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In this paper, we measured the one-dimensional phase and polarization structure of a millimeter-wave with
a helical wavefront (vortex beam) using a simultaneous heterodyne detection system at two spatial points. This
is a novel approach, and it provides us with the relative phase of the vortex beam. We measured the phase
discontinuity of the vortex beam by scanning the one-dimensional path where an antenna passes through the
optical axis. It was found that relative phases gradually increase or decrease when the antenna does not pass
through the optical axis. Additionally, we measured polarization parameters, which were indefinite near the
optical axis. In other words, the optical axis of the vortex beam is a singular point about the phase.

c© 2022 The Japan Society of Plasma Science and Nuclear Fusion Research

Keywords: vortex beam, helical wavefront, phase singularity, heterodyne detection system, millimeter-wave

DOI: 10.1585/pfr.17.2401007

1. Introduction
A Laguerre Gaussian (LG) mode is the paraxial solu-

tion of the wave equation in a cylindrical coordinate sys-
tem. It is also called an optical vortex [1]. The equiphase
front of an optical vortex has a helical phase structure,
which is characterized by an integer number called the
Topological Charge (TC). Furthermore, an optical vortex
has a donut-shaped intensity distribution, which means
zero intensity on the optical axis.

Recently, studies have been conducted on applying a
millimeter-wave with a helical wavefront (vortex beam) to
fusion plasma. This is because it has been theoretically
shown that higher harmonics radiation from an electron
in the spiral motion has vortex characteristics. Further, it
has also been recognized that an electron cyclotron mo-
tion and its emission are closely related to the vortex beam
[2–5]. Interestingly, it was numerically shown that there
is a unique propagation property of the vortex beam in a
magnetized plasma [6]. That suggests part of the vortex
beam can penetrate the plasma cutoff region, and we may
establish a new heating method of the over-dense plasma
using the vortex beam.

To experimentally demonstrate the plasma heating by
the vortex beam, a spiral mirror has been successfully de-
veloped to generate the vortex beam in the millimeter wave
regime. This is a passive optical element to produce a vor-
tex beam by conversion from the Gaussian beam [7]. Addi-
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tionally, to identify the vortex beam in the millimeter-wave
regime, we established a measurement method of the vor-
tex beam using a triangular aperture [7]. We used the aper-
ture for measuring the vortex beam, since the characteris-
tic diffraction pattern can be obtained based on the phase
structure of the vortex beam.

However, it is necessary to develop a new measure-
ment system for the vortex beam because of the difficulty
in the alignment. To obtain characteristic diffraction pat-
terns clearly, we realize an alignment where the bright ring
is slightly larger than the inscribed circle of the triangular
aperture. Moreover, even if the difference in wavelength
between the center of gravity of the triangular aperture and
optical axis of the vortex beam is half, the diffraction pat-
terns are uneven. Then, the identification of the vortex
beam becomes difficult.

Therefore, we developed a new measurement system
for detecting a vortex beam in a millimeter-wave regime
using the heterodyne detection method arranged at two
spatial points. The system has two receiving antennas: one
is fixed with phase φf and the other is movable with phase
φm one-dimensionally. Thus, the system provides us with
the relative phase of the vortex beam φm − φf . Since the
phase structure of the vortex beam has a spatial depen-
dence on the azimuthal angle, and the optical axis is the
singular point about a phase, the relative phase must have
a phase discontinuity at the optical axis. Additionally, hav-
ing a phase discontinuously at the optical axis, means that
the electric field around the optical axis is rationally dis-
tributed. Therefore, it should also be indefinite for polar-
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Fig. 1 Experimental setup for measuring phase singularity using heterodyne detection system at two spatial points. One is fixed antenna,
the other is movable antenna one-dimensionally. Decomposed signals are digitized by ADC after frequency down converted to IF
signal by mixer. In this system, voltage controlled oscillator (VCO) signal is commonly used.

ization at the point of using a heterodyne detection system
with an Orthomode Transducer (OMT). If we can detect
the phase discontinuity across the optical axis directly, we
can identify the vortex beam with a donut-shaped intensity
distribution.

This paper is composed of four sections. In Section 2,
the experimental setup of the new measurement system for
the vortex beam and development of the key components
are briefly described. In Section 3, experimental results of
the vortex beam measured using two spatial heterodyne de-
tection systems are discussed. The summary of this paper
is provided in Section 4.

2. Experimental Setup
Figure 1 shows the experimental setup of the new

measurement system for the vortex beam. In the experi-
ment, the heterodyne detection system is arranged at two
spatial points. One is fixed with the phase φf , and the other
is movable with the phase φm, one-dimensionally. There-
fore, it is possible to detect the relative phase of the vortex
beam φm − φf by measuring at two spatial points. The in-
jection beam from the 154 GHz Gunn oscillator is focused
by the convex lens and converted to a Gaussian beam with
arbitrary polarization using a set of polarizers. This beam
is reflected by a spiral mirror to generate a polarized vortex
beam. Additionally, since the heterodyne system in this ex-
periment can decompose the beam with an arbitrary polar-
ization state into orthogonal components using the OMT,
the measurement of one-dimensional polarization parame-
ters of the vortex beam can be obtained. Each orthogonal
component is converted to an intermediate frequency (IF)
signal using the heterodyne detection system, and then dig-
itized by an analog-to-digital converter (ADC). Since the
back side of the spiral mirror is fabricated to form a plane
mirror, the experiment can be performed by turning over
the mirror in cases of TC = 1 and TC = 0.

The following describes development of the OMT and

Port 1
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Erθ

Erφ

Erθ

Erφ Steps

Fig. 2 Internal structure of OMT with double ridge. Input
port has square waveguide, output ports have rectangu-
lar waveguide. Erφ component is guided to port 1, Erθ

component is guided to port 2, respectively.

polarizers, which are critical components of this experi-
ment.

2.1 Development of Orthomode Transducer
To measure the polarization state of a wave by the het-

erodyne detection system, it is necessary to install an OMT
on the waveguide circuit. The OMT is the key waveguide
component that separates the input beam into orthogonally
linear polarized components. Thus, we designed and man-
ufactured the step taper double-ridged OMT, as shown in
Fig. 2. This is the first OMT insourced at the National
Institute for Fusion Science (NIFS). This OMT design is
based on the report by Asayama et al. [8], which originally
had a smooth taper structure at the decomposing section.
However, our OMT has a step taper structure that over-
comes the difficulty of the machining process. Moreover,
it is for the D-band expansion (110 - 170 GHz) from a 70 -
120 GHz, 1.65 × 1.65 mm square waveguide for the input,
and 1.65 × 0.825 (WR-06) rectangular waveguides for the
output.

Figure 3 shows the results of the performance test of
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Fig. 3 Frequency dependence of separation performance of
OMT we developed. (a): If input component has only
Erφ. (b): If input component has only Erθ.

the OMT. The horizontal axis represents the frequency of
the input signal and the vertical axis represents common
logarithms of output power Pout over input power Pin at
each port, which indicates the attenuation rate Ap (dB):
Ap = 10 log10

(
Pout
Pin

)
. The input signal is generated by a

synthesizer (model MG37022A by Anritsu) while chang-
ing from 16 GHz to 20 GHz. Then, the signal frequency
is changed by 130 - 160 GHz, using multipliers with a fac-
tor of four and two. A few mW, is injected into the OMT
via the taper transit between the rectangular and square.
Furthermore, we measured two cases where the electric
field of the input signal had only an Erφ direction and only
an Erθ direction, which was lineally polarized. Then, the
orthogonally decomposed signals’ power was revealed at
port 1 and 2 by a detector. As can be seen, our OMT had
over 40 dB of separation. Thus, we could successfully de-
velop the OMT in the D-band and even the OMT had no
smooth taper structure.

2.2 Development of polarizers
To produce the vortex beam in a millimeter-wave

regime with arbitrary polarization, it is necessary to con-
trol the ratio and phase difference, regarding orthogonal
field components, by a polarizer. In this study, polariza-
tion control was performed by using a polarizer special-
ized for 154 GHz (D-band) with a rounded shape at the
edge of the period groove surface, which was originally de-
signed for 82.7 GHz by Ii et al for a mega-watt long-pulse
millimeter-wave transmission line of the electron cyclotron
resonance heating system in the large helical device [9]. As
shown in Fig. 4 (a), we designed the polarizer composed
of two types of grating mirrors, which are λ/8-type and
λ/4-type grating mirrors. Since the injection angle is con-
sidered at angle 45 degrees, groove depths are set to be
λ/8/ cos 45 � 0.4605λ and λ/4/ cos 45 � 0.7069λ. The
period of the groove p is selected as p = 0.9 mm < λ/2
so that higher order diffraction is suppressed. At a grat-
ing mirror of λ/4, the rotation angle of the polarization α
can be roughly controlled, while the ellipticity of the po-

(b)(a)

p = 0.9 mm

0.5 mm0.4 mm

d2 d1

d1 = 0.4605 mm
d2 = 0.7069 mm
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β

Fig. 4 (a): Shape of groove of grating mirrors. (b): Definition
of polarization parameters; α and β.
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Fig. 5 Polarization parameters (α · β) depending on rotation an-
gles Φλ/4 and Φλ/8 for grating mirrors. (a) and (b) are
experimental results. (c) and (d) numerical calculation re-
sults based on integral method. (e) is polarization purity
between experimental results and numerical calculation
results.

larization β can be controlled on the grating mirror at λ/8
(shown in Fig. 4 (b)). Thus, by rotating the polarizers, we
can produce a wave with arbitrary polarization status.

Figures 5 (a) to (d) show experimental and numerical
calculation results of polarization parameters (α, β), de-
pending on the rotation angle of the grating mirrors. As
a result, these experimental results were well compatible
with the calculation results and reproduce that of Ii [9].
Since these grating mirrors have the same groove shape
based on Ii’s result, the dependence of the polarization pa-
rameters was the same, even if we used a different fre-
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quency. Additionally, as shown in Fig. 5 (e), polarization
purity (coincidence degree) between experimental and nu-
merical calculation results was more than 80 % at almost
all rotation angles. This numerical calculation is based on
the integral method well known as the vector theories of
the grating mirror [9–12].

3. Vortex Beam Measurement
Experiment
Consequently, we can generate a beam with an arbi-

trary polarization in the D-band, and we can identify the
polarization parameters by dividing the receiving signal
into two orthogonal components using our OMT. In this
section, a beam with the polarization (α, β) = (60, 10) is
injected into a spiral mirror to generate a vortex beam with
an arbitrary polarization. Here the polarization parameters
are chosen as the polarization purity becomes high with the
rotation angles (Φλ/4,Φλ/8) = (120, 10) in Fig. 5. Furthe-
more, the cross section of the beam is one-dimensionally
measured by the heterodyne detection system with a mov-
able antenna.

Figures 6 (a) and (b) show the intensity distribution of
the beam with TC = 0 and TC = 1, measured by a two-
dimensional camera (terahertz camera model T30/64/64
produced by Terasense Group Inc.), which is set at the
same place as the antenna of the heterodyne detection sys-
tem. Notably, in the case of TC = 0, the intensity dis-
tribution has a peak on the optical axis. However, in the
case of TC = 1, the intensity distribution is donut-shaped
without an intensity peak on the optical axis. Figures 6 (c)
to (f) show the numerical calculation results of the inten-
sity and phase distribution. Meanwhile, (c) and (e) are for
TC = 0, (d) and (f) are for TC = 1. In this calculation, the
beam is considered as a plane wave which has no curva-
ture of the wavefront. Therefore, when TC = 0, there is no
phase structure in the azimuthal direction at the arbitrary
beam cross section. However, when TC = 1, the phase
continuously changes in the azimuthal direction. In the ex-
periments, the fixed antenna is located on the point shown
in Figs. 6 (a) and (b), and the movable antenna is scanned
one-dimensionally from left to right, shown in Figs. 6 (a)
and (b) at three paths. The center path is passing through
the optical axis, and top and bottom paths are not passing
through it.

Figure 7 shows a comparison of one-dimensional in-
tensity distribution between the calculation and experimen-
tal results, measured by the heterodyne detection system at
each scan path. From (a) to (c) are numerical calculation
results, while from (d) to (f) are experimental ones. It is
easy to see that in the case of TC = 1 at every path, the dis-
tribution has an intensity drop near the optical axis, which
is a characteristic of the vortex beam. In the case of TC = 0
at every path, the intensity distribution has a peak near the
optical axis, which is characteristic of the Gaussian beam.
Here, it is noteworthy that the size of the antenna cross sec-
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Fig. 6 (a) and (b) are intensity distribution taken by two dimen-
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and (d) are intensity distribution, (e) and (f) are phase
distribution, which are calculated by using LG mode with
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Fig. 7 One-dimensional intensity distribution measured by het-
erodyne detection system at each scan path. From (a) to
(c) are numerical calculation, (d) to (f) are experimental
results. Solid lines are drawn by Bézier interpolation.

tion is considered in the calculation and one data point is
based on the summation of the electric field over the an-
tenna cross section.

Figure 8 shows a comparison of the relative phase
variation between calculation and experimental results.
From (a) to (c) are numerical calculations and from (d) to
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(f) are experimental ones. It is easy to see that in the case
of TC = 1 at the center path in the experiment, the rela-
tive phase is discontinuous across the optical axis. This is
a characteristic result where the phase of the vortex beam
cannot be defined on the optical axis, and the phase sin-
gularity is identified by the heterodyne detection system
for the first time. In the calculation, the phase changes 180
degrees when the movable antenna passes through the opti-
cal axis. However, the experimental result does not change
exactly 180 degrees. The reason is that the center of the an-
tenna does not exactly pass through the center. However,
we can estimate that the difference between the center of
the antenna and the optical axis is at least 5 mm or less,
because the phase discontinuity is not measured when the
antenna cross section excludes the optical axis. It is note-
worthy that the antenna diameter is 10 mm. Additionally,
as can be seen from (d) and (f), an increase or decrease
in the relative phase is measured at TC = 1. As shown
in Fig. 6 (f), the scan was performed in the X-direction, al-
though the phase of the vortex beam depends on the az-

imuthal direction. Thus, the relative phase is continuously
increasing or decreasing except for the path through the
optical axis. On the contrary, there is no change in the rel-
ative phase in the X-direction in the case of TC = 0. These
experimental results are well compatible with the calcula-
tion results.

Finally, Fig. 9 shows variation of the polarization pa-
rameters, depending on position of X at each scan path.
From (a) to (c) are for α and from (d) to (f) are for β. At
the top and bottom paths, there is no change in the polar-
ization parameters in both cases, TC = 1 and TC = 0.
However, as can be seen, the polarization parameters drop
to zero near the optical axis on the center path at TC = 1.
This is because the direction of the electric field vector is
distributed in opposite directions across the optical axis,
which means that the polarization cannot be defined on the
optical axis. On the contrary, when TC = 0, there is no
change of the polarization parameters, which are the same
as the top and bottom paths. If TC = −1, the same ten-
dency will appear, but the variation of the relative phase,
depending on the position of X at the top and bottom lines,
will be reversed.

4. Summary
In this study, we measured the one-dimensional phase

and polarization structure of the millimeter-wave with a
helical wavefront using dual heterodyne detection systems.
First, we developed the OMT in the D-band, which is an
important millimeter-wave component for measuring a po-
larization. The OMT had a step taper double-ridge struc-
ture, and so the separation performance had approximately
40 dB. The performance was extremely high-performance
with a small frequency dependence. Additionally, the D-
band polarizer with a rounded shape at the edge of the
period groove surface was also developed to generate a
beam with an arbitrary polarization state, and its perfor-
mance test was performed. Therefore, we could obtain a
result where the polarization parameters, depending on the
set of rotation angles of the polarizers, are almost iden-
tical to the calculation result. Based on these results,
a vortex beam with an arbitrary polarization was gener-
ated, and the cross section of the beam was measured
one-dimensionally using the heterodyne detection system.
Then, one-dimensional variations in the relative phase and
polarization parameters were measured. As a result, it was
confirmed that phase discontinuity could be observed, and
the polarization parameters also dropped to zero near the
optical axis. This means, the optical axis of the vortex
beam was a singular point of the phase. Hence, we suc-
ceeded in measuring the characteristics of the vortex beam
using a heterodyne detection system for the first time.
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