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This paper provides a software application of the sampling scope concept for fusion research. The
time evolution of Thomson scattering data is reconstructed with a high temporal resolution during a
modulated electron cyclotron resonance heating (MECH) phase. The amplitude profile and the delay
time profile of the heat pulse propagation are obtained from the reconstructed signal for discharges
having on-axis and off-axis MECH depositions. The results are found to be consistent with the MECH
deposition. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4945258]

. INTRODUCTION

Observation of dynamics is an excellent way for studying
causal relation in physics. In fusion plasma experiments, for
this purpose, modulation experiments have been widely per-
formed. In particular, the electron cyclotron resonance heating
(ECH) has been a useful tool for providing a modulation in the
heat source, because the deposition can be localized, the depo-
sition profile can be calculated relatively easily, and the modu-
lation power and frequency can be precisely tuned. By observ-
ing the response to the modulated ECH (MECH), a variety
of modern physical issues, such as inward heat pinch,'-? non-
diffusive transport,>™ magnetic field topology,®’ and turbu-
lence response,® have been investigated. In order to diagnose
the fast response of the electron temperature to the MECH, the
electron cyclotron emission (ECE) measurement’ is routinely
used. Although the ECE measurement is powerful for the
study of the plasma dynamics, the use can be restricted in a
range of experimental conditions such as the electron density
and the magnetic field. Moreover, it is known that the ECE
signal suffers from non-thermal emission, which provides a
temperature evaluation error under a condition such as low
density and high ECH power input.'® Not only for conducting a
cross-check of results obtained with the ECE measurement but
also for exploring the plasma dynamics in a parameter range
beyond the ECE coverage, an alternative way to diagnose the
electron temperature profile with a high temporal resolution
is desired. A possible alternative can be the Thomson scat-
tering system, but the temporal resolution of the Thomson
scattering system is far poorer than the ECE measurement
in general.

In this paper, we propose a new method to reconstruct
the time evolution of Thomson scattering data with a high
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temporal resolution during a MECH phase. The method is
a software application of the sampling scope concept to the
Thomson scattering data. (For an application of the hardware
sampling scope for plasma diagnostics, see, e.g., Ref. 11.)
Fourier amplitude and delay time profiles of the heat pulse
propagation are obtained from the reconstructed signal for
discharges having on-axis and off-axis MECH depositions.

Il. EXPERIMENTAL SETUP

The experiments were conducted in the Large Helical De-
vice (LHD). The LHD is a Heliotron device typically having a
major radius of R,y = 3.5-4.1 m and an averaged minor radius
of a ~ 0.6 m. The major radius can be controlled externally
in order to alter the plasma regime, such as MHD instability
or energetic particle confinement. Since the magnetic surface
in the LHD is generated not by the plasma current but by
the external helical coils, current driven MHD instabilities
are rarely excited. This property is desirable for the pertur-
bative experiments such as the heat/cold pulse propagation
experiment.*%!2 The Thomson scattering system diagnoses
the electron temperature and density profiles with more than
140 spatial points.'? The YAG laser of the Thomson scattering
system has a repetition frequency of frs = 30 Hz, and a pulse
width of 10 ns.

lll. RECONSTRUCTION OF THOMSON SCATTERING
DATA WITH A HIGH TEMPORAL RESOLUTION

The Thomson scattering data is reconstructed using the
conditional averaging technique. If one takes the MECH
frequency fumech and the Thomson laser repetition frequency
frs as numbers that are not in the multiple relation, the
Thomson scattering system diagnoses various phases in the
MECH period as time passes. By taking the measured electron

©2016 AIP Publishing LLC
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temperature as a function of the measured phase, the time
sequence within one period of the MECH can be reconstructed.
The time period that is needed to complete a revolution of the
measurement phase is given as 7 = [G.C.D.( fuecw frs)] ™' s,
where G.C.D. is the greatest common divisor for frequencies
given by integers. As a result, one period of the perturbation is
reconstructed with N = T frs points. Note that the number N
takes a larger value if one chooses fyvgcy and frs as coprime
numbers than in the other case. Therefore, the equivalent
sampling rate of the reconstructed signal is given as N fyvech

= fmecufrs[G.C.D.(fmec, frs)] ™" Hz.

A. Comparison between the conditional averaged ECE
data and the reconstructed Thomson scattering data

The first example of the reconstruction is shown for a
discharge having the magnetic configuration with the vacuum
magnetic axis position of R,x = 3.6 m and the magnetic field
strength on the magnetic axis of Byx = 2.75 T. A typical time
evolution of the discharge is shown in Fig. 1. The plasma is
mainly sustained with two neutral beams (NBs) injected in
the co- and counter-directions with respect to the direction
of the toroidal magnetic field. The power of the NBs is Pyp
= 1.5 MW each, so that the beam driven current is canceled.
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FIG. 1. Time evolutions of (a) the line averaged density and the plasma
stored energy, (b) the electron temperature measured with the ECE (black
and red lines) and with the Thomson scattering system (circles and diamonds)
and the ECH power, and (c) the phase of the Thomson laser injection in the
MECH period.
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The analysis is performed in 1.7 s of the stationary period,
where the line averaged density and the plasma stored energy
is almost constant [Fig. 1(a)]. Three systems of the MECH
with a modulation frequency of fyecy = 25 Hz are used for
applying the perturbation in the electron temperature profile
[Fig. 1(b)]. The MECH power is deposited mainly in the core
region, reg/age < 0.2, where reg and agy show the averaged
minor radius on a magnetic flux surface and the effective minor
radius in which 99% of the plasma kinetic energy is confined,
respectively. The repetition frequency of the Thomson scat-
tering system is frs = 30 Hz. Figure 1(b) shows the time
evolution of the electron temperature at the core code and the
mid-radius, measured with the Thomson scattering and the
ECE. The Thomson scattering signals are spatially averaged
using 5 or 6 points in order to reduce the scatter of the data
points. The Thomson electron temperature points overlap the
ECE signal most of the time, although the DC value of the ECE
is relatively larger. The waveform of the ECE signal in each
MECH cycle shows a good reproducibility, which is a premise
of the method. Figure 1(c) shows the time evolution of the
measurement phase in the MECH period defined as At(tts ;)
= min[7; — tts,;], where 7; and tg ; are the ith MECH turn-on
time and the jth Thomson laser injection time, respectively.
For the present case, the G.C.D. between fygcyg and frg is five
so that 7 = 0.2 s and N = 6. The Thomson electron temper-
ature oscillates with the period of 7' = 0.2 s, following the
revolution of the measurement period.

By taking the measured electron temperature perturbation
0T as a function of the measured phase At, the time sequence
within one period of the MECH can be reconstructed as shown
in Fig. 2. The definition of the temperature perturbation is
given as 6T, = T, — (T.), where (T) is the time averaged elect-
ron temperature. The reconstructed Thomson data points (cir-
cles and diamonds) agree well with the conditional averaged
ECE signals, although there is a scatter of the points in the
Thomson electron temperature. The scatter of the points is
found to shape the Gaussian distribution so that accumulation
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FIG. 2. Time evolutions of the conditional averaged electron tempera-
ture measured with the ECE (black and red lines) and with the Thomson
scattering system (circles and diamonds) at (a) ref/dg9~0.15 and at (b)
reft/ @99~ 0.45. The Thomson scattering signals are spatially averaged using
5 or 6 points.
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FIG. 3. Time evolutions of the conditional averaged electron temperature
measured with the Thomson scattering system at (a) reg/ag9 ~0 and at (b)
reff/ @99 ~ 0.45. The Thomson scattering signals are spatially averaged using
5 or 6 points.

of the points using a long pulse of the MECH benefits to reduce
uncertainty.

B. Reconstruction of Thomson scattering data in low
density discharges

Now the method is applied to the other discharges, which
have a low line averaged density of (n.) ~ 0.4 x 10" m™3
and a high ECH power of Pgcy = 3 MW. In these cases, the
discharge is subject to the non-thermal electrons that pro-
vide a serious error to the evaluated temperature.'? The vac-
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uum magnetic axis position and the magnetic field strength is
Ra.x =3.53 m and By = 2.8 T, respectively. The plasma is
sustained with two NBs whose total power is Pxg = 5 MW,
and Pgcpg = 2.3 MW of the MECH with the frequency of
Jfmecu = 19 Hz is applied. Since frs = 30 Hz, fymecu and frs
are coprime sothatT = 1 sand N = frs = 30. The equivalent
sampling rate for one revolution is N fygecy = 570 Hz, which
is 19 times larger than the original Thomson laser repetition
frequency. Figure 3 shows the reconstructed Thomson signals
at reg/agg ~ 0 and reg/age ~ 0.45. Data points outside the cen-
ter period of the MECH (|At| > 26.3 ms) are repeats of the
reconstructed data points in the center period (|Af| < 26.3 ms).
The points are homogeneously distributed in the center period
of the MECH. Comparing two reconstructed signals at the core
and the mid-radius, the difference in the waveform is clearly
seen. At the plasma core, a rapid response of the electron
temperature to the MECH is seen, whereas the response is rela-
tively slow at the mid-radius. In addition, the phase difference
between them can also be detected.

The heat pulse propagation is analyzed based on the re-
constructed Thomson scattering data. Here, two discharges
having almost the identical profiles and time evolutions but
different MECH depositions are used. Figure 4 shows the
radial profile of the electron density, the electron temperature,
the perturbation amplitude, and the delay time of the heat
pulse for the on-axis MECH discharge (left column) and the
off-axis MECH discharge (right column). The perturbation
amplitude and the delay time is calculated for the fundamental
mode by the Fourier transform of the reconstructed signal. For
Figs. 4(a), 4(b), 4(e), and 4(f), the time average is performed
for the second half of the MECH-on phase (0.25 < 7 fmecH
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FIG. 4. (left column) Radial profiles of (a) the conditional averaged electron density, (b) the conditional averaged electron temperature, (c) the perturbation
amplitude, and (d) the delay time of the heat pulse for the discharge with the on-axis MECH (#130015). (right column) (e)-(h) Those for the discharge with the
off-axis MECH (#130013). For the panels (a), (b), (f), and (g), the time average is performed for the second half of the MECH-on phase (0.25 < 7 fmecu < 0.5,

red) and for the second half of the MECH-off phase (—0.25 < 7 fpmecnh < 0, black).
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< 0.5) and for the second half of the MECH-off phase (—0.25
< 7 fmecH < 0). The evaluated MECH deposition profiles us-
ing the ray-tracing code LHDGauss'* are plotted in (b) and (f).
The change in the electron density profile is much smaller than
that in the electron temperature profile in both discharges. For
the case of the on-axis MECH, the electron temperature shows
the central peaked profile, while there is the flattening region
in the center |reg/age| < 0.5 for the off-axis MECH case. As
shown in Figs. 4(c) and 4(d), the central peaked perturbation
amplitude profile and the monotonically increasing delay time
profile are given for the on-axis MECH case. In contrast, the
off-axis MECH deposition provides the flat amplitude and
delay time profiles as shown in Figs. 4(g) and 4(h). Note that
the flat amplitude profile and the flat delay time profile in
the off-axis case might be caused by either a relatively wider
MECH deposition or a core stochastization of the magnetic
field. The results of the Fourier analysis are found to be consis-
tent with the MECH deposition.

IV. SUMMARY

In this paper, we proposed a new method to reconstruct the
time evolution of a Thomson scattering data with a high tempo-
ral resolution during a MECH phase. The method is a software
application of the sampling scope concept to the Thomson
scattering data. By choosing the proper MECH frequency
fmech and Thomson scattering laser repetition frequency frs,
one period of the modulation electron temperature profile is re-
constructed. The equivalent sampling rate of the reconstructed
signal is given as fuecufrs[G.C.D.(fmech. frs)]~! Hz, where
G.C.D. is the greatest common divisor for the frequencies
given by integers. Therefore, the equivalent sampling rate can
be large if one takes fygpch and frs as coprime numbers. The
amplitude profile and the delay time profile of the heat pulse
propagation were obtained from the reconstructed signal for
discharges having on-axis and off-axis MECH depositions,
and the results were found to be consistent with the MECH
deposition.

Using this method, plasma dynamics can be analyzed in a
parameter range outside the ECE coverage. In the case of the
LHD, the number of the spatial points of the Thomson scat-
tering system well exceeds that of the ECE, covering a wide
radial range in both the high-field-side and the low-field-side
of the plasma. We believe that combining the reconstructed
Thomson scattering signal to the conventional ECE signal,
a deeper understanding of plasma physics, in particular, that
concerning the energy transport, can be achieved in the future.

Rev. Sci. Instrum. 87, 043505 (2016)

In general, this method is applicable not only for the
MECH experiments but also for other repetitive plasma dy-
namics, e.g., edge localized modes or limit cycle oscillations,
in cases in which a trigger for the events can be explicitly
defined. Moreover, the Thomson scattering system can be
replaced with other diagnostics, such as the charge exchange
spectroscopy or the impurity spectrum measurements, for
measurements of other plasma parameters.
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