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Abstract. A DIII-D high-beta H-mode discharge, with Ip = 850 kA, Bt = 2.1 T ne = 4×1019 m−3, has been designed to validate
full wave modeling of helicon waves by optimizing the expected response of the Phase Contrast Imaging diagnostic. Helicon waves
have been predicted to have high current drive efficiency off-axis without facing the accessibility issues of lower-hybrid waves.
To test these predictions experimentally, DIII-D has recently commissioned a high-power helicon antenna. To confidently predict
the behavior of helicon waves in future devices, measurements of their fundamental properties and validation against models will
be essential. Phase contrast imaging (PCI) is an absolutely calibrated internal reference interferometer able to measure density
fluctuations with radial wavenumbers kR between 1.5 cm−1 and 20 cm−1. For helicon waves 2cm−1 < kR < 10cm−1 is expected,
allowing PCI to measure their envelope and wavenumber spectrum. This makes PCI a powerful tool for the validation of state-of-
the-art models, like the AORSA full wave code. AORSA is used to compute the density perturbations measured by the PCI with
2D calculations corresponding to 11 different toroidal mode numbers combined to resolve the trajectory of the helicon wave in 3D.
This is necessary because the waves travel 120 degrees toroidally from the antenna to the PCI. A cold plasma finite element model
(CPFEM) [4] is used to predict propagation through the scrape-off layer. The result of the CPFEM model is connected to AORSA
by creating an artificial Gaussian antenna on the last closed flux surface. PCI shows best results for waves with small vertical
wavenumbers kz. Modeling the helicon waves for several past DIII-D experiments shows that kz is minimized if the intersection of
the helicon and the PCI laser beams occurs in the midplane. For such an optimized scenario the predicted signal level is two orders
of magnitude larger than the background density fluctuations arising from broadband turbulence.

INTRODUCTION

It has been shown that steady-state operation in tokamaks requires external current drive sources, which supplement
and enhance the bootstrap current [1, 2]. Hence, actuators for the efficient current drive are crucial for the design
of a steady-state fusion power plant based on the tokamak scheme. Simulations have identified the potential of the
helicon wave as an efficient current drive actuator in high-beta plasmas on DIII-D [3] and ITER [4]. To confirm these
predictions at reactor-relevant power levels a traveling wave antenna has been recently installed and commissioned
at DIII-D [5]. The primary goal of this undertaking is the confirmation of the predicted current drive efficiency
via current measuring diagnostics such as the motional stark effect diagnostic [6]. Confident extrapolation from
the observations at the DIII-D tokamak to future machines requires validated predictions including the coupled RF
power, the wave propagation, and the wavenumber spectrum in the core. Phase contrast imaging (PCI) can provide
an absolutely calibrated measurement of the line-integrated RF electron density fluctuation in the core plasma which
can be compared to results of 3 dimensional full-wave RF codes, allowing the assessment of the propagation path, the
absolute amplitude, the radial envelope, and the perpendicular wavenumber of the helicon wave. This complements
the suite of diagnostics that will study various helicon parameters at different locations in the plasma [7]. While PCI
measurement of RF waves has been successfully demonstrated in the past [8, 9, 10], application to measurement of
the helicon introduces technical and operational challenges, including development of a novel modulation scheme
applicable to higher frequencies [11] and design of a dedicated validation study which steers the extremely localized
helicon beam to intersect the PCI laser while optimizing the expected diagnostic response. The plasma optimized for
validation studies (described below) lies within established DIII-D parameter ranges and helicon design parameters,
but is not a high current drive scenario.

In this paper full-wave calculations of the helicon waves are used to demonstrate that PCI can detect helicon
waves in a realistic DIII-D experiment under the assumption of a quiescent scrape-off layer (SOL). One potential
concern is the impact of the background turbulence on the measurement. However, the synthetic helicon wave signals
are over two orders of magnitude larger than the turbulent signals observed in the reference discharge used for the
modeling. In the next section the PCI diagnostic is briefly introduced. Afterward, a DIII-D experiment optimized



for PCI measurements of helicon waves is presented, and the expected PCI response in this experiment is discussed.
Conclusions are drawn at the end of the paper.

The PCI diagnostic

PCI is an imaging interferometer that measures plasma density fluctuations integrated along a vertical laser beam with
sub-mm resolution across the beam. A detailed description of the DIII-D PCI system can be found in Ref. [11] and
references therein. The geometry of the laser beam along which the density fluctuations are integrated is depicted in
Fig. 1 below. The line integration restricts the PCI response to waves roughly perpendicular to the vertical laser beam,
i.e. the vertical component of the wavelength λz should not be much smaller than the size of the interaction region
between the fluctuation and the laser.
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FIGURE 1. Density perturbations due to the helicon wave computed by AORSA evaluated at the toroidal location of the DIII-
D PCI diagnostic. The vertical dashed orange line shows the center of the PCI laser eam, with black lines showing the radial
width. (a) Density perturbation for a helicon injected into a discharge similar to DIII-D shot #170325, where the Bt was reversed
and Ip reduced from 1 MA to 800 kA to facilitate an intersection between PCI and helicon. (b) Perturbation is expected in an
optimized discharge developed from shot #166508. (c) Evaluation of the fluctuating density along the central PCI chord shown in
(a), integrating to a negligible signal level. (d) Evaluation of the density along the central PCI chord of the optimized discharge
shows that the integrated value is dominated by the central tangent wave.

The DIII-D PCI employs a photoconductive detector, which restricts the frequency bandwidth to 2 MHz. In order to



detect the helicon wave at 476 MHz a laser modulation system based on a novel electro-optic modulator [12] is being
integrated into the system, which will operate at 475 MHz and allow heterodyne detection of the density perturbations
of the helicon beam.

To predict the response of the PCI diagnostic it is necessary to resolve the ñe associated with the helicon wave in
3D, hence full-wave computations are required. Note that the cold plasma approximation is insufficient to accurately
estimate ñe for helicon waves in the DIII-D core. In addition, a solution correct to all orders in the finite ion-Larmor-
radius parameter k⊥ρi is required because k⊥ρi ∼ 1 for the helicon. The all-orders spectral algorithms (AORSA) code
[13] was therefore chosen as best fulfilling all these requirements.

The computation costs of using AORSA however are significant. A single 2D calculation with the resolution
necessary for helicon waves can easily consume 100k CPU hours. Resolution in 3D is achieved by decomposing the
wave into individual toroidal modes. Calculation of 11 modes has been found to accurately represent the 3D path,
envelope, and wave structure of the helicon in the core plasma.

It is not feasible for a single model to calculate the wave continuously from the antenna, through the SOL, and
across the core plasma due to the difference in wavenumbers and parameter scale lengths, as well as the complexity
of the antenna structure [4]. The computation domain is therefore split into two regions. In the unconfined region
a cold plasma finite element model (CPFEM) [14] is used to predict the wave propagation between the antenna and
the last closed flux surface. Similarly to AORSA, this is a 2D model, and toroidal mode number decomposition is
used to achieve 3D resolution. The two calculations are interfaced with each other by using the current at the last
closed flux surface (LCFS) calculated by the CPFEM as a boundary condition to AORSA, which can be thought of
as a virtual antenna. The CPFEM assumes a toroidally symmetric antenna that is perfectly aligned with the helicity
of magnetic field to limit the excitation of the slow wave. To accurately solve the coupling problem a 3D full-wave
model with a realistic antenna is needed, but at the time of writing such a model is not readily available. Preliminary
calculations with a reduced model [15] indicate that slow-wave excitation may not be insignificant for the optimized
experiment discussed below. While we normalize the electric fields such that a total power of 800 kW is absorbed
here, the helicon wave could still be detected even if only half of this power is coupled to the fast wave. To assure
that the helicon beam is approximately Gaussian-shaped at the interface layer a static, poloidally symmetric density
profile is assumed in the SOL. It is expected that turbulent density fluctuations in the SOL will have some effect on the
synthetic PCI measurements [17]. Hence, a quantitative study of this as well as the effect of realistic antenna-plasma
coupling will be subject of future investigations.

The toroidal and poloidal envelope of the current computed by the CPFEM at the LCFS is shown in Fig. 2(a). A
virtual antenna parameterized as a 2D Gaussian provides a good representation of the dominant peak, while the side
lobes can be neglected. The residual error of the total calculated current minus the virtual antenna current is shown in
Fig. 2(b).

PREDICTED PCI MEASUREMENTS OF HELICON WAVES IN AN OPTIMIZED
DIII-D EXPERIMENT

Maximization of the PCI signal from the helicon wave requires that the waves propagate perpendicular to the PCI
beam in the interaction region. As shown in Fig. 1, the wavefronts of the helicon are nearly parallel to the flux
surfaces, resulting in a requirement that the helicon wave intersects the PCI beam near the midplane. Parameter scans
with the GENRAY code [16] identified the toroidal magnetic field Bt, the plasma current Ip, the electron density
ne and the plasma shape as possible actuators for steering the beam. By mining the DIII-D database of previous
discharges, shot #166508 was identified as an ideal scenario with only minor adjustments required. This discharge
exhibited high βp with 8 MW of neutral beam heating at a high magnetic field of 2.18 T and a moderate current
of 850 kA. Optimization for PCI helicon measurements entailed reversing the magnetic field so the helicon waves
propagate towards the PCI toroidally, increasing the elongation, and reducing ne by 15 % to 4.8× 1019 m−3. In this
configuration, the helicon waves drive counter current. The necessity of optimizing the discharge for PCI detection of
the helicon wave is demonstrated in Fig. 1, which shows the calculated ñe at the PCI toroidal location. A plasma with
non-optimized parameters is shown in Fig. 1(a), where the helicon intersects the PCI beam 20 cm below the midplane.
The wavefronts are not perpendicular to the vertical PCI laser, and the line-integrated signal is negligible. A fully
optimized discharge is represented in Fig. 1(b), with the helicon/PCI intersection at the midplane and wavefronts
tangent to the PCI beam, producing a large PCI signal. The inclusion of additional physical processes, such as wave
distortions due to plasma edge turbulence [17] or parametric decay instabilities [18], are expected to quantitatively
affect the expected PCI signal from helicon waves both on and off the midplane. It is anticipated that fine-tuning of
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FIGURE 2. (a) Helicon wave currents on the LCFS as computed by the CPFEM. (b) Residual difference between the full
calculation of the currents at the LCFS and the virtual antenna representation, showing that the central peak is well captured but
the side lobes are neglected.

the discharge will be required in practice, and design is underway for a set of parameter sweeps designed to allow
optimal measurements given parameter uncertainties.

Estimating the signal-to-noise ratio of the helicon signals requires a measure of the expected background. The het-
erodyne detection process will produce a signal that combines the helicon signal mixed from 476 MHz down to 1 MHz
and homodyne detection of the low-frequency broadband turbulence. A laser modulation of 100% is assumed, and the
expected signal due to the helicon as calculated above is combined with the PCI broadband turbulence measurement
acquired during the experimental discharge from which the optimized scenario was developed. In order to produce a
conservative estimate, the center 3 PCI channels were averaged over a 10 ms window, producing the turbulence S( f )
spectrum shown in Fig. 3(a). This is combined with the expected helicon signal to produce Fig. 3(b), which shows the
helicon signal several orders of magnitude above the signal from turbulent fluctuations. Hence, the signal correspond-
ing to the helicon wave can be easily detected by the PCI even if much less than the here assumed 800 kW are coupled
to the fast wave or if the modulation of the laser is less efficient. Improved discrimination of the helicon signal can be
achieved with longer averaging and spectral reconstruction. Figure 3(c) shows the expected S(k, f ) based on 100 ms
of data in 128 µs windows from 12 spatial channels, with the quantitative comparison at 1 MHz shown in Fig. 3(d).
The measured wavenumber −4 cm−1 agrees well with the maximum kR that can be directly derived from the AORSA
calculations.

CONCLUSIONS

To predict the propagation of the helicon waves from the antenna to the core, the helicon wave propagation in a
poloidally symmetric scrape-off layer is computed with a cold plasma finite element model. The results of this model
are coupled to the AORSA code via a Gaussian-shaped virtual antenna located on the last closed flux surface. The
AORSA code directly delivers the ñe predictions needed to compute synthetic PCI signals.

Achieving the largest helicon signal on the PCI requires that the helicon wavefronts be tangent to the PCI laser
beam, which is achieved by placing the PCI/helicon intersection at the midplane. An optimized discharge has been
developed based on minor modifications of DIII-D shot #166508.

For this optimized experiment the synthetic PCI measurements of the helicon waves have been compared against
the turbulent background measured in the reference discharge #166508. The synthetic helicon wave signal exceeds
the turbulent background by more than two orders of magnitude. Furthermore, the wavenumber spectrum computed
from the mixture of synthetic and measured signals agrees with the spectrum derived directly from the AORSA
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FIGURE 3. (a) Experimentally measured PCI turbulence spectrum from discharge #166508, the basis of the idealized scenario,
using 1 ms of data from 3 PCI channels. (b) Experimental S( f , t) with the expected level of the heterodyned helicon perturbation,
as calculated from AORSA and a synthetic PCI calculation. (c) S(k, f ) spectrum of PCI data with expected synthetic helicon
signal added, based on 100 ms of data across 12 spatial channels. (d) S(k, f = 1MHz) comparing experimental data in blue to the
combined experiment and synthetic signal in green, showing the helicon signal 3 orders of magnitude larger than the homodyne
turbulence signal.

calculation. Heterodyned PCI is predicted to be capable of detecting the Helicon density fluctuations with particular
plasma parameters and has the potential to validate the cold plasma-AORSA model.
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