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Abstract

Motivated by the need of the electron density measurement for the Keda Reconnection
eXperiment (KRX) facility which is under development, an interferometer system has been
designed and tested in bench. The 320 GHz solid-state microwave source with 1 mm wavelength
is used to fulfill the high phase difference measurement in such low temperature plasma device.
The results of the bench test show that the phase difference is accurately measured. In contrast to
tens of degrees of phase shift expected to be measured on the KRX, the system noise (~1°) is
low enough for the KRX diagnostics. In order to optimize the system for better performance, we
utilize the Terasense sub-THz imaging system to adjust alignment. The interferometer system
has also been calibrated via changing of the optical path length controlled by the piezo inertial
motor. Simultaneously, high density polyethylene thin film is introduced successfully to change
a tiny phase difference and test the sensitivity of the interferometer system.

Keywords: magnetic reconnection, diagnostics, interferometer

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetic reconnection, known as an important physical
process, can abruptly convert the stored magnetic energy to
particle energy, and is associated with amounts of explosive
phenomena in interplanetary space, solar atmosphere, the
earth’s magnetosphere, and laboratory experiments [1-10].
Understanding the magnetic reconnection mechanism and
structure remains a key scientific challenge. Compared with
in situ observation and theoretical numerical simulation, the
ground experiment in the laboratory has a large amount of
advantages in studying magnetic reconnection: (I) controlled
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conditions, (II) numerous-point measurements, (III) reprodu-
cibility, and (IV) authenticity.

The Keda Reconnection eXperiment device (KRX) has
been built for investigating the fundamental reconnection phy-
sics. The KRX is a ¢ 3 x 10 m cylindrical vacuum chamber
facility, as shown in figure 1. The plasma is produced by hot
cathode source in the top of the vacuum chamber [11]. The
electrons emitted from the hot cathode ionize the inert gas
(argon or helium) and the uniform plasma can be produced.
The axial magnetic field is produced by 10 coils with a
maximum value of magnetic field B = 100 Gauss. The cur-
rent flows through a pair of drive plates to create the opposed
magnetic field, resulting in anti-parallel reconnection. The
reconnection magnetic field can be controlled in 0-500
Gauss. The experiment size is 2.5 x 1 m?, the plasma density
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Figure 1. The machine drawing of the KRX device.

(10'-10” m=3) and the electron/ion inertial length
(¢/wpe (wpi)) can be controlled via discharge by different inert
gases. The overall experimental size is 5—10 times ion inertial
lengths which satisfies the electron scale and ion scale
reconnection investigation. The facility is housed in the east
of Hefei and the first discharge has been completed in 2021.
The KRX is expected to start to run formally in 2022.
Meanwhile, the plasma diagnostics is also on the way.

The main diagnostics methods in reconnection experiments
are based on the probe measurement (magnetic probes,
Rogowski coils, Langmuir probes and speed probes, etc), like the
experiments in MRX [4, 12], LAPD [13, 14] and TREX [15].
Nevertheless, the probe diagnostic is difficult to measure the
absolute density. In addition, the thin current sheet measurement
remains a challenge in laboratory plasma due to disturbance of
matter probes. The polarimeter-interferometer diagnostic, known
as no perturbation electron/current density and magnetic field
measurement means, has been used for plenty of fusion tokamak
facilities [16—19], and it also contributes to the feedback control
of plasma density. Motivated by the demand of advanced elec-
tron density and current measurement for the low temperature
plasma, it is necessary for us to develop polarimeter-inter-
ferometer diagnostics technology for the KRX facility.

In this paper, section 2 gives the schematic of the
polarimeter-interferometer system for the KRX, section 3
presents the bench test of the interferometer system, the
overall summary and the future plan are given in section 4.

2. The layout of conception design of the KRX
interferometer system

As shown in figure 2(a), the KRX has 6 pairs of rectangular
windows and dozens of circular windows in the cross section,
and each window is allowed for the probes, microwave and
optical diagnostics. The size of the rectangular window is
100 x 25cm? and the radius of the circular window is
12.5 cm. The conception design of the polarimeter-inter-
ferometer measurement for the KRX has been finished. As
shown in figures 2(b) and (c), the design applies the hetero-
dyne Mach-Zehnder type polarimetry-interferometer detec-
tion method [20]. The probing beam passes through the
plasma via two long flanged windows horizontally, the long-
flanged windows are sealed with high density polyethylene
(HDPE) so that the microwave can pass through. The
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Figure 2. (a) The machine structure of the KRX device. The main
diagnostics windows are 6 pairs of rectangular windows and dozens
of circular ports in the middle of the vacuum chamber. (b) The
conception design of the polarimeter-interferometer diagnostics
system for KRX. (c) The optical path design of the interferometer
system. The heterodyne detection method is utilized in this design,
the signal beam passes through the fourth rectangular window, the
reference beam bypasses the vacuum chamber, and the two beams
are mixed into detectors on the other side. The system will be
upgraded to multi-channels eventually.
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Figure 3. (a) The schematic bench test of the interferometer system
and (b) the layout of the optical components on two optical tables.
Probing beam is shown as the red, and the reference beam is in blue.

diameter of the beam will be smaller than the width of the
rectangular window. The reference beam bypasses the
vacuum chamber along the gap of the base, the two beams are
combined into the mixer to form heterodyne measurement.
The line-integrated density can be measured by the phase
difference from the interferometer, which is shown

o =282 x 10*15)\fnedl, (1)

where n. is the electron density, A is the detection wave
wavelength, and [ is the path length of plasma. The
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Figure 4. (a)-(c) The relative power distribution of the probe beam along the propagation direction measured by the Terasense sub-THz
camera at z = 0.5, 1, and 1.5 m, respectively, where z is the distance between the source antenna horn to the camera. (d)—(f) The cuts of the
relative power (blue line) of corresponding (a)—(c) along the line y = 0 mm, and the red dotted lines represent the Gaussian fitting of the

beam relative power.

corresponding magnetic field and current density measure-
ment from the Faraday effect can be expressed as

O = 2.62 x 10°13X f neBydl, 2)

where 6; is the measured Faraday rotation angle, B is
magnetic field parallel to the direction of detection wave. The
polarimeter-interferometer system will be installed on the
fourth rectangular window in 2022, and this optical path can
be extended into multiple channels from the middle of the two
current plates. Therefore, we can get the electron density and
current density profile with the evolution of the reconnection
and acquire further understanding of the reconnection
physics.

The polarimeter-interferometer diagnostic requires fast
time-resolution for magnetic reconnection experiments. The
difficulty in the diagnostics is the phase difference measure-
ment in such low density plasma. For this purpose, the proper
wavelength (~1 mm) is selected to ensure there is large
enough phase difference to measure [21]. The interferometer
phase difference evaluated by the working gases is from
~7 /6 to 2 which is easily measurable, and thus the density
can be accurately determined. Previously, the 650-700 GHz
microwaves have been widely and successfully applied in
plenty of fusion devices and provide the accurate measure-
ment [16, 18, 22-24]. Nevertheless, for the 320 GHz solid-
state sources, the bench test is indispensable to verify mea-
surement feasibility on the KRX.

3. Bench test of the interferometer system
The purpose of the bench test is to optimize and verify the

feasibility of the system. The noise of the system largely
depends on the optical design and alignment the two beams.
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Figure 5. Schematic propagation of the Gaussian beam of the
microwave source and the layout of the Terasense camera.

Lens[f=20cm]
50

B3 Mixer

0 0.5 1 1.5
Length[m]

Due to this motivation, the sub-THz camera, movable mirror
and the HDPE films are introduced to optimize the design and
examine the measurement vability.

3.1. Optical path design of the interferometer system

As shown in figure 3(a), the bench test applies the heterodyne
interferometer means [25]. Figure 3(b) presents the layout of
the optical components on the two 1 x 0.8 x 0.8 m® stages
with broadband damping for vibration isolation. Two fre-
quency adjustable 320 GHz (316-324 GHz) solid-state Vir-
ginia Diodes Inc (VDI) microwave sources S1(w;) and S2(w,)
are used as the signal sources. The output frequency of the
sources can be set with a resolution better than 20 Hz with
15 mW output power. The intermediate frequency (IF) is set
to be ~1 MHz (we set the S1 (w;) frequency to 320 GHz, and
the S2(w,) to 320 GHz + IF). The VDI Schottky planar-
diode mixers with high response (~1300V W™') are intro-
duced as the detectors [26]. We use the 70 LPI (lines per inch)
wire mesh as the beam splitter which is suitable for the budget
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Figure 6. The relative power distributions of microwave beam measured by the sub-THz camera in front of the mixer with the camera placed
at the same distance as the focal length of lens (15 cm). (a)—(c) The relative power distributions of microwave sources S1, S2, and the mixing
of S1 and S2, respectively. (d)—(f) The cuts of the relative power of corresponding (a)—(c) along the line y = —1.65 mm (blue line), the red

dotted lines represent the Gaussian fitting of the beam relative power.
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Figure 7. Band-pass filter half bandwidth versus rms phase
difference noise for the cases with IF = 1.5, 2 and 3 MHz,
respectively. The sampling is 10 MS s~

of the 320 GHz microwave (~50% reflection/transmission).
The LABVIEW controlled NI (National Instruments) card
with 0-60 MS s~ ' sampling is utilized as our data acquisition.

All of the optical components are mounted on the optical
tables. The optical height is 15.6 cm, and the corresponding
meshes and the mirrors are also designed as the same height.
The entire optical path is ~2m for the signal (reference)
chord. The lens (focal length = 20cm) in front of the
microwave source is applied to focusing beams. An additional
electromagnetic wave absorbing material (BPUFA-50CV) is
added around the mirrors and the meshes to minimize the
stray light.

3.2. Alignment of the interferometer system

The beam coming from the antenna horn of the sources
propagates in Gaussian profile. The radius of the Gaussian
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Figure 8. The sampling versus system noise with 0.5 MHz bandpass
of 1 MHz TF.

beam is approximately 4.8 cm simulated by ZEMAX (an
optical design software) after passing through the focal lens.
Despite the two beams are firstly aligned by He-Ne lasers, it is
not clear how collinear they are. In other words, it is difficult
to determine the profile and the location of the propagation
because the placement of the sources and the optical com-
ponents (meshes, mirrors, etc) still cause deviations. It is
necessary to measure the power distribution of the Gaussian
beam and evaluate the alignment of the interferometer system.

The Terasense sub-THz camera system (model T15/32/
32) is used to image the beams. The camera is sensitive to
polarization of incoming power with bandwidth approxi-
mately 50-700 GHz. The relative power distributions in
figure 4 prove that the probing beam has a Gaussian dis-
tribution. The lines fitting show that the waist of the probing
beam (~4cm) is approximately consistent with the result
from the simulation of ZEMAX. The error is most likely that
we assume the Gaussian beam propagates from the antenna
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Figure 9. Schematic optical design of the interferometer calibration. A mirror (green) which is perpendicular to the optical path is utilized to
adjust optical path difference in the interferometer system. The mirror is mounted on the movable platform which is driven by the
piezoelectric inertial actuator. The yellow arrow represents the move direction.

horn, practically, the starting position of the probing beam in
the antenna is unknown.

If the collinearity is not well satisfied in front of the
mixer, the two beams will introduce the system errors. In
order to check the alignment of the two beams, as shown in
figure 5, the camera is placed in front of the mixer and a focal
lens (focal length = 15cm) is housed near the camera to
increase the intensity of imaging. Figure 6 presents the ima-
ging of the relative power distributions of S1 beam, S2 beam
and the mixing of the S1 and S2 in front of the mixer
respectively. It can be concluded that the two beams are well
overlapped. This indicates that the alignment of the two
beams is successfully achieved which is important to optimize
the interferometer system.

3.3. Noise and the error analysis

Since frequency difference of the two sources commanded by
the computer corresponds to the frequency of IF, the IF signal
is clean enough and fully controlled. As shown in [21], the IF
in 1 MHz with 10 MSs™' sampling is stable and the root-
mean-square (rms) phase difference noise level is low. The
stability is the key issue to minimize the phase noise.
Nevertheless, the phase noise of the IF largely depends on the
stray light, optical deviation and the mixer sensitivity, etc. In
addition, the frequency of the IF is also important for the
noise evaluation. Figure 7 gives the digital band-pass filter
half bandwidth versus rms phase difference noise for the
cases with different IFs. The noise increases with a larger IF,
but the noise is restricted in the level of ~1° with different
IFs. This suggests that the minimum line-averaged electron
density is n, &~ 10° m~3,

Since the phase difference of the interferometer mea-
surement assessment on the KRX is tens of degrees [21], the
interferometer system resolution is sufficient to investigate the
accurate density measurement. However, the small noise is
essential demand for the investigation of the plasma fluctua-
tion and transport [17]. The sampling versus noise in the
figure 8 implies that we can also reduce the noise by
increasing the sampling because the noise level is effectively

improved with the increase of the sampling from 5 MSs ™' to
20 MSs~'. However, the noise reduces slowly with higher
sampling. Given the above results, the sampling should be
reasonably considered. Furthermore, other factors that affect
the noise should also be investigated which is significant for
the further optimization of the noise.

3.4. Interferometer calibration

In order to calibrate the interferometer system on bench, a
piezoelectric inertial actuator with typical step size of 20 nm
has been utilized to change optical path length (phase
change). As shown in figure 9, a movable mirror (green) is
introduced in the optical design to change the optical path.
The piezoelectric inertial actuator drives the movable stage to
move the mirror, and the move direction follows the direction
of the beam as the yellow arrow points to in figure 9. Since
the mirror is located far away from the microwave source, the
output power reflected back to the source is small and will not
damage the microwave source.

The piezo inertial motor controller is used to control the
movement of the mirror for continuous jogging. Due to the
reflection of the beam, theoretically, the phase difference of
the two IFs caused by the jogging of the mirror can be pre-
sented as

Ap(rad) = 2w¥, 3)
where AL is the jogging distance, A is the wavelength.
Figure 10 gives the calibration results of the interferometer
system. After ensemble average, the measured results are
pretty well close to the theoretical values which are based on
the ideal wave phase theory. The errors in the interferometer
system are most likely caused by the installation and optical
components deviations.

Because the KRX device is being optimized, the HDPE
thin film is used to simulate as the uniform plasma. The key
issue of measuring plasma is refractive index measurement.
The HDPE thin film is placed in signal beam path as an
additional optical offset, as shown the grey ‘plasma’ area in
figure 3(a). The phase difference of the reference chord and
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Figure 10. The interferometer calibration. The move distance of the
mirror and the measured phase difference, with the red line being the
theoretical value and the dots being the measured values.

the signal chord caused by the optical path difference of thin
film can be expressed as

Ap(rad) = M 4)
A
where N is the refractive index of the thin film, d is the thin
film width, and X is the beam wavelength. Here, we assume
the air refractive index is 1, and the refractive index of the
thin film can be expressed as

N— ApA

2nd

Benefiting from optimization of the system, the refractive
index measured is 1.60 (the theoretical value is 1.52), which

suggests that the measurement error of our interferometer
system is negligible.

+ L. &)

4. Conclusion

In conclusion, the 320 GHz (1 mm wavelength) probing beam
is selected to ensure the sensitivity of the interferometer
measurement for KRX facility. The bench tests of solid-state
microwave sources show that the IF is stable, and the phase
noise (<1°) of the system is low enough for electron density
diagnostics on the KRX. Besides, to optimize the system, the
Terasense sub-THz imaging camera has been introduced to
check the propagation of the Gaussian beam and has

successfully improved the optical alignment. The inter-
ferometer system has been well calibrated by changing the
optical path length with the help of precision movement of
piezo motor with minimum 20 nm step. The HDPE thin film
experiment has also verified that the system is capable of the
MHD and turbulence fluctuation measurement. Meanwhile,
benefiting from the interferometer system, the development of
polarimeter diagnostics system based on Faraday effect for
the magnetic field and current measurement will be achieved
in the near future.
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