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Abstract: Helicon waves have been recently proposed as an off-axis current drive actuator for DIII-D, 

FNSF, and DEMO tokamaks. Previous ray tracing modeling using GENRAY predicts strong single pass 

absorption and current drive in the mid-radius region on DIII-D in high beta tokamak discharges. The full 

wave code AORSA, which is valid to all order of Larmor radius and can resolve arbitrary ion cyclotron 

harmonics, has been used to validate the ray tracing technique. If the scrape-off-layer (SOL) is ignored in 

the modeling, AORSA agrees with GENRAY in both the amplitude and location of driven current for 

DIII-D and ITER cases. These models also show that helicon current drive can possibly be an efficient 

current drive actuator for ITER. Previous GENRAY analysis did not include the SOL. AORSA has also 

been used to extend the simulations to include the SOL and to estimate possible power losses of helicon 

waves in the SOL. AORSA calculations show that another mode can propagate in the SOL and lead to 

significant (~10-20%) SOL losses at high SOL densities. Optimizing the SOL density profile can reduce 

these SOL losses to a few percent.  

 

1. Introduction 
 

For any future magnetic fusion tokamak experiment or reactor such as ITER, FNSF or DEMO to operate 

in steady state, external non-inductive current drive is necessary to supplement the plasma-generated 

bootstrap current. The external current must contain both on and off-axis actuators to maintain a weak 

shear or reversed shear profile for expected high beta H-mode plasmas [1]. Many current drive techniques 

such as neutral beam current drive (NBCD) [2-6], lower hybrid current drive (LHCD) [7-10], fast wave 

current drive (FWCD) [11-14], high harmonic fast wave current drive (HHFWCD) [15-17], and electron 

cyclotron current drive (ECCD) [18-22] have been extensively studied experimentally in various 

tokamaks and numerically with various simulation tools. This paper focuses on simulations of helicon 

wave current drive (HCD), which is expected to provide efficient off-axis current drive compared to other 

alternatives in high beta DIII-D scenarios [23, 24]. Unlike the other techniques, helicon current drive 

remains untested experimentally, so simulations are necessary to predict current drive efficiency as well 

as project to reactor relevant tokamaks. 

 

Detailed modeling of the expected HCD was performed using the ray tracing code, GENRAY [25]. For 

wavelengths smaller than typical scale lengths (minor radius, density gradients), the WKB approximation 

can be used to reduce Maxwell’s equations to a system of ray equations. GENRAY is one such simulation 
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that solves this system of ray equations by calculating the ray trajectories and absorption for a given 

dispersion relation and a given absorption profile. Because of the reduced computational complexity, 

GENRAY can be easily used for large parametric scans. In reference [24], GENRAY simulations showed 

that helicon waves can drive significant off-axis current drive that is approximately two times more 

efficient than NBCD and four times more efficient than conventional ECCD in DIII-D, provided effective 

coupling of the wave to the plasma can be established. There could be potential issues with the previous 

GENRAY simulations. The WKB approximation does not allow for diffraction or reflection effects. 

GENRAY uses a finite Larmor radius expansion that does not calculate ion absorption at high cyclotron 

harmonics accurately. The ray tracing simulations in references [23] and [24] do not include possible 

scrape-off-layer (SOL) effects and loss mechanisms such as antenna loading [26-28], scattering from 

fluctuations [29,30], collisional absorption [31,32], and parametric decay instabilities [33,34]. These loss 

mechanisms could lead to reduced helicon power coupled to the core plasma and reduced helicon current 

drive efficiency. 

 

To better validate these ray tracing simulations and to account for SOL losses, the massively parallel 

computing full wave simulation AORSA [35, 36] was used. Like many other hot ion cyclotron full wave 

codes, AORSA solves a generalization of the Helmholtz equation with the full hot plasma dielectric 

tensor. AORSA includes diffraction, reflection and mode conversion physics as well as Landau damping 

and transit time magnetic pumping effects [37]. Unlike other full wave ion cyclotron codes that are valid 

only to 2
nd

 order or lower order finite Larmor radius and ion cyclotron harmonic number, AORSA is valid 

to all orders of Larmor radius and can resolve arbitrary ion cyclotron harmonic number. For helicon 

waves at 30
th
 to 50

th
  ion cyclotron harmonic, this is necessary. AORSA uses the non-relativistic Ehst-

Karney parametrization for current drive calculations [38, 39]. 

 

In this paper, GENRAY and AORSA results will be shown for DIII-D and ITER cases. Section 2 

introduces helicon wave physics, application of helicon wave current drive to DIII-D, and the possible 

application of helicon wave current drive to ITER. In section 3, AORSA 1-D cases are shown to 

demonstrate that AORSA can numerically resolve the helicon wave in 2-D. These simulations also 

demonstrate that with current computational resources, AORSA 2-D can only resolve the helicon wave 

and not the slow wave. In section 4, AORSA 2-D results are shown for DIII-D and ITER for cases where 

the SOL is not included in the simulation. Comparison to the ray tracing model GENRAY is carried out. 

For both DIII-D and ITER, good agreement between GENRAY and AORSA 2-D is found for current 

drive and power absorption magnitude and peak radial location. When the SOL is not included in the 

simulation, the simulated helicon current drive for DIII-D and ITER scenarios can be significantly higher 

in the mid-radius region compared to other off-axis current drive techniques. In section 5, AORSA 1-D 

and 2-D modeling of DIII-D cases with the SOL is described. AORSA 1-D modeling is used to show that 

the slow wave does not appear to have an important effect in helicon wave propagation and absorption. 

The AORSA 2-D cases, however, show a distinct pattern, possibly a standing wave, propagating in the 

SOL that is not observed in the GENRAY model. Using collisions as a proxy for any physical mechanism 

that can cause wave dissipation in the SOL, both AORSA 1-D and 2-D simulations show significant 

helicon power absorption in the SOL at high SOL densities. Section 6 contains a discussion of the 

simulation results and their implications for future helicon current drive experiments. 

 

2. Helicon current drive 

 

Helicon waves are fast wave at high ion cyclotron harmonics. The perpendicular index of refraction, ��, 

of the helicon wave is shown in equation (1) as a function of plasma parameters and parallel index of 

refraction, �||. S and D are cold plasma Stix parameters [40]. ��� is the component of the warm 

Maxwellian dielectric tensor parallel to the magnetic field and is defined to be 2��	[1 + ��
����] where �� is the ratio of the parallel phase velocity to the electron thermal velocity, and 
���� is the plasma 

dispersion function [40]. 
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�� = � ���	�||����	����	�||��	���������|���|� �||��� �||��
	                                                                        (1) 

 

The imaginary component of the perpendicular index of refraction, ��!, is shown in equation 2 where "� 

is the electron beta, #$� is the electron plasma frequency, #%� is the electron cyclotron frequency, and G 

is a dimensionless term that depends on many non-dimensional plasma parameters. The full description of 

G is shown in reference [24]. The single pass absorption rate, &, is shown in equation (3). & depends on ��! and is a useful metric for helicon wave absorption efficiency.  

 ��! = 	√(4 ��"���*�+�,��||, ., /, ���, #$�#%� , 01�23	�																																												�2� 
 & = 1 − 25 #3 ��!6

�6 78																																																																																									�3� 
 

As discussed in detail in reference [24], equation (1) can be used to understand wave propagation in 

tokamaks given that n|| is largely set by the antenna. For DIII-D parameters, helicon waves propagate 

close to magnetic field lines with a small radial component. Equations (2) and (3) can be used to 

understand wave absorption for helicon waves and their application to current drive in tokamaks. With 

sufficiently high single pass absorption and strong damping, the wave will damp and drive current off-

axis. For high beta DIII-D discharges, GENRAY parametric scans of antenna location, frequency, and n|| 

indicate that strong absorption by electron Landau damping can be obtained at ~500 MHz, n|| =3, and 

antenna above the midplane. The results are not very sensitive to n||, so n|| was chosen by antenna loading 

and accessibility considerations. If n|| is large, antenna loading becomes small because the helicon fast 

wave needs to tunnel through an evanescence layer. The attenuation of the helicon fast wave through this 

evanescence layer depends strongly on n||. If n|| is small, the helicon fast wave can mode convert to a slow 

wave, preventing the helicon fast wave from accessing the plasma core. Launching helicon waves above 

the midplane produced slightly better results and allowed for easier port access on DIII-D. The choice of 

frequency is critical as a balance between accessibility considerations and undesired fast ion damping 

from neutral beams.  

 

The predicted large mid-radius helicon current drive in reference [24] has led to recent low power tests of 

helicon antenna loading [27, 28]. Success of these low power experiments have led to plans for high 

power experiments on DIII-D. Development of a high power helicon system [41] and a new travelling 

wave antenna [42] to deliver 1 MW of helicon power at 476 MHz to the DIII-D tokamak is in progress. 

476 MHz is chosen because it is close to the chosen 500 MHz from the GENRAY parametric scans and 

because of the availability of 1.2 MW, 476 MHz klystron systems from the Stanford Linear Accelerator to 

provide power to the antenna. The travelling wave antenna is a 30-module system where the input power 

is fed on the side of the antenna, travels toroidally through the 30 modules, and outputs on the other side 

of the antenna at another toroidal location. It is located above the midplane and optimized to an expected 

center n||	value of 3. The width of the vacuum n|| spectrum is expected to be narrow because of the large 

number of modules. Some spectrum modification may be possible due to plasma effects.  

 

The DIII-D scenario chosen for this paper is from an integrated modelling effort using the FASTRAN 

code [43] in 2012 to guide potential upgrades to heating and current drive systems. The scenario assumes 

B0 = 1.75 T, Ip = 2 MA, 9 MW of ECCD power to provide current drive as far off-axis as possible. 14 

MW of neutral beam power is also deposited off-axis, so that the current profile has weak magnetic shear 
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and a beta of about 5% [43, 44]. The electron density, temperature, and Zeff is shown in figure 1 as a 

function of the square root of the normalized toroidal flux, ρ. The density peaks at 6x10
19

 m
-3

 and almost 

6 keV in the core. With upgrades to ECH and neutral beam power, this scenario is envisioned as a 

possible future high beta, fully non-inductive DIII-D discharge. Helicon simulations for this scenario 

assumes 476 MHz frequency and 1 MW coupled input power to the plasma. 1 MW is chosen because of 

the estimated transmission line and coupling losses from the 1.2 MW sources. The equations that 

GENRAY and AORSA solve are linear, so the total current driven scales linearly with the absorbed 

power and the simulations can be scaled appropriately if the coupled power is different than expected. 

 
Figure 1. a), b, c) The electron density, temperature, and Zeff is shown for the DIII-D scenario, 

respectively as a function of the square root of the normalized toroidal flux, ρ. 

 

An integrated ITER scenario [45] was also chosen for this paper to show the possibility of helicon current 

drive in a burning plasma experiment. The electron density and temperature profiles are shown in figure 

2a) and 2b). The fast ion and alpha density are shown in figure 2c) and the fast ion and alpha temperature 

are shown in figure 2d). The density is approximately 7x10
19

 m
-3

 with equal deuterium and tritium ion 

ratio density. Core temperature is ~ 25 keV and Zeff is assumed to be equal to 2 throughout the core 

plasma. This is a weak magnetic shear scenario optimized using the GLF23 transport model and 

benchmarked by other models, such as the FASTRAN model. The scenario assumes 33 MW of neutral 

beam power, 20 MW of electron cyclotron power, and 20 MW of ion cyclotron power in a B0 = 5.3 T, Ip 

= 8 MA discharge. Fast deuterium ions from the 1 MeV neutral beam is calculated from the NUBEAM 

code [46]. Alphas from the D-T reaction are also calculated from NUBEAM using the Bosch-Hale cross 

sections. The calculated density and temperature from NUBEAM is for a stationary equilibrium 

distribution where the alphas and fast ions slow down to thermal plasma temperatures. Depending on the 

choice of frequency, the fast ions and alphas may be important. 1 MW input power and n|| = 3 is assumed 

for the AORSA simulations.  This is shown in section 4.  

 

In later sections, GENRAY and AORSA calculations show that there can be 100% single pass absorption 

and large mid-radius current drive for the plasma scenarios chosen in this paper. Estimates of the single 

pass absorption rate for various DIII-D parameters are shown in reference [24]. 
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Figure 2. a) electron density b) electron temperature c) fast ion (blue dashed line) and alpha density (red 

solid line) d) fast ion (blue dashed line) and alpha (red solid line) temperature is shown for the ITER 

scenario. 

 

For this paper, the convention is that n|| is positive when the toroidal field is clockwise from the top of the 

torus. DIII-D can operate the toroidal field for both clockwise and counterclockwise direction, and the 

DIII-D antenna is designed to launch the helicon wave in either positive or negative n|| for scenarios with 

either toroidal field direction and either co- or counter- current drive direction.  

 

3. AORSA 1-D simulations for DIII-D 
 

The AORSA simulations were obtained on the supercomputing clusters located at the National Energy 

Research Scientific Computer center (NERSC). For the results of this paper, AORSA is solved in both 

one dimension (1-D) in the radial direction and two dimensions (2-D) in the radial and vertical directions. 

Due to the high frequency and short wavelengths of helicon waves (~500 MHz) compared to typical fast 

waves, the AORSA 2-D helicon wave simulations are computationally intensive and require significantly 

more computational resources than typical AORSA 2-D fast wave simulations. The AORSA 2-D results 

used ~300-600 grid points in both the radial and vertical dimensions. This is within the capabilities of the 

estimated maximum 600x600 grid points for AORSA 2-D simulation with the current computational 

resources on NERSC. A convergence scan using up to 1600 grid points in AORSA 1-D simulations 

indicates that ~300-600 grid points for AORSA 1-D and 2-D are sufficient to resolve the helicon wave. 

AORSA 1-D simulations also have enough grid points to resolve the slow wave in the SOL, which is 

currently not possible in the AORSA 2-D simulations. 
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Figure 3. AORSA 1-D simulation of DIII-D integrated scenario at n|| = 3. a)  |E| for various grid points. b) 

Pabs for various grid resolutions. 

 

The AORSA 1-D electric field, |E|, and power absorbed on the electrons, Pabs, for n|| = 3 are shown for 

200, 300, 400, 600, 800, and 1600 radial grid points in figure 3a) and 3b) for the above-mentioned DIII-D 

scenario, respectively. It can be seen in figure 3 that 200 (blue), 300 (green), and 400 (red) points give 

different solutions than the 600 (cyan), 800 (purple), and 1600 (yellow) points. This is especially 

noticeable in the |E| in the inner SOL. 600, 800, and 1600 points give similar answers for helicon |E| field 

and Pabs, indicating that the solution has converged and that 600 points is sufficient for an accurate 

calculation.  

 

Similarly, the AORSA 1-D electric field, |E|, and Pabs, for n|| = 4 is shown for 200, 300, 400, 600, 800, and 

1600 grid points in figure 4a) and 4b), respectively. In this case, only 200 and perhaps 300 grid points 

appear to give a substantially different solution for |E|. 300-400 grid points appear sufficient for an 

accurate calculation. The minimum number of grid points can be estimated by calculating the 

perpendicular helicon wavelength from the dispersion relation in equation (1).  The perpendicular 

wavelength of the helicon fast wave is shown in figure 5 for both the n|| =3 (blue) and n|| =4 (red) case. 

From Nyquist’s theorem, a minimum of at least 2 grid points per wavelength is needed to resolve the 

solution. For a 1.4 m radial grid and minimum 0.8 cm to 1.1 cm helicon wavelength for the n|| =3 and n|| 

=4 cases, 2 grid points per wavelength gives an estimated minimum of 250-375 grid points to resolve the 

helicon wave. Based on the 1-D AORSA solutions, it appears that ~3-4 grid points per wavelength (~300-

600 grid points) is sufficient for a converged solution. In all the subsequent 2-D AORSA simulations, 

300-600 grid points are used in both the radial and poloidal dimension. The exact number of grid points 

differ depending on the case. For higher densities, higher frequency, and lower n||, equation (1) can be 

used to show that the perpendicular refractive index is larger, so the perpendicular wavelength is smaller 

and a finer grid resolution is necessary.  
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Figure 4. AORSA1-D simulation of DIII-D integrated scenario at n|| = 4. a)  |E| for various grid points. b) 

Pabs for various grid points. 

 

 
Figure 5. Helicon fast wave dispersion relation for n|| =3 (blue) and n|| =4 (red) for the DIII-D integrated 

scenario. 

 

4. Comparison between AORSA 2-D and GENRAY for DIII-D and ITER without SOL 

 

For the AORSA 2-D simulations, recent computational upgrades to AORSA have allowed for converged 

helicon mode calculations by reducing the numerical pollution of AORSA results [47]. AORSA had been 

susceptible to numerical noise for cases with strong electron Landau damping. The numerical noise 

increases with higher mesh resolution. Helicon waves require a large mesh resolution since they have 
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relatively short wavelengths compared to typical waves used for ICRF heating. Electron Landau damping 

is also the dominant damping mechanism for helicon waves, so reducing numerical pollution is essential. 

In reference [47], a new plasma dispersion function has been developed to account for the fact that the 

local wave vector cannot be assumed to be a straight magnetic field line, and that is in fact curved. This 

assumption is especially problematic for the case of electron Landau damping. The new plasma 

dispersion function allows for resonance broadening of k|| from electron motion in curved magnetic field 

lines. This not only includes more accurate physics for electron Landau damping but is also used to 

reduce the numerical pollution of strong electron Landau damping cases. To be consistent with the new 

plasma dispersion function, the power absorbed (“Wdot” or dW/dt) now includes dissipative and non-

dissipative terms. Wdot is used for the calculation of power absorption and current drive efficiency. Full 

details of these numerical upgrades are in reference [47]. 

 

The GENRAY calculations shown in this paper used the cold plasma dispersion relation, a single ray, and 

an ion absorption model derived for high harmonic fast waves [48]. The non-relativistic Ehst-Karney 

formula is used for current drive. Previous work [24] using GENRAY has shown that the power 

absorption and current drive are surprisingly insensitive to the number of rays, choice of either cold or hot 

plasma dispersion relation, or different ion absorption models. The simplest GENRAY results are 

therefore used in this paper to compare with the AORSA results. A Maxwellian distribution for the 

electron distribution function is assumed in this paper. Electron Landau damping from high power waves 

can modify the electron distribution function. The use of a Fokker-Planck model, such as CQL3D [49], to 

account for non-Maxwellian populations was done previously in reference [24] and showed that CQL3D 

only minimally modifies the electron distribution function and current drive profile for the cases 

calculated in this paper. Given this initial result and noting that iteration between AORSA and CQL3D 

adds additional numerical complexity, non-Maxwellian distributions are considered outside the scope of 

this paper. 

 

Multiple comparisons between GENRAY and AORSA are chosen for both DIII-D and ITER discharges. 

These comparisons were chosen for both numerical and physics reasons. The main physics goal of the 

AORSA simulations of DIII-D discharges is to compare GENRAY and AORSA to validate the choice of 

antenna parameters chosen, such as antenna n||, frequency, and locations in reference [24]. Antenna 

locations on the mid-plane and above the mid-plane were chosen, and n|| = 3 and 4 were chosen to match 

those in reference [24]. AORSA simulations are computationally intensive and some simulations were not 

possible for the desired antenna parameters. Some of the converged AORSA simulations cases are shown 

here. For all converged AORSA simulations for the DIII-D scenario without the SOL that have been 

achieved to date, there is good agreement with the GENRAY results. Further comparisons between 

GENRAY and AORSA for the ITER discharges also showed good agreement if electron Landau damping 

is the dominant absorption mechanism. 

 

The 2-D electric field profiles are shown in figure 6a) for the DIII-D scenario. The black dashed lines are 

contours of the normalized flux, ρ, at 0.2, 0.4, 0.6, 0.8, and 1. The GENRAY ray trajectory is also shown 

by the black solid line in figure 6a). The GENRAY result agrees with the shape of the AORSA 2-D 

electric field profiles. To further quantify the comparison between AORSA and GENRAY, the AORSA 

2-D power absorption and driven current profiles for n|| = 3 are flux surface integrated and plotted in the 

solid lines in figures 6b) and 6c). The GENRAY power absorption and current driven along the ray is flux 

surface mapped to ρ and shown by the dashed lines in figures 6b) and 6c). The power absorption for both 

simulations is dominated by electron Landau damping (>99% absorption to the electron channel). The 

power absorption also peaks in the mid-radius region (.4 < ρ < .6). The AORSA profiles are slightly 

broader than GENRAY, but the total current predicted by AORSA is only ~5-10% higher than GENRAY 

for this case and for all the cases shown below in this section. 
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Figure 6. a) AORSA |E| (colors) and GENRAY ray (black line) for DIII-D integrated scenario at 

frequency of 476 MHz and n|| = 3. b) Flux surface integrated driven current. c) Flux surface integrated 

power absorbed. 

 

Similar results for n|| = 4 cases are shown in figures 7 and 8 for helicon waves launched at the midplane 

and above the midplane. AORSA electric field profiles, flux surface integrated driven current, and flux 

surface integrated power absorption are shown in figures 7a), 7b), 7c) for the midplane case, respectively. 

AORSA electric field profiles, flux surface integrated driven current, and flux surface integrated power 

absorption are shown in figures 8a), 8b), 8c) for the above the midplane case, respectively. The agreement 

between the GENRAY ray trajectories and AORSA |E| fields is good for both of these cases. The 

magnitude and peak radial location of the helicon current drive and power absorption also are in good 

agreement for both cases.  

 
Figure 7. a) AORSA |E| (colors) and GENRAY ray (black line) for DIII-D integrated scenario at 

frequency of 476 MHz and n|| = 4. b) Flux surface integrated driven current. c) Flux surface integrated 

power absorbed. 
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Figure 8. a) AORSA |E| (colors) and GENRAY ray (black line) for DIII-D integrated scenario at 

frequency of 476 MHz, n|| = 4, and above the midplane helicon launch. b) Flux surface integrated driven 

current. c) Flux surface integrated power absorbed. 

 

To further evaluate possible differences between GENRAY and AORSA and to understand the possible 

utility of HCD on ITER, GENRAY and AORSA simulations were carried out for the chosen ITER 

scenario. Figure 9 shows the previous results for ECCD (blue triangles), NBCD (red stars), FWCD (green 

squares), LHCD (brown triangles) from figure 7 of reference [45] as well as the newly calculated HCD 

(black circles) for different helicon frequencies and n|| studied. As shown in figure 9, the use of 1 GHz 

helicon wave with a n|| = 2 could be an attractive option for driving current in the mid-radius region. HCD 

efficiency at 1 GHz and n|| = 2 is a factor of 2 to 3 greater than ECCD and approximately 15% greater 

than LHCD.  

 
Figure 9. Calculation of current drive amplitude and location for ITER steady state scenario. For the HCD 

cases, the GENRAY calculations for the current drive efficiency are plotted. The AORSA calculations for 

500 and 750 MHz are 10-15% higher than the GENRAY and suggest even better HCD efficiency. 

 

For three of these cases, the current drive location and amplitude are calculated with AORSA. 

Unfortunately, the memory limitations of AORSA on the NERSC supercomputer precluded its use for the 

highest frequency case at 1 GHz and n|| = 2. Lower frequency cases, however, could be simulated using 
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AORSA. Comparison of GENRAY vs. AORSA for three cases are shown below for 250 MHz, 500 MHz, 

and 750 MHz in figures 10, 11, and 12.  

 

 

 
Figure 10. a) AORSA |E| and GENRAY ray for ITER integrated scenario at frequency of 250 MHz and n|| 

= 3. b) Flux surface integrated driven current. c) Flux surface integrated power absorbed. 

 

 
Figure 11. a) AORSA |E| and GENRAY ray for DIII-D integrated scenario at frequency of 500 MHz and 

n|| = 3. b) Flux surface integrated driven current. c) Flux surface integrated power absorbed. 
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Figure 12. a) AORSA |E| and GENRAY ray for ITER integrated scenario at frequency of 750 MHz and n|| 

= 3. b) Flux surface integrated driven current. c) Flux surface integrated power absorbed. 

 

When the frequency is 250 and 500 MHz, the GENRAY trajectory matches the AORSA electric fields. 

Both codes predict similar current drive profiles in terms of magnitude and peak location. Significant 

power loss to the fast alpha and deuterium beam ions is predicted by both codes. There are some 

differences between the two codes. There does appear to be some difference between the proportion and 

location of the helicon power transferred to the bulk electrons versus fast ions and beam ions in the two 

codes. For comparison between GENRAY and AORSA, this should not be too important because the 

helicon frequency should be chosen to be high enough to avoid strong fast ion and beam ion losses. Any 

frequency chosen for current drive will therefore have minimal fast ion and beam ion losses and minimal 

differences in these losses between codes. At 750 MHz, the power is predominantly absorbed by the 

electrons, similar to the DIII-D case. The agreement between the two codes is also good in this case for 

current drive and power deposition magnitude and location.  

 

5. AORSA and GENRAY modeling for DIII-D with SOL 
 

While the agreement between GENRAY and AORSA is good for many cases, the above simulations do 

not take the SOL into account. The antenna is necessarily located in the cold SOL, where there could be 

other significant physical mechanisms such as plasma-antenna loading, parametric decay instabilities, 

scattering from fluctuations, slow waves, and electron-neutral collisions. It is therefore necessary to 

investigate these possible SOL mechanisms and identify possible SOL loss channels. RF power losses in 

the SOL near this frequency range have been observed experimentally for LH waves on many 

experiments [50] and high harmonic fast waves on NSTX [51]. To investigate possible SOL loss 

mechanisms, this paper follows the numerical approach outlined in previous papers using AORSA to 

study SOL losses  [52, 53]. The SOL density profile is modelled as a radial exponential decay, shown in 

equation (4) below where �:!� and L are the minimum electron density in front of the antenna and the 

SOL decay length, respectively. Both these parameters are inputs to the AORSA model that can be 

varied, so as to study the sensitivity of the helicon current drive efficiency to the details of the SOL 

density profile. 

 �� = �:!� 	+ [����; = 1� −	�:!�] ∗ 	*�=�>? 																													�4� 
 

Estimates of the SOL losses is achieved using a collisional frequency, ν, that is implemented by replacing 

the mass with an effective mass that includes an imaginary term [40]. ν is also an input parameter to 
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AORSA. If ν = 0, no significant power absorption is observed in the SOL. ν is therefore a proxy for 

possible physical mechanisms and allows for study of SOL losses as a function of SOL density. At the 

moment, there is a lack of quantitative understanding of all the physical mechanisms for helicon power 

absorption in the SOL. To illustrate the importance of the SOL density on the power losses in the SOL, 

ν/ω is therefore chosen to equal .01 in this paper. This has previously been used in AORSA simulations 

[52]where it is shown that the power lost to the SOL increases with increasing ν/ ω for AORSA 

calculations of NSTX conditions. The estimates and conclusions in this section are therefore qualitative 

and are used to understand trends in the SOL losses as a function of SOL density. The quantitative 

calculated loss requires better understanding of SOL density profiles and physical loss mechanisms. 

 

 
Figure 13. AORSA 1-D solution for DIII-D case including the SOL. a) |E| for various �:!�. b) Pabs for 

various �:!�. 

 

Both AORSA 1-D and 2-D simulations are used to model helicon power loss in the SOL. Starting with 

AORSA 1-D, the |E| and Pabs profile as a function of the major radius are shown for various �:!� in figure 

13a) and 13b), respectively. The number of radial grid points used is 1600. Based on calculations of the 

fast and slow wave perpendicular wavenumber from the dispersion relation, 1600 grid points is sufficient 

to resolve the fast wave throughout the simulation and both the fast and slow waves in the SOL. The |E| of 

the helicon wave in the core plasma are almost identical for all cases. There is a slightly lower core Pabs in 

the �:!� = 1 x10
18

 m
-3

 case. Unlike the solution in the core, the solution in the SOL is very different for 

all 7 cases. A close-up of these 7 cases in figure 13 within the SOL is shown in figure 14a) and b). Figure 

14c) and 14d) also show the perpendicular wavelength for the helicon fast wave and slow wave. For all 

the cases, the |E| field peaks radially inwards of the antenna. For �:!� ≤ 2 x10
18 

m
-3

 where the helicon fast 

wave is evanescent for at least parts of the SOL, the |E| field decays away from the peak location. Behind 

the antenna, for �:!� ≥ 3 x10
18 

m
-3

 where the helicon fast wave is propagating in the SOL, the |E| field 
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oscillates in the SOL with wavelength on the order of a few cm. The wavelength of these oscillations is 

shorter for higher densities and is approximately half of the expected fast wave perpendicular wavelength 

(~few cm) at those densities.  While the grid resolution is high enough to resolve the slow wave, no 

oscillations of the order of the slow wave perpendicular wavelengths (~ few mm) are observed in these 

simulations. This may indicate that the slow wave is not an important factor in the SOL and is 

encouraging for interpreting the results of the AORSA 2-D simulations where the grid resolution is not 

sufficient to resolve the slow wave in the SOL. 

 
Figure 14. A close-up of figure 13 for the radial region containing the outer SOL. a) |E| for various �:!�. 

b) Pabs for various �:!�. c) Helicon fast wave perpendicular wavelength for various �:!�. d) Slow wave 

perpendicular wavelength for various �:!�. 

 

The helicon power lost to the SOL as a function of �:!� is plotted in figure 15 in red squares for 

AORSA-1D. This power loss appears to be highest at low densities, with lower losses from �:!� around 

2-6 x 10
18

 m
-3

. At low minimum SOL densities, such as �:!� = 1 x 10
18

 m
-3

 in figure 14a), the helicon 

wave is evanescent, so the antenna loading is lower and the SOL |E| fields are higher. This leads to a 

higher lost power to the SOL.  
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Figure 15. Fractional power loss to the SOL for AORSA 1-D simulations. 

 

AORSA 2-D simulations are shown in figure 16 at various �:!� for the DIII-D integrated scenario case at 

n|| = 4. The GENRAY result including a SOL plasma is shown by the black curve. AORSA 2-D |E| path 

agrees with GENRAY from the antenna to the core plasma. At high �:!�, however, there appears to be 

another mode behind the antenna with significant |E| that is not observed by the GENRAY model or the 

AORSA 1-D model. The wave appears to be a helicon fast wave, as it has perpendicular wavelengths on 

the order of a few cm. The amplitude of this wave also grows with increasing �:!�. This high |E| in the 

SOL reduces the power absorption and current drive in the core. The helicon power lost to the SOL as a 

function of �:!� is shown in figure 15 in black circles. Similar to the AORSA 1-D case, it can be seen 

that the power lost to the SOL increases at low densities.  The increased SOL loss at low �:!� is likely 

because antenna loading is low when the helicon wave is evanescent.  However, there is certainly 

significant differences between the AORSA 1-D and 2-D simulations. Unlike the AORSA 1-D 

simulations, the AORSA 2-D simulations show higher losses. These losses are even higher at high SOL 

densities. The increased SOL loss at high �:!� is correlated with high helicon |E| fields in the SOL. For 

the given ν/ω = .01, the SOL loss for AORSA 2-D can be a significant fraction (~10-20%) of the helicon 

wave absorption. It appears as if this additional mode in the SOL for the AORSA 2-D cases is not 

observed in the AORSA 1-D cases. 
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Figure 16. AORSA 2-D simulations of the |E| for DIII-D integrated scenario case including the SOL. 

GENRAY simulation is shown by the black solid line. a) �:!� = 1x10
18

 m
-3

. b) �:!� = 2x10
18

 m
-3

.  c) �:!� = 3x10
18

 m
-3

. d) �:!� = 4x10
18

 m
-3

. e) �:!� = 5x10
18

 m
-3

. f) �:!� = 6x10
18

 m
-3

. |E| is in units of 

V/m.  

 

 

6. Discussion and Conclusion 

 

AORSA 1-D, AORSA 2-D, and GENRAY have been used to simulate the propagation and absorption of 

helicon waves for DIII-D and ITER integrated scenarios with and without SOL. For simulations without 

the SOL, AORSA 2-D and GENRAY agree well for helicon wave electric field and power absorption 

profiles for DIII-D and ITER scenarios. It is therefore likely that GENRAY, which is a much  

less computationally intensive simulation, is sufficient to simulate core behavior of helicon waves. 

 

Unlike the core behavior where there is good agreement between GENRAY and AORSA 2-D, there are 

significant differences between GENRAY and AORSA when the SOL is included in the models. AORSA 

2-D predicts another mode that cannot be captured by the GENRAY model. This mode becomes much 

stronger as the SOL density is increased. The SOL power absorption trends are very similar to those that 

are observed in mid-harmonic and high-harmonic fast waves on DIII-D and NSTX in reference [54] 

where power loss to the SOL is observed at high and low SOL densities. There may therefore be an 

optimal SOL density to minimize the SOL power loss. For ν/ω = .01, the SOL loss at high density can be 

significant on the order of 10 to 20%. It will be important to confirm experimentally if high SOL densities 

affect helicon wave damping in the SOL. Tailoring the SOL density profile to optimize helicon current 

drive may reduce these SOL losses. Reducing the impact of SOL loss mechanisms (ν/ω in the simulation) 
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will also reduce SOL losses. Further studies including both core and SOL in AORSA models, especially 

for high density reactor-relevant scenarios [55,56], are needed to estimate core current drive efficiency 

and helicon wave SOL losses for a wider parameter scan. Including more realistic physical mechanisms 

for absorption in the SOL, rather than using ν/ω as a proxy for possible physical mechanisms, should also 

be considered. 

 

It may therefore be worthwhile to study the helicon wave behavior in a reduced, full wave finite element 

model that uses fewer computational resources. While AORSA includes all the hot kinetic terms that can 

accurately calculate core power absorption and current drive, this may not be necessary to calculate SOL 

power loss in much colder plasmas. A model that includes only a portion of these hot terms may allow 

much faster calculation, while maintaining the essential features to accurately calculate trends in SOL 

power losses. Current AORSA simulations require too large computational resources for large parametric 

scans. A reduced model will allow for larger parametric scans that may lead to better physics 

understanding of helicon wave losses in the SOL and the formation of these SOL modes. In particular, a 

detailed study of the SOL profiles inputs to these simulations, such as varying ν, �:!� or @, or by 

including more realistic density profiles or SOL loss mechanisms from experimental data, would be 

beneficial in understanding helicon losses to the SOL and allow for studying the parameters important for 

SOL losses and SOL mode formation. AORSA also only allows a rectangular boundary domain. Given 

that the |E| fields are significant at the boundaries of the simulation, the effects of a more realistic 

boundary condition that includes limiter and divertor geometries could be important in understanding 

these SOL modes. This finite element full wave model will be the focus of future work. 
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