
Plasma and Fusion Research: Regular Articles Volume 18, 1402062 (2023)

Application of Digital Phase Analysis to Far-Infrared Laser
Interferometer for the Large Helical Device

Hikona SAKAI1), Kenji TANAKA1,2), Yuki TAKEMURA2,3), Yasuhiko ITO2),
Tokihiko TOKUZAWA2,3), Ryo YASUHARA2,3), Hiyori UEHARA2,3), Toshiki KINOSHITA1),

Tsuyoshi AKIYAMA2,a), Kazuya NAKAYAMA4) and Kazuo KAWAHATA2)

1)Interdisciplinary Graduate School of Engineering Sciences, Kyushu University, Kasuga, Fukuoka 816-8580, Japan
2)National Institute for Fusion Science, Toki, Gifu 509-5292, Japan

3)The Graduate University for Advanced Studies, SOKENDAI, Toki, Gifu 509-5292, Japan
4)College of Engineering, Chubu University, Kasugai, Aichi 487-8501, Japan

(Received 31 August 2022 / Accepted 22 May 2023)

A digital phase analysis technique was applied to a 119-µm wavelength far-infrared (FIR) laser interferome-
ter on the Large Helical Device (LHD). High-density plasma measurement without phase jumping was achieved,
representing an improvement over measurements made using a conventional analog phase counter. Digital phase
analysis became operational at a quarter of the threshold of the analog phase counter. The phase sensitivity
was also improved using digital analysis because the noise level was reduced to approximately half that of the
conventional analog phase counter. The improved phase sensitivity enabled measurement of small-amplitude
fluctuations.
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1. Introduction
Interferometers are widely used to measure the elec-

tron density in high-temperature plasma. When the fre-
quency of the incident laser is considerably higher than the
cut-off frequency, phase differences of the laser, caused by
variations in the electron density are determined only by
the laser wavelength and the line integral of the electron
density along the beam axis. One of the advantages of the
interferometers is high measurement accuracy [1–3]. For
heterodyne detection, interference phase shifts are not af-
fected by changes in the laser power and detector sensitiv-
ity, so absolute calibration is not necessary. In contrast, the
absolute calibration is required for electron density mea-
surement by Thomson scattering.

An interferometer is indispensable in plasma experi-
ments for monitoring the electron density and as a source
of feedback signals for density control. However, an inter-
ferometer sometimes fails during measurement because of
the occurrence of “phase jump,” which is problematic for
physical analysis and real-time density monitoring. Phase
jumps frequently in the presence of steep density gradi-
ents, such as those generated during pellet injection and
radiation collapse. Phase jumps can be prevented using
other diagnostic instruments, such as the Faraday rotation
polarimeter [4, 5], the Cotton-Muton ellipticity polarime-
ter [6], and the dispersion interferometer [7]. These instru-
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ments have application potential in future reactors for high-
density operations. However, these instruments are techni-
cally difficult because a smaller phase shift occurs than an
interferometer. As interferometers are mainly used to mea-
sure the electron density in most current working devices,
improvements in phase detection are essential. An interfer-
ometer can also be used to measure macro- and microscale
instabilities, the amplitude of which is less than 10% of the
background density. Thus, it is also important to increase
the phase resolution.

In this study, we used digital phase analysis to im-
prove phase measurement. This technique was applied to
a 119 µm-wavelength far-infrared (FIR) laser interferome-
ter currently working on the Large Helical Device (LHD)
[8–10]. The technique improved to prevent phase jumping
and enabled to measure small variations in phases. Con-
sequently, magneto-hydro dynamics (MHD) fluctuations
driven by fast ions could be clearly measured.

In Sec. 2, an overview of the FIR laser interferome-
ter for LHD is presented, and conventional analog phase
detection and the digital phase analysis technique are de-
scribed. In Sec. 3, an example is presented to demonstrate
the prevention of phase jumping and improved measure-
ments of small variation in phases. Finally, a discussion
and summary are presented in Sec. 4.

c⃝ 2023 The Japan Society of Plasma
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2. FIR Laser Interferometer System
for LHD

2.1 Overview of the interferometer system
Figure 1 (a) shows a cross-sectional view of LHD and

the FIR laser system [10]. The optical system is config-
ured as a heterodyne Michelson interferometer. The probe
beam is split into 14 chords, of which 13 are plasma probe
beams and one is a reference probe beam. The plasma
probe beams and the reference probe one pass through a
vacuum vessel, and then mix with the local beam in the
interferometer housing, producing plasma beat and refer-
ence beat signals, whose frequencies are defined as ωIF .
The cavity length of the laser is controlled to maintain the
beat frequency of 1 MHz. Schottky barrier diodes (SBDs)
are used for detection [8, 10]. As an SBD has a maximum
frequency response of approximately 2 MHz, ωIF/2π is set
at 1 MHz. The plasma beat and reference beat signals are
sent to an analog phase counter and a digital phase analysis
system.

A schematic of the signal processing is shown in
Fig. 1 (b). In the conventional method, the plasma beat
and reference beat signals are input to an analog phase
counter [11], and the output of the phase counter is ac-
quired by an analog digital converter (ADC). In the novel
digital phase analysis, plasma beat and reference beat sig-

Fig. 1 (a) LHD cross-section and overview of the FIR laser in-
terferometer system, (b) Schematic of a signal processing
system.

nals are directly acquired by the ADC, and the phase shifts
are evaluated using a numerical technique that will be de-
scribed later.

2.2 Phase counting technique
There are several schemes for using an electrical cir-

cuit to perform phase counting. One typical technique in-
volves the use of a quadrature phase counter. The hetero-
dyne beat signal with ωIF is converted to sine and cosine
signals, which are known as quadrature or I/Q signals. The
ratio of the sine and cosine signals provides phase informa-
tion about the phase. The measured phase folds back every
π rad. It is inconvenient to estimate the continuous phase
shift larger than π rad. The analog phase counter developed
for the FIR laser interferometer for LHD can continuously
measure phase shifts larger than π rad without phase reset-
ting [11, 12].

Now, the reference signal is denoted as cos(ωIF t), and
the probe signal is denoted as cos(ωIF t − ∆ϕ), where ∆ϕ
is the phase shift caused by a change in the line-averaged
electron density. A field-programmable gate array (FPGA)
in the analog phase counting system evaluates the phase
shift ∆ϕ between the plasma beat and reference beat sig-
nals by measuring the time at which the signal exceeds a
threshold voltage of 100 mV. The finite threshold is set
to prevent phase counting caused by noise. The FPGA
measures the delay time ∆t and the phase shift is evalu-
ated as ∆ϕ = ωIF × ∆t. When ∆ϕ exceeds 2π, the number
of 2π phase shifts (the number of interference fringes) is
counted, and the remaining phase shifts are summed.

It is essential to use an analog phase counter in exper-
iments to enable real-time output. Thus, an analog phase
counter can be used to realize real-time density monitoring
and as a signal source for density feedback control. How-
ever, three technical problems are associated with the use
of an analog phase counter.

First, in this scheme, when the phase changes 2π dur-
ing one reference time period (1 µsec), the phase shift
cannot be evaluated. However, a phase shift this large,
which corresponds to a change in the electron density of
0.5 × 1019 m−3 over 1 µsec, is highly unlikely and does not
occur even during pellet injection or radiation collapse.

Second, when the plasma beat signal amplitude de-
creases below the threshold voltage, time-delay counting
is not operational. This is called phase jump. The decrease
in the signal amplitude is caused by refraction. A steep
density gradient appears in the case of pellet injection or
radiation collapse.

Third, the phase resolution is limited to 2π/100 be-
cause a 100-MHz clock counter is used for a 1-µsec time
period. This phase resolution is sufficient to measure elec-
tron density but not small-amplitude fluctuations. In the
next subsection, we describe how digital phase demodula-
tion can mitigate the second and third problems.
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2.3 Digital phase counting system
To overcome the aforementioned problems, digital

phase counting was employed to perform digital phase
analysis. The digital phase counting technique was first
reported in Ref. [13]. This method consists of applying
numerical analysis techniques (a Hilbert transform and
a phase calculation using complex functions) to digitally
sampled plasma beat and reference beat signals. The beat
signal is expressed as follows:

x(t) = A(t)cos{ωIF t + ϕ(t)}, (1)

where A(t) is the amplitude of the plasma beat signal.
The Hilbert transform of Eq. (1) is expressed as

x′(t′) = A(t′)e−i{ωIF t′+ϕ(t′)}, (2)

Equation (2) can be expressed using Euler’s formula as

x′(t′) = A(t′)[cos{ωIF t′ + ϕ(t′)}
− i sin{ωIF t′ + ϕ(t′)}]. (3)

Examination of Eqs. (1) and (3) shows that Eq. (3) contains
a component with a phase shifted by 90◦ from the original
real signal. Equation (3) can be used to derive the instan-
taneous values of the amplitude and phase as follows:

A(t′) =
√

x′(t′)2, (4)

ϕ(t′) = atan
Im{x′(t′)}
Re{x′(t′)} . (5)

The procedure presented above can be applied to the
plasma beat and reference beat signals, and the phase dif-
ference between these signals can be calculated to yield the
time evolution of the phase change induced by the plasma.

The aforementioned procedure can also be effectively
applied to discrete data, which is known as digital demod-
ulation. The phase variation can be calculated for each
sampling period. Then, the phase can be estimated tempo-
rally and continuously. In addition to phase determination,
a phase reset of π rad takes place every π phase shift. This
phase reset can be easily corrected numerically.

3. Comparison between Analog Phase
Counting and Digital Phase De-
modulation
In the following two sub-sections, the techniques of

analog phase counting and digital phase demodulation are
compared in terms of the mitigation of phase jumps during
pellet injection discharge and improvements in the phase
resolution for fluctuation measurements.

3.1 Mitigation of the phase jump during pel-
let injection discharge

The pellet injection is a powerful technique for fueling
and investigation of particle transport. In LHD, hydrogen
and deuterium ice pellets are injected for core fueling [14].

The analog phase counter system that is frequently used
with the FIR laser interferometer to measure the electron
density after the pellet injection sometimes fails because
of phase jumping.

Figure 2 shows the temporal evolution of the line-
averaged density and beat signal amplitude. Figure 2 (a)
shows the electron density measured using an analog phase
counter and digital phase demodulation. Figure 2 (b)
shows the temporal evolution of the amplitude of the
plasma beat and reference beat signals.

Digital demodulation consisted of acquiring beat sig-
nals 10-MHz sampling and applying the analysis tech-
niques described in Sec. 2.3. The analog and digital signal
processes were performed using the same interferometer
channel.

Figure 2 (a) shows that a phase jump occurred at t =
3.71 sec in the analog phase counter when the amplitude
of the plasma beat signal decreased to below the threshold
voltage for phase counting (shown in Fig. 2 (b)). Refrac-
tion reduced the plasma probe beam intensity, which in
turn reduced the beat signal amplitude. The minimum am-
plitude of the plasma beat signal in Fig. 2 (b) is 0.0233 V.
This value was approximately a quarter of the threshold
voltage of the analog phase counter, which subsequently
failed to work.

Fig. 2 Comparison of the results obtained using an analog phase
counter and digital phase demodulation. The time history
of (a) the line-averaged electron density and (b) the am-
plitudes of the plasma beat and reference beat signals.
Eight pellets were injected. LHD shot #166573. The
line-averaged density was defined as the line integral of
the density close to magnetic axis normalized by the path
length of the last closed flux surface in a vacuum mag-
netic configuration. The path length was 1.86 m.
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The ablation process for hydrogen and deuterium pel-
lets typically takes from 30 - 300 µsec. Figure 2 (a) shows
an increase in the line-averaged density at t = 3.7 sec of the
first pellet injection of approximately 7 × 1019 m−3, corre-
sponding to a phase shift of 42 rad. The subsequent fre-
quency shift was approximately 20 - 200 kHz. If a fre-
quency shift exceeds 1 MHz, the analog phase counter does
not follow the phase shift. However, this behavior is not
observed in Fig. 2. Therefore, the phase jump of the ana-
log phase counter was not caused by the rapid increase in
density but by the decrease in the beat signal amplitude.

In contrast, digital phase demodulation effectively fol-
lowed the change in the electron density after the pellet
injection. The phase was correctly evaluated as long as
the beat signal maintained a sinusoidal shape. The digi-
tal demodulation technique decreased the noise level more
effectively than the analog phase counter.

3.2 Improvement of fluctuation measure-
ment capability

In addition to removing phase jumps, the digital de-
modulation technique improved the measurement resolu-
tion, enabling the measurement of MHD fluctuations. In
an analog phase counter system, 100-MHz clock counting
limits the phase resolution to 2π/100. This limitation does
not exist for digital phase demodulation.

We compared the phase resolution of the analog and
digital techniques for the measuring fast-ion driven insta-
bility. Figure 3 shows the time evolution of neutral beam
injection (NBI) heating plasma. The intermittent signal of
the magnetic probe shown in Fig. 3 (b) is an indication of a
fast-ion driven instability [15]. When the NBI power was
stepped down, the spectral peak of the intermittent signal
changed. These results indicate that the fast-ion energy
distribution affected the instability.

Electron density fluctuations were simultaneously
measured using the analog phase counter and digital phase
demodulation, and the results are shown in Figs. 3 (c) and
(d), respectively. The change in the frequency spectrum
was clearly measured by digital phase analysis (as shown
in (d)) but not by the analog phase counter (as shown in
(c)). During the high NBI power period, which lasted up
to 4.4 sec, intermittent fluctuations appeared at approxi-
mately 25 kHz and the frequency shifted with each step-
down of the NBI power and disappeared at 4.55 sec. This
result was explained in term of the step-down of the NBI
power, which reduced the density of fast ions and conse-
quently stabilized the fast-ion excitation mode.

Figure 4 shows the frequency spectrum during the pe-
riod over which intermittent fluctuations were observed.
The red and blue solid lines represent the electron den-
sity fluctuation spectra obtained with plasma using the ana-
log phase counter and digital phase demodulation, respec-
tively. Orange and light blue dashed lines represent the
spectra obtained without plasma, respectively.

Fig. 3 Time evolution of (a) the NBI power (red) and line-
averaged density (blue); (b) the magnetic fluctuation
spectrum of the magnetic probe; and the density fluctua-
tion spectrum obtained using (c) the analog phase counter
and (d) digital phase demodulation. LHD shot #162539.

Fig. 4 Frequency spectrum during intermittent fluctuations.

Both the conventional and proposed methods enabled
the observation of large-amplitude fluctuations at approx-
imately 25 kHz. However, small amplitude fluctuations
at approximately 43 kHz could only be measured using
the digital technique because the noise level was approx-
imately half that of the analog technique. Thus, clear fluc-
tuation peaks appeared in the spectrum obtained using the
digital technique.

4. Conclusion
A digital phase demodulation system was installed

for the first time in an FIR laser interferometer system
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for LHD. A 10-MHz sampling process was used to di-
rectly acquire 1-MHz plasma beat and reference beat sig-
nals. Compared with a conventional phase counter system,
phase jumping after pellet injection was mitigated when
the signal voltage dropped to a quarter of the threshold of
the analog phase counter. The phase resolutions were also
improved because the noise level of the digital system was
half that of the conventional system. The digital phase de-
modulation technique became operational when the ampli-
tude of the beat signal decreased below the threshold of the
analog phase counter.

The enhancement of the phase resolution and reduc-
tion of the noise level enabled detailed elucidation of the
spectrum of the fast-ion-driven MHD instability. As 10 -
11 channels in the plasma were available, the integrated-
fluctuation signal provided essential information about the
spatial structure of the MHD mode. The results were com-
pared with theoretical model [15].

The proposed method has several limitations. Cur-
rently, the implementation of the digital phase demodu-
lation technique requires enormous quantities of data for
the 10-MHz sampling. The considerable time required for
analysis precludes outputting in real-time. The application
of the FPGA to digital demodulation will enable real-time
operation [16]. The proposed digital technique does not
completely remove the phase jump. The digital technique
is not for signal amplitudes close to zero. In this case, a
short-wavelength laser (e.g., a CO2 laser with a wavelength
of 10.6 µm), which has low refraction can be used [17,18].
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