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ABSTRACT

Utilizing variable-frequency channels, e.g., yttrium iron garnet (YIG) bandpass filters, in the intermediate frequency (IF) section of an electron
cyclotron emission (ECE) radiometer facilitates flexibility in the volume viewed by the ECE channels as well as high resolution electron
temperature and temperature fluctuation measurements in tokamaks. Fast modulating electron cyclotron emission (FMECE), a stand-alone
IF section with eight channels, is a novel application of YIG filters for real-time electron temperature gradient and gradient scale length
measurements. Key to FMECE is a simultaneous input/output data acquisition unit, as well as a modified type of YIG filters, which is capable
of fast switching of their center (set) frequencies with a frequency slew rate of 600 ys/GHz. A new FMECE has been implemented and tested
on the DIII-D tokamak, demonstrating its capability in real-time gradient measurements. The data presented here shows that FMECE can
identify flattening in the electron temperature profile; the latter can be used as a sensor for real time monitoring and control of plasma
instabilities. Implementation and application are planned for the EAST tokamak.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0043761

I. INTRODUCTION

Electron cyclotron emission (ECE) radiometry is a popular and
important diagnostic for contemporary tokamaks because it effi-
ciently measures the profiles of electron temperature (T.) and elec-
tron temperature fluctuations (6T,) with high spatial and temporal
resolution.! The excellent photon statistics from the EC emission in
tokamaks eases the selection choice of intermediate frequency (IF)
channels’ bandwidth. Thus, using narrow bandwidth channels in the
IF section would enhance the spatial resolution of ECE measure-
ments. Using yttrium iron garnet (YIG) bandpass filters in the IF
section has been reported to increase the spatial resolution of the
T.-profile’ and sensitivity for T,-fluctuation’ measurements. In an
earlier work,” we explored the novel application of fast frequency
switching of the YIG filters for measuring the electron temperature
gradient scale length (L7, = T./VT.). Here, we further this research
and development by assembling the fast modulating/mobile ECE
(FMECE) diagnostic, which is capable of acquiring the T,-profile, if
calibrated, or a proxy for gradient scale length measurements at eight
different radii in a calibration-free approach. Not only is it designed

to measure real-time gradient but also, if needed, FMECE can cluster
the eight ECE channels within the region of interest to increase the
spatial resolution of the T.-profile and VT. measurements. These
two characteristics of FMECE are significant in the plasma control
context as they have potential to provide enough information to
the plasma control actuators, e.g., electron cyclotron current drive
(ECCD) for control of the neoclassical tearing modes.”

This paper is constructed in four sections. Section II describes
the details of the FMECE design and performance, along with the lab
testing for spatial and temporal resolution characterization of each
channel. The mobility feature of FMECE facilitates integrating to
any ECE radiometer. This capability enabled testing it at the DIII-D
tokamak; the results are shown in Sec. ITI. The summary and future
work are discussed in Sec. IV.

Il. THE DIAGNOSTIC DESIGN

FMECE utilizes eight YIG bandpass filters, each custom-
designed from Micro Lambda (model MLFP-1710PD) that is tun-
able between 3.75 GHz and 20 GHz. Special winding by the vendor

Rev. Sci. Instrum. 92, 033510 (2021); doi: 10.1063/5.0043761
Published under license by AIP Publishing

92, 033510-1


https://scitation.org/journal/rsi
https://doi.org/10.1063/5.0043761
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0043761
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0043761&domain=pdf&date_stamp=2021-March-3
https://doi.org/10.1063/5.0043761
http://orcid.org/0000-0002-4738-3569
http://orcid.org/0000-0002-6662-6140
http://orcid.org/0000-0002-0017-8605
http://orcid.org/0000-0001-8793-919X
mailto:houshmandyar@austin.utexas.edu
https://doi.org/10.1063/5.0043761

Review of

Scientific Instruments

ARTICLE scitation.orgljournal/rsi

FMECE

_)Normal /
—>[>—->

Low noise
amplifier

m
(9]
m

Mixer

2-way
power divider

2-18 GHz

EC EMISSION 3
T output

B
K M

)

Local oscillator

:DW A M

Video
amplifier

Diode
detector

Bandpass =
filter

&/

FIG. 1. Schematics of the FMECE diagnostics.

facilitates the fast 600 ys/GHz frequency switching (slew) rate. The
signal from each YIG filter is rectified by a Schottky detector, ampli-
fied, and then low-pass filtered (250 kHz) before being digitized.
Figure 1 shows the schematic of the FMECE diagnostic. An eight-
way power divider splits the input ECE signal for the FMECE from
the lowest IF band [81 GHz-114 GHz and off the 81 GHz local oscil-
lator (LO)] of the DIII-D’s ECE radiometer (HRECE).” The signal
from each FMECE channel is then digitized by a National Instru-
ment (NI) PXI-7853R simultaneous input/output (SIO) data acqui-
sition (DAQ) with 8 analog and 96 digital channels. An NI PXIe-
8301 enables laptop control over a Thunderbolt connection. An NI
PXIe-1071 chassis was used for the SIO enclosure, as well as provid-
ing power and connection between the laptop and the NI modules.
All the programming is in LabView to simultaneously control and
acquire data from each FMECE channel. The frequency waveform
was applied to the controller of each YIG filter through a 12-bit
digital word using the digital channels of the SIO unit. The analog
channels of the SIO unit can be digitized with a maximum digitation
rate of 700 kHz.

The characteristics of each YIG filter were studied separately
and prior to assembling the diagnostic. Using a Keysight MXG-
N5183B signal generator and a Keysight MXA N9020B signal ana-
lyzer, the 3-dB bandwidth of each filter at a set (center) frequency
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FIG. 2. An example of the frequency dependence of the bandwidth of the YIG filters.

was measured. As shown in Fig. 2, the bandwidth of each channel
is dependent on the set frequency and varies between 120 MHz and
290 MHz.

lll. ELECTRON TEMPERATURE GRADIENT SCALE
LENGTH MEASUREMENTS

Measuring the electron temperature gradient (VT ~ AT./AR)
and the electron temperature gradient scale length (Ly, ' = VTe/T.)
through the ECE channels requires calibrated ECE data, as well as
mapping of the ECE channels within the plasma. The latter can be
found via the relation AR = —Rio Af/fio, where R is the plasma
view major radius of the ith ECE channels with its fiy (sum of
the local oscillator’s and the ith channel frequencies, f; + fio) fre-
quency. The fast frequency slew rate of the FMECE channels enables
a calibration-free scheme for a proxy to the electron temperature
gradient scale length measurement. Since the throughput of the YIG
filters is constant for small frequency changes, for two close-by fre-
quencies f; = f1 and f,, the inverse gradient scale length can be
written as

4 VT. 1 AT. Af AECE
LTe = N —— — X ——— —
T. AR T, |Af] ECE

1)

Here, AECE is the difference of signal with respect to ECE, the mean
value [the dashed line in Fig. 3(a)], in each cycle of slew and when
they are set to slew between frequencies f; and f5, and Af = f, - f1
is the frequency change. The right-hand side of Eq. (1) is called the
fractional change,” and it is positive due to the Af x AECE factor,
unless Af and AECE are opposite in sign. Also note that the frac-
tional change has the opposite sign of the gradient (or the gradient
scale length) as AR oc -Af. Figure 3 shows an example of the signal of
FMECE’s channel 4 when its frequency was slewed between 9.5 GHz
and 9.6 GHz (Af = 0.1 GHz slew), with 1 ms slew rate; mixed with the
local oscillator (LO) with 81 GHz frequency, the channel was slewed
between 90.5 GHz and 90.6 GHz of the second ECE harmonic. As
mentioned before, there is a trade-off between the higher frequency
slew and the temporal resolution; additionally, the assumption of
equal throughput for small Af may not hold for higher frequency
slews.

The data shown in Fig. 3 are from FMECE channel 4 when it
was tested for a DIII-D discharge 183 547. Note that the frequency
setting of this channel would set the channel at p ~ 0.751. The time
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FIG. 3. Eight milliseconds of (a) signal of FMECE channel 4 when (b) it was slewed
between 9.5 GH_z and 9.6 GHz. The dashed line in the top panel is the mean value
of the signal (ECE).

histories of the plasma parameters for that discharge are shown in
Fig. 4. This discharge is predominantly heated by neutral beam injec-
tion (NBI) in a hydrogen plasma with By = 2.03 T. Resonant mag-
netic perturbations (RMPs) coils were used for the intent of L-H
transition studies and for edge localized mode (ELM) suppression
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FIG. 4. Time histories of the plasma parameters of the DIII-D shot 183 547. (a)
Neutral beam injection (NBI), electron cyclotron heating (ECH), and the total heat-
ing powers (in MW units). The current of the RMP coil is shown in kA units. (b) Line
averaged density and the divertor D, showing the ELMs as the discharge transi-
tions to H-mode. (c) Core ion and electron temperatures in keV units. (d) Energy
confinement time (multiplied by 20) and the normalized j3.
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in hydrogen plasmas. The discharge transitioned from L-mode to
a dithering H-mode at t = 1.5s. RMP coils were energized at
t = 2.0s and reached to their maximum at ¢t = 3.0 s when the dis-
charge transitioned into full H-mode with high density and temper-
atures, and thus higher performance. As the NBI sources turn off, the
discharge transitioned back to L-mode at t = 4.5 5. Figure 5(a) shows
the electron temperature profiles for the discharge shown in Fig. 4.
These profiles are modified hyperbolic tangent (MTANH) fits” to the
Thomson Scattering (TS) data, and they are plotted vs p, which is the
normalized toroidal flux function. Pedestal formation—one signa-
ture of H-mode discharges—is clearly observed for 1.5s < t < 4.5s.
Also shown in Figs. 5(b) and 5(c) are the gradient and the inverse
gradient scale length, calculated from the fits shown in Fig. 5(a) for
0.65 < p <0.85.

The T.-profiles from ECE diagnostic are found to be in good
agreement with the profile fits to the TS diagnostic data [shown in
Fig. 5(a)]. Figure 6 shows the edge region of T.-profiles measured by
the ECE diagnostics at three different times. These traces are plot-
ted (bottom x-axis) vs the frequencies associated with the second
ECE harmonic (f2ece), where fuece = 1 x 2.8 x 10®B for the nth
harmonic and B (= BoRo/Ryac) is the local magnetic field strength.
Ryac is the corresponding ECE viewing radius in vacuum, and By is
the magnetic field at magnetic axis Ro. In addition, for each plot,
the top x-axis is the normalized toroidal flux function (p) for the
given time. In particular, the standard analysis used here for the
ECE measurements is well known to erroneously show increased
electron temperatures beyond the last closed flux surface (LCFS)
(e.g., Ref. [8]). Different mechanisms such as reflections off the walls
and radiation from the non-thermal electrons contribute to this
increase.

However, most importantly, these measurements do not reflect
electron temperature as these channels collect EC emission from
a region in plasma that is not “optically thick”; the latter is
the requirement for valid ECE measurements. Thus, the ECE
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FIG. 5. (a) A few traces of the electron temperature profile of the discharge shown
in Fig. 4. Each trace is a fit to the Thomson scattering data at different times, and
each time is identified in the color bar (b) Time evolution of the electron tempera-
ture gradient and (c) electron temperature inverse gradient scale length at different
p values, where the p values are shown in the color bar.
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FIG. 6. Electron temperature profiles in the edge region measured by the ECE
diagnostic vs (bottom x-axis) second ECE harmonic frequencies at (a) t = 2.8
s, (b) t = 3.8s, and (c) t = 4.8s. The color for each trace is matched with
those in Fig. 5(a). The top x-axis in each plot is the p value calculated from the
reconstructed equilibria, and the vertical dashed line marks the p = 1 location.

channels with frequencies fyece < 87.5 GHz were not measuring
electron temperature. For the times (e.g., t = 3.8 s in Fig. 4) when
the discharge transits into full H-mode, this frequency threshold was
87.75 GHz.
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The moving of the LCFS with respect to the ECE channels can
be due to plasma displacement at higher NBI powers and/or their
net torque or, in this case, an effect from the RMP. Regardless of
the reasons for this moving, the T.-gradient would be inferred to be
positive (or negative fractional change) if the gradient calculation is
performed between two channels that are measuring ECE beyond
the LCEFS. Evidently, the positive gradient (or the negative fractional
change) would be an incorrect illustration of VT.. Figure 7(a) shows
an example of the evolution of the fractional change calculated from
the ECE diagnostic. Here, AT, is the temperature difference, calcu-
lated from two channels of the ECE diagnostic with frequencies 87.5
GHz and 87.75 GHz, and T, is the mean value of the temperatures of
the two channels. As discussed earlier, for 3.0s < t < 4.5 s, and when
the discharge was in full H-mode, these two channels would mea-
sure ECE from the non-optically thick region (e.g., t = 3.8 s), which
would result in the negative fractional change. Figure 7(b) shows the
fractional change measurement from FMECE channel 1 when it was
set to slew between 87.5 GHz and 87.6 GHz with 1 ms slew rate. Sim-
ilar to Fig. 7(a), the fractional change is negative when the discharge
was in full H-mode. This shows that FMECE and the regular ECE
observe the same phenomenon when they have the same settings.

Shown in Fig. 7(c) is the fractional change measurement
between two ECE channels with frequencies 89.5 GHz and 90.5 GHz.
Figure 7(d) shows fractional change measurement from FMECE
channel 4 when it was set to slew between 90.5 GHz and 90.6 GHz
with 1 ms slew rate. Likewise, Figs. 7(c) and 7(d) show reduction in
the fractional change for 3.0s < t < 4.5s when the discharge was in
full H-mode. The trend is consistent with the one in Lz, ' calculated
from the TS data [shown in Fig. 5(b)] at p ~ 0.8 in which decrease in
the scale length is observed at t ~ 3.0 s.

It should be emphasized that there is not a one-to-one correla-
tion between Figs. 7(a) and 7(b) [and similarly, Figs. 7(c) and 7(d)]
as the frequency steps (slew) are not the same (1 GHz vs 0.1 GHz).
Moreover, the ECE calibration is included in the calculations shown
in Figs. 7(a) and 7(c) while the measurement shown in Figs. 7(b)
and 7(d) is calibration-free. Alternatively, one would contrast this
dissimilarity as average-versus-local gradient comparison. However,
the results from Fig. 7 suggest that the technique is yielding a proxy
for Ly, ™", and this proxy can be used as a sensor for control purposes.
For example, the reduction in the fractional change from multiple
channels is a representative of T.-profile flattening, which is also the
hallmark of magnetic islands. Real-time clustering of the FMECE
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channels on to a specific region’ (e.g., the island region) can pro-
vide information on the island size and dynamics and ultimately,
enhancing the “catch and subdue” algorithm for NTM control.'’

IV. SUMMARY

This paper presents the details and performance of the fast
modulating/mobile electron cyclotron emission (FMECE) diagnos-
tic. FMECE is an eight-channel IF unit that can be integrated to
any ECE radiometer and is capable of real-time measuring of the
“fractional change,” (AECE/ECE), which is a proxy to the electron
temperature gradient scale length (L7,”! = VT./T,). This capability
is facilitated by utilizing eight yttrium iron garnet (YIG) bandpass fil-
ters and a SIO data acquisition unit. The special design of the YIG fil-
ters provided by the vendor enables fast frequency switching for the
YIG filters and hence fractional change measurements with 0.6 ms
temporal resolution at eight different major radial locations. These
results show that FMECE can effectively identify flattening in the
electron temperature profile and monitor magnetic islands’ dynam-
ics. FMECE is planned to be integrated to the radiometer at the
EAST tokamak to potentially predict locked modes via monitoring
island size prior to the locked mode events.
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