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Large field reversed configurations (FRCs) are produced in the C-2 device by combining dynamic
formation and merging processes. The good confinement of these FRCs must be further improved
to achieve sustainment with neutral beam (NB) injection and pellet fuelling. A plasma gun is
installed at one end of the C-2 device to attempt electric field control of the FRC edge layer. The
gun inward radial electric field counters the usual FRC spin-up and mitigates the n =2 rotational
instability without applying quadrupole magnetic fields. Better plasma centering is also obtained,
presumably from line-tying to the gun electrodes. The combined effects of the plasma gun and of
neutral beam injection lead to the high performance FRC operating regime, with FRC lifetimes up
to 3 ms and with FRC confinement times improved by factors 2 to 4. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.3694677]

I. INTRODUCTION

The field reversed configuration (FRC) is a prolate com-
pact toroid formed with poloidal magnetic fields.'* The FRC
continues to be explored experimentally and theoretically,
because it offers a high potential for a fusion reactor, includ-
ing very high-beta, simple geometry, natural divertor, and
ease of translation. The FRC could lead to an economic
fusion reactor with high fusion power density, possibly using
aneutronic fuels such as D-He® and p-B'".

Large FRCs are produced in the C-2 device by combin-
ing dynamic formation and merging processes.”* Two com-
pact toroids, formed (t=0) by a variant of the field
reversed theta-pinch method, are translated supersonically
into a central stainless-steel confinement vessel where they
collide (t ~ 30 us) and progressively merge into a long-
lived (~1 ms) FRC. An FRC equilibrium in the C-2 device
is shown in Fig. 1, as calculated from the Lamy-Ridge
code.’ Field line contours are traced, and plasma densities
are indicated with colors.

Typical C-2 equilibrium FRC parameters are (t=0.3
ms): separatrix radius ry ~ 0.4 m, separatrix length L; ~ 3 m,
external magnetic field B. ~ 1 kG, average density n ~
4 x 10" m™, deuterium ion temperature T; ~ 0.5 keV, and
electron temperature T, ~ 0.2 keV. The FRC lifetimes are
~1 ms. During the decay, the FRC separatrix shrinks radially
and axially, and the plasma temperatures gradually decrease.
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The main goal of the C-2 experiment is to demonstrate
FRC sustainment with neutral beam (NB) injection for heat-
ing and current drive and with pellet injection for particle
refueling. The C-2 20 keV hydrogen NBs are injected tan-
gentially to the FRC current direction (co-injection), with an
impact parameter of 0.2 m. The FRC parameters listed above
are suitable for NB capture (Monte-Carlo simulations indi-
cate that shine-through and first orbit losses less than 10%)
and for fast ion confinement (slowing down time ~ FRC life-
time). The 20 keV fast ions have betatron orbits with large
excursions outside the FRC separatrix (typical outer turning
radii are ~0.55 m.).

The confinement properties of the C-2 FRCs are good,>*
comparable or exceeding those of past FRCs.'* However, fur-
ther improvement in the FRC confinement is desirable. The
global power losses are about 10 MW midway (t ~ 0.5 ms)
through the FRC lifetime. Hence, they exceed substantially the
available NB input power to the FRC. Accordingly, present C-
2 research seeks new ways to improve FRC confinement,
while attempting to build up a significant fast ion population.

Rotational stability also remains a concern for C-2
FRCs, as will be detailed in Sec. II. During the last year, new
experimental techniques have substantially improved the con-
finement and stability of C-2 FRCs. A plasma gun introduced
at one end of the C-2 device is key, together with NB injec-
tion, to obtain much improved FRC data. This paper reports
on these new results, referred to as the high performance
FRC (HPF) operating regime.

The present paper is organized as follows. Section II
details FRC rotational stability and how it can impact NB fast
ion confinement. Section III describes the C-2 end plasma

© 2012 American Institute of Physics
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FIG. 1. Sketch of an FRC equilibrium inside the modified C-2 device.

gun and its main beneficial attributes. An attempt is made to
dissect the new HPF operating regime in Sec. IV, one compo-
nent at a time. The data are discussed in Sec. III and the
results are summarized in Sec. VI.

Il. FRC ROTATIONAL STABILITY

The C-2 FRCs are grossly stable, presumably because of
kinetic effects.”>* These FRCs have s ~ 1 (s is the ratio of the
FRC minor radius to the average internal ion gyroradius),
S* ~ 8 (S* is the ratio of the FRC separatrix radius to the av-
erage collisionless ion skin-depth), and separatrix elongations
E ~ 4. With S*/E ~ 2, the C-2 FRCs remain well inside the
kinetically tilt-stable FRC parameter space.”

All FRCs develop an azimuthal rotation in the ion dia-
magnetic direction. The FRC spin-up is clearly observed in
the C-2 device with various magnetic probe and bolometer
arrays. The origin of the rotation remains to be clarified, but
end-shorting of the radial electric field on open field lines and
particle loss from inside the FRC separatrix are leading
explanations.'*°

The FRC azimuthal ion rotation consists of electric and
diamagnetic components, as can be seen from the equilib-
rium ion momentum equation

ne(E+v; xB) — Vp, =0. (1)

In the FRC midplane, to lowest order, the electric field and
the ion pressure gradient are radial, the magnetic field is
axial, and the ion velocity is azimuthal. The radial electric
field can be obtained from the radial component of Eq. (1) as

E, = 1Q*B(x — 1), (2)

where o=Q/Q* is a normalized ion rotation parameter,
Q=vy/r is the ion angular rotation frequency, and
Q#* = (dp;/dr)/(enrB) is the ion diamagnetic frequency. Both
B and Q* are chosen to be positive quantities. Rotation is pos-
itive in the ion diamagnetic direction (o > 0). One observes
from Eq. (2) that E, is positive (outward) for o > 1 and nega-
tive (inward) for o < 1.

Rotational instabilities develop soon after the FRC starts
to rotate. The n=1 “wobble” grows for small o values.

Mirnov probes reveal wobble motion for C-2 FRCs with
o ~ 0.1, consistent with similar past measurements in
the FRX-C/LSM device.” An n=2 elliptical mode develops
for o > 1 — 1.5."2 Without stabilization, the n =2 mode grows
quickly to large amplitude and is destructive with a dielectric
first wall (in-situ theta-pinches).

The n=2 mode is clearly observed for C-2 FRCs at
t > 0.2 ms, with multi-chord side-on interferometry and bo-
lometer arrays.>* It saturates at large amplitude in the C-2
confinement vessel, presumably because of wall stabiliza-
tion. The significant elliptical plasma deformations some-
what compromise the FRC plasma confinement. Recent data
and calculations, to be published elsewhere, suggest that the
elliptical deformations can also affect significantly the NB
fast ion confinement.

The n=2 mode can be stabilized with external multi-
pole magnetic fields, a technique used in most FRC experi-
ments following PIACE results.® Quadrupole magnetic fields
are used in the C-2 device to permit side-on NB access. Typ-
ical C-2 operation includes 15 kA in each quadrupole bar.
This current produces a vacuum magnetic field of about
90 G at r=0.4 m, which is enough to stabilize the n=2
mode through most of the FRC lifetime, as the separatrix
shrinks radially. This reference quadrupole current is abbre-
viated as q =1 later in this paper.

Quadrupole stabilization is effective in preventing the
FRC elliptical deformation, but it has some negative aspects.
The combined mirror and quadrupole magnetic fields fan in
and out the edge layer field lines and compromise communi-
cation to the ends of the C-2 device. Lower FRC tempera-
tures are observed in the C-2 device for q=1.

The applied quadrupoles break azimuthal symmetry (ca-
nonical angular momentum), which can deteriorate mirror
plasma confinement.” The quadrupoles can also cause rapid
stochastic diffusion of the NB fast ion orbits to the wall.'!!
Similar fast ion losses can occur for FRCs sustained with
rotating (dipole) magnetic fields.'?

FRC rotational stability is, therefore, a serious concern
for C-2 experimental plans. Without quadrupoles, the FRC is
not axisymmetric as its cross-section deforms into an ellipse.
With quadrupoles, the applied magnetic field is not
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axisymmetric. NB fast ion confinement deteriorates in both
cases. Hence, a new axisymmetric technique to control FRC
rotational instabilities is highly desirable.

Equation (2) suggests that one could obtain o < 1 by
imposing an inward radial electric field (E, < 0) near the
separatrix. The n=2 mode growth may be suppressed,
since it occurs for oo > 1. Various experimental techniques
have been tried on the C-2 device to control the radial elec-
tric field in the FRC edge layer, with various degree of suc-
cess. We focus here on the end plasma gun data, because it
proves so far to be the most successful technique for E,
control.

lll. END PLASMA GUN

A plasma gun and two magnetic field end plugs are
added to the C-2 device, as sketched in Fig. 1. The plasma
gun is located on axis at z= —8 m, inside the South divertor.
The two end plugs (up to 2 T pulsed magnetic field) are
located at z= *7.3 m, between the formation regions and
the divertors. The plasma gun and the end plugs have many
potential benefits, such as improved FRC formation, edge
layer confinement, particle refueling, stability through line-
tying to the gun, neutral gas control, radial electric field con-
trol of the FRC rotation, and creation of ExB velocity shear.
Some of these benefits require a cold and dense plasma
stream, while others require a hot tenuous plasma stream.

The AMBAL plasma gun is capable to produce either hot
or cold plasmas.'>'* The C-2 AMBAL plasma gun, obtained
from the Budker Institute of Nuclear Physics, is sketched in
Fig. 2. An annular (0.11 m inner diameter and 0.13 m outer
diameter) plasma stream (~10%? D/s for ~6 ms) is created
with two gas valves and an anode to cathode voltage drop
~0.5 kV. The gun arc current is ~10 kA. The gun magnet
provides an axial magnetic field ~0.5 T.

For all data in this paper, the gun produces a hot (T, ~
30 — 50 eV and T; ~ 100 eV) tenuous (<10 m~%) plasma
stream. These plasma parameters are estimated from diamag-
netism just in front of the gun (z ~ —8 m) and in the forma-
tion quartz tube (z ~ —6 m) and from Langmuir probes and
microwave interferometry (z ~ —7 m).

The gun also creates an inward electric field in the
plasma stream. The radial profiles of probe floating potential

Mo Washers
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FIG. 2. The AMBAL plasma gun.
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FIG. 3. Floating plasma potentials measured at (a) z=—7 m and (b) z=0.

are shown in Fig. 3 at (a) z= —7 m for the gun alone and (b)
in the FRC edge layer at z=0 and at t =0.3 ms. These triple
probe data are acquired shot by shot, and typical standard
deviations are indicated. Fig. 3(b) suggests that the radial
electric field of the FRC edge layer is inward with the plasma
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FIG. 4. Floating potentials of the gun front electrode and of the central end
bias electrode, measured as functions of time.
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gun and outward without it. These trends are only qualita-
tive, because floating rather than plasma potentials are shown
in Fig. 3. Probe measurements become increasingly difficult
close to the FRC separatrix, and no data are available for
r<0.4m.

The gun establishes a good electric communication
along field lines through the entire C-2 device, as illustrated
in Fig. 4. The potential of a floating electrode located on axis
at z ~ 10 m (lower trace of plasma gun on state) tracks the
potential of the gun floating electrode at z=—8 m (upper
trace of plasma gun on state) for the 6 ms duration of the
plasma stream. The potentials are around —0.5 kV, consistent
with those measured in Fig. 3(a).

The plasma gun inward electric field counters the usual
FRC spin-up and stabilizes the n=2 rotational mode, as
illustrated in Fig. 5. Side-on CO, interferometry'> data at
z =0 are compared, (a) without the plasma gun and (b) with
the plasma gun. These data are taken without NB injection
after FRC formation and without quadrupoles (q=0). The
discharge in Fig. 5(a) shows easily recognizable n =2 mode
signatures'"'® between 0.3 and 0.8 ms. The FRC elliptical de-
formation saturates, with a ratio of major to minor axes ~2,
as estimated from interferometry maximum to minimum
amplitudes'® and from bolometer array reconstruction. The
discharge in Fig. 5(b) shows no n =2 oscillations up to about
0.9 ms (the FRC disrupts around that time).

The slow oscillation in Fig. 5(b) between 0.4 and 0.8 ms
is an n=1 wobble. Mirnov probes and bolometer arrays
indicate that this n=1 mode has a long wavelength (similar
displacement along the FRC length) and rotates in the elec-
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FIG. 5. Line-integrated densities of two C-2 discharges (a) without plasma
gun and (b) with plasma gun.
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FIG. 6. Trajectories of the FRC center measured as functions of time (a) with-
out plasma gun and (b) with plasma gun. The black dots indicate the starting
point. Without the plasma gun, the FRC briefly moves in the ion diamagnetic
direction before reversing and moving in the electron diamagnetic direction.
With the plasma gun, motion is always in the electron diamagnetic direction.

tron diamagnetic direction with a relatively small amplitude.
This is illustrated in Fig. 6 with two C-2 discharges (a) with-
out and (b) with the plasma gun. No quadrupoles (q=0) are
used in both cases. The trajectory of the FRC center is plot-
ted as function of time, as estimated from two orthogonal bo-
lometer arrays. Without the plasma gun, the n=1 mode
rotates first in the ion diamagnetic direction (red trace),
before reversing in the electron diamagnetic direction (blue
trace). The mode amplitude increases with time. With the
plasma gun, the mode rotates in the electron diamagnetic
direction (blue trace) at all times, with a relatively small
(5 to 10 cm) amplitude.
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FIG. 7. A long-lived HPF discharge time history of (a) line-integrated den-
sities and (b) Abel-inverted density profiles.

IV. THE HIGH PERFORMANCE FRC REGIME

The plasma gun yields control of the FRC rotational
instabilities without using external multipoles. Hence, NBs
are injected into near-axisymmetric FRC discharges. These
discharges show much improved stability and confinement
properties, from the combined effects of plasma gun and NB
injection. Such conditions constitute the HPF operating
regime.

An example of HPF data is shown in Fig. 7. Side-on
interferometry data at z=0 are shown as functions of time,
with (a) 6 chords of line-integrated density and (b) Abel-
inverted density profiles, assuming axisymmetry around the
FRC center position. The latter is estimated from bolometer
arrays, as in Fig. 6. The FRC density profiles in Fig. 7 are
hollow up to at least 2.5 ms. The line-integrated densities
become too low to resolve the profiles at late times. The
dashed lines in Fig. 7(b) are the midplane excluded flux radii,
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FIG. 8. Excluded flux radii measured as functions of time for various NB
durations.
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rA¢, which approximate the separatrix radii.' There is good
consistency between density profiles and excluded flux
measurements at all times. The FRC separatrix slowly
shrinks radially because of residual magnetic flux decay.

Such long-lived FRCs could not be obtained without NB
injection. Average FRC lifetimes are shown in Fig. 8 as
functions of NB duration. The NBs (2.8 MW, 20 keV Hydro-
gen, 8 ms long pulses) are initiated at t=—3 ms (they con-
tribute to preionization before FRC formation) and are
stopped at various times (up to t ~ 5 ms) during the FRC
lifetime. Each trace in Fig. 8§ is the midplane excluded flux
lifetime averaged over 10 to 20 similar discharges. One
observes longer FRC lifetimes with increasing NB durations.
The HPF regime corresponds to NB durations greater than 2
to 3 ms. Longer NB durations do not lead to further improve-
ments because of separatrix axial and radial shrinkage. The
NB input power to the FRC decreases when separatrix
lengths are less than ~2 m and separatrix radii are less than
~0.3 m. All discharges in Fig. 8 are taken with plasma gun
and end plugs on, and without quadrupole currents (q = 0).

The relative importance of plasma gun, magnetic end
plugs, and quadrupoles to the HPF regime is shown in Fig. 9,
for similar discharge averages as in Fig. 8. The NB duration
is 6 ms (t ~ —3 ms to t ~ 3 ms) for all data. The error bars
are standard deviations for each data set. The HPF regime is
obtained with gun and plugs on, and with q =0. Most impor-
tant is plasma gun operation. Without it, FRC lifetimes are
limited to about 1 ms,** with or without NB injection. Oper-
ation with low quadrupole currents (q < 0.2) is also impor-
tant. The FRC lifetimes are reduced significantly for q = 0.6,
as shown in Fig. 9. For q =1 (not shown), the FRC lifetimes
are again limited to ~1 ms.>* Operation with end plugs off
shows a modest reduction in FRC lifetimes. Hence, the end
plugs have the least importance for the HPF regime.

Gun On, Plug On, g = 0.0
Gun On, Plug Off, g = 0.0
Gun Off, Plug On, q = 0.0
Gun Off, Plug Off, g = 0.0
Gun On, Plug On, q = 0.6
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FIG. 9. Excluded flux radii measured as functions of time for various gun,
plug, and quadrupole conditions.
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The HPF plasma confinement is significantly improved
compared to previous FRC data.>* This is illustrated in
Fig. 10, with shot-averaged values of e-folding FRC confine-
ment times for (a) magnetic flux, (b) particles, and (c) energy.
The standard deviations are included for each data set. All
confinement times are determined over the first 0.5 ms. The
global energy confinement times are estimated from zero-
dimensional, time-dependent, analysis.17

The first data set (no gun) includes the best discharges
obtained in past C-2 operation.>* The three next data sets
(gun only) are obtained with the plasma gun and with the end
plugs, without NB injection, and with various quadrupole
strengths. The confinement times strongly increase as q
decreases from 1 to 0.5 and to 0. Particle transport appears
especially improved, compared to magnetic flux confinement.
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FIG. 11. Average ratios of FRC stable period to FRC lifetime for various
NB durations.
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The energy confinement also improves, because convection
is a significant contribution.

The last four data sets are obtained with plasma gun and
with the end plugs, with q=0 and with NB injection of
increasing duration, such as in Fig. 8. The HPF operating re-
gime is obtained with the last two data sets. The HPF particle
and magnetic flux confinement times exceed the established
FRC scaling from the Large s Experiment (LSX) experi-
ment'® by factors up to 7.

NB injection yields several other positive results that are
currently under detailed investigation. Increased plasma tem-
peratures, increased D-D neutron yields (from ~2 x 10° to
~10° because of longer FRC lifetimes), and increased n=2
rotational stability are observed. The latter is illustrated in
Fig. 11, with ratios of n=2 stable period 74 (time interval
before n=2 onset') to FRC lifetime 1 as functions of NB
duration. Each ratio is the average of 10 to 20 similar dis-
charges, and the standard deviations are included. The ratios
cannot exceed unity by definition. Clearly, increased NB du-
ration up to ~1 ms improves n = 2 stability.

V. DISCUSSION

The AMBAL plasma gun produces an inward radial
electric field in the FRC edge layer (Fig. 3) and a good elec-
trical connection through the entire C-2 device (Fig. 4). As a
result, the growth of the n =2 rotational mode can be pre-
vented without quadrupole magnetic fields (Fig. 5). The gun
operation remains to be explored in more detail. Due to
design limitations, the gun electric field could not be
increased significantly and could not be reversed. Decreases
in gun current and electric field yield shorter-lived FRCs.
Gas injection in front of the gun produces cold plasma
streams that do not produce HPF results.

The plasma gun drives a somewhat faster n=1 wobble
mode in the electron diamagnetic direction (Fig. 6). The
n= 1 mode amplitude is relatively small, presumably because
of partial line-tying to the gun anode. Partial line-tying of the
n=1 mode requires sufficiently low sheath resistances.”'
Low resistances are achieved in the C-2 device, with suffi-
ciently large gun plasma densities (a few times 10" m—3) rel-
ative to FRC edge layer densities (~10"" m—?).

1.0

0.8}

‘||

FIG. 12. Calculated edge layer field lines as functions of relative quadrupole
current.
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The HPF regime requires sufficiently low (q < 0.2)
quadrupole currents (Fig. 9). The latter are effective in stabi-
lizing the n=2 mode, but they also have negative effects.
They compromise the NB fast ion confinement by breaking
axisymmetry. They also degrade the FRC edge layer confine-
ment by opening magnetic field lines.?° This is illustrated in
Fig. 12, with C-2 edge layer field lines calculated for differ-
ent q values, starting at z=0 and r=0.45 m. These Lamy
ridge calculations are made in the planes between the quad-
rupole bars. The open field lines pass through the ends of the
confinement vessel for q =0, but they intersect the chamber
wall as q increases. This breaks the communication between
the FRC and the plasma gun, shorts the gun electric field to
the metal wall, and compromises the HPF regime.

The pulsed end magnetic plugs have a relatively little
effect on the HPF regime (Fig. 9). This is because the C-2
dc coils (Fig. 1) provide a 2.5 kG magnetic field at the plug
locations. This magnetic field is sufficient to transmit
~ 70% of the edge layer magnetic flux passing through the
formation regions. Hence, operating the plugs improves
only slightly the connection between the FRC and the end
gun. The FRC confinement has a weak or no dependence on
the end plug mirror ratio, unlike a mirror confined plasma.

The plasma gun current is turned on after FRC forma-
tion and rises in about 0.2 to 0.3 ms. The edge layer starts to
rotate in the electron diamagnetic direction, while the FRC
rotates in the opposite direction. Hence, there probably is
ExB velocity shear near the FRC separatrix. Velocity shear
has been shown to reduce turbulent transport and convection
in many plasmas.?' Similar physics may occur for C-2 FRCs
operated with the plasma gun.

The FRC particle confinement times are calculated
neglecting all particle sources (Fig. 10). The gun plasma,
NBs, and neutrals are small sources compared to the FRC
particle decay rates. The gun plasma line-integrated densities
(measured with 140 GHz microwave interferometry in the
confinement vessel) are only a few percent of the FRC line-
integrated densities. In addition, the gun plasma presumably
flows in the edge layer rather than inside the FRC. The NBs
(<250 A) are a negligible particle source. Recycling and
neutral ionization inside the FRC are also inferred to be
small sources, by comparing FRC data sets taken under simi-
lar conditions, but with and without wall gettering.”* The av-
erage particle confinement times are found similar, within
experimental uncertainties.

The FRC confinement in the HPF regime further
improves with NB injection (Fig. 10). While the NBs appear
to maintain the FRC diamagnetism, the apparent increases in
magnetic flux confinement time require further analysis to
separate possible contributions from heating and current
drive. The NB fast ions slow down primarily through elec-
tron collisions. The latter occur in the edge layer as well as
inside the FRC. The respective contributions of both regions
need to be clarified with additional data and calculations.
HPF studies with NB beam powers other than 2.8 MW and
with other beam energies remain to be done.

The n =2 rotational mode appears to be further stabi-
lized by NB fast ions. The n=2 mode stabilization
increases with NB durations up to ~1 ms and is nearly com-
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plete for longer durations (Fig. 11). A stabilizing effect
from NB fast ions has been found in past theoretical analy-
sis.? However, more complete calculations, including ki-
netic effects and arbitrary rotation profiles, are required to
support these observations and to clarify the physics of the
HPF operating regime. The HPF operating regime may well
have limits, since rotational modes can develop for both
signs of the azimuthal rotation.**

The end plasma gun is the most successful method of
radial electric field control attempted so far in the C-2 de-
vice. This is presumably because the FRC separatrix con-
nects to the geometrical axis, so that electrical biasing near
r=0 has the greatest influence on the FRC. Partial success
was obtained by biasing positively ring electrodes that
connect to field lines in between the FRC and the wall.?
Such biasing produced an inward electric field, some n=2
rotational stabilization, but no HPF data. Electrical bias
applied to a set of concentric electrodes at z=10 m (Fig.
1) proved ineffective, probably because quadrupoles were
used (q=1) and because low divertor magnetic fields
(plasma densities) compromised partial line-tying to the
electrodes.

VI. SUMMARY

A plasma gun, placed at one end of the C-2 device,
yields an inward radial electric field in the FRC edge layer.
This counters the usual FRC spin-up. As a result, the dan-
gerous n =2 rotational instability is controlled without
applying quadrupole magnetic fields. Better plasma center-
ing is also obtained, presumably from line-tying to the gun
electrodes. The FRC discharges are nearly axisymmetric,
which improves NB fast ion confinement. The combined
effects of the plasma gun and of NB injection lead to the
HPF operating regime. HPF data show FRC lifetimes up to
3 ms, and FRC confinement times improved by factors 2
to 4.

The HPF operating regime described in the present pa-
per yields much of the improvements in plasma stability
and confinement that are required before attempting FRC
sustainment in the C-2 device. In the middle of the FRC
lifetime (~1 ms), the FRC global power losses are ~4 MW
for HPF discharges, which is within reach of the available
injected NB power. FRC sustainment may be possible in
near-term experiments, with increased NB power and pellet
refueling.
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