines are the connection
lines between the center of the petal pattern and the centroids of each petal.
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In order to obtain the rotation angle, the acquired images by the CCD are processed as
the following procedure as shown in Figure 5. First of all, the petal images are read and
preprocessed by performing the digital filtering to reduce the noise. Secondly, considering
the nonuniform intensity distribution of the vector beam, the preprocessed images are bina-
rized based on adaptive threshold segmentation, and the morphological filtering technique
is employed to remove the small areas resulting from the impure radial components of
the vector beam as shown in Figure 4. Thirdly, each petal is treated as the effective area to
calculate its centroid location, and a cycle is obtained through fitting all of the centroids.
Fourthly, the intensity curve on the fitted cycle of the petal pattern is plotted, and the peaks
and valleys that distribute with the azimuthal angle are numbered, respectively. For the
vector beam with the order 8, the number of peaks and valleys is 16. Then, the relative
changes of the azimuthal angles of the peaks and valleys that correspond to the petal
patterns before and after rotating are calculated. Finally, the rotation angle of the petal
pattern is determined by averaging the entire relative changes of the azimuthal angles.
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In order to demonstrate the image processing method more clearly, two images that
are acquired in the experiment are processed and given as an illustration as shown in
Figure 6. Following the image processing method shown in Figure 5, the processed images
are given in Figure 6a,b, which correspond to the results before and after the polarizer (P2)
rotating at an angle of 80◦, respectively. The intensity distributions on the red cycles of
Figure 6a,b are plotted in Figure 6c, in which the blue line and the red line represent the
results before and after P2 rotating. To calculate the rotation angle of the petal patterns, the
peaks and the valleys of the intensity curves for the same petals before and after rotating
are all marked using the same number to be identified. Through calculating the relative
movement of the peaks with the same number and the relative movement of the valleys
with the same number, the rotation angle of the pattern can be determined with improved
precision by averaging the 32 sets of data.
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Figure 7 shows the processed results for the caught images by rotating the P2 as given
in Figure 4. From Figure 7, it can be seen that the slope is 0.1259 ± 0.0006 by linearly
fitting the experimental data. According to the theoretical analysis in Equation (7), the
petal patterns will rotate at an angle of γ/|l| when the polarizer rotates at an angle of γ.
Therefore, the experimental results agree well with the theoretical values, and the feasibility
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of the proposed scheme has been verified. So the phase retardation characteristic of the
SBC can be measured with high accuracy by this scheme.
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In the experiment, in order to calibrate the SBC, the optical axes of the SBC need to be
consistent with the horizontal polarization direction, so the azimuth of the SBC is adjusted
as the following steps. Firstly, an aperture is used to block the vortex beam with vertical
polarization in the Mach–Zehnder interferometer, and the QWP (in Figure 2) is removed
temporarily. Then, the polarizer P2 is rotated until the extinction phenomenon is observed.
After the SBC is inserted into the experimental setup as shown in Figure 2, the optical face
of the SBC is carefully arranged to ensure the vortex beam with horizontal polarization
is normal incident on the SBC. Thirdly, the SBC is adjusted around the light transmission
direction until the extinction phenomenon is observed again, which indicates the azimuthal
calibration of the SBC is accomplished. After that, rotate the SBC by 45◦ carefully, and adjust
the micrometer screw continuously until that twice extinction phenomena are observed.
The two displacements of the micrometer screw with the extinction phenomena are 8.40
and 19.33 mm, which correspond to zero and 2π phase retardation, respectively. Finally,
the SBC is rotated back 45◦, and the QWP is inserted into the experimental setup. After
the aperture is removed, the petal pattern is observed again. In order to obtain the phase
retardation characteristic of the SBC, the phase retardation of the SBC is manually adjusted
by the micrometer screw at 1 mm increments. By means of the image processing method
as shown in Figure 5, the acquired images that carry the phase retardation information
of the SBC are processed to calculate the rotation angles of the patterns. According to
the theoretical analysis in Equation (7), the ratio between the phase retardation and the
rotation angle of the petal pattern is equal to 2|l|. Thus, the relationship between the phase
retardation of the SBC and the displacements of its micrometer screw is obtained. Figure 8
shows the experimentally measured phase retardation variation of the SBC as a function
of the displacement of the micrometer screw, in which the red squares and the blue line
represent the experimental results and the linearly fitted results, respectively. It can be seen
that the measured phase retardation increases linearly from −277.00◦ to 516.57◦, and the
phase retardation region that ranges from zero to 2π is marked by the red dotted lines. By
linearly fitting the experimental data, the coefficient is 33.076± 0.147 ◦/mm. The coefficient
of determination (R2) value, which shows the linearity of the obtained data is 0.9995.
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The phase retardation of the SBC at any other wavelength (λ) can be calculated through
the following equation [36]:

δλ = δ632.8
632.8

λ

∆nλ

∆n632.8
(9)

where ∆nλ = (ne − no) is the birefringence of the quartz, which can be given by [37]:

103∆nλ = 8.86410 + 0.107057λ−2 + 0.0019893λ−4 − 0.17175λ2

−10−3T(1 + T/900)(1.01 + 0.2λ2)
(10)

where T is the temperature, which is 25 ◦C in the experiment. In the operation instructions,
the theoretical value of 27.289 ◦/mm for the wavelength of 632.8 nm has been given, then
the theoretical value of 32.979 ◦/mm can be derived from Equations (9) and (10). Therefore,
the measured results agree well with the theoretical value, and the phase retardation
characteristic of the SBC is measured well with the aid of the proposed scheme.

4. Discussion

The experimental results shown in Figures 7 and 8 can verify the feasibility of the
proposed scheme measuring the phase retardation characteristic of the SBC with high
accuracy. In principle, the phase retardation of the SBC can be obtained by examining the
polarization state of the generated vector beams. The Stokes parameters S1, S2, and S3
of the VBs can be measured by adding another quarter-wave plate (QWP2, which is not
shown in Figure 2) before the P2 (see Figure 2), which can be computed via [28,29,38]:

S1 =
[

I0
◦

0◦
− I90

◦

90◦
]
/
[

I0
◦

0◦
− I90

◦

90◦
]
= cos 2θ cos 2φ

S2 =
[

I45
◦

45◦
− I135

◦

135◦
]
/
[

I45
◦

45◦
+ I135

◦

135◦
]
= cos 2θ sin 2φ

S3 =
[

I135
◦

0◦
− I45

◦

0◦
]
/
[

I135
◦

0◦
+ I45

◦

0◦
]
= sin 2θ

(11)

where Im
n is the intensity of the light recorded by the CCD, and m and n are the optical axis di-

rections of the QWP2 and P2 with respect to the x-axis, respectively. Therefore, the azimuth
and the ellipticity angle of the vector beam can be derived from the following relationship:

tan 2φ = S2/S1, sin 2θ = S3 (12)

According to Equation (5), the azimuth of the generated vector beam is modulated by
the phase retardation of the SBC in our scheme, so the relationship between the changes
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of the Stokes parameters and the phase retardation can be established. However, the
measurement of the Stokes parameters needs to set the QWP2 and P2 at some special
directions with high precision for each change of the phase retardation of the SBC. So the
calibration work is onerous and measurement precision is difficult to guarantee in practice.
In our scheme, the phase retardation of the SBC is quantified by the rotation angle of the
petal patterns rather than the change in the Stokes parameters, the operation is easy and
the measurement accuracy can be guaranteed by using the vector beam for l = 8.

5. Conclusions

The SBC is experimentally calibrated based on the vector beam. In the experiment,
the vector beam is generated by the designed experimental system, which is mainly made
up of a SPP with topological charge l = 8 and a modified Mach–Zehnder interferometer
with a dove prism. In this scheme, the polarization state of the generated vector beams is
modulated by the phase retardation of the SBC. When the generated vector beam passes
through the polarizer, the petal-like patterns that rotate with the phase retardation are
obtained. By extracting the intensity profile in the petal-like pattern with the help of
image processing method, the rotation angle that results from the phase retardation of the
SBC is derived from comparing the two adjacent petal patterns. The experimental results
show that the phase retardation increases linearly from −277.00◦ to 516.57◦, the phase
sensitivity is 33.076 ± 0.147 ◦/mm, and the coefficient of determination value that indicates
the linearity is 0.9995 by linearly fitting the experimental results. The experimental results
agree well with the theoretical data, and the validity of the proposed scheme that uses the
vector beam to calibrate the phase retardation of the SBC is verified experimentally.

Author Contributions: Conceptualization, Y.M., F.Y. and D.Z.; methodology, Y.M.; investigation,
Y.M., F.Y. and D.Z.; data curation, Y.M.; writing—original draft preparation, Y.M. and F.Y.; writing—review
and editing, Y.M. and D.Z.; funding acquisition, Y.M. and F.Y. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (NSFC)
(62005254); Shanxi Province Science Foundation for Youths (201901D211280); Fundamental Research
Program of Shanxi Province (202103021223196); Scientific and Technological Innovation Programs of
Higher Education Institutions in Shanxi (2019L0565, 2020L0324).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The available data have been stated in this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pawłowska, M.; Ozimek, F.; Fita, P.; Radzewicz, C. Collinear interferometer with variable delay for carrier-envelope offset

frequency measurement. Rev. Sci. Instrum. 2009, 80, 083101. [CrossRef] [PubMed]
2. Wang, B.; Hellman, W. Accuracy assessment of a linear birefringence measurement system using a Soleil-Babinet compensator.

Rev. Sci. Instrum. 2001, 72, 4066–4070. [CrossRef]
3. Watkins, L. A phase-stepped spectroscopic ellipsometer. Opt. Lasers Eng. 2015, 67, 182–185. [CrossRef]
4. Minamikawa, T.; Hsieh, Y.; Shibuya, K.; Hase, E.; Kaneoka, Y.; Okubo, S.; Inaba, H.; Mizutani, Y.; Yamamoto, H.; Iwata, T.; et al.

Dual-comb spectroscopic ellipsometry. Nat. Commun. 2017, 8, 610. [CrossRef] [PubMed]
5. Pattenaude, S.; Streacker, L.; Ben-Amotz, D. Temperature and polarization dependent Raman spectra of liquid H2O and D2O. J.

Raman Spectrosc. 2018, 49, 1860–1866. [CrossRef]
6. Li, L.; Li, Y.; Zhang, Y.; Yu, S.; Lu, C.; Liu, N.; Zhang, J.; Pan, J. Phase amplification in optical interferometry with weak

measurement. Phys. Rev. A 2018, 97, 033851. [CrossRef]
7. Wang, J.; Zhang, L. Liquid crystal polymer phase retarder aligned with the inorganic layer by glancing angle deposition. J. Mod.

Opt. 2021, 68, 1187–1192. [CrossRef]
8. Falldorf, C.; Agour, M.; Müller, A.; Bergmann, R. Γ-profilometry: A new paradigm for precise optical metrology. Opt. Express

2021, 29, 36100–36110. [CrossRef]

http://doi.org/10.1063/1.3197404
http://www.ncbi.nlm.nih.gov/pubmed/19725640
http://doi.org/10.1063/1.1412261
http://doi.org/10.1016/j.optlaseng.2014.11.014
http://doi.org/10.1038/s41467-017-00709-y
http://www.ncbi.nlm.nih.gov/pubmed/28931818
http://doi.org/10.1002/jrs.5465
http://doi.org/10.1103/PhysRevA.97.033851
http://doi.org/10.1080/09500340.2021.1983054
http://doi.org/10.1364/OE.434510


Photonics 2022, 9, 416 11 of 11

9. Wang, K.; Xu, Q.; Zhu, S.; Ma, X. Quantum wave-particle superposition in a delayed-choice experiment. Nat. Photon. 2019, 13,
872–877. [CrossRef]

10. Cocciaro, B.; Faetti, S.; Fronzoni, L. Improved lower bound on superluminal quantum communication. Phys. Rev. A 2018,
97, 052124. [CrossRef]

11. Feng, Z.; Zhao, K.; Yang, Z.; Miao, J.; Chen, H. 100 GHz pulse waveform measurement based on electro-optic sampling. Laser
Phys. 2018, 28, 055301. [CrossRef]

12. Sánchez-López, M.; Abella, I.; Puerto-García, D.; Davis, J.; Moreno, I. Spectral performance of a zero-order liquid-crystal polymer
commercial q-plate for the generation of vector beams at different wavelengths. Opt. Laser Technol. 2018, 106, 168–176. [CrossRef]

13. Kangara, J.; Cheng, C.; Pegahan, S.; Arakelyan, I.; Thomas, J. Atom pairing in optical superlattices. Phys. Rev. Lett. 2018, 120,
083203. [CrossRef] [PubMed]

14. Lee, P.; Pors, J.; Van Exter, M.; Woerdman, J. Simple method for accurate characterization of birefringent crystals. Appl. Opt. 2005,
44, 866–870. [CrossRef] [PubMed]

15. Wang, J.; Chen, L.; Li, B.; Shi, L.; Luo, T. A method for calibration of Soleil-Babinet compensator using a spectrophotometer. Opt.
Lasers Eng. 2010, 48, 698–702. [CrossRef]

16. Zhang, W.; Zhang, Z. Heterodyne interferometry method for calibration of a Soleil-Babinet compensator. Appl. Opt. 2016, 55,
4227–4231. [CrossRef]

17. Bhattacharyya, K.; Serrano-García, D.; Otani, Y. Accuracy enhancement of dual rotating mueller matrix imaging polarimeter by
diattenuation and retardance error calibration approach. Opt. Commun. 2017, 392, 48–53. [CrossRef]

18. Allen, L.; Beijersbergen, M.; Spreeuw, J.; Woerdman, J. Orbital angular momentum of light and the transformation of Laguerre-
Gaussian laser modes. Phys. Rev. A 1992, 45, 8185–8189. [CrossRef]

19. Guo, L.; Feng, Z.; Fu, Y.; Min, C. Generation of vector beams array with a single spatial light modulator. Opt. Commun. 2021,
490, 126915. [CrossRef]

20. Hnatovsky, C.; Shvedov, V.; Krolikowski, W.; Rode, A. Revealing local field structure of focused ultrashort pulses. Phys. Rev. Lett.
2011, 106, 123901. [CrossRef]

21. Donato, M.; Vasi, S.; Sayed, R.; Jones, P.; Bonaccorso, F.; Ferrari, A.; Gucciardi, P.; Maragò, O. Optical trapping of nanotubes with
cylindrical vector beams. Opt. Lett. 2012, 37, 3381–3383. [CrossRef] [PubMed]

22. D’Ambrosio, V.; Nagali, E.; Walborn, S.; Aolita, L.; Slussarenko, S.; Marrucci, L.; Sciarrino, F. Complete experimental toolbox for
alignment-free quantum communication. Nat. Commun. 2012, 3, 961. [CrossRef] [PubMed]

23. Barreiro, J.; Wei, T.; Kwiat, P. Remote preparation of single-photon “hybrid” entangled and vector-polarization states. Phys. Rev.
Lett. 2010, 105, 030407. [CrossRef] [PubMed]

24. Liu, J.; Li, S.; Zhu, L.; Wang, A.; Chen, S.; Klitis, C.; Du, C.; Mo, Q.; Sorel, M.; Yu, S.; et al. Direct fiber vector eigenmode
multiplexing transmission seeded by integrated optical vortex emitters. Light Sci. Appl. 2018, 7, 17148. [CrossRef] [PubMed]

25. Xie, X.; Chen, Y.; Yang, K.; Zhou, J. Harnessing the point-spread function for high-resolution far-field optical microscopy. Phys.
Rev. Lett. 2014, 113, 263901. [CrossRef]

26. Jia, J.; Zhang, K.; Hu, G.; Hu, M.; Tong, T.; Mu, Q.; Gao, H.; Li, F.; Qiu, C.; Zhang, P. Arbitrary cylindrical vector beam generation
enabled by polarization-selective Gouy phase shifter. Photon. Res. 2021, 9, 1048–1054. [CrossRef]

27. Huang, K.; Zeng, J.; Gan, J.; Hao, Q.; Zeng, H. Controlled generation of ultrafast vector vortex beams from a mode-locked fiber
laser. Opt. Lett. 2018, 43, 3933–3936. [CrossRef]

28. Han, L.; Li, Z.; Chen, C.; Sun, X.; Zhang, J.; Liu, D. Electro-optic modulation of Higher-Order Poincaré beam based on nonlinear
optical crystal. Photonics 2022, 9, 41. [CrossRef]

29. Liu, Z.; Liu, Y.; Ke, Y.; Liu, Y.; Shu, W.; Luo, H.; Wen, S. Generation of arbitrary vector vortex beams on hybrid-order Poincaré
sphere. Photon. Res. 2017, 5, 15–21. [CrossRef]

30. Peng, Z.; Huang, F.; Jia, X. Evolution properties of vector vortex beams passing through a paraxial optical system. Opt. Eng. 2020,
59, 041207. [CrossRef]

31. Ou, J.; Jiang, Y.; He, Y. Intensity and polarization properties of elliptically polarized vortex beams in turbulent atmosphere. Opt.
Lasers Technol. 2015, 67, 1–7. [CrossRef]

32. Xiong, N.; Guan, T.; Xu, Y.; Shi, L.; Zhong, S.; Zhou, X.; He, Y.; Li, D. A differential detection method based on a linear weak
measurement system. Sensors 2019, 19, 2473. [CrossRef] [PubMed]

33. Han, Y.; Chen, L.; Liu, Y.; Wang, Z.; Zhang, H.; Yang, K.; Chou, K. Orbital angular momentum transition of light using a cylindrical
vector beam. Opt. Lett. 2018, 43, 2146–2149. [CrossRef] [PubMed]

34. Lv, F.; Li, X.; Tai, Y.; Zhang, L.; Nie, Z.; Chen, Q. High-order topological charges measurement of LG vortex beams with a modified
Mach-Zehnder interferometer. Optik 2015, 126, 4378–4381. [CrossRef]

35. Li, Y.; Zhang, J. Radial-shearing interferometry for phase LC-SLM calibration with a pair of conjugated vortex beams. J. Opt. 2020,
22, 025604. [CrossRef]

36. Watkins, L.; Shamailov, S. Spectroscopic null ellipsometer using a variable retarder. Appl. Opt. 2011, 50, 50–52. [CrossRef]
37. Ennos, A.; Opperman, K. Birefringence of natural quartz. Appl. Opt. 1966, 5, 170. [CrossRef]
38. Chen, S.; Zhou, X.; Liu, Y.; Ling, X.; Luo, H.; Wen, S. Generation of arbitrary cylindrical vector beams on the higher order Poincaré

sphere. Opt. Lett. 2014, 39, 5274–5276. [CrossRef]

http://doi.org/10.1038/s41566-019-0509-0
http://doi.org/10.1103/PhysRevA.97.052124
http://doi.org/10.1088/1555-6611/aab32c
http://doi.org/10.1016/j.optlastec.2018.04.008
http://doi.org/10.1103/PhysRevLett.120.083203
http://www.ncbi.nlm.nih.gov/pubmed/29542997
http://doi.org/10.1364/AO.44.000866
http://www.ncbi.nlm.nih.gov/pubmed/15751675
http://doi.org/10.1016/j.optlaseng.2010.01.007
http://doi.org/10.1364/AO.55.004227
http://doi.org/10.1016/j.optcom.2017.01.029
http://doi.org/10.1103/PhysRevA.45.8185
http://doi.org/10.1016/j.optcom.2021.126915
http://doi.org/10.1103/PhysRevLett.106.123901
http://doi.org/10.1364/OL.37.003381
http://www.ncbi.nlm.nih.gov/pubmed/23381264
http://doi.org/10.1038/ncomms1951
http://www.ncbi.nlm.nih.gov/pubmed/22805568
http://doi.org/10.1103/PhysRevLett.105.030407
http://www.ncbi.nlm.nih.gov/pubmed/20867752
http://doi.org/10.1038/lsa.2017.148
http://www.ncbi.nlm.nih.gov/pubmed/30839539
http://doi.org/10.1103/PhysRevLett.113.263901
http://doi.org/10.1364/PRJ.419368
http://doi.org/10.1364/OL.43.003933
http://doi.org/10.3390/photonics9010041
http://doi.org/10.1364/PRJ.5.000015
http://doi.org/10.1117/1.OE.59.4.041207
http://doi.org/10.1016/j.optlastec.2014.09.006
http://doi.org/10.3390/s19112473
http://www.ncbi.nlm.nih.gov/pubmed/31151193
http://doi.org/10.1364/OL.43.002146
http://www.ncbi.nlm.nih.gov/pubmed/29714775
http://doi.org/10.1016/j.ijleo.2015.08.145
http://doi.org/10.1088/2040-8986/ab666f
http://doi.org/10.1364/AO.50.000050
http://doi.org/10.1364/AO.5.000170
http://doi.org/10.1364/OL.39.005274

	Introduction 
	Experimental Setup and Principle 
	Experimental Results 
	Discussion 
	Conclusions 
	References

