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ABSTRACT

On the Helically Symmetric Experiment (HSX), electron cyclotron emission (ECE) at the second harmonic of the electron gyrofrequency
is measured with a 16-channel heterodyne receiver. An ECE radiometer diagnostic has been calibrated with a broadband frequency source,
allowing independent measurements of the electron temperature. The antenna pattern has a significant impact on the measurements, and
modeling its effect is necessary to produce an ECE radiation temperature spectrum. Measurements, calibration results, and modeling of the
ECE data are presented in this paper. At a relatively high plasma density, HSX plasmas are thermal, and the radiation temperature measured
by the radiometer is in good agreement with the electron temperature measured by a Thomson scattering diagnostic. At a relatively low
plasma density, the deviation from a Maxwellian distribution is large, and asymmetry in the radiation temperature profile is measured. These
measurements are supported by single-pass and multi-pass ray tracing calculations of the electron cyclotron emission using the TRAVIS
ray tracing code. Thermal and nonthermal electron populations exist in HSX, and the effect of these populations on the asymmetry in the
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measured emission is presented.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0257903

I. INTRODUCTION

Electron Cyclotron Emission (ECE) is used as a spatially and
temporally resolved electron temperature diagnostic in magneti-
cally confined plasma experiments.' Radiation transport modeling
is necessary for the design and use of ECE diagnostics, especially for
emission that does not reach the blackbody level or for radiometers
that operate near the cutoff frequency for the observed plasma wave,
where refraction can alter the measurement position. The latter sit-
uation commonly arises in the pedestal region of H-mode plasmas
in tokamaks,” as well as in overdense plasmas like those produced
on the Wendelstein 7-X (W7-X) experiment.”* W7-X operates at
plasma densities in excess of 10°* m™>, where wave refraction may
significantly modify the interpretation of the ECE measurements.”
The Helically Symmetric Experiment (HSX) is a stellarator with
an approximately quasi-helical magnetic field”” that produces plas-
mas with Electron Cyclotron Resonance Heating (ECRH) with a
maximum on-axis magnetic field strength of 1.0 T. The maximum

achievable plasma density is limited to ~6 x 10"® m™ by wave refrac-
tion,” and the plasma is optically semi-transparent to the emission
of the extraordinary wave at the second harmonic of the electron
gyrofrequency (X2).

An additional consideration for modeling the electron
cyclotron emission in ECRH driven plasmas is the deviation of
the electron distribution from a Maxwellian. In experiments with
ECRH, it is possible to develop nonthermal electron distributions
when the absorbed ECRH power density, p,,., is high and the
condition of small disturbance, p,, /n.Tev. < 1, is broken for a
population of directly heated electrons. Here, v, is the collision fre-
quency of the resonant electrons. In this case, collisional relaxation
is insufficient to thermalize the electrons, and the deviation from
a Maxwellian distribution function can be large.!’ The balance of
emission and reabsorption along the line-of-sight of an ECE diag-
nostic determines the shape and magnitude of the measured electron
cyclotron emission spectrum, and the measured spectrum can be
modeled through the solution of the radiation transfer equation.'!
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The local cyclotron emission and reabsorption are determined by
integrals over the electron distribution function and its derivatives
in velocity space, and consequently, nonthermal electrons may pro-
duce a significant contribution to the resulting electron cyclotron
spectrum.'?

The ECE diagnostic on HSX is an absolutely calibrated, 16-
channel heterodyne radiometer. A calibration source within the
experimental vacuum vessel, such as the in situ calibration unit
planned for the ITER tokamak'’ or that installed on the J-Text toka-
mak,'* is not feasible on HSX due to material and spatial constraints.
The antenna pattern of the ECE diagnostic on HSX and the plasma
parameters have a significant impact on the measured radiation tem-
perature spectrum, T,(w), and modeling of the emission sampled
by the diagnostic is necessary to accurately determine the electron
temperature profile, T.(r/a).

In HSX, the ECRH power densities are comparable to those
measured on larger and denser fusion experiments (>1 MW /m?).’
Previous experiments on HSX with 28 GHz extraordinary wave
heating at the second harmonic of the electron gyrofrequency
showed that a nonthermal component exists with 50 kW of launched
ECRH power. Under these conditions, a bi-Maxwellian distribu-
tion function model with a 5 keV tail reproduced the asymmetry
in the radiation temperatures between the low and high mag-
netic field sides of the magnetic-axis that were measured using an
eight-channel ECE radiometer.”” In addition, tail populations with
energies up to 12 keV have been observed to drive energetic electron
instabilities.’®

At a relatively low plasma density and high heating power, a
nonthermal component also exists in HSX with 28 GHz ordinary
wave heating at the first harmonic of the electron gyrofrequency.
In this case, asymmetry is measured in the radiation temperatures
with 85 kW of launched heating power below line-average plasma
densities of 3.5 x 10'® m™ using the 16-channel system. The 5D
Fokker-Planck code GNET'” has been used to model spontaneous
parallel flows that develop in HSX due to the ECRH driven flux.
At high ECRH power-per-particle, a significant nonthermal distri-
bution can develop in HSX that is associated with higher plasma
flows.'® At higher plasma density and lower ECRH power-per-
particle, the radiation temperature is in agreement with the elec-
tron temperature measured with a ten-channel Thomson scattering
diagnostic."”

The ECE radiometer is described in Sec. 11, and its absolute cal-
ibration is described in Sec. II A. Simplified 1D and 2D models are
used to estimate the optical depth of the measured emission, and
these results are compared to a 3D ray tracing code in Sec. II B.
An iterative procedure is necessary to convert the measured radia-
tion temperature spectrum to an electron temperature profile, and
the results from a multi-pass emission model are presented in
Sec. I C. The localization of the emission is discussed in Sec. IT D.
Finally, asymmetry in the radiation temperature profile is discussed
in Sec. 111, where bi-Maxwellian modeling of the ECE emission is
invoked to explain the ECE spectrum in high power density HSX
discharges.

Il. THE HSX RADIOMETER, ITS CALIBRATION,
AND MODELING

The radiometer used for this study on HSX is a single sideband
receiver that measures electron cyclotron emission from plasma
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heated by ECRH at 28 GHz, corresponding to the fundamental or
second harmonic of the electron gyrofrequency. Its pyramidal horn
antenna acquires emission perpendicular to the main magnetic field
from the extraordinary wave. For a main magnetic field strength of
0.5 T, the electron cyclotron emission originating from the plasma
core is between 22 and 34 GHz, while for a main magnetic field
strength of 1.0 T, the emission is between 50 and 63 GHz. With
a mixer diode unit and a 42.5 GHz local oscillator, the high fre-
quency bands are down-converted to intermediate frequencies (IFs)
between 8 and 19 GHz. After two stages of amplification, the sig-
nal is divided into 16 channels with IF bandwidths of either 200 or
400 MHz to spatially separate the plasma emission. The IF filters can
be exchanged as necessary for particular experiments with repeated
absolute calibration. Each IF channel is connected to a low noise
crystal detector followed by a 250 kHz video amplifier prior to digiti-
zation. A 28 GHz notch filter protects the receiver from unabsorbed
ECRH power during 0.5 T machine operation, while the notch filter
is replaced by a high-pass waveguide filter for operation at 1.0 T. To
increase the spatial resolution, a focusing mirror is placed in front
of the horn antenna as close as possible to the plasma. A rectangular
Ka-band (WR-28) waveguide channels the microwave power from
the antenna to the detection unit, and a thin polyimide film brazed
into the waveguide serves as a vacuum barrier window.

A. Absolute calibration of the radiometer

To measure the sensitivity of the heterodyne receiver, includ-
ing losses along the waveguide transmission line, a noise source is
connected to the waveguide next to the vacuum barrier window.
The Excess Noise Ratio (ENR) of the Quinstar (QNS-FB15LV) noise
source is (17+/-0.8) dB in the 50-75 GHz frequency range. An ana-
log lock-in amplifier is used to measure the response of the receiver
to the output from the noise source while it is operated with a 50%
duty cycle, and the Y-factor method is used to determine the power

A

| “\\vj

FIG. 1. Warm-plasma resonance for each ECE channel in the helical cut of HSX
(vertical is normal to the helical direction).
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gain (G in Watts/Volt) for each channel of the receiver. The mea-
sured sensitivity of the HSX radiometer is stable while the receiver
and waveguide remain unchanged from their calibration positions.

The voltage response of each channel, V, is related to the radi-
ation temperature, T,(w) in eV, through BT, ~ GV, Here, A is
the wavelength in meters, and B is the IF bandw1dth of each channel
in hertz. The étendue of the emission is the product of the solid angle
of the emission subtended by the antenna, () in steradians, and the
aperture efficiency of the antenna, A, in square meters. It should be
noted that modeling is necessary to determine the étendue for the
most central channels of the ECE diagnostic (r/a < 0.2), where the
magnetic flux surfaces are smaller than the E-plane Gaussian beam
width of the antenna, as illustrated in Fig. 1. The coupling between
the wave beam and the transmission line is estimated as 0.88. Trun-
cation losses on the mirror are negligible (<0.3%), and a polyimide
film similar to the vacuum barrier window is used as a DC break
during absolute calibration.

B. Resonance modeling

The resonance location and width, including the power dis-
tribution of the antenna pattern and warm plasma effects, are
determined by calculating the emission for each ECE channel. The
cold plasma resonance location is calculated from the intersection of
the quasi-optical beam with the resonant magnetic field, which may
be determined from either a look-up table or from a pre-calculated
VMEC? equilibrium file, including the bandwidth of each channel.
The emission is then calculated either using an analytic model for
the absorption coefficient’! or by the ray tracing code TRAVIS.””*’

In the cylindrical coordinate system of HSX, the helical cut of
the plasma is defined perpendicular to the magnetic axis, which at
the ECE antenna position is pitched 28.8° with respect to the vertical
direction. The warm-plasma resonance in this helical cut, includ-
ing the bandwidth of each channel, the power distribution of the
Gaussian beam, and the finite electron temperature and plasma den-
sity within the region sampled by each ECE channel, is shown for
a representative plasma discharge in Fig. 1. The optical depth is the
integrated absorption along the view of the diagnostic, and it is used
as a dimensionless measure of the emission intensity according to
Kirchhoff’s law.!! For an optical depth greater than ~2, the emis-
sion approaches the blackbody level, and the radiation intensity is
proportional to the electron temperature.

The optical depth from a 1D absorption calculation along the
ECE beam-axis, 7, = [ ads, and the 2D absorption calculation in
the helical cut of HSX, 7, = 3, [ [a,dRdZ, where 6Z is the beam
width at the resonance location, are shown in Fig. 2. The optical
depth calculated in the full 3D magnetic geometry of HSX using
the ray tracing code TRAVIS is also shown in Fig. 2. These calcu-
lations used the electron temperature and plasma density measured
through Thomson scattering. For the ray tracing calculation shown
in Fig. 2, the ECE wave pattern was modeled using a Gaussian inten-
sity distribution with a beam half-width of 2 cm, an infinite focal
length, and 40 rays distributed between 5 concentric rings about the
central ray.

The 1D absorption calculation overestimates the optical depth
in the core of the plasma because it passes through the peak in the
emission intensity. The 2D absorption calculation encapsulates 90%
of the power of the ECE beam, and the sampling volume is weighted
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FIG. 2. Optical depth from 1D and 2D analytic calculations and optical depth from
3D ray tracing, which includes refraction, in the real geometry of HSX.

by the power density of the quasi-optical beam.”* However, the
2D calculation also overestimates the absorption in the core of the
plasma because the ECE beam width is greater than the dimension
of the sampled flux surfaces.

The antenna gathers emission from above the plasma midplane,
and the viewing geometry is not perfectly perpendicular to the mag-
netic flux surfaces. Consequently, there is a finite asymmetry in the
density gradient sampled by the quasi-optical beam across its per-
pendicular axis, and this can lead to asymmetric beam-broadening
due to the refraction of the beam edges. These refraction effects
are modeled via ray tracing as in Ref. 9. The maximum core den-
sity of HSX during 1 T operation is ~35% of the X2 cutoff density
(2% 10" m™), and wave refraction does not have a significant
impact on the radiation transport for the ECE diagnostic on HSX.

C. Emission modeling

Despite the power density weighting, the 2D analytic calcula-
tion overestimates the étendue of the plasma subtended by the ECE
antenna, and this contributes to the overestimate in the absorption
in the core. The Gaussian beam width of the ECE antenna at the res-
onance is sufficient in regions of the plasma where the resonance is
larger than the beam width. In the plasma core, the emitting volume
is smaller than the ECE beam width, and this significantly impacts
the radiation temperature measured by the diagnostic within
r/a <0.2. The overestimated absorption in this region leads to
an underestimate in the electron temperature, and an iterative
procedure is necessary to self-consistently determine the electron
temperature in this region.

First, the absorption is calculated in the 2D helical cut of the
antenna using an experimentally measured plasma density profile
and an arbitrary initial electron temperature profile. Then, a syn-
thetic radiation spectrum is calculated using the modeled profiles,
and the result is compared to the measured spectrum. For the inner-
most channels, r/a < 0.2, the étendue is calculated from the full
width at half max of the absorption shapes in the E-plane of the
antenna during each iteration. This procedure is iterated until the
model electron temperature profile and the absorption calculation
are self-consistent with the measured radiation temperature. The
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electron temperature is considered self-consistent when the differ-
ence between electron temperature iterations is less than 5 eV. The
result of this iterative procedure is insensitive to the initial guess for
the electron temperature profile. In the absence of wave refraction,
this linear 2D iterative solution is sufficient in HSX. The emission
from the high magnetic -field side is used to minimize the effect of
nonthermal populations (Sec. 111 B) and relativistically down-shifted
emission (Sec. IT D) in the calculation of the electron temperature
from the ECE radiation temperature. Both of these effects modify the
emission from the low-field side of the magnetic axis and contribute
to the asymmetry measured in the ECE radiation temperature that is
discussed in Sec. II1.

Although the calculated optical depth is below 2, the mea-
sured spectrum is significantly larger than that predicted from
the solution of the radiation transfer equation for a single-
pass through the plasma along the diagnostic line-of-sight,
9" (w) = JTe(s)atw(s) exp [-Tu(s)]ds. Consequently, a multi-
pass radiation transfer model is necessary to match the experi-
mentally measured spectrum, Tr(w) = T, "th(w) [/(1—p exp[-To]).
Here, p is the effective reflection coefficient of the vacuum vessel
wall.

In the limit of unity wall reflectivity, p = 1, the radiation tem-
perature is equal to the blackbody electron temperature through
multiple reflections near the maximum achievable plasma density in
HSX. The electron temperature profile (T£“F) determined from the
ECE radiation temperature measured on the high-field side of the
magnetic axis (TES) is compared to the electron temperature mea-
sured by Thomson scattering (T:°) in Fig. 3. In this case, the radia-
tion temperature is equivalent to the blackbody electron temperature
in HSX, and the effective reflectivity is approximately unity.”>*® The
effective minor radius of the ECE resonance is taken as the center-of-
mass of the emission profile for each channel. The horizontal error
bars in Fig. 3 are meant to represent the natural linewidth of the
emission, although there is a small contribution from changes in the
magnetic field strength between plasma discharges.

The iterative procedure described here can alter transient
behavior, and caution should be applied for experiments that require

1200
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» 600
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400 ¥ 1S
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FIG. 3. Absolutely calibrated ECE radiation temperature measured on the high-
field side of the magnetic axis (green-x’s), analytic first-pass ECE radiation
temperature estimate (green dashed line), inverted ECE electron temperature
profile calculated using the iterative procedure described in the text (red filled
circles), and Thomson scattering measurements of the electron temperature pro-
file (black solid line) in plasma produced with 85 kW launched ECRH power at
ne = 4x 10'® m=3 line-average plasma density.
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high temporal resolution, such as the absorption measurement dis-
cussed in Sec. II D, or the heat pulse propagation experiments
on HSX, which are separately reported.”” To avoid altering the
temporal behavior of the ECE electron temperature, the iterative cal-
culation was applied to the average electron radiation temperature,
and the results were applied uniformly to determine the electron
temperature during these experiments.

D. Localization of the emission

The high effective wall reflectivity of HSX can lead to a loss of
spatial resolution as the emission undergoes multiple passes through
the plasma. To investigate this effect, the emission localization is cal-
culated using both a single-pass and a multi-pass ray tracing model
implemented in the TRAVIS code. The emission, including the
effect of reabsorption, is calculated with up to 3 passes through the
plasma that are reflected by the vacuum vessel. This model has pre-
viously been applied successfully in the context of multi-pass ECRH
absorption in HSX.”

Along a perpendicular line-of-sight, the ECE intensity from the
low-field side (LFS) region of the plasma exceeds that from the high-
field side (HFS) of the magnetic axis with the same effective plasma
radius, because the LFS and HFS channels acquire regions with dif-
ferent electron temperature and plasma density due to relativistic
broadening of the emission. In optically semi-transparent plasma,
the asymmetry in the ECE spectrum measured across the magnetic
axis is primarily due to the decreased efficiency of reabsorption along
the line-of-sight of the diagnostic for emission originating on the
LFS of the device. This results in a loss of localization for chan-
nels with cold plasma resonance on the LES of the magnetic axis.
This is illustrated in Fig. 4, where single-pass ray tracing calcula-
tions are used to model emission sampled by two channels from two
experiments on HSX.

The emission, determined from the emissivity accounting for
reabsorption, is shown normalized to its peak value for channels
with cold plasma resonances at r/a = 0.15 and r/a = 0.5 on both
sides of the magnetic axis in Fig. 4. In the first case shown, the line-
average plasma density is . = 4x 10'® m™, as for the data shown
in Fig. 3. In this case, the HFS emission approaches the blackbody
level and matches Thomson scattering measurements of the electron
temperature. In the second case, the line-average plasma density is
#e = 2.5x 10" m™2, and the emission is optically semi-transparent.
The two experimental cases discussed here are near the extrema in
the experimental scan shown in Fig. 8, and these results are further
discussed in Sec. 1T B.

In both experimental cases shown in Fig. 4(a), the single-pass
ray tracing model predicts that the core channels have approxi-
mately symmetric normalized line shapes across the magnetic axis.
There is a small asymmetry due to relativistically down-shifted
emission into the LFS channel in the relatively high density case
(solid lines in Fig. 4), and this asymmetry increases in the rela-
tively low plasma density case (dashed-dotted lines in Fig. 4) as the
contribution from core electrons increases.

There is a significant change in the asymmetry in the normal-
ized emission shapes for the channels near the half-radius, which
are shown in Fig. 4(b). In the relatively high plasma density case,
the peaks in the normalized emission shapes are symmetric across
the magnetic axis, but there is a comparable contribution to the LFS
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FIG. 4. Normalized single-pass emissivity accounting for reabsorption for
relatively low (ne =2.5 x 10" m=3, dotted-dashed) and relatively high
(ne = 4.0 x 10" m=3, solid lines) plasma density. The emission from the high-
field side (blue) and low-field side (red) of the magnetic axis is shown at both
densities, and the magnetic axis is indicated by a vertical dashed line. The HFS
channels approach the blackbody level in the relatively high density case, and the
single-pass emission remains localized in both cases. The LFS channels sample
relativistically downshifted emission from the core of the plasma in both cases. (a)
r/a ~ 0.15. (b) rla ~ 0.5.

channel from core down-shifted emission. This is apparent for the
first-pass emission shown in Fig. 5, where there is an asymmetry in
the magnitude of the emission between the HFS and LFS of the mag-
netic axis, with a significant component of the first-pass emission
from the LES channel coming from the core.

In the relatively low plasma density case shown in Fig. 4(b),
the peak in the normalized emission shape from the HFS channel
is coincident with the higher density case. However, the peak in
the normalized emission shape from the LES channel shifts to the
plasma core. In this case, the downshifted thermal emission from
the core of the plasma dominates the LFS channel.

In the single-pass ray tracing model on HSX, the LFS chan-
nels outside of ~20% of the effective minor radius are not local
measurements, with most of their emission originating from the
plasma core, r/a < 0.2. The emission from the HFS and core chan-
nels remains localized near their cold plasma resonances in this

ARTICLE pubs.aip.org/aip/rsi
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FIG. 5. Emissivity accounting for reabsorption considering three passes of radia-
tion for high-field side (blue) and low-field side (red) channels near the mid-radius.
The sum over passes is plotted in black. Colored linewidth decreases with the
number of passes. The HFS channel remains localized near the cold plasma res-
onance after three passes of radiation through the plasma, while the LFS channel
acquires additional core emission over multiple passes through the plasma.

single-pass model. The effect of multiple passes on the emission
shapes is shown for channels with cold plasma resonances at r/a =
0.5 on both sides of the magnetic axis in Fig. 5. These calcula-
tions were performed for the relatively high plasma density case of
Fig. 4, corresponding to the experimental profile shown in Fig. 3. For
both channels, the first pass emission has its peak localized near the
cold plasma resonances, although the LFS channel has a significant
contribution of downshifted core emission. The magnitude of the
second pass emission is significantly smaller than the first pass emis-
sion. The magnitude of the peak in the third pass emission is smaller
than the second pass emission and negligible in comparison to the
first pass emission. For the HES channel, the second pass emission
reinforces the first pass emission and does not significantly alter the
localization of the channel. For the LFS channel, the effect of multi-
ple reflections is to increase the relative contribution from hot, core
electrons and thereby decrease the localization of the channel.

This multi-pass ray tracing model is consistent with previous
measurements of the ECRH damping on HSX using an abso-
lutely calibrated array of microwave diodes, which indicated a high
degree of toroidal localization.”” The total ECRH absorption has also
been measured and was consistent with this multi-pass ray tracing
model.” The ECRH absorption profile can be measured using the
difference in energy balance during ECRH turn-off, 5—5 = %ne ddT; i
Here, the electron temperature is measured by the absolutely cali-
brated ECE radiometer, and the plasma density profile is measured
via Thomson scattering, and it is assumed constant over the 50 us
time-window after ECRH turn-off. This analysis was performed for
a set of plasma discharges with modulated heating power during
a transient transport experiment, and the IF filters of all 16 chan-
nels of the ECE radiometer were chosen to correspond to the region
r/a < 0.5 to increase the spatial resolution in the plasma core. Time-
traces of the ensemble average ECE electron temperature during
ECRH turn-oft for these discharges are shown in Fig. 6.
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FIG. 6. ECE time-traces measured at ECRH turn-off during a modulated heat-
ing experiment (85 kW launched ECRH power, n, = 4 x 10® m=3, 500 Hz
modulation).
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FIG. 7. ECRH absorption profile measured using the change in high-field side ECE
after ECRH turn-off is compared to a multi-pass ray tracing model.

The resulting absorbed power profile is shown in Fig. 7, where it
is compared to the ECRH power deposition profile calculated using
the same multi-pass ray tracing model.” The analysis is performed
on each shot individually before the results are averaged. The multi-
pass ray tracing calculation that is shown in Fig. 7 indicates that
the ECRH absorption is localized to the core, which is consistent
with the experimental measurement. The horizontal error bar is the
natural linewidth from a single-pass emission model, as in Fig. 3,
and the agreement with ray tracing indicates that the emission is
highly localized between 10% and 50% of the effective minor radius,
0.1 < r/a < 0.5. Measurements are not available outside of a 50%
effective minor radius for these discharges.

I1l. NONTHERMAL ELECTRONS AND ASYMMETRY
IN THE ECE RADIATION TEMPERATURE

In Sec. I D, an asymmetry across the magnetic axis is predicted
in the measured electron cyclotron emission due to downshifted
emission from the plasma core. This asymmetry is observed experi-
mentally and is modified by the optical depth of the plasma, which

ARTICLE pubs.aip.org/aip/rsi

is proportional to the plasma density. The radiation temperature
measured by the ECE radiometer at approximately r/a = 0.15 and
r/a = 0.50 normalized effective plasma radius on the LFS and HFS
of the device is compared to Thomson scattering measurements of
the electron temperature vs line-average plasma density in Fig. 8.

Emission from both the HFS and LFS of the device increases
faster than the electron temperature as the plasma line-average
density decreases. However, the emission measured from the LES
increases at a faster rate than that measured from the HFS of the
device. Near the core of the plasma (r/a = 0.15), the asymmetry in
the spectrum is significant below a plasma line-average density of
ne < 3.5 x 10'® m™. Near the half-radius, the asymmetry in the spec-
trum is less significant. Both measurements begin to diverge from
the electron temperature for n, < 3.5x 10 m~=3.

At relatively low plasma density, the condition of small dis-
turbance, p abs [neTeve < 1, is violated in HSX as the ECRH power-
per-particle becomes large. Electron cyclotron emission is sensitive
to the nonthermal component of the electron distribution function,
and the asymmetry across the magnetic axis in the measured ECE
spectrum is enhanced by the presence of nonthermal electrons. In
HSX, nonthermal electrons can also contribute significantly to the
total plasma stored energy. The plasma stored energy from a dia-
magnetic loop is compared to the kinetic stored energy over a range
of line-average densities measured using the central chord of the
HSX interferometer’® in Fig. 9. The launched power was held at
85 kW during this experiment. There is a discrepancy between the
total plasma stored energy and the kinetic stored energy defined by
the integrated profile measurements at relatively low plasma density,
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FIG. 8. Electron temperature measured by Thomson scattering is compared to
radiation temperature from a LFS ECE channel (red asterisk) and a HFS ECE
channel (blue circle) vs line-average density in the plasma core (a) and at the half-
radius (b). Signals are normalized by their value at ne = 4 x 10'® m=3 to show the
discrepancy in their relative behavior as plasma density decreases.
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FIG. 9. Total stored energy measurement (WZ°™, black circles), electron stored
energy measurement (Wg, blue asterisks), an estimate of the energy carried
by the ions (Wg,, green asterisks), and the kinetic stored energy (WE" = Wi,
+ WE;, red circles).

and this discrepancy decreases with increasing line-average density.
The ion kinetic energy is estimated from fits to charge exchange
recombination spectroscopy measurements.”’ The two measure-
ments converge near a line-average plasma density of 3.5 x 10" m™>,
The match in the measured diamagnetic stored energy and the
kinetic stored energy is primarily attributed to increased electron
thermal energy in the plasma and a decrease in the portion of the
energy carried by nonthermal electrons.

A. “Bursty” behavior with high ECRH
power-per-particle

Electron cyclotron emission data are not shown below a line-
average plasma density of 2.5 x 10'® m™ in Fig. 8. This is because at
these plasma densities, “bursty” behavior appears in the ECE. Time-
traces of the ECE signal near the core and half-radius of the plasma
at a line-average density of 2 x 10'® m™ are shown in Fig. 10. The
ECE radiation temperature at the half-radius and core of the plasma
is measured to spike on a fast time scale, with a peak duration of less
than 0.1 ms.

1000 f
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FIG. 10. “Bursty” behavior is measured in the ECE temperature in a plasma
discharge with line-average density of 2 x 10'® m=3. The half-radius (green
dashed-dotted, r/a ~ 0.5) and core (red solid line, r/a ~ 0.15) ECE channels.
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Similar behavior was observed in the W7-AS experiment with
high ECRH power densities. In W7-AS, the “bursty” phenom-
ena were attributed to local degradation of the power absorption
due to flattening of the distribution function, and the flattening
of the distribution function was followed by increased absorption
by collisionless-ripple-trapped electrons resonant at high energies.'”
For this reason, we take this “bursty” behavior as further evidence of
the presence of nonthermal electrons at relatively low plasma density
in HSX.

B. The effect of nonthermal emission
on ECE localization

At sufficiently high absorbed ECRH power density, a signifi-
cant nonthermal electron component may develop in HSX plasmas
that alters the observed ECE spectrum. For plasmas with 85 kW
launched ECRH power, Fig. 9 shows a discrepancy between diamag-
netic stored energy and total kinetic energy for line-average plasma
densities 7, < 3.5x 10'® m™ that is attributed to nonthermal elec-
trons. The discrepancy (~15 J) is the largest at the lowest plasma
density (n. = 2.5x 10'* m™?). To model the emission from nonther-
mal electrons and assess whether it may explain the deviation of the
ECE spectrum from the electron temperature in Fig. 8 at relatively
low plasma density, the single-pass ray tracing model of Sec. II D
was repeated with a bi-Maxwellian electron distribution function.
In the absence of detailed information regarding the nonthermal
population, a nonthermal electron pressure profile is chosen as a
Gaussian distribution confined primarily to the ECRH deposition
region (r/a < 0.2) in this work. The nonthermal pressure profile is
chosen such that the volume-integrated profile is equal to the dis-
crepancy between plasma stored energy and total kinetic energy at
ne = 2.5x 10" m™>. Based on previous experiments and modeling at
HSX,'*”° two tail electron temperatures are considered: Te; = 5 keV
and Te1 = 10 keV.

The emission shapes resulting from this bi-Maxwellian model
are shown in Fig. 11 for a channel with its cold plasma reso-
nance location near the core (r/a = 0.15) and near the mid-radius
(r/a = 0.5) on both sides of the magnetic axis. For the core channels,
Figs. 11(a) and 11(b), the magnitude of the emission is increased
by the presence of nonthermal electrons. While the localization of
both core channels is largely maintained, the LFS emission shapes
extend toward the magnetic axis with increasing tail temperature.
For the mid-radius channels, Figs. 11(c) and 11(d), there is a signifi-
cant asymmetry in the emission shapes across the magnetic axis. The
magnitude of the HFS mid-radius channel remains largely unmod-
ified by the presence of nonthermal electrons, except where the
emission shapes overlap with the nonthermal electron source, as
shown in Fig. 11(c). This is not true for the LFS mid-radius chan-
nel, which is dominated by contributions from the plasma core in
the presence of nonthermal electrons, as shown in Fig. 11(d). Note
that even in the thermal case shown in Fig. 11, there is a significant
contribution to the LFS channel by relativistically downshifted core
emission.

For line-average plasma densities less than , = 3.5 x 10'® m
the experimental behavior of the radiation temperature measured by
the ECE diagnostic shown in Fig. 8 exhibits two behaviors that are
well described by the single-pass bi-Maxwellian model. In Fig. 8(a),
an asymmetry across the magnetic axis is measured for the core
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FIG. 11. Single-pass emissivity accounting for reabsorption for core channels (a) and (b) and near mid-radius channels (c) and (d) on the HFS and LFS of the magnetic
axis. Results are shown for three tail populations: T¢q = 0 keV (Maxwellian, black dotted line), 5 keV (Bi-Max., blue dotted-dashed line), and 10 keV (orange solid line).

channels, and this asymmetry is measured to increase as the non-
thermal electron population increases. This is reflected in Fig. 11, as
the peak emission in both the HFS and LFS channels is predicted
to increase in magnitude, but the increase in the integrated emis-
sion is larger for the LFS. Similarly, for the mid-radius channels, the
integrated emission of the HFS channels is not predicted to change
significantly, but the signal observed by the HFS channels changes in
direct proportion to the nonthermal population. The LES channels
at the mid-radius have no localization in the presence of nonther-
mal electrons, but the signal level increases due to relativistically
downshifted core nonthermal emission.

IV. CONCLUSIONS

An absolutely calibrated 16-channel heterodyne radiometer is
used to measure the electron cyclotron emission on the helically
symmetric experiment. At relatively low plasma density, asymmetry
in the radiation temperature profile is measured, while at rela-
tively high plasma density, the radiation temperature determined
from the emission is comparable to the electron temperature mea-
sured by a Thomson scattering diagnostic. The radiation transfer
has been modeled analytically as well as numerically using ray

tracing methods. Analytic modeling is used to determine the elec-
tron temperature in the core of the plasma, where the dimension
of the flux surfaces is smaller than the E-plane beam width of the
antenna, and an iterative procedure is used to self-consistently deter-
mine the absorption shape and resonance position of each ECE
channel from the measured radiation spectrum.

A multi-pass emission model is necessary to reproduce the
experimentally measured radiation temperature spectrum from the
high-field side of the magnetic axis. The emission from the low-field
side of the magnetic axis contains a significant portion of rela-
tivistically downshifted emission that is not reabsorbed along the
line-of-sight of the diagnostic. The asymmetry in the ECE radi-
ation temperature that is measured across the magnetic axis can
be understood as originating primarily from relativistically down-
shifted thermal emission at a relatively high plasma density and
as originating primarily from relativistically downshifted nonther-
mal emission at a relatively low plasma density in HSX. The energy
carried by this population has been measured by comparing the
integrated stored energy from kinetic profiles to that measured
by a diamagnetic loop diagnostic, and the qualitative behavior of
the modeled ECE spectrum is consistent with the measured ECE
radiation temperatures.
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