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A set of experiments were conducted on the LArge Plasma Device (LAPD) at UCLA
to test the operational principles of a traveling wave antenna of the comb-line type. This
antenna was designed to launch helicon waves (fast waves in the lower hybrid range of fre-
quencies) on DIII-D. With the order-of-magnitude lower static magnetic field on LAPD,
the antenna excites waves in a different regime. Whenever fast waves can propagate in
LAPD, slow waves are also supported by the plasma so it is necessary to distinguish
between the two cold-plasma branches in evaluating the effectiveness of the launcher. The
results show that the launcher couples well to fast waves when the plasma supports fast-
wave propagation; control of the principal imposed parallel wavenumber can be achieved
through varying the launch frequency on the antenna within its bandwidth of operation;
and that the launched waves exhibit strong directionality. We also investigate the role of
the plasma profile and wave mode on the loading characteristics. Additionally, a compari-
son with full-wave modeling of the propagating waves is shown using both a cold-plasma
model in COMSOL and a hot-plasma model in RFPisa, which obtain similar results in
the present regime.
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1. Introduction

The use of fast waves in the lower hybrid range of frequencies, referred to as
‘helicons’ or ‘whistlers’, is currently being pursued as a means of heating and current
drive in reactor-grade plasmas (Van Compernolle et al. 2021). Helicon waves are
a promising means for driving off-axis current in future tokamak devices (Prater
et al. Prater et al., 2014). Reactor studies for advanced tokamak designs show that
an important fraction of the total plasma current must be driven off axis (Jardin
et al. 1997). Lower hybrid current drive (LHCD) is typically considered for its high
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FIGURE 1. Diagram of LAPD (not to scale) illustrating relative probe positions and antenna side
naming convention. (a) The XY cross-section showing representation of probe and antenna face;
(b) the XZ cross-section showing antenna structure and probe separations. Here, POS/NEG side

refers to the side with respect to Z-coordinate or static magnetic field direction, By.

efficiency and power deposition at mid-radius. However, in reactor-grade plasmas
slow lower hybrid waves at practical and accessible values of launched (normalized)
parallel wavenumber, n, may have difficulty reaching the core of the plasma due
to strong damping in the outermost part of the plasma. Helicons can have better
accessibility to the plasma core and are less strongly damped than the slow wave
used in typical LHCD schemes, so these waves can penetrate further into the plasma.
With proper selection of the launched wave parameters, the power can be deposited
at the desired mid-radius location (Pinsker 2015).

Launchers for these waves are mounted at the first wall of the device, and the
plasma density immediately adjacent to the face of the launcher is significantly lower
than the fast-wave cutoff density. Hence, the wave must tunnel through an evanes-
cent layer until it reach densities above the fast-wave cutoff. Antenna coupling can
change drastically as the plasma profile varies in front of the antenna face. In high-
power systems it is imperative that changes in the antenna loading do not result in
high levels of power reflected back to the radiofrequency (RF) sources. The trav-
eling wave antenna (TWA) used in these experiments was designed to mitigate the
effect of variations in plasma loading on the reflected power. The series of experi-
ments detailed in this work were conducted on the LArge Plasma Device (LAPD)
(Gekelman et al. 2016) to verify a set of operational principles of the TWA design.

An overview of the experiment parameter space and a comparison with the DIII-
D scrape-off layer (SOL) will be shown in §2. A short introduction to the design
of the antenna will be discussed in §2.1. Thereafter, we will present the antenna
design goals and corresponding measurements demonstrating that property of the
operation. Section 3 discusses measurements of wave power relative to density cut-
offs and upper limits. Section 4 shows the identification of both cold-plasma modes
dependent on plasma density. Section 5 shows the directionality of the antenna; sym-
metry in the antenna structure allows feeding either end and launching waves with a
preferred directionality relative to the static magnetic field. Section 6 discusses the
relationship between the plasma density, the fast-wave cutoff density, and antenna
loading. Section 7 shows a comparison of the measured wave fields with full-wave
modeling. Lastly, § 8 concludes the paper with a summary of the results.

2. Experimental set-up

This paper details a set of experiments conducted on the LAPD, figure 1, at UCLA
aimed to study the coupling and propagation of waves launched from a TWA of the
comb-line type. At the time of these experiments the LAPD plasma was produced
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FIGURE 2. Photograph of TWA inside LAPD vessel. Antenna array has 10 individual mod-
ules, each with the current-carrying elements aligned in the y-direction. The array is nominally
aligned with the static magnetic field (z), but can rotate about the x-axis to skew the alignment
of both the current-carrying elements and array with respect to the static magnetic field.

by a static fill of gas, helium in these experiments. A pulsed lanthanum hexaboride
(LaBg) emissive cathode and molybdenum anode create the electron beam used to
ionize the gas and create the plasma (Qian ef a/. 2023). In this configuration densities
of the order of 10'® m~* were routinely achievable with a plasma column diameter
around 40 cm. More on density profiles will be discussed in subsequent sections.

The static magnetic field, |1§0|, was varied between 0.07 and 0.23 T; we take the 0.2
T case to be our ‘nominal’ operating condition for these experiments.

The antenna used (shown in figure 2) is constructed from a subset of the 12 low-
power modules used on helicon experiments on DIII-D in 2016; the design of the
elements and array are detailed in the literature (Pinsker et al. 2018). The pass-
band of the antenna is from 450 to 500 MHz, and the band center at 476 MHz
is the nominal operating frequency for the antenna in these experiments. The mod-
ules are arranged in a linear array along the long axis of LAPD, parallel to the
static magnetic field. The antenna structure consists of 10 modules, each of which is
5 cm wide, making the entire antenna structure roughly 50 cm along the axial direc-
tion. The structure is mounted so that it can be moved in the radial direction (X in
figure 1) as well as rotated relative to the static magnetic field (about the x-axis).
Table 1 summarizes the plasma and antenna parameters for LAPD in comparison
with the typical DIII-D SOL. It should be noted that the large difference in magnetic
field puts these wave in comparatively different regimes. In the LAPD case there
is no combination of plasma and antenna parameters in which the waves can prop-
agate up to the lower hybrid resonance density. A mode conversion or confluence
point exists for all achievable configurations of frequency, n (= k;/ko, ko =w/c, k is
the wavenumber, w is the angular frequency, c is the speed of light), static magnetic
field, and density (a discussion of the mode conversion point and wave accessibility
can be found in Appendix B of Pinsker (2015)). Hence, the mode conversion point
acts as an upper density limit for wave propagation in LAPD, i.e. determines wave
accessibility. (In DIII-D, by contrast, there is no upper limit in density for accessi-
bility of fast waves due to the ~tenfold higher static magnetic field.) Although there
may be a difference in wave regime, figure 3 shows a region in density space where
both branches simultaneously propagate in the LAPD and DIII-D cases making this
comparison of the operation of the TWA relevant. The achievable parameter space
in LAPD is most representative of the low-density case in DIII-D which is indicative
of the coupling region of the antenna.
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Parameter LAPD DIII-D (SOL)
Density (n¢) (m™?) 1010—10'8 106—101°
Static magnetic field (Byp) (T) 0.07-0.23 0.7-1.5
Launch frequency (fo) (MHz) 461-491 476

Imposed n 24 3

Jo/fe 530-1800 (He™) 40-90 (DT)
fo/fee 0.07-0.25 0.012-0.025
Jo/fin 6-22 0.7-1.5
Antenna power (Py,,) (W) 1073-102 10*—10°
Faraday screen tilt relative to By (deg.) 0-45 0 (ideally field aligned)

TABLE 1. Comparison of plasma and antenna parameters for LAPD TWA and DIII-D high-
power helicon system.
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FIGURE 3. Comparison of wave regimes in (a) ‘nominal’ case in LAPD and () DIII-D SOL.
Note LAPD has a significantly lower static magnetic field than DIII-D.

Figure 3 shows plots of the dispersion solutions against density for both the
LAPD and DIII-D SOL cases. The quantity plotted is proportional to the per-
pendicular wavenumber squared. Negative values of this quantity correspond to
non-propagating solutions. We can see in figure 3(a) there is no density at which the
fast wave can propagate where the slow wave is evanescent. In contrast, figure 3(b)
shows there is a high-density regime where only the fast wave can propagate in the
DIII-D-relevant parameter space. This is an important difference as measurements
of wave power and antenna loading in LAPD can always have contributions from
both branches except at low density. As such, we must be certain to distinguish
between the modes present in the plasma. The static magnetic field and n; depen-
dence of the dispersion solutions against density can be seen in figure 4. Panel (a)
shows that as the field decreases both the fast-wave cutoff density and the confluence
density decrease as well. Similarly, both the fast-wave cutoff density and confluence
density decrease with a reduced n (see panel b). For the parameters scans in the
experiment this corresponds to fast-wave propagation at later discharge times for
lower magnetic field configurations and lower imposed 7.
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FIGURE 4. Comparison of LAPD relevant dispersion solutions vs density for: (a) two static
magnetic field cases By =0.1,0.2 T atn; =3.0; and (b) ny =2.3,3.0,3.7at Bp=0.2 T.

Wave fields were observed with a set of magnetic induction (B) probes. These
probes were mounted on ball valves that allowed them to be moved within the LAPD
volume by automated probe drives (Leneman & Gekelman 2001). Two probes were
placed on either side of the antenna, separated from the antenna center by 1.2 m
(as shown in figure 1). To map out the wave power profiles and spatial structure,
a series of plasma shots were taken in data planes within the plasma volume. The
probe was moved to a position within the data plane, 20 plasma shots recorded at
the given position and then the probe was moved to the next data plane position.
The sampling frequency limit on our primary data acquisition system was 100 MHz.
The RF signals in these experiments were in the range of 0.5 GHz, and a set of
mixing circuits were needed to digitize the RF signals. Additionally, the experiment
was conducted over a long time window within the discharge. Had many RF signals
been measured at a high digitization rate over a long time, unwieldy (and unnec-
essarily) large data sets would have resulted. The RF signals were mixed down to
an intermediate frequency of 1 MHz, allowing for a digitization rate of 12.5 MHz
to be used to help reduce the size of the data sets. Density measurements were
made using a swept Langmuir probe. Spatially resolved density measurements were
made in a similar fashion as the wave measurements, by moving the probe over
many plasma shots. Additionally, a microwave interferometer was used to measure
absolutely calibrated line-averaged density.

2.1. TWA operation

The TWA used in these experiments is constructed from a subset of the modules
used in the low-power helicon experiments at DIII-D . The design of the antenna is
detailed in Pinsker ef al. (2018). A summary of the operational principles follows.
The set of modules are aligned along the direction of the static (axial) magnetic field.
Each individual module has its current-carrying element aligned perpendicular to the
static magnetic field. The coordinate system shown in figure 1 corresponds to the
array being aligned in the Z direction (By = ByZ) and the current elements in the y
direction (J = Jn0q¥). Power is fed into the antenna structure at one end, a fraction
of the power is radiated to the plasma and residual power is mutually coupled to the
subsequent module. The inner modules are each fed through the mutual inductive
coupling to the previous ‘upstream’ module. The last module has a feed through so
that any uncoupled power can be dissipated in an external 50 Ohm dummy load.
The antenna launches waves directionally, with the sign of the axial component of
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FIGURE 5. Model of antenna transmission, reflection coefficients and phase shift between
modules over the passband of the antenna array.

the launched wavevector determined by the selection of which end of the antenna is
fed. The direction of the wave launch follows the direction of the power flow along
the antenna array.

The feed for one end can be seen in figure 2, but is identical on the other end of
the antenna array. The antenna array is symmetric, so by exchanging the feed end
and dummy load, power can be coupled into the opposite end of the antenna. This
exchange results in a change of the sign of the principal imposed parallel wavenum-
ber and change in the directionality. The design is such that the input impedance of
the antenna structure is largely determined by the mutual coupling between antenna
modules rather than the plasma loading of any one individual module. This results
in small changes in the reflected power for variations in the plasma at the antenna
face. That is not to say that antenna loading is unaffected by changes in the plasma.
Changes in the absolute density and density profile can affect the antenna loading, as
will be shown in § 6. The loading is characterized by the rate of decay in the power
measured along the array. A series of RF pick-up loops are integrated into each
module to measure the power at any given module. The phase jump between mod-
ules shifts as the frequency is varied within the pass-band of the antenna. Figure 5
shows a model of the antenna frequency ( f) response where the phase jump ranges
from 0 to 7 as the applied frequency is varied from the lower to upper edges of
the passband (Van Compernolle ef al. 2021). The phase jump, module size and sep-
aration determine the imposed parallel wavenumber spectrum the antenna excites.
Therefore, a change in the drive frequency of the antenna results in a change in the
principal imposed parallel wavenumber.

3. Wave accessibility

Here, we will explore the wave measurements as related to wave accessibility.
As seen in figure 3(a) the range of densities in which the fast wave can propagate
in LAPD is small (denoted by the red highlighted region), less than an order of
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magnitude separates the minimum and maximum densities at which the fast wave
can propagate for the nominal case. The low-density limit is set by the fast-wave
cutoff density. The upper density limit is set by the confluence or mode conversion
point of the two branches. This density is the point where the two branches become
indistinguishable. A fast wave propagating in towards this density mode converts to
an outward-propagating slow wave due to conservation of the direction of k and
radially backward nature of the slow branch. Because both modes may simultane-
ously propagate in the LAPD, distinguishing between the two modes is imperative
to assess the effectiveness of the antenna as a fast-wave launcher. We will explore
a series of methods for experimentally distinguishing the two modes throughout the
remainder of the paper.

3.1. Density profiles

The accessible range of densities sets a region in which we expect to measure fast
waves launched from the antenna. Having conducted these experiments throughout
the entirety of the LAPD discharge, we sample density during the ‘afterglow’ por-
tion of the discharge, i.e. after the discharge power is turned off and the plasma
density decays in time. Figure 6(a) shows the time history of an LAPD discharge.
The DC power to the discharge is switched off at t=10 ms, so that the subse-
quent portion of the discharge is the ‘afterglow’, during which the density drops
monotonically. The specific case shown is with the nominal By=0.2 T static mag-
netic field. The fast-wave cutoff density and the confluence density are shown for
fo=476 MHz, n;=3.0. We can see that there is a limited time during the dis-
charge where the line-averaged density measurement suggests that the plasma could
support fast-wave propagation. Selecting a time during this window and using the
spatially resolved density measurement, an example of which is shown in figure 6(b),
we can characterize the spatial extent of the region that supports fast-wave propaga-
tion. Figure 6(b) also shows that the density across the machine is mostly flat, with
the density rising from plasma edges but essentially flat across the central region
—10 < x <20 cm. These density profiles allow us to construct a picture of where we
might expect fast-wave propagation in our plasma across the field configurations,
densities and launch frequency. Figure 7 shows the accessible region of densities as
the area enclosed in the red contours. The solid red lines show the region in which
the density was calculated using a swept Langmuir probe for density and tempera-
ture and calibrated against the microwave interferometer. After 10 ms we no longer
had reliable temperature data from the probes, so a flattened out temperature profile
was assumed to calculate the density from the ion saturation current and microwave
interferometer, this region is denoted by the dotted red line contours. The two rows
of figure 7 are for two static magnetic field cases (By=0.1 T and By=0.2 T). In
the higher-field case we note that there is a more extended region, both in discharge
time and spatially, in which fast waves can propagate (as indicated in the dispersion
relation shown in figure 4a). As we increase the launch frequency (and thereby the
magnitude of the imposed n) the accessible region of densities shifts to higher den-
sities. Therefore, we expect fast-wave propagation later in the discharge (that is, at
lower plasma density) at lower launch frequencies. The region outside the contours
at late discharge times does not support fast-wave propagation because the density
is below the fast-wave cutoff density everywhere in the plasma at that time. The slow
branch can propagate at those low densities, so wave power measured at these times
is likely to be due to direct excitation of the slow branch.
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FIGURE 6. Density measurements in LAPD with By = 0.2 T; (a) is the line-averaged density
measured by an interferometer, (b) is a density profile across the radial axis of the machine at
a selected time during the discharge ( = 17 ms) as measured by a Langmuir probe. Accessible
region of densities shown for fo =476 MHz and n =3.0.
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FIGURE 7. Measurements of density shown at two magnetic field configurations: By =0.1 T
(a—c); Bo=0.2 T (d-f). The color intensity of the image corresponds to the absolute den-
sity measurement from a Langmuir probe. Solid lines denote time where temperature profiles
were included in density calculation from swept probes (0—10 ms). Overplotted is a contour
of the accessible region of densities, i.e. densities between the fast-wave cutoff and confluence
densities for a given combination of Bg and n|).

3.2. Wave amplitude measurements

Next, we can overlay the accessible region of densities onto plots of the measured
wave magnetic fields. We compare the regions in which we measure wave power
with the expected domain of fast-wave propagation. Within the overplotted contour
both branches may propagate, so power measured therein may result from either
the fast or slow branch excited by the antenna. Figure 8 shows measurements of the
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FIGURE 8. Measurements of the wave magnetic field from B probes. Overplotted is the contour
of the region of accessible densities for the given combination of By and nj.

wave amplitudes for combinations of magnetic field and n. During early discharge
times (#g5; < 10 ms), when the discharge is powered, we see significant wave power
on the plasma edge. During this time in the discharge the edge density can fluctuate
drastically due to drift waves. The simple picture of an time-average density profile
does not entirely describe the wave propagation region during those times. Panels
(d) and (e) in figure 8 show regions within the contours with significant measured
wave power. It is clear from all the panels of figure 8 that there is significant wave
power at late times in the discharge after the density has dropped below the fast-
wave cutoff density across the plasma column. This suggests that, at these later times
(lower densities), the antenna couples power directly to the slow mode. We will later,
in § 6, show that at these late times the magnitude of the antenna loading is smaller
when only slow wave coupling is present. While measurements of wave power at
densities well below the fast-wave cutoff density suggests coupling to the slow mode,
we can use characteristics of the two modes to further investigate the wave mode
present.

4. Mode identification

Here, we aim to identify and distinguish between the two cold-plasma modes the
antenna could launch. The antenna is designed to predominantly excite the fast
branch, as the current-carrying elements are aligned perpendicular to the static mag-
netic field and the resulting azimuthal wave electric field and axial wave magnetic
field are well matched to the fast-wave polarization near the cutoff density. Verifying
coupling to the fast mode thus demonstrates that the antenna does in fact behave
as intended. There are several means by which we can distinguish the two branches.
First, we can use the wave accessibility contours from §3 to identify where both
branches propagate. Within the contours we could measure both fast and slow
waves, but at densities below the fast-wave cutoff density only slow waves can be
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observed. Next, we can note the separation in the perpendicular wavelengths of the
wave modes as characterized in the dispersion relation, as shown in figure 3(a). For
a given density away from the confluence density the fast branch is a much longer-
wavelength mode, so measurements that show two propagating modes at different
perpendicular length scales would suggest that the longer-wavelength mode corre-
sponds to fast-wave excitation. Another distinguishing feature of the two branches
is the orientation of the radial phase velocity relative to the group velocity. It is well
known that the slow branch is a radially backward wave, so that the radial compo-
nent of the group velocity and phase velocity are oppositely oriented (Pinsker 2015).
The fast branch is, by contrast, a forward wave. Since power must flow away from
the antenna structure (causality) the parallel component of both the group and phase
velocities are in the direction away from the antenna. It will be shown in §4.1 that
by comparing the orientation of the wave fronts in the XZ plane we can identify
the forward and backward waves. By investigating each of these properties we can
identify the wave mode present in the plasma for the extent of the parameter space
explored in the experiments.

4.1. Wave front measurements

Measurements of the wave fronts in the XZ plane give us information about both
the parallel and perpendicular structure of the propagating waves. A B probe is
moved from shot to shot across the XZ plane, to each position within the data
run plane. We then record 20 plasma shots at each position. These measurements
were made over an area that spanned 20 cm in the z-direction and 40 cm in the
x-direction with 1 cm resolution in each direction. The extent of the measurement
domain restricted us from making reliable direct measurements in the change in the
imposed parallel wavenumber spectrum. In order to recover the phase information
of the wave fronts at each position we calculate the cross-spectrum between the
antenna forward power and the respective component of the magnetic field mea-
surement. This is mathematically equivalent to measuring the correlation between
the two signals and maps out the phase and amplitude of the moving probe relative
to the fixed reference phase of the antenna forward power. The spatial dependence of
the relative phase results from the spatial structure of the wave, i.e. the wavenumber
spectrum. From here we can work to identify the two modes. Figure 9 shows wave
fronts measured for the nominal 476 MHz, 0.2 T case. The selected times shown
are indicative of three distinct cases from the density contours in § 3: within the
contour when the density is high enough to support fast-wave propagation, shortly
after the density has dropped below the cutoff and late after the density is too low
to support fast-wave propagation. Recall that the antenna is at x=—30 cm and
z=0 cm in our coordinate system. Waves launched from the antenna propagate
away from the antenna structure, so the group velocity of the waves must be in the
positive x and positive z direction pointing towards the bottom right of corner in
each panel. For the high-density case we see a long-wavelength mode that spans the
range —25 cm < x < —12.5 cm. The radial (x-direction) component of the phase
velocity of this mode is in the positive x-direction, suggesting that the mode is a
forward-propagating mode or fast-wave-like. We can contrast this with the late dis-
charge time measurement that show wave fronts with an oppositely oriented radial
phase velocity. This mode also has a much shorter perpendicular length scale. The
combination of low-density propagation, backward phase velocity and short wave-
length all support that at late discharge times we are measuring a propagating slow
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FIGURE 9. Cross-spectrum measurements of the y-component of the wave magnetic field in
the XZ plane for the 476 MHz, 0.2 T case. Discharge time is used as a proxy for density here;
increasing discharge time corresponds to lower densities. (a) High-density case in the early
afterglow r = 17 ms. (b) Intermediate discharge time, r =23 ms. (c) Late afterglow, t =29 ms.
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FIGURE 10. Cross-spectrum measurements of the y-component of the wave magnetic field in
the XZ plane for the 466 MHz, 0.2 T case. (a) High-density case in the early afterglow # = 17 ms.
(b) Intermediate discharge time, t =23 ms. (c) Late afterglow, t =29 ms.

wave. Hence, for a given static magnetic field and n, at low enough densities the
antenna directly excites the slow mode. A visual interpretation of the intermediate
case is not as straightforward. A combination of modes exist in this case as well as
a clearer dependence on the density profile for the wavelength of the slow branch.
Section 4.2 will show calculations of the perpendicular wavenumber compared with
measurements of the Xx-component wavenumber from the XZ planes show in this
section. From this we can see a clear delineation of the modes from the magnitude
and sign of the measured k,.

Figure 10 shows the lower frequency case. At lower drive frequency on the
antenna we expect a lower launched n; for 466 MHz we estimate n; ~ 2.3 from
the measured phase jump between adjacent modules. With a lower launch n; the
fast-wave cutoff density is reduced, so we expect that fast-wave propagation should
occur at later discharge times. This is seen in figure 10 where panels («¢) and (b)
clearly both show the long-wavelength forward wave mode. In panel (c) we see a
combination of modes as even at the late discharge time the density is still high
enough to support fast-wave propagation.

4.2. Comparison with the cold-plasma dispersion relationship

A comparison with the cold-plasma dispersion relationship can be made for each
case. Using the static magnetic field, predicted imposed parallel wavelength and
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line-averaged density, we compute the perpendicular wavenumber (k) for both cold-
plasma branches as a function of density. From the wavefront images in §4.1 we
take the spatial Fourier transform to extract the x-component of the wavenumber
spectrum as a function of discharge time. Matching the discharge time to the line-
averaged density, we can see significant overlap in the predicted spectrum with the
measured spectrum from the experiments. Figure 11 shows this for the nominal
476 MHz, B,=0.2 T case. We can see that there are clearly two branches present
in the measurement, as expected from the calculation using the cold-plasma disper-
sion relationship. At earlier discharge times we see that the plasma supports both
the fast and slow branches for the given set of antenna and plasma parameters. As
the discharge progresses and the density drops, the fast-wave branch decreases in
wavenumber (increases in wavelength), as seen both in the expected k; and in the
measurements. Throughout the discharge we see an oppositely signed k, that fol-
lows the expected k; for the slow branch. Figure 12 shows this comparison for four
cases: (a) 466 MHz and By=0.1T, (b) 486 MHz and B, =0.1 T, (c) 466 MHz and
By=0.2T, (d) 486 MHz and B,=0.2 T. Again, we see good agreement between
the expected k; and measured k, for each case. Each case demonstrates two
branches with oppositely signed k, which have correspondingly separated length
scales. However, since we are using the line-averaged density to compare with our
measured spectrum we note that there should be significant spread in the measured
spectrum due to the fact that our plasma is not uniform in density across the whole
column. The non-uniform density gives rise to a range of wavelengths. Additionally,
this does not capture the spatial profiles of the waves. For example, figure 12(a)
shows wave power at discharge times before the line-averaged density would suggest
the plasma supports wave propagation. Further investigation of this case shows that
the waves are only in the edge of the plasma, where the density is low enough to sup-
port wave propagation. At later times where the line-averaged density suggests waves
may propagate we see that the waves are measured in the bulk of the plasma rather
than only in the edge. Although there may be some discrepancy between the mea-
sured onset of fast-wave propagation and what is predicted using the line-averaged
density, the trend in relation to the change in the imposed parallel wavenumber
matches well. This shows that we are able to vary the imposed parallel wavenumber
by changing the antenna drive frequency, as intended. Further, it demonstrates that
the antenna does launch fast waves as intended when the plasma supports fast-wave
propagation. However, it also shows that there is direct coupling to the slow mode
for plasma conditions in which the density is too low for fast-wave propagation. It
is important to point out that, although figures 11 and 12 show little to no power
in the wavenumber spectrum at the early discharge times, there were in fact signifi-
cant levels of wave power measured. During the powered portion of the discharge,
0 < tgs < 10 ms, wave power was measured in the plasma edge but we were unable
to discern the structure using the methods described here. This is most likely due to
drift waves in the plasma edge during the powered phase of the discharge, during
which the strong drift mode activity creates a time-varying coupling and propagation
region for the waves in the edge. This incoherent shot-to-shot variation prohibits us
from gathering meaningful phase information. We also note that wave power was
measured in the case 466 MHz, By=0.1 T case during 20 < 74, < 40 ms, well into
the afterglow of the discharge where drift modes are less prevalent. We are not able
to measure the k, spectrum here, possibly due to the fact that the plasma density is
well above the confluence density for the principal imposed n so waves would prop-
agate in and mode convert to propagate back out as a slow wave. This process could
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FIGURE 11. Comparison of measured k, spectrum with calculated cold-plasma dispersion k.
for both cold-plasma branches at 476 MHz and Bp=0.2 T.
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FIGURE 12. Comparison of measured k, spectrum with calculated cold-plasma dispersion k|
for both cold-plasma branches for: (a) 466 MHz, 0.1 T; (b) 486 MHz, 0.1 T; (c) 466 MHz, 0.2 T;
(d) 486 MHz, 0.2 T.

lead to interference and a complicated wave front pattern that is not discernible in
the measurements.

5. Directionality measurements

In this section we aim to demonstrate the directional launch capabilities of the
TWA. Launch direction is set by which end of the antenna array is directly fed
by the RF source. From the feed module, power is inductively coupled into the
subsequent modules. The direction of energy flow corresponds to the direction of
the wave launch or the direction of the n; excited by the antenna. The B probes
were stationed on ports separated from the center of the antenna array by 1.2 m,
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FIGURE 13. Comparison of wave magnetic fields as measured by B probes when exchanging
antenna feed side; the left column shows the POS side launch feed case and the right column
shows the NEG side launch feed case.

with one probe stationed on either side of the antenna array. Comparing the signals
measured on either side of the antenna as the launch direction is exchanged is a clear
indicator of whether the antenna is able to preferentially excite the intended sign of
ny. Shown in figure 13 are measurements of the amplitude of the magnetic field
measured by these probes at the RF frequency. The probe signals are normalized by
the peak signal measured on the probe between the two cases. Here, we are operating
the antenna in the nominal case: f, =476 MHz, n; =3.0 and B, =0.2 T. Figure 13
shows the fields measured when launching in what we denote as the positive direction
(POS). It is clear that the amplitude of the measured fields is much larger on the
positive side of the antenna — almost an order of magnitude difference at a given
time during the discharge. There are some non-zero fields that are measured on
the opposite side of the antenna. This is expected as the antenna spectrum is not
100 % directional. The same can be seen when the feed side is exchanged, where the
right column of figure 13 is for the negative feed side (NEG). The amplitudes of
the measured fields change accordingly, that is, higher amplitudes are measured on
the negative side of the antenna when the antenna is fed for negative side launch.
The clear difference in measured magnetic field amplitude shows that the antenna
operates as intended when exchanging feed sides. This demonstrates that the TWA
does exhibit directional launch in the LAPD.

6. Antenna loading

Here, we investigate the effects of static magnetic field, density and launched n,
on antenna loading. Antenna loading is characterized as the decay in the measured
fields along the antenna array. Power is coupled into the feed module of the antenna
array, a fraction of the power is radiated into the plasma with the remaining power
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FIGURE 14. Loading measurements: (a) scanned over frequency for By =0.2 T, (b) scanned
over magnetic field at different frequencies.

coupling into the next module through mutual inductance. Each module radiates
some power and couples the residual amount to the subsequent module (except the
end module in which residual power is fed into a 50 £2 dummy load). By measuring
the magnetic fields at each antenna module and calculating the rate of decay of the
fields along the array we can quantify the loading of the antenna due to the plasma
by comparison with the vacuum (unloaded) case. Faster rates of decay along the
array corresponds to higher loading, with the quantity €, being used to denote this
decay in fields along the array due to coupling to the plasma. Figure 14(a) shows
a frequency scan at the nominal 0.2 T static magnetic field, the scan in frequency
corresponding to a scan of n. There is a clear trend in the drop in loading as the
plasma density decreases, noting that later discharge times correspond to lower line-
averaged densities. We can see that as the frequency applied to the antenna increases
the plasma loading on the antenna decreases. This can be attributed to the increase
in the imposed n shifting the fast-wave cutoff density to higher density, so that the
region which supports fast-wave propagation in the plasma becomes small or non-
existent, as can be seen in the contours drawn on figure 7. In contrast, we see that
the loading on the antenna is high for the 461 and 466 MHz cases. The contours in
figure 7 suggest that, for the 466 MHz case, the fast-wave cutoff density reaches all
the way to the antenna face. A comparison with the measured wave fields, shown
in figure 10, demonstrate that at the time in which we see high loading we do in
fact see fast-wave propagation. However, we also observe that the loading drops
while the plasma does support fast-wave propagation at discharge times f4, > 25
ms. It is unclear how to distinguish the difference in increased evanescence and
the decrease in the line-averaged density. We note that the loading is significantly
higher when we measure fast-wave propagation, up to ~ 3x larger for the 466 MHz
case during discharge times that support fast-wave propagation than in the late
discharge times that support only slow-wave propagation. Similarly, figure 14(b)
shows higher loading throughout much of the discharge for the 466 MHz, By=0.1 T
case where we measured fast-wave propagation. The scan in magnetic field shows
that the antenna loading is higher in the low-field case for later times in the discharge.
The decrease in static magnetic field corresponds to a decrease in the fast-wave
cutoff density for a given value of n;, so we expect that the higher loading in the
low-field cases at low density corresponds to coupling to the fast wave. This can
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be seen in the comparison with the dispersion relation plots in figure 12, where we
see significant power in the fast-wave branch at discharge times where we see high
loading.

7. Comparison with modeling

A series of modeling efforts were made to support the analysis of the results of
these experiments. An axisymmetric cold-plasma model was used to understand the
excitation of both cold-plasma modes in an LAPD-like plasma. The model uses den-
sity profiles that are representative of the experiments. Although the antenna is not
axisymmetric, we can use the results of the model to gain insight into the observa-
tion of two cold-plasma modes in the experiment. Further work was conducted using
the code RFPisa from TAE Technologies. Our experiments served as a means for
validating the RFPisa code in a simple geometry.

7.1. Full-wave axisymmetric cold-plasma model

To gain an understanding of the modes present at a given density we aimed to
create a simple model of our experiment. While the previous sections have shown,
through comparison with the cold-plasma dispersion relationship, the presence of
each mode, this additional step to demonstrate the measured wave fields are in
fact the corresponding branch ensures that geometric effects or reflections are not
responsible for the resulting wave patterns. Within the model we can see that the
measured fields are a result of the directly launched wave from the antenna structure.

A finite element method (FEM) solver, COMSOL Multiphysics (AB, 2024), was
used to solve the wave equation in a cold plasma with density profiles similar to our
experiment. The model uses a cylindrical LAPD-like plasma in a two-dimensional
axisymmetric geometry. Cylindrical coordinates are used: 7 = (r, ¢, 7). We assume
symmetry about the center axis of the LAPD vessel such that the quantities have the
following dependence:

E(r,¢,2)=E(r, z)e™?, (7.1)

where m is the azimuthal mode number. The FEM solver then solves the following
equation for the wave electric field:

? io )
VxVxE-— S le—— E=—ionyd . (7.2)
C WE

Although the antenna’s finite vertical extent breaks the axisymmetry we can use the
model to understand how the azimuthal modes contribute to excite the fast and slow
branches. To model the antenna, we used a series of current-carrying rings set at the
antenna radius. Phasing between the rings, §,, can be changed to set the imposed
parallel wavelength or n. Additionally, a decay factor, f, represents the decay in
module power along the current-carrying rings that can be set to account for antenna
loading, this being equivalent to the €, quantity from § 6. The total external current is

N
P 2 _ . . A~
Je(r, ¢, 2) = E 8(r — Gy e (T Mmo ) g =PI g0 gy (7.3)
n=0

where 7 is the module number, N is the total number of modules, §(r) is the Dirac
delta function, a,, is the antenna position radius, z, is the module position along

https://doi.org/10.1017/50022377825000522 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377825000522

Journal of Plasma Physics 17

=50 1.0

‘T e L s bty

[ 05 —
= 07 Q
x T T T T T . . 0o 5
T 50 =
A e -05 @
< o4 i

-150 -100 =50 0 50 100 150
z [cm]

FIGURE 15. Full domain of COMSOL model run using nominal 476 MHz, Bp =0.2 T case,
m = 6. Densities are representative of timings in figure 9: ng = 1.5 x 1017 (m—3) (top), ng =
5.5 x 1017(m~3) (bottom).

the array and wy,.q is the field parallel length scale of the current-carrying element
in the module. Density profiles in the model take the form

I’le(}’) = nO(l — tanh ((r/aplasma)4))- (74)

The parameter n, is used to adjust the peak density as measured in the experiment
and ap.smq 1s used to adjust the profile width. This profile is essentially flat around
the center, but captures the density gradient in the edge. An artificial conductivity
o is imposed at the edges of the simulation domain to damp the waves as there was
little evidence of significant end reflections in our experimental data set. For all of
the following figures, an m-number of m = 6 was chosen. While we do not expect
the antenna to excite a single m-number, a selection m = 6 is justified in that the
antenna’s vertical extent subtends ~ 1/6 of the plasma circumference. From here
we will discuss the comparison of the model results with the experiment.

Figure 15 shows the wave fields within the entire simulation domain for two den-
sity cases: no = 1.5 x 10!7 (m™3) and ny = 5.5 x 107 (m~?) in the nominal antenna
configuration of f, =476 MHz, B,=0.2 T. The antenna is centered at z=0 cm
and » = 30 cm. We can immediately see that waves are launched with a preferential
direction from the antenna. Using the nominal 476 MHz, By =0.2 T case, figure 16
shows the wave fields in the region where we took measurements during the experi-
ments. The three panels show wave fronts for density profiles that are representative
of times during the discharge shown in figure 9. We can see in Figure 16(a) that the
long-wavelength forward-propagating mode is present as it was in the experimental
data. At a lower density/later discharge time, figure 16(b), the wave front pattern
become more complicated as a combination of modes is present. At low density/late
discharge time, figure 16(c), the long-wavelength forward-propagating mode is no
longer present, only a shorter backward-propagating mode can be seen. This agrees
well with what was measured experimentally.

Figure 17 shows the same section of the simulation domain with the parameters
adjusted to reflect the antenna being run at 466 MHz. This involves adjusting the
phasing between the current rings to excite an ny ~ 2.3. At this lower antenna fre-
quency and imposed n; we see that the perpendicular wavelength in the high-density
case, figure 17(a), is shorter than the 476 MHz case, as expected from the disper-
sion relationship and in agreement with what was measured in the experiment. In
the intermediate density case, the long-wavelength forward-propagating mode is still
present but with a longer perpendicular wavelength as expected from the dispersion
relationship. Lastly, the low-density case shows only the slow mode in the core with
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FIGURE 16. The COMSOL model run using nominal 476 MHz, By=0.2 T case, m =6.

Densities are representative of timings in corresponding panels of figure 9: (@) ng=15.5 x
1017 (m=3), (b) ng = 2.5 x 1017(m™3), (¢) ng = 1.5 x 107 (m=?).
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FIGURE 17. The COMSOL model run using 466 MHz, By =0.2T case, m = 6. Densities are
representative of timings in corresponding panels of figure 10: (a) ng = 5.5 x 1017(m™3), (b)
ng=2.5x 1017(m=3), (¢) ng = 1.5 x 1017 (m=3).

some evidence of an edge mode present. Again these panels agree well with what
was measured in the experiment.

It is important to note that the model uses only one m-number to generate the
solutions. The total fields from the launched m-spectrum are not accurately repre-
sented by a single m-number; but we aim to show that the fast mode is present
at densities above the fast-wave cutoff density and only the slow mode is present
below it. Additionally, we aim to show that the orientation of the phase fronts flip
accordingly, demonstrating fast- vs slow-wave propagation. In that regard the single
m-number solutions qualitatively agree with the experimental measurements.

Finally, we use the model to demonstrate the directional behavior of the antenna
and compare with the experimental data. Figure 18 shows the model when the
antenna currents are set to launch in the +z-direction. We see that the wave power
is concentrated on the +z-side of the antenna, and there is a ~ 10x separation in the
field amplitude measured on the intended launch side compared with the opposite
side of the antenna. This is similar to what was measured in the experiment.

7.2. RFPisa

Further comparison with modeling was conducted using the RFPisa code. This
code can capture more completely the three-dimensional structure of the wave fields
given the ideal antenna spectrum. Utilizing the plasma and antenna parameters from

https://doi.org/10.1017/50022377825000522 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377825000522

Journal of Plasma Physics 19

-50 0.0
—40 —05 %
S
£ =
S | 10 g
x —20 =
=1
—10 -1.5 8

0 -2.0

-150 -100 -50 0 50 100 150
z [cm]

FIGURE 18. Comparison of directionality in wave magnetic fields from COMSOL model.
Phasing in model set to launch in 4Z-direction.

the experiment, we worked to simulate the LAPD case in RFPisa. In particular,
we ensured that the quantity of modes included in the simulation was large enough
to reproduce correctly the expected ideal antenna spectrum. The spatially resolved
density measurements from the experiment were used to set the profile in the highest-
density case, then scaled accordingly to represent the low-density cases.

7.2.1. Description of the RFPisa code

RFPisa is a one-dimensional-plasma, full-wave, hot-plasma simulation code entirely
developed at TAE Technologies for the cylindrical geometry and applied to a diver-
sity of problems (Ceccherini et al. 2024). It is originally based on the reduced finite
Larmor radius equations which include the so-called Swanson-Colestock-Kashuba
approximation (Swanson 1981; Colestock & Kashuba 1983) and that were previously
derived by M. Brambilla for toroidal geometry (Brambilla 1989, 19994,b, 2012). The
general vector wave equation that RFPisa solves is given by

Vx4 LTECD D g BN, (15)
X X r, — Y = an r, a r, ) .
¢ or? c? ot ' o

where E(r,t) is the perturbation electric field, J,, is the antenna current density
and J,,(E(r, t)) is the plasma current density obtained from the linearized Vlasov
equations. For the cylindrical geometry a substantial simplification is achieved if
azimuthal symmetry and infinite length in the axial direction can be assumed. It is
worth noting that these assumptions are well matched to the LAPD geometry. Once
these assumptions are taken into account, a Fourier decomposition in the azimuthal
and axial directions can be applied to the perturbation electric field

E(r, f) — Z E(m,n)(r)ei(m9+nk”,minszt)’ (76)

where kjmin 1S the lowest possible value for the parallel wavevector. The wave
equation (7.5) is reduced for each mode (m, n) to

(m,n) a)z (m,n) 4ri (m,n) (m,n) (m,n)
VxVxE™ (r):; EY" (r)—l——w Y P (DI S S (I S A (DR I
7.7)
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FIGURE 19. Two-dimensional plane cuts from three-dimensional reconstruction of experiment
relevant plasma in RFPisa. Density profile used is representative of figure 6(b).

where J"", J™™ and J™™" represent the (m, n) mode component of the electron
and ion Larmor radius current (up to second order and including displacement cur-
rent), and antenna current, respectively. Once the appropriate analytical expressions
for the aforementioned terms are included in (7.7) the resulting equation can be
reduced to a set of three coupled equations for complex electric field components.
The set of coupled complex equations is discretized on a grid and solved numerically
independently for each mode to obtain the corresponding electric field and hence,
through Faraday’s law, the magnetic field.

Reiterating the solution of the coupled equations through a wide range of modes
allows us to generate a database which can be sourced to create Fourier three-
dimensional syntheses of both electric and magnetic fields. In fact, given any
antenna configuration, it is possible to compute the weight corresponding to each
mode (m, n) and, through an appropriate summation, to calculate the total value
of any field at any location of the cylindrical volume. An example of the full
three-dimensional reconstruction of the fields in the cylindrical volume is shown
in figure 19. Here, the antenna modules are overlaid onto the two-dimensional plane
cuts of the tangential magnetic field. In principle, any region within the simulation
domain can be examined. The following section will show the resulting wave fields
in the measurement region of the experiment.

While the RFPisa code takes into account hot-plasma effects, it should be noted
here that we expect little to no hot-plasma effects in the LAPD case. The low tem-
peratures present in the LAPD make the wave dispersion well described by the
cold-plasma model. The use of RFPisa here is then not to validate the code’s
ability to capture the hot-plasma effects, but instead to validate the complicated
multi-step process used to synthesize the full three-dimensional reconstruction of the
fields. This is the first time RFPisa has been compared against experimental results,
and therefore the validation shown is very important to the future applications of
RFPisa.
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FIGURE 20. The RFPisa model run using 476 MHz, By=0.2 T case. Densities are repre-

sentative of timings in corresponding panels of figure 9: (a) ng = 5.5 x 1017(m_3), b) ng =
2.5 x 1017 (m™3), (¢) ng = 1.5 x 1017 (m=3).

7.2.2. Wave fields

The resulting fields calculated using the RFPisa code for the nominal f;=
476 MHz, By =0.2 T case are shown in figure 20. Figure 20 shows the region of
the simulation where we have taken data in the experiment. Here, we can see that,
in the highest-density case (figure 20a), when we expect that fast waves can propa-
gate in the plasma, we do indeed see a forward-propagating mode. The intermediate
density case, figure 20b), shows the mixture of the long-wavelength fast wave as well
as the short-wavelength slow mode. At the late discharge time, figure 20c¢), we again
see only the slow wave as the backward-propagating mode. While the wave patterns
do not exactly match the experiment, we do see the same behavior of the observed
waves in each of the density cases. It is not entirely surprising that there is some
disagreement between the RFPisa code and the experiment. In fact, the RFPisa
code is given an ideal launch spectrum from the antenna. Moreover, particularities
about the antenna geometry such as the Faraday screens on the modules as well
as non-ideal fields excited in front of the modules are not included. Since the exact
geometry of the antenna is not included in the model, we therefore do not expect
an exact match in the measured fields. The comparison here does show, however,
that inclusion of a more complete description of the ideal spectrum still shows the
transition of fast to slow wave launching from the antenna. From this we have seen
that we can use RFPisa to confidently identify the plasma conditions necessary for
an antenna that excites the ideal spectrum expected from the TWA to launch fast
waves in an LAPD plasma.

8. Summary

Throughout the work shown here we have shown that the TWA operates as
designed. We have demonstrated that the TWA launches fast waves when the plasma
supports fast-wave propagation. By comparing the plasma density, wave phase fronts
and the cold-plasma dispersion relation, we have identified which mode was prop-
agating in the plasma at a given time. Over a scan of antenna drive frequency,
we observed changes in the measured wave fields that corresponded to the predicted
changes in imposed n. The trends in the measured perpendicular wavenumber spec-
trum agreed well with the predicted wavenumber spectrum for the respective change
in n;. Using the antenna symmetry and a set of B probes we were able to show that
the antenna launches directionally, with control of the directionality determined by
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the choice of the feed end of the antenna structure. A survey of the loading charac-
teristics demonstrated a change in the imposed n; with drive frequency as manifested
by increased loading with the shift in the fast-wave cutoff density. The scan in static
magnetic field showed that loading on the antenna was higher during times in the
discharge where fast-wave propagation was observed, suggesting stronger antenna
loading during fast-wave coupling. Lastly, a comparison with two models was shown.
Using a cold-plasma axisymmetric model, we saw good agreement with the observed
propagating modes for density profiles representative of the experiment. A clear
distinction of the orientation of the phase fronts indicated fast- versus slow-wave
propagation that was observed in both the model and experiment. Qualitative agree-
ment in the directionality of the antenna was also observed. The use of the RFPisa
code developed by TAE technologies showed agreement with the observation of the
two plasma modes at different discharge times/densities. These two separate model-
ing efforts support the observations made in the experiments. As such it can be seen
that the TWA design works well to launch fast waves directionally when the antenna
and plasma parameters support fast-wave propagation.
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