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• Simulation model, linear / nonlinear simulation results
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Advanced FRC concept at TAE
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Sketch of the C-2W device (aka Norman). (c) Magnetic mirror; (d) Magnetic field expander diverter; (e) Red lines indicate 
electrodes used for biasing. 

NBI

Steady state field-reversed configuration (FRC) confinement concept: 
• High power neutral beam injection (stability, current drive and heating) 
• Electrode biasing with plasma guns
• Expander divertors

Latest device, C-2W, has exceeded its major performance goals, achieving steady-state (30msec) FRC 
plasmas with high electron temperature (Te > 400eV).



Need for kinetic simulations for C-2U/C-2W

• Kinetic simulation tools are needed:
– Large orbit thermal ions, S*≲10
– Betatron orbit beam ions

• Operation / parameter regime different from conventional FRCs:
– n=1 tilt mode is stabilized for small S*/E
– n=2 rotational mode is stabilized due to rotation control by electrode biasing
– Large fraction of the NBI current (~50%) is generally beneficial for stability in C-2W (reduction in 

NB power is correlated with uptick in low-n signals)
– TAE’s plasmas exhibit bursts of oscillations associated with fast particles
– Evidence of (more than expected) transfer of energy from the fast ions to the background plasma

• Need to understand the FRC stability properties and NBI effects theoretically - TAE 
aims to develop a comprehensive set of validated simulation tools - Numerical FRC
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HYM code model / capabilities

HYM code was developed to study FRC formation and stability properties; adapted to study 
beam-driven sub-cyclotron Alfven eigenmodes in NSTX(-U) and DIII-D

• 3-D nonlinear
• Three different physical models:
• - Resistive MHD & Hall-MHD
• - Hybrid (fluid electrons, particle ions)
• - MHD/particle (one fluid thermal plasma, 

+ energetic particle ions)
• Full-orbit kinetic ions
• For particles: delta-f / full-f numerical scheme
• Parallel (3D domain decomposition, MPI)
• Self-consistent equilibria, including beam ion effects
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Why INFUSE:
• Numerical tools (HYM) suitable for 

FRC physics, many options
• PPPL had established 

collaboration with TAE before start 
of the INFUSE program

• Cross-code verification: HYM 
(PPPL) and WarpX, CLAUS (TAE)



Equilibrium fit to TAE profiles
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NBI - taking into account only the full energy 
component or full beam ion distribution
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TAE’s FRCs have different stability properties
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Previous studies on fast ions:  use beams to 
stabilize the n=1 tilt mode (internal)
      - large S*, MHD-like FRC
      - large E, for reduced n=1 tilt growth rate
• Generalized energy principle [Lovelace’75, Finn 

and Sudan’93]:
- The beam ion contribution is stabilizing 
provided: nΩ > ωZ

• Considered incompressible modes!

TAE FRC configurations: nΩ ~ ωR >> ωZ 
• n=1 tilt and n=2 rotational modes are 

stabilized
• Fast ions can interact with low-n 

compressional modes



n=2 microbursts observed in experiments

• n=2 mode with 𝜔 ≈ 0.1𝜔ci was first observed on the C-2U experiment as a brief, small 
amplitude “microburst”, accompanied by a minor “staircase” drop in diamagnetic pressure. 

• In the C-2W experiment, the same mode is still observed, but at smaller amplitude and with 
no measurable change in plasma pressure.
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(a-b) In C-2U the excluded flux radius shows step drops, 
correlated with periodic micro-bursts in the FIR interferometer 
data; (c) Line-integrated density in C-2U showing microburst.

B.H. Deng et al
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detailed experimental data of micro-bursts are described. 
In section  3 existing theories are found to explain some of 
the experimental data, and a heuristic model is proposed to 
explain the observed micro-burst characteristics which are not 
explained by the existing theoretical work.

2. Experimental data

C-2U is an upgrade of the C-2 FRC experiment in which the 
FRC plasmas are created in two formation quartz tubes which 
are axially separated (in the north-south direction) by the con-
finement vessel (CV) in the middle [2–5]. The plasmas are 
then accelerated to a speed of over 200 km s−1 and translated 
into the CV, where a head-on collision occurs and the kinetic 
energy is converted into plasma thermal energy. In about 
0.1 ms, the dynamic collision process settles down and the 
plasma is relaxed to its equilibrium state.

After the collision and merging process the FRC plasma is 
sustained by six advanced neutral beams with adjustable beam 
energy from 8 to 15 keV and a total power up to 10 MW. Three 
beams are installed 0.5 m to the north of the CV mid-plane 
with an injection angle of 70 degrees with respect to the CV 
axis, slightly pointing south, while the other three beams are 
installed to the south, mirroring the north beams with respect 
to the CV mid-plane. All beams are tangentially injected with a 
radial impact parameter of 0.19 m, such that the beam particles 
travel in the ion diamagnetic rotation direction. Injected fast 
ions are an important factor in stabilizing the classical n  =  1 
and 2 FRC instabilities via finite Larmor radius effects [6]. In 
combination with edge biasing methods, the n  =  1 and 2 insta-
bilities are stabilized, leading to high performance FRC (HPF) 
plasmas [2–6]. The suppression of classical FRC instabilities 
results in up to an order of magnitude improvement in some of 
the intrinsic confinement times, so that the plasma lifetime is 
extended to beyond 10 ms, limited by the NBI duration.

The good confinement properties allow the fast ion pres sure 
to build up to a level comparable to the bulk plasma pressure 
[2], such that new physics phenomena emerge. In some of these 
HPF plasma discharges, periodic small ampl itude micro-bursts 
are observed by several diagnostics, most clearly seen by the 
far infrared (FIR) laser interferometer [7] as shown in figure 1. 
The detailed temporal characteristics of micro-bursts are 
described in section 2.1; the spatial mode structure of micro-
bursts is examined in section 2.2; the correlation between fast 
ion energy and the micro-bursts and the equilibrium profile 
change over micro-bursts are presented in section 2.3.

2.1. Temporal characteristics of micro-bursts

Shown in figure  1(a) is the excluded flux radius (r∆Φ) of a 
micro-burst affected discharge. The excluded flux radius is an 
important characteristic FRC parameter related to the plasma 
diamagnetic current [8]. It shows step drops with smaller 
step sizes earlier in time and clearly evident after ~5 ms, each 
step in r∆Φ is correlated to a bursting fluctuation in the line 
integral densities shown in figure 1(b). Detailed examination 
of the line integral density data for the central chord (0 cm) 

shows that the bursts appear as early as ~0.7 ms with a burst 
interval of ~0.12 ms and a peak amplitude of the relative line 
integral density fluctuation of 1%. The bursting amplitude 
exponentially grows to about 6 ms and then saturates. During 
this growing phase, the burst interval is linearly proportional 
to the burst amplitude, as shown in figure 2. Simple Fourier 
spectrogram is shown in figure 3. It appears as discrete bursts 
with peak frequency of about 75 kHz and a FWHM of about 
100 kHz. However if the x-axis is stretched out, it shows that 

Figure 1. In some high performance FRC plasma discharges in 
C-2U the excluded flux radius (a) shows step drops, correlated with 
periodic micro-bursts in the FIR interferometer data (b).

Figure 2. Micro-burst amplitude (δn0, defined in equation (1)) 
versus burst interval during the exponentially growing phase (1–
6 ms) of the micro-burst (see figure 13).

Figure 3. Spectrogram of micro-bursts showing fast frequency 
down-chirping. The color represents the fluctuation power in 
arbitrary unit.
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Dispersion relation for 1D FRC
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Validation of Kinetic Models of FRC Stability against C-2W Experiment TAE Technologies, Inc.

scalable parallel computations at NERSC. A typical nonlinear stability run requires from 1 to 20
wall-clock hours on a single node on Perlmutter, depending on the physics model and the resolution.
The Grad-Shafranov equilibrium code, FRCIN (Fortran 90), has been developed by Dr. Elena Belova
for field reversed configuration (FRC) and National Torus Experiment (NSTX) studies. The parallel
(MPI) version of this code allows the calculation of axisymmetric kinetic equilibria for a
five-dimensional particle phase space [88]. It has been used to match the kinetic equilibria generated
by the TAE’s equilibrium codes. The HYM code has a comprehensive suite of diagnostics that can be
used to diagnose the kinetic response to a mode, resonant wave/particle interactions (Fig. A2),
characteristic particle orbit frequencies, particle orbit types (betatron, fig-8, drift,...), orbit
stochasticity (Figs. A1, A3, A4), and particle and energy confinement. Crucially, Dr. Belova, who
developed all of these features, brings her expertise developed over many years of FRC research and
relevant research in energetic particles modes in high-beta tokamaks [96], [97].

Figure 3: Verification of WarpX vs HYM and comparison of CLAUS to experiment; (a) WarpX and
HYM simulations with no NBI source term agree quantitatively in tilt-mode growth rate and
saturation amplitude when starting from the same equilibrium; (b) comparison of experimentally
measured microburst frequencies with compressional Alfven eigenmode frequencies calculated from
the CLAUS code.
3.2 TAE models

The WarpX code. Somewhat inspired by HYM, TAE has itself developed a full-f, non-linear
hybrid PIC code with fully kinetic ions. Developed in-house, it was first dubbed the “FPIC” code
[37], [38], but it has been more recently refactored [39] using the Exascale Computing Project tools
WarpX [98] and AMReX [99]. This code has been well verified against common theoretical
benchmarks and against the FRC tilt mode (ref [39] and see Fig. 3(a)). More recently, it has been
cross-verified against the HYM code for the beam-driven FRC case and it exhibits the same issue
with validation against fast ion modes: a compressional n=2 mode appears that terminates the
configuration in ~10us (see comparison in Fig. A5). This code lacks the flexible model choices of
HYM described above (having only full-f and fully kinetic ions). It does not allow the linear stability
study and does not have the rich set of kinetic diagnostics so it is not as ideal a tool as the HYM code
for scientific understanding and validation. During this award we will further cross-verify the HYM
and WarpX implementations of the hybrid-PIC scheme.

The CLAUS code. CLAUS (Computations for Linearized Analysis and Understanding of
Stability) is a new stability analysis tool recently developed at TAE. Based on the weak formulation
of the MHD with kinetic beam ion model, a global weighted residual approach is used to determine
the eigenfrequencies and eigenfunctions which constitute the normal mode solutions. In calculations
based on FRC equilibria, the CLAUS model finds a compressional n=2 mode with similar features
(beam-driven, compressional mode structure in the region at or outside of the separatrix, frequencies,
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Comparison of experimentally measured 
microburst frequencies with compressional 
Alfven eigenmode frequencies calculated 
using TAE-developed linear eigenvalue 
solver, CLAUS. 

• No significant difference in the properties of these modes in a 
simplified case of 1D (radial) equilibrium.

• An analytic dispersion relation for 1D cylindrical FRC has been 
derived. 

• For TAE parameters, Ω/ωR ~ 1/2 and improved stability is 
predicted for n > 2 modes in agreement with simulations.

• Dispersion relation also predicts stabilization of all low-n 
compressional modes in larger FRCs due to Ω /ωR~1/S* scaling 



Kinetic thermal ions have stabilizing effect
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Nonlinear simulations with kinetic thermal 
ions, for Rs=3.6, v0=3.64, nb=0.12ne 

For assumed experimental parameters, profiles and NBI distribution, the nonlinear 
simulations show strong n=2 instability that either not saturate or saturate via 
significant beam redistribution – not consistent with experiments.

- Uncertainties in equilibrium reconstructions and NBI distribution or 
approximations in the electrode biasing model may affect stability.



Thermal ion heating by low-n MHD modes

• HYM code was used to study the thermal ion heating by the low-n magnetic perturbations, including the 
n=0 (magnetic pumping). 

• Possibility of the thermal ion heating by the NBI driven modes was investigated, as well as the scaling 
with the mode frequency and FRC parameters for different thermal ion orbit types. 

• Significant thermal ion heating predicted for ω > 0.2-0.3ωci for typical C-2W parameters. 
• Stronger heating, including the lower required perturbation frequencies, was obtained for larger-S* 

FRCs. 

INFUSE Workshop 11

 0.223
 0.2235

 0.224
 0.2245

 0.225
 0.2255

 0.226
 0.2265

 0.227
 0.2275

 0  100 200 300 400 500 600 700 800 900

K th

t wci 

Thermal Ki

0.3
0.2
0.1

Higher frequencies n=2 modes are 
more efficient in heating thermal ions

𝜔=0.1

Most effective energy exchange 
(heating) for figure-8 orbits 

pᵩ/|𝜓0|

ℰ/Ti

𝛿F(ℰ,pᵩ)

ℰ/Ti 

pᵩ/|𝜓0|



Codes benchmarking / verification
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Comparison of tilt-mode growth and saturation 
amplitude as calculated with WarpX and HYM 
when starting from the same equilibrium (case 
with no NBI, large S* FRC).



Summary

• HYM (now also WarpX, CLAUS) simulations show that for large beam ion toroidal rotation 
frequencies low-n compressional modes can be destabilized. 
– Linear dispersion relation for compressional modes explains the linear stability results.

• Additional simulations show that low-n compressional modes can heat thermal ions – can 
explain higher than expected energy transfer from the fast ions to the background plasma.

• INFUSE project contributed to code verification between 3D nonlinear HYM, WarpX codes 
and CLAUS – a step towards the TAE goal of Numerical FRC development

• INFUSE project contributed to understanding stability properties of FRCs with high NBI 
power but need to continue validation against experiments: improve equilibrium 
reconstruction, NBI distribution and / or model improvements.
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