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ABSTRACT

A large-aperture beam splitter has been developed for simultaneous operation of two millimeter-wave diagnostics employing
different probe beams in the frequency and polarization, microwave imaging reflectometer (~85 GHz X-mode), and collective
scattering system (300 GHz O-mode), on the Korea Superconducting Tokamak Advanced Research device. The beam splitter was
designed based on a polarizer concept (i.e., grid of metal strips on a thin dielectric sheet), and this can be an optimal solution
for these two diagnostics. Fabrication of the strips with uniform sub-millimeter width and spacing on a large dielectric sheet
was achieved with an etching technique, and the laboratory test results on the reflection and transmission ratio are in good

agreement with design values.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5066611

. INTRODUCTION

Several types of quasi-optical components have been
employed in millimeter-wave imaging diagnostics on toka-
maks: the large-aperture beam splitter, dichroic plate as a
high-pass filter,’ notch filter for system protection,?* and
half-wave plate for 90° rotation of beam polarization.” Among
them, the beam splitter is widely used to split two beams
for a single diagnostic or partially combined two diagnostics.
Such beam splitters are used in the optical systems of two 2D
millimeter-wave imaging diagnostics on the Korea Supercon-
ducting Tokamak Advanced Research (KSTAR) device: electron
cyclotron emission imaging (ECEI) system® and microwave
imaging reflectometer (MIR).%7 For instance, large beam split-
ters are used to split ECE radiation for the dual-array ECEI
system, and to split the probe beam and reflected beam for
the MIR system. Another large beam splitter had been used to
split ECE radiation and MIR beams for partially combined ECEI

and MIR system until 2017. Small-size beam splitters (or power
dividers) are used for the balanced split of beam power (of ECE
radiation or MIR reflected beam or local oscillator beam) in
the antenna/detector array box for odd-channel and even-
channel arrays.® The large beam splitters were based on flat
panel hard glass, 1.1 mm thick Borofloat 33, providing excel-
lent flatness, which is the most critical optical element for 2D
imaging diagnostics. On the other hand, the small beam split-
ters were made of a dielectric sheet, 0.5 mm thick RO4003C,
showing an almost equal transmission and reflection ratio
in a broad frequency range. In fact, the large beam splitters
are power dividers like the small beam splitters so that only
a half of the power is used, while the rest of the power is
wasted. Especially, the MIR system had used two such splitters
arranged in a row and consequently only ~25% powers of the
probe beam until 2017 and reflected beam were used for the
MIR system.
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In the KSTAR tokamak, two millimeter-wave diagnostics,
the MIR system and collective scattering system (CSS)? have
been implemented on a single port prior to the 2018 cam-
paign. Since the two diagnostics have to share the front optics,
a large-aperture beam splitter is required to combine two
probe beams (to the plasma) and split two return beams (from
the plasma). Since the two diagnostic systems utilize entirely
different probe beams in the frequency (78-96 GHz versus
300 GHz) and polarization (X-mode versus O-mode), a wire-
grid or strip-grid polarizer'© is potentially a good solution for
effective division of the two beams with minimum power loss.
The strip-grid polarizer on a thin dielectric substrate, 0.8 mm
thick RO4003C, was chosen for the beam splitter instead of
a wire-grid polarizer because it was difficult to find a man-
ufacturer capable of making large-size wire-grid polarizers.
Note that the substrate RO4003C is also used for notch fil-
ters to protect the detectors of the ECEI and MIR system from
stray radiation of the high-power electron cyclotron resonant
heating beam.’

The outline of this paper is as follows: In Sec. II, the princi-
ple of the strip-grid beam splitter on a thin dielectric substrate
(and wire-grid splitter) is reviewed and an optimal design of
the beam splitter for the two systems is given. In Sec. I,
laboratory test results of the fabricated strip-grid beam split-
ter, including the reflection ratio of the 300 GHz O-mode
beam power and transmission ratio of the 78-96 GHz X-mode
beam power, are compared with the design values. Similar
test results for the hard-glass beam splitter made of 1.1 mm
thick Borofloat 33 are also compared with the design values. In
particular, the reflection test result for the 300 GHz O-mode
beam justifies why the new strip-grid beam splitter has to be
used instead of the old hard-glass beam splitter. A summary
follows in Sec. IV.

Il. REVIEW OF WORKING PRINCIPLE
FOR OPTIMAL DESIGN

Figure 1 illustrates the MIR system and CSS combined
in a single port on KSTAR. Considering several issues such

Strip-grid beam splitter

CSS scattered beam

Glass beam splitter
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as a space limitation and higher sensitivity of the MIR sys-
tem on the optical alignment, the MIR beams (78-96 GHz
X-mode) and CSS beams (300 GHz O-mode) were designed
to be transmitted through and reflected from the first beam
splitter (strip-grid beam splitter), respectively. In this case,
the best option is that most of the 300 GHz O-mode beam
power is reflected from the beam splitter, while the 78-96 GHz
X-mode beam power is transmitted as much as possible.

A. Reflectance of the strip-grid beam splitter
for the 300 GHz O-mode beam

When the electric field of an incident beam is parallel to
the direction of metallic strips or wires, the impedance of the
strip-grid with a width 2a is given as'?

Z
28 _i(4 za
7 —)(/l)lncsc( g ), 1)
and the impedance of the wire-grid with a diameter 2a is given
as
Ze N\ a) ™M 2xa)

where Zg is the total grid impedance, Zi is the characteris-
tic transmission line impedance, g is the center-to-center grid
spacing, A is the wavelength of the incident beam, and csc is
the cosecant. Note that the impedances in Egs. (1) and (2) are
complex numbers. When the strips or wires are lossless, the
electric field reflection coefficient has the form

Eref -1
1 Be ~ 1+2Z/2 @
where E.r and Ej,. are the electric field of the reflected and
incident beams, respectively. The reflectance (the ratio of
reflected power to incident power) is the squared magnitude
of the expression given in Eq. (3). The reflectance as a func-
tion of g/ with 2a = 0.15 mm is illustrated in Fig. 2. We chose
2a = 0.15 mm (minimum available width) and g = 0.3 mm for
our beam splitter, and the expected reflectance is 96% for the
300 GHz incident beam.

MIR system

T |

Cassette

CSS probe beam

Vacuum window
Mirror

MIR reflected beam

MIR probe beam

FIG. 1. A 3D drawing (top view) of the MIR system and CSS combined in a single port on KSTAR.
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Strip-grid with 2a = 0.15 mm
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FIG. 2. The calculated reflectance (power reflection ratio) and transmittance
(power transmission ratio) as a function of g/ of the strip-grid beam splitter with
the strip width 2a = 0.15 mm for the 300 GHz incident beam, in the case that the
electric field direction of the incident beam is parallel to the direction of the strips.
Here, g is the center-to-center strip spacing and A is the wavelength of the incident
beam. We chose g = 0.3 mm for our beam splitter and the expected reflectance is
96%.

B. Transmittance of the dielectric substrate
for the 78-96 GHz X-mode beam

In the case of the perpendicular injection, the transmit-
tance (the ratio of transmitted power to incident power) of
the 78-96 GHz X-mode beam through the dielectric substrate
is almost unity. However, the strip-grid beam splitter is posi-
tioned with 45° in the horizontal direction, and then, the
transmittance is not unity any more. The reflectance of a beam
through a thin dielectric sheet is given as’?

12, +15, + 2719 723 COS(2 RNy t COS )

S22
14175,

, 4
+ 2712 723 COS(2 RNy t cOS 67) )
where kg is the wavenumber of the incident beam, N, is the
real value of the complex refractive index (N, — jN;) of the
sheet, and t is the thickness. The refractive index is related
to the dielectric constant €, as N, = +/&. 112 is the reflec-
tion coefficient of the beam field at surface 1 (front surface)
defined as
s _ Siﬂ(@l - 02) _ . .

Ry VTN @76 (S - polarization), (5)

P _ tan(91 - 02)

"= @0 (P — polarization), (6)

and 1,3 is the reflection coefficient of the beam field at surface
2 (rear surface) defined as
s _ Siﬂ(@z - 93) _ . .
3 = T ein(e, 1 00 6,7 63) (S - polarization), 7
P _ tan(Hz - 93)

23~ Tan(6, 7 63) (P - polarization), (8)

where 0 is the incident angle to the sheet surface 1, 9, is the
refracted angle from the surface 1 (or the incident angle to
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the surface 2), and 63 is the refracted angle from the surface
2. Note that the reflection coefficients are different for two
linear polarizations: P-polarization (in the plane of incidence)
and S-polarization (orthogonal to the plane of incidence). The
dielectric loss of the beam power in the sheet, referred to
as absorptance, is related to the imaginary value €; of the
complex dielectric constant and has the form

A =1-exp(-6 koNrt), 9)

where the ratio of the imaginary to real dielectric constant,
tané = €;/er » 6 (1), is the loss tangent. Then, the transmit-
tance is given as

T=1-R-A. (10)

The dielectric constant and loss tangent of RO4003C are
3.38 + 0.05 and 2.7 x 1073 at 10 GHz, respectively, and these
values were used for the calculation over the frequency range
from 75 to 110 GHz. This is because the values in the range
from 75 to 110 GHz have not been reported yet. If there is
any significant discrepancy between the measured and calcu-
lated results in the frequency range, the uncertainty in the two
parameters could be the primary source. Figure 3 illustrates
the calculated transmittance as a function of the beam fre-
quency of the substrate RO4003C with several available thick-
nesses from 0.2 to 0.8 mm. The incident beam is S-polarized,
and the incident angle is 45°. Between two thicknesses of
0.2 mm and 0.8 mm showing higher transmittance, we chose
the 0.8 mm thickness because the thicker sheet provides bet-
ter surface flatness. In addition, the uneven transmittance for
the 0.8 mm thickness (higher transmittance at higher fre-
quency) may partly balance out the uneven power loss in the
20 m long broadband cables (higher loss at higher frequency)
between the MIR detector array and electronic system, and
consequently enables final signal levels of four radial channels
to be relatively even. The power loss in the broadband cable,
including two short semi-rigid cables at the ends, is ~3.5 dB
at the intermediate frequency (IF) of 1.0 GHz and ~10 dB at

R0O4003C
1.0 T T T T T
0.8 .
[ D
o
g 0.6F S o R -
= — I ——
£
7]
§ 0.4F -
i t=0.2mm
02k t=0.3 mm i
’ t=04mm  t=0.8 mm
t=0.5mm A
0.0 1 1 1 1 1 1

75 80 85 90 95 100 105 110
Frequency [GHz]

FIG. 3. The calculated transmittance as a function of frequency of the dielectric
substrate RO4003C with several available thicknesses from 0.2 to 0.8 mm. The
incident beam is S-polarized, and the incident angle is 45°. The shaded region
indicates the frequency range of the MIR probe beam (78-96 GHz).
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IF = 6.4 GHz.” Here, higher IF corresponds to higher probing
frequency.

I1l. LABORATORY TEST

Figure 4(a) is a picture of the fabricated strip-grid beam
splitter (by EM-Wise Communications) with the strip width
of 2a = 0.15 mm and center-to-center spacing of g = 0.3 mm
on the 0.8 mm thick RO4003C substrate. The thickness of the
copper strips is 17 um. The uniform width and spacing of the
strips on the large substrate were achieved with an etching
technique. Figure 5 shows the test results of the beam splitter
for the 300 GHz O-mode beam together with the schematic
diagrams of test setups. 2D beam intensity profiles were mea-
sured at a fixed distance of Z = 500 mm from the beam source
for three cases: the incident beam without the beam splitter,
the reflected beam from the beam splitter, and the transmit-
ted beam through the beam splitter. Comparing the total beam
powers, integrated over the 2D plane, for the three cases, the
reflectance is 98.3% and the transmittance is 2.5%. The mea-
sured reflectance is slightly higher by ~2% than the design
value (95.9%). This is mostly due to the experimental errors
such as beam power variation. The 300 GHz beam power can
slowly vary in time by ~4% probably due to unstable bias volt-
ages or temperature change. Note that the 300 GHz beam
source consists of a 12.5 GHz synthesizer and x24 multiplier
chain (made up of three doublers and a tripler), and the output
powers are sensitive to the externally applied bias voltages.
Figure 6(a) shows the measured and calculated reflectance,
transmittance, and absorptance as a function of frequency
from 75 to 110 GHz of the strip-grid beam splitter. The mea-
sured results are best matched with the calculated results with

(@) T |

Metal strip

By EM-Wise

Substrate
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the thickness of 0.84 mm. The transmittance in the frequency
range of the MIR probe beam (78-96 GHz) is 65%-92%.

As already mentioned in Sec. I, the beam splitter used
for the division of the MIR probe beam and reflected
beam was made of a hard glass, 1.1 mm thick Borofloat 33.
Figure 4(b) shows a newly fabricated hard-glass beam splitter
for the modified MIR optical system to be combined with the
CSS optical system. The measured and calculated reflectance,
transmittance, and absorptance as a function of frequency
of the beam splitter are shown in Fig. 6(b). The dielectric
constant is 4.6, and the loss tangent is 3.7 x 10~3 at 1 MHz,
which were used in the calculation over the frequency range
from 75 to 110 GHz. As mentioned before, the small discrep-
ancy between the measured and calculated results could be
attributed to uncertainty in the two parameters over the
frequency range, which is significantly higher than 1 MHz.

One important reason why the wire-grid or strip-grid
beam splitter was considered for division of the MIR beams
and CSS beams is that the reflectance of the 300 GHz O-
mode beam from the hard-glass beam splitter is too low.
Figure 7 shows the measured and calculated transmittance,
reflectance, and absorptance of the hard-glass beam splitter
for the 300 GHz O-mode (P-polarized) beam. The measure-
ment results are significantly different from the calculated
results with the dielectric constant and loss tangent at 1 MHz,
meaning that the two quantities at 1 MHz cannot be used for
the calculation at such a high frequency. The measurement
results are matched with the calculated ones with a reduced
dielectric constant 4.35 and largely increased loss tangent
2.7 x 1072, The measured reflectance of the hard-glass beam
splitter for the 300 GHz O-mode beam is only ~13%, which

(b) |7 N
R
A
340 mm

‘ .. | 800 mm

FIG. 4. (a) The fabricated strip-grid beam splitter with the strip width of 0.15 mm and center-to-center spacing of 0.3 mm on the 0.8 mm thick RO4003C substrate. The
thickness of the copper strips is 17 um. (b) A hard-glass beam splitter made of 1.1 mm thick Borofloat 33.
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(a) Incident beam

(b) Reflected beam
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(c) Transmitted beam

200
300 GHz O-mode (Oct. 10, 2018)
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Source Beam Detector
(fixed) (scanned 300 \
in 2D) )
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(Top view) i

FIG. 5. The measured 2D and 1D intensity profiles of three 300 GHz O-mode beams: (a) the incident beam without the strip-grid beam splitter, (b) the reflected beam from
the beam splitter, and (c) the transmitted beam through the beam splitter. The axial distance from the source to the detection plane was 500 mm, and the beam splitter was
positioned at 200 mm from the source. (d) Schematic diagrams of the three measurement setups.

0.84 mm thick RO4003C (Sep.
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FIG. 6. (a) The measured (symbols) and calculated (curves) transmittance, reflectance, and absorptance as a function of frequency from 75 to 110 GHz of the strip-grid
beam splitter for the S-polarized beam. The measured results are best matched with the calculated curves with the thickness of 0.84 mm. (b) The measured (symbols) and
calculated (curves) transmittance, reflectance, and absorptance as a function of frequency of the hard-glass beam splitter. The shaded region indicates the frequency range
of the MIR probe beam (78-96 GHz). Note that the measured absorptance was obtained using the relationship A= 1 — Tg — Rs and measured Tg and Rs.
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1.1 mm thick Borofloat 33 (March 21, 2016)
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FIG. 7. Transmittance, reflectance, and absorptance of the hard-glass beam split-
ter for the P-polarized beam: measured at 300 GHz (symbols) and calculated in
270-330 GHz (curves). The solid curves were obtained with the dielectric constant
4.35 and loss tangent 2.7 x 1072, and the dashed curves with 4.6 and 3.7 x 10-3,
which are the reported values at 1 MHz.

is significantly lower than ~96% of the new strip-grid beam
splitter.

IV. SUMMARY

A large-aperture beam splitter has been developed for
simultaneous operation of the partially combined MIR sys-
tem and CSS to optimize the return beam as well as the
scattered beam. Since the two diagnostics employ entirely
different probe beams in the frequency and polarization,
a wire-grid or strip-grid polarizer is an optimal solution.
The fabricated strip-grid beam splitter with the strip width
of 0.15 mm and center-to-center spacing of 0.3 mm on a
0.8 mm thick RO4003C substrate shows ~96% reflectance for
the 300 GHz O-mode beam (for the CSS) and 65%-92% trans-
mittance for the 78-96 GHz X-mode beam (for the MIR sys-
tem), which agree with the design values. The choice of the
0.8 mm thickness provides better surface flatness and uneven
transmittance in the range of 78-96 GHz (higher transmittance
at higher frequency), and the latter property may contribute
to relatively even final signal levels of four radial channels of

ARTICLE scitation.orgljournal/rsi

the MIR system. A hard-glass beam splitter made of 1.1 mm
thick Borofloat 33, used for split of the MIR probe beam and
reflected beam from 2013, has been newly fabricated for the
modified MIR optical system.
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