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Abstract. This paper reports the significant advancement of our ability to model and to understand how RF waves interact with 
the SOL plasma, by simulating the full torus 3D SOL plasma together with the antenna and core plasma. We introduce and use a 
recently developed and open source code, Petra-M, which was constructed on the scalable MFEM C++ finite element library, and 
performed 3D full wave simulations in the HHFW regime for both NSTX-U and LAPD plasmas. A first full wave simulation for 
a full 3D torus including a realistic antenna geometry and SOL plasma region for NSTX-U is presented. A scan of the antenna 
phasing shows a strong interaction between FWs and the SOL plasma for lower antenna phasing, which is consistent with previous 
NSTX HHFW observations. The effect of the 3D wave field on the fast ion population from NBI beams in NSTX-U is also discussed 
by using the 3D field obtained from the Petra-M simulations in the full-orbit following particle SPIRAL code. On LAPD, 3D full 
wave simulations of a new HHFW 4-strap antenna recently installed by TAE Technologies on LAPD are performed showing a 
qualitative agreement with experimental data. 

INTRODUCTION 

In a fusion device powered significantly by RF, the loss of RF power in the scrape-off layer (SOL) can be a real 
plasma material interface (PMI) issue for possible RF sheaths and plasma facing component damage. Indeed, many 
experiments in different fast wave (FW) heating regimes, such as hydrogen minority and high harmonic fast wave 
(HHFW), have found strong interactions between RF waves and the SOL region. Moreover, a significant interaction 
between FW and energetic ions generated by neutral beam injection (NBI), also, plays an important role in the current 
experiments. Commonly, RF simulations in the plasma core are neglecting the SOL plasma and they compute the RF 
field in a 2D domain assuming one single toroidal wave number. Full wave AORSA [1] simulations including the SOL 
region plasma in 2D geometry with a single toroidal wave number representing the peak of the antenna spectrum have 
been also performed [2, 3, 4]. State-of-the-art RF SOL/antenna simulation is yet limited to a relatively small volume 
in front of the antenna, and it involves significant physics simplification such as stratifying antenna strap structure 
and/or treating the antenna front volume as vacuum. In this paper, instead, the full 3D device geometry is examined 
including realistic antenna geometry in order to capture the 3D effects and the antenna-plasma interaction in the SOL 
plasma and, at the same time, the core wave propagation. 

This paper is structured as follows: in Section 2, a brief description of the Petra-M code is presented. Numerical 
applications on NSTX-U and LAPD are discussed in Section 3. Finally, Section 4 contains a brief summary of the 
work presented here. 
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FIGURE 1. Code structure of Petra-M. 

BRIEF DESCRIPTION OF Petra-M 
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Petra-M (Physics Equation Translator for MFEM) is an integrated finite element method (FEM) analysis environment 
based on MFEM [5]. MFEM is an open source scalable C++ FEM library, developed by Lawrence Livermore National 
Laboratory team. This library allows to assemble efficiently finite element linear systems for a variety of physics 
partial differential equations (PDEs) including the Maxwell equations on the computer cluster. Petra-M was previously 
used for ICRF wave simulations on Alcator C-Mod, which was presented at the last RF conference (22nd Topical 
Conference on Radiofrequency Power in Plasmas) [ 6, 7]. However, in order to realize the full torus scale RF simulation 
for a variety of tokamaks and other devices as discussed here, a significant effort has been made within the RF SciDAC 
center [8] to improve the capability of Petra-M. 

Figure 1 shows the present code structure of Petra-M. The basic code design of handling computationally heavy 
tasks in a C++/Fortran layer, while providing the physics equation implementation and the user interface using Python, 
is the same. The parametrized geometry and mesh generation module, which has been used for NSTX-U and LAPD 
antenna mesh preparation, was added. This module utilizes OpenCASCADE [9] and GMSH [10] Python API. An RF 
physics interface was also extended to provide the data necessary to transfer the simulation results to the SPIRAL 
code [11]. We also added the RF Maxwell equations interface for 1D linear and 2D axisymmetric simulations. In 
terms of the linear solver, we use the new low-rank-approximation feature in the MUMPS solver [12], which reduces 
the matrix factorization time. Although it is not used in this work yet, we also added an interface to directly specify the 
finite element linear system equation using the weakform terms, which comes handy when we couple the advanced 
RF physics model such as the RF rectified potential boundary conditions (BC) [13, 14]. The reader is referred to [15] 
for more details about Petra-M . 

FIGURE 2. (a) NSTX-U HHFW 12-strap antenna. The green and red arrows indicate the magnetic field and plasma current 

directions, respectively. 



NUMERICAL APPLICATIONS 

In this Section we present a couple of Petra-M applications: HHFW numerical simulations for the National Spherical 
Torus eXperiment Upgrade (NSTX-U) and the Large Plasma Device (LAPD) experiments. 

NSTX-U 

NSTX-U [16, 17] is equipped with the same RF heating system that was present in NSTX. An HHFW 12-strap antenna 
located on the outboard midplane extending 90 degree toroidally. In Figure 2 the HHFW antenna is shown together 
with the clockwise direction of the magnetic field (green arrow) and the counter-clockwise direction plasma current 
(red arrow). One can also note the large magnetic pitch angle, which can be up to 40 degree [4, 18]. Moreover, the 
antenna phasing adopted generally in the NSTX experiment were 30° , 90° , and 150° , which correspond to a peak of
the antenna spectrum, in terms of toroidal wave number, of n

,p 
= 5, 12, and 21. 

Previous HHFW studies of heating efficiency showed large amounts of HHFW power missing from core [18, 
19, 20, 21, 22, 23]. In particular, fast camera pictures show bright plasma spirals extending from regions in front of 
the antenna all the way down to the divertor plasma facing components (PFCs) [18, 20]. Previous modeling indicates 
that a key important variable causing the FW coupling problem could be the critical SOL plasma density in front of 
the antenna relative to the FW cutoff density. If the SOL density, nsoL, is larger than the FW cutoff density, the FW 
fields start to propagate in SOL and begins to fill the SOL region away from the antenna [3]. Examples of modeling 
efforts for HHFW on NSTX-U [2, 3, 4] show the importance of the SOL density. Recently an approximate scaling of 
PsoL oc nsoLVsoL/(N

1
f BT) was obtained for the power loss mechanism [24] (where PsoL is the power absorbed in the

SOL region, VsoL is the SOL volume, N11 is the parallel refractive index, and BT is the toroidal magnetic field). 
In order to be able to run a 3D simulation for NSTX-U plasma we need to generate the 3D solid model for NSTX­

U combining the plasma core, the SOL region and the antenna box. Figure 3 shows the antenna mesh obtained within 
Petra-M by using the GMSH software [10] starting directly from the engineering drawings of the NSTX antenna and 
the full 3D mesh for the NSTX-U torus including the antenna box with the 12 straps. The full 3D mesh has been 
obtained rotating toroidally the plasma facing first wall, which is in the EFlT file. The mesh adopted here is uniform. 

(a) 

FIGURE 3. (a) NSTX-U HHFW antenna mesh (without Fraday's screens); (b) 3D mesh for NSTX-U plasma incuding the 12-stap 

antenna box. 

The first full 3D torus simulations including realistic antenna geometry obtained by Petra-M are shown in Figure 
4. The magnetic equilibrium is obtained from EFlT file for a plasma with Br = 1.0 T was calculated by using the 
TRANSP code [25]. For these simulations we have assumed vacuum in the antenna box and a magnetized cold plasma 
with artificial collisions in the torus. The cold plasma model together with collisional damping is indeed a reasonable 
approximation here since we are interested in the wave electric field just on the antenna structure and surrounding wall 
and, at the same time, a relatively strong single pass absorption is expected in the scenario analyzed here with broad 
electron and fast ion absorption profiles (for more details, see [26, 19, 27]). Analytic profiles for the electron density 

are used with an exponential decay in the SOL plasma with a central density of ne,o = 5 x 1019 m-3 and a density on the 
last closed flux surface of ne,1 = 5 x 1018 m-3 assuming a parabolic profile. Perfect electric conductor (PEC) boundary 
conditions are used here. Figure 4 shows the £2 component (here z is the vertical direction) of the wave electric field 
evaluated by Petra-M for three different antenna phasings: 30° (figure (a)), 90° (figure (b)), and 150° (figure (c)). 
In Figure 4 we show three horizontal planes at z = -1, 0, and 1 m in order to show the wave electric field pattern
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FIGURE 4. Ez component of the wave electric field evaluated by Petra-M for the full 3D NSTX-U torus including the HHFW 
antenna and three different antenna phasing: 30° (figure (a)), 90° (figure (b)), 150° (figure (c)).

FIGURE 5. Electric field amplitude on the wall surface for three different antenna phasing: 30° (figure (a)), 90° (figure (b)), 150°

(figure (c)). 

above and below the mid-plane. From figure 4 one can note that: (i) the wave field tends to propagate in the toroidal 

direction more that the radial direction when the antenna phasing is increased. This is expected because it can be 

shown analytically that the ratio of the parallel and perpendicular group velocity goes like the parallel refractive index 

(N11), namely, for higher N11 (or n
,p
) the waves should travel toroidally more; (ii) some wave field propagation appears 

in the z = -1 m plane both for 30° (figure (a)) and 90° (figure (b)) antenna phasing; (iii) a strong interaction between
fast waves and the SOL region occurs for 30° antenna phasing. These results are consistent with the NSTX HHFW

observations. Particularly, a qualitative agreement is found between these simulations and an experimental antenna 

phasing scan done in NSTX and published in [18] (see figure 2 in [18]), where the electron temperature and the stored 

energy were found to decrease for lower antenna phasing. The 30° antenna phasing was experimentally challenging

to have a good HHFW performance in NSTX. This is a combination of two aspects: (i) the strong interaction between 

fast waves and SOL plasma region (as also shown in figure 4), which is related to the fact that low antenna phasing 
means low cut-off density (neut-off oc N

1
f Bw) and (ii) low antenna phasing has also generally a poorer RF heating

performance in the core due to the low launched n,p from the antenna. This last point is also shown in [27]. Another 

additional confirmation of the results described above is shown in figure 5, where the electric field amplitude on the 

wall surface is shown for the three antenna phasings. From this figure, one can see that very strong electric field 

on the wall surface appears even far away from the antenna (and even on the center stack although not shown in 
the figure). The electric field amplitude on the wall surface is higher for lower antenna phasing, in agreement with 

previous simulations shown in figure 4. For 30° (figure (a)) and 90° (figure (b)) antenna phasing, the antenna comers

are particularly critical as shown in different experiments. The electric field on the wall surface in a realistic 3D 

geometry will be important for studying the antenna impurity generation and RF sheath effects. This will be part of a 

future work. 

Interaction between fast waves and fast ions in NSTX-U 

NSTX-U is equipped with two NBI beams (radial and more tangential beams) and up to 10 MW of inject power. From 
both NSTX experiments and numerical simulations, a strong interaction has been found between HHFW and fast ions 

generated by NBI [27, 28]. Therefore, it is very important to understand such interaction. 

The electric field pattern obtained by Petra-M assuming a cold plasma approximation is a reasonable representa-
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FIGURE 6. (a) Ez component of the wave electric field in the toroidal cross-section (on the mid-plane) with a single fast ion orbit 

in white; (b) Contour plot of the fast ions power deposition evaluated by SPIRAL including the RF wave field. 

tion of the electric field including the kinetic effects mainly due to the fact that in the scenario analyzed here we have 

a relatively strong single pass absorption and both the Landau and the fast ion dampings are quite broaden (see for 

more details [26, 19, 27]) allowing the collisional damping used here to replace them reasonably well. Moreover, the 

region where the wave - fast ion interaction occurs spread broadly, which effectively smears out the impact of detailed 
difference in wave field amplitude pattern between a cold plasma approximation and the full-hot plasma approxima­

tion. For this reason, a logical step is to combine this 3D RF field with the full-orbit following particle code SPIRAL 

[11] to study the interaction of fast waves with fast ions generated by NBI.

SPIRAL is a full-orbit following test-particle code used to interpret and plan fast-ion experiments in tokamak:s. 

It solves the Lorentz equation taking into account the full gyro orbit effects and, therefore, it captures the interaction 

between RF heating and fast ions, naturally, which depends on the gyro-motion of the fast ions, by adding the wave 

electric and magnetic fields to the equilibrium electric and magnetic fields. Figure 6(a) shows the E, component of 

the wave electric field in a toroidal cross-section on the mid-plane of NSTX-U overlayed with a single fast ion orbit 

as obtained by SPIRAL. One can clearly see that the fast ions should be affected mainly in the region in front of the 

antenna where the wave electric field is strong. In order to show this point we use an ensemble of 40k particles in 

SPIRAL assuming an initial Maxwellian distribution with a fast ion temperature Tfi ~ 25 keV and a central fast ions 

density of nfi ~ 2 x 1018 m-3
. These parameters of the Maxwellian distribution correspond to the parameters adopted 

in the full wave simulations performed with AORSA for NSTX-U plasmas [27]. At the same time, we use the three 

components of the wave electric field evaluated by Petra-M in a 3D geometry as a perturbation of the equilibrium field 

in the Lorentz equation. The simulation result is shown in figure 6(b) where we show a contour plot of the fast ions 

power deposition evaluated by SPIRAL including the RF wave field. It clearly appears that the interaction between fast 

waves and fast ions occurs mainly in front of the antenna, as expected. This result, although expected, demonstrates 

how 3D effects are important in these simulations for fast ions studies in which RF is included. Generally, a 2D wave 

field obtained with only a single toroidal wave number is used assuming toroidal symmetry. This approximation results 

in an acceleration/deceleration of the fast ion due to RF everywhere in the torus and not only in the region where the 

RF wave field is localized. From figure 6(b ), it also appears that the fast ions absorption is mainly located around the 

5th deuterium ion cyclotron resonance (the yellow spot in figure 6 (b)), which is the first resonance encountered by the 

wave electric field. This result is in agreement with the AORSA full wave simulations shown in [27]. Further studies 

with realistic fast ion distribution functions from the NBI beams in NSTX-U will be investigated in the future. 

LAPD 

The LArge Plasma Device (LAPD) experiment is a linear machine located in UCLA [29]. It has a cylindrical geometry 

with reproducible and accessible plasmas. The length of plasma column is about 18 m, a central electron density on 

the order of 1019 m-3
, electron temperature of about 10 eV and a magnetic field between 0.1 and 0.25 T. Recently the 

TAE technologies team in collaboration with the LAPD team has installed and operated a HHFW 4-strap antenna as 

shown in figure 7. The wave frequency was 10 MHz (although the frequency can be increased up to 35 MHz) with 



FIGURE 7. HHFW 4-strap antenna implemented in LAPD by TAE technologies. 

FIGURE 8. 3D mesh for LAPD and the HHFW 4-strap antenna. 

five different antenna phasings (30° , 45° , 60° , 90° , and 180°). Moreover, different radial locations of the antenna were 
considered. The main diagnostics were Langmuir probes, B-dot probes, and emissive probes. More details about the 
HHFW 4-strap antenna and the RF experimental campaign can be found in [30]. 

As similarly done for NSTX-U, we first generated a 3D mesh for LAPD including the HHFW 4-strap antenna 
as shown in figure 8. After that, we assumed a constant magnetic field along the cylinder, B = 0.1 T and we assumed 
a parabolic density profile with central density ne,o = 2 x 1019 m-3 and density in front of the antenna ne,I = 1018 

3 m- and vacuum in the antenna box. The B-dot probes measure the magnetic wave field components which can be 
compared directly to the numerical simulations. Indeed, in LAPD we can have very high quality and high resolution 
measurements of the wave electric and magnetic fields due to its reproducible and accessible plasmas and the probe 
drive system (in both the poloidal and horizontal planes) can collect high resolution data at thousands of points in a 
few hours [31, 32]. 

Figure 9 shows the first 3D result obtained by Petra-M for the HHFW 4-strap antenna implemented in LAPD. 
This figure shows the B2 component of the wave magnetic field on a horizontal plane at y = 0 and two poloidal 
cross-sections in the middle of the two outer straps. In this simulation we assume 180° antenna phasing and the 
antenna mouth is located at R ~ -25 cm, here R is the distance between antenna and machine axis. Figure 10 shows 
a comparison between the B2 in the poloidal cross-section evaluated by Petra-M and the measured one by the B­
dot probes. The yellow square in figure lO(a) indicates roughly the measurement plane. A qualitative agreement is 
obtained. In particular, one can note the similar wave field pattern in the core of the cylinder. Further improvements in 
the numerical simulations are being made to the antenna mesh, the mesh resolution and reduce the numerical domain, 



the use of the experimental electron density profile. 

FIGURE 9. Bz component of the wave magnetic field evaluated by Petra-M for the full 3D LAPD experiment including the HHFW 

4-strap antenna.
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FIGURE 10. Simulated (figure (a)) and measured (figure (b)) Bz component of the wave magnetic field in the poloidal cross­
section. In figure (a) the yellow square represents the measurement plane as a reference. 

CONCLUSIONS 

We have showed the first full wave simulation for a full 3D torus including a realistic antenna geometry for NSTX-U 
plasma assuming a cold plasma dielectric tensor with an artificial collisions. An antenna phasing scan was performed 
showing a very strong interactions between fast waves and SOL plasma region for low antenna phasing consistent 
with NSTX experimental data. A first attempt to couple the 3D RF solver with the full-orbit following particle code 
SPIRAL was presented showing that the 3D effects can play an important role in the interaction between RF and fast 
ions. However, in this first attempt we used a cold plasma model with collisions for the core propagation. Although 
the wave propagation and absorption characteristic permits to use the cold plasma with collisions as a reasonable 
first order approximation, its accuracy remains being investigated in detail with a model including the kinetic effects. 
In fact, we plan in the future to model the core and the edge plasma with the full wave code TORIC and Petra-M, 
respectively, in order to take into account the kinetic effects as previously done in ICRF H-minority heating scenario 
in C-Mod [6]. Finally, an initial comparison between Parta-M simulation for a HHFW 4-strap antenna mounted on 
LAPD and its RF wave field measurements for LAPD plasma was also presented and discussed showing a qualitative 



agreement in the magnetic wave field pattern. As a future steps, we are planning to (i) improve the 3D NSTX-U plasma 
and antenna meshes; (ii) study the effects of RF on fast ions in NSTX-U for both the "old" and the new more tangential 
NBI beams; (iii) further investigate the slow wave in front of the antenna including the RF rectified potential boundary 
conditions; (iv) perform 3D simulations for the ITER-like antenna in JET and stellarator configurations where the 3D 
effects play a dominant role. 
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