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Abstract
The advanced beam-driven FRC is a field reversed configuration (FRC) with the addition of
neutral beam (NB) injection, electrode biasing, and magnetic expander divertors. The resulting
configuration has novel features that make it necessary to revisit many key results in FRC
theory. Three of these features include (i) a large energetic ion population, (ii) in-principle
capability to adjust the electric field and rotation profiles, and (iii) a combination of magnetic
and electrostatic confinement of electrons in the SOL. In some fueling scenarios the electron
density profile may exhibit a significant peak outside of the separatrix. To explore these
features a hybrid fluid/kinetic equilibrium model has been used to reconstruct typical
experimental profiles of the C-2W experiment. Results indicate that the energetic ions provide
at least 50% of the total plasma pressure. These equilibrium profiles have been used as initial
conditions for global, cross-separatrix, turbulent transport simulations using the 3D
electrostatic particle-in-cell code ANC. Electrostatic fluctuations were found to nonlinearly
saturate at an amplitude which is an order magnitude lower than that observed previously. The
tokamak turbulence code GTC code has also been extended to handle FRC physics in the new
GTC-X version, which has been used to perform simulations of turbulent transport in the SOL
relevant to electrode biasing. It is found that equilibrium E x B flow shear significantly
decreases ion temperature gradient saturation amplitude and ion heat transport. Also in the
SOL, a 1D2V continuum code has been developed and applied to parallel electron heat
transport. Results show the formation of pre-sheath potential and reduction of parallel electron
heat loss close to the ideal ambipolar limit, a result which has been validated by experimental
diagnostics. These transport modifications caused by the three novel configuration features
help to explain the remarkable plasma performance of the C-2W experiment.
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1. Introduction

The FRC has been explored in many experimental facilities
[1, 2]. It is of great interest as a fusion reactor concept due
to its compact nature, high power density (typical average
B ~ 90%), axisymmetric geometry with simple circular con-
finement coils, and linear unrestricted divertor which can facil-
itate power, ash, and impurity removal. It has traditionally
been considered a candidate geometry for aneutronic advanced
fuels, such as the p-B11 reaction, which has recently been
reassessed for magnetic confinement devices [3].

The advanced beam-driven FRC concept has been devel-
oped at TAE Technologies, Inc. over the last 20 years in the
C-1[4],C-2[5,6],C-2U [7, 8], and C-2W (aka ‘Norman’) [9]
series of experimental devices, with concurrent development
of simulation capability. During this period, TAE designed,
built, and performed research on three completely new fusion
plasma experiments (C-1, C-2, and C-2W) and one substantial
upgrade (the C-2U upgrade to C-2). The C-2W experiment has
achieved steady-state beam-driven FRC plasmas dominated by
fast-ion pressure (>3 keV total temperature), with high elec-
tron temperature (7. > 500 eV), 30 ms sustained FRC plasma,
and demonstration of magnetic field ramp-up [9]. The layout
of C-2W is sketched in figure 1. As indicated in the figure,
the FRC plasma is confined in a region which includes true
magnetic nulls at the O-point and at the two X-points. The
poloidal magnetic field reversal and closed magnetic geome-
try are provided by diamagnetic current, which typically peaks
around the separatrix. The ion orbits are comparable in size to
the FRC and many are betatron orbits rather than drift orbits.
The neutral beam injection, electrode biasing, and expander
divertors are indicated as features (a), (e), and (d) in figure 1.
The SOL flows along the axis through a magnetic mirror into a
field expander divertor. See [10] in these proceedings for more
details.

2. Equilibrium

Equilibrium of the FRC is studied with several models includ-
ing one which allows multiple ion species with strong toroidal
ion rotation (LR) [11]. This has recently been coupled to
a fast ion Monte Carlo code (MC) [12] which models the
NB injected fast ions, to create a hybrid fluid/kinetic equilib-
rium model (MC + LR) which can accommodate a significant
(>50%) fast-ion current component. It is found that the separa-
trix shape is influenced by a combination of external magnetic
field shaping, the ratio of edge pressure to O-point pressure,
and the degree of anisotropy of the energetic ion population.
For C-2W a self-consistent equilibrium is obtained by per-
forming an iterative process between MC and LR to arrive at
a converged steady-state FRC equilibrium with fast ions. In
order to reach steady conditions, the source (ionization of the
injected neutral beam) is balanced by an artificial sink. For this
purpose, an elevated neutral background density is used, giving
rise to fast-ion losses by charge-exchange. The initial thermal
FRC equilibrium is chosen based on experimental measure-
ments such as Thomson scattering and magnetics data (the
vacuum magnetic field is modeled using the experimental coil

data). The converged FRC equilibria from the MC + LR code
show good agreement with the experiments with main features
like strongly-peaked electron density near the separatrix and
the halo density outside the scrape off layer. A density peak
in the scrape-off layer (SOL) is only possible with effective
end confinement in the open-field plasma. Evidence was pre-
sented elsewhere [13] for mirror-like confinement, regulated
by ion-scattering rather than free-streaming. This allows an
elevated density layer to build up in the SOL in the presence of
edge fueling by gas injection. Such edge-peaked density pro-
files have been routinely measured by Thomson scattering over
hundreds of shots on the experiment where edge fueling has
been used [10].

Simulation results helped to shed light on some features
inaccessible by direct experimental measurements, such as
current density profile and fast-ion current contribution. In
particular C-2W reconstruction showed broad current density
profiles with a gradient scale length on the order of fast ion
gyro-radius, and a fast-ion current comparable to or exceeding
that of the thermal plasma.

As an example, we show in figure 2 the MC + LR recon-
struction of C-2W shot 119701 late in the discharge at time
20 ms. It was assumed that wall eddy currents have decayed
by this time so that external magnetic field is provided only
by the coils, with Greens’ function method used to couple
exterior/interior poloidal flux at the vacuum/plasma bound-
ary. Neutral beams were operating at 6 MW, with the three
main energy components (15 keV, 7.5 keV and 5 keV) that
are created by initial ionization of gas in the beam system.
Beams were assumed to have hydrogen species, while back-
ground thermal ions were deuterium. This is a typical opera-
tion scenario for C-2W though good plasmas can be obtained
with either D or H thermal plasma. D beams may also be
used for diagnostic purposes, but the majority of beams are
fueled with H to avoid generating neutrons from beam-thermal
D-D fusion. In the present equilibrium both thermal ions
and electrons rotate. The separatrix radius is found to be
rs = 31 cm while the excluded flux radius, which is an
experimental-analysis proxy for the separatrix radius, is ra4 =
35 cm. (In hybrid FRCs with significant fast ion fraction it is
typical for excluded flux radius to be larger than the separatrix
radius [14].) Other parameters of the final equilibrium are: total
current I, = 190 kAmp, fast ion current Iy, = 110 kAmp,
midplane electron temperature at O-point To. = 190 eV, mid-
plane thermal-ion temperature at O-point 7o; = 330 eV. The
reconstructed equilibrium matches all key aspects of experi-
ments, in particular, (1) magnetic flux and magnetic field mea-
surements along the wall for both vacuum shot and plasma
shots, (2) neutral beam shine-through, which was found to be
18%, equal to the experimental value measured by SEE detec-
tors; (3) the midplane electron temperature profile from Thom-
son scattering, and (4) midplane electron density profile from
Thomson scattering diagnostic. The density peak outside the
separatrix is consistent with experimental observations for shot
119701 which had edge fueling by gas injection. This equilib-
rium reconstruction may be compared with the experimental
results of [10].
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Figure 1. Sketch of the C-2W device in cylindrical section. Thin black lines are magnetic field lines, with the thicker black line denoting the
separatrix. Arrows at (a) indicates the direction of neutral beam (NB) injection. Regions of null magnetic field at the O-point and X-points
are indicated by (b). A magnetic mirror is shown at (¢). One of the magnetic field expander divertors is indicated by (d). Red lines such as

(e) indicate electrodes used for biasing.
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Figure 2. Shot 119701 MC + LR reconstruction equilibrium profiles. The left plots show (@) the 2D contours of thermal ion and () fast ion
density. In both plots the black contours are contours of poloidal flux, with the thicker contour representing the separatrix. The right plots
show midplane radial profiles of: (c¢) electron (green line), thermal D ion (blue) and fast ion density (red); (d) electron (green) and thermal D
ion (blue) temperatures; (e) total current density (black), thermal plasma current density (green) and fast ion current density (red); and (f)
magnetic field, B; (T). In plots (c)—(f) the separatrix radius is indicated by the dashed vertical line.

The above method for equilibrium reconstruction is fairly
labor intensive, but it captures the energetic ion component
and the details of the experimental density and temperature
profiles, which are needed for simulations of perpendicular tur-
bulent transport in section 3.1 below. More rapid equilibrium
reconstruction methods which do not include fast ion physics
have also been developed using Bayesian inference methods
[15] and a reduced physics model [16].

3. Transport

3.1. Perpendicular transport

Global confinement in macroscopically stable FRC plasmas is
due to a combination of perpendicular confinement by mag-
netic field inside the separatrix, and parallel confinement by
magnetic field gradients and electric fields in the SOL. The
perpendicular and parallel transport are coupled [13].
Perpendicular turbulent transport is modeled using the 3D
PIC codes ANC [17, 18], GTC [19] and GTC-X [20]. In pre-
vious simulations [20-22], a gyrokinetic particle push was
used, necessitating the removal of magnetic null regions from
the simulation domain. Nevertheless, nonlinear simulations
find qualitative agreement in fluctuation spectrum with exper-
imental Doppler back scattering (DBS) measurements [23].
To correctly include the magnetic null regions in global sim-
ulations, which entail a significant fraction of figure-8 and

betatron orbits, a ‘blended’ drift-Lorentz particle pusher [24]
without requirement of gyrokinetic validity has recently been
implemented in ANC, and a corresponding § f model has been
developed and applied [18]. Using this new particle model, lin-
ear and nonlinear results are found to be consistent with the
previous gyrokinetic simulations. The new turbulence simula-
tions also include kinetic electron effects which were neglected
in the global gyrokinetic simulations [20, 22] but kept in local
simulations [21].

In the ANC code electrons, ions, and beam ions were ini-
tialized with conditions from an equilibrium based on shot
119739, one of a series of shots with DBS measurements. In
contrast with equilibria of previous studies, this equilibrium
exhibits a density peak outside of the separatrix with temper-
ature peaks inside, resulting in large 7e(= Ly, 16 /L1 which
can excite microinstabilities potentially different than before
(here L, and Ly, are the scale lengths of density and ion or
electron temperature). In these simulations, instability grows
in the SOL as seen in figure 3(b). It is driven by the electron-
temperature gradient, consistent with local simulations which
included drift-kinetic electrons [21]. The excited mode also
develops at faster time-scales on the order of microseconds,
fast enough to be appropriate with the rapid response of fluc-
tuations to profile changes seen in experiment. As seen in
figures 3(b) and (c), the toroidal wavenumbers, defined as
ke = %, can differ significantly from the core to the SOL
purely due to distance from the machine axis. The toroidal
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Figure 3. (a) Time histories of the electrostatic fluctuation RMS values inside, outside, and at the separatrix at the midplane.

(b) Electrostatic fluctuation spectrum calculated during the linear growth phase which corresponds to the blue shaded region in (a).

(c¢) Electrostatic fluctuation spectrum calculated during the nonlinearly saturated phase which corresponds to the red shaded region in (a).
The lines in (b) and (c) depict a moving average while the shaded regions depict the standard deviation about the moving average.

wavenumbers are normalized such that wavelengths are ‘short’
(wavenumbers are ‘large’) relative to the local ion sound
gyroradius, defined as ps = %

While the linear properties of the instabilities may differ
from the C2/C2U simulations [20-22], the overall evolution
of fluctuations, depicted in figure 3, remains similar. Con-
sistent with previous simulations, the FRC core is found to
be inherently stable while short toroidal wavelength (k¢ pse ~
20.15) instabilities grow in the SOL. As the instability satu-
rates, energy cascades from short to long wavelengths in the
SOL and fluctuations originating from the SOL spread into
the core. Differing from the previous work, the fluctuations
saturate at lower levels, e |¢| /T. ~ O(10~3) compared with
e|¢| /T. ~ O(107?), and the spread of fluctuations into the
core is much weaker than prior. These differences may be due
to several possible mechanism, including but not limited to a
stabilizing influence of fast ‘beam’ ions which were previously
neglected, a stabilizing influence of large thermal-ion orbits
from the more realistic particle model, or the change in the
nature of the linear instability. Preliminary results from ongo-
ing analysis suggest that, while the underlying linear mecha-
nism is kinetic in nature, electron heat transport appears to be
a fluid-like process with conductivity comparable to a diffu-
sive process related to the correlation length and eddy rotation
time, i.e. X, ~ ji—“df;

In the SOL, GTC-X simulations find that equilibrium E X B
flow shear significantly decreases ion temperature gradient
(ITG) saturation amplitude and ion thermal transport by reduc-
ing both turbulence intensity and eddy size [25]. Further simu-
lations find that the ion thermal transport decreases with lower
collisional damping of the self-generated zonal flows, which
have no collisionless damping in the ideal FRC [26]. See [27]
in these proceedings for more details.

3.2. Parallel electron transport

A combination of magnetic and electrostatic confinement has
been employed in C-2W to improve the electron parallel con-
finement. In an expander divertor the magnetic field strength
drops significantly between a magnetic mirror and the target
wall as can be seen in figure 1. The electron pressure drops
with the magnetic field, leading to the development of a pre-
sheath, and the drop of potential in this pre-sheath reduces the
potential drop in the sheath itself. In addition, lower plasma
density near target walls causes increase of the Debye length
which further decreases surface electric field. The favorable
role of the expander has been demonstrated in the gas dynamic
trap (GDT) experiment, where electron temperature has been
enhanced to 800 eV by ECRH and neutral beams in the pres-
ence of magnetic expander divertor [28—30], and in the C-2W
experiment, where electron temperature has been enhanced to
500 eV [10]. (The physics of the parallel electron transport
in these two devices is expected to be very similar, but the
development goals of the two concepts are different as GDT
is currently being explored as a neutron source [31] while the
advanced FRC, with its high 5 and, consequently, high poten-
tial fusion power output, is being explored as a fusion reactor
for electricity production.)

Parallel electron heat transport in the SOL has been mod-
eled using a custom developed 1D2V Vlasov Fokker Planck
code with full collisional operator with open spatial bound-
ary conditions and Poisson solver [32]. A half-Maxwellian
distribution is injected into the magnetic expander and an out-
flow boundary condition is imposed on the particles reflected
back from the electrostatic barrier. At the cold end i.e. elec-
trodes, the logical sheath boundary condition [33] is used.
As expected, simulations show the formation of a pre-sheath
potential, and consequently the parallel electron heat losses are
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Figure 4. (a) Electrostatic potential profiles decreases with increasing electron losses. (Vertical axis has reversed sign.) (b) Heat flux
decreases with increasing magnetic expansion (K) and decreasing electron losses/current /.. Expansion ratio K parameterizes the distance

from the magnetic mirror along the field line.

reduced to a level close to the minimal theoretical limit. This
result has been validated [34] by experimental measurements
(see also [10]).

Kinetic calculations show that the pre-sheath electrostatic
potential drop in the magnetic expander region (figure 4(a))
decreases with increased electron losses to the walls. These
results can be qualitatively explained using the electron axial
pressure balance equation

dp

dlnB+ do _,
a T T

Tp-p)
dl

where P| = nT) is the parallel electron pressure, P, = nT |
is the perpendicular electron pressure, n is electron density, B
is the magnetic field, and ¢ is the electrostatic potential. The
asymptotic theory result (black line in figure 4(a)) is recov-
ered with /. = 0, i.e. with no electron losses. In this limit the
distribution is isotropic i.e. T ~ T) =~ const., and hence the
potential reduces to the Boltzmann potential. With increas-
ing electron losses (I.), temperature anisotropy increases as
the reflected distribution is truncated and the trapped region
between the sheath boundary and the mirror boundary is
never filled up completely by collisions. With temperature
anisotropy, P > P, which leads to a reduction in potential
compared to the Boltzmann potential. The heat flux (g. =
I [ %VH f d*v) profile is shown in figure 4(b) for various elec-
tron losses/current /. values and it is found to decrease with
increasing expansion ratio K = B,/B (B, is field under the
mirror), as electron thermal energy is converted to potential
energy. Also, heat flux decreases with decreasing electron
losses or current (i.e. /). In the figure, electron current val-
ues less than the ion saturation current, /. < I, correspond to
negative biasing on the electrode and electron current values
I, > I, correspond to positive biasing. Therefore, negative
biasing is associated with reduced electron heat transport.

4. Summary

Novel features brought by the several innovations of the
advanced beam-driven FRC plasmas have stimulated further

development of equilibrium and transport models. A hybrid
fluid/kinetic equilibrium model is able to reproduce C-2W
experimental diagnostics, which leads to a force-balanced
equilibrium reconstruction where 50% of the total plasma cur-
rent is in the fast ion population generated by the neutral
beams. Global, 3D, cross-separatrix, nonlinear, electrostatic
turbulent transport simulations show that the new equilibrium
features reduce the non-linear saturation amplitude of electro-
static fluctuations. 3D simulations in the SOL find that equilib-
rium E x B flow shear significantly decreases ITG saturation
amplitude and ion heat transport. 1D2V continuum modeling
of electron dynamics in the SOL shows that parallel electron
thermal loss decreases with increasing divertor expansion ratio
and also is also decreased by negative biasing on the cen-
tral electrode. These theoretically predicted changes in equi-
librium and transport characteristics may help to explain the
remarkable plasma performance of the C-2W experiment.
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