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Plasma-gun-assisted field-reversed configuration formation

in a conical 6-pinch
T. E. Weber,"® T. P. Intrator,™® and R. J. Smith?

"Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
*Department of Aeronautics and Astronautics, University of Washington, Seattle, Washington 98195, USA

(Received 23 February 2015; accepted 16 April 2015; published online 29 April 2015)

Injection of plasma via an annular array of coaxial plasma guns during the pre-ionization phase of
field-reversed configuration (FRC) formation is shown to catalyze the bulk ionization of a neutral
gas prefill in the presence of a strong axial magnetic field and change the character of outward flux
flow during field-reversal from a convective process to a much slower resistive diffusion process.
This approach has been found to significantly improve FRC formation in a conical §-pinch, resulting
in a ~350% increase in trapped flux at typical operating conditions, an expansion of accessible for-
mation parameter space to lower densities and higher temperatures, and a reduction or elimination
of several deleterious effects associated with the pre-ionization phase. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4919262]

I. INTRODUCTION

A field-reversed configuration (FRC)'~ is a compact to-
roidal plasmoid with a simply connected separatrix and pre-
dominantly poloidal magnetic field. Its robust nature under
extreme acceleration and stability during translation make the
FRC a useful plasma configuration for a variety of applica-
tions. Primarily studied as a steady-state magnetic fusion con-
finement concept, the majority of previous research has
consequently focused on non-translating FRCs created in a cy-
lindrical 0-pinch. These techniques have since been adapted
to produce translating FRCs through simultaneous formation
and acceleration using a conical 0-pinch.>~> FRC formation in
a conical O-pinch, however, presents several unique chal-
lenges that have historically resulted in relatively poor per-
formance compared to static formation in a cylindrical pinch.

This paper explores the impact of initial ionization con-
ditions and pre-ionization technique on FRC formation/
acceleration in a conical 0-pinch at high densities and mag-
netic fields. We hypothesize that introduction of a small
amount of seed plasma can catalyze a Townsend ionization
cascade® driven by an azimuthal electric field in the presence
of a strong axial magnetic field, thereby allowing bulk ioni-
zation of a neutral gas prefill to occur at significantly higher
levels of axial magnetic bias than would otherwise be possi-
ble using the traditional method of ringing the axial field.
This has the potential to significantly improve flux-trapping
and provide additional flexibility to accommodate the special
requirements of translating FRC experiments.

Investigation of this approach was carried out on the
Magnetized Shock Experiment (MSX)’ at Los Alamos
National Laboratory with the intention of subsequent fielding
on the Field-Reversed Configuration Heating Experiment
(FRCHX)g’11 at the Air Force Research ILaboratory,
Kirtland, if the technique proved successful. The purpose of
MSX is to study the physics of magnetized collisionless
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shocks'*"? through the acceleration and subsequent stagna-

tion of FRC plasmoids against a strong magnetic mirror and
flux-conserving boundary. MSX uses much of the equipment
from the discontinued Field-Reversed Experiment with Liner
(FRX-L)'*'> program, which served as a test bed for tech-
nology and techniques that were eventually adopted on
FRCHX. Accordingly, MSX and FRCHX use nearly identi-
cal conical 0-pinch hardware to form and accelerate FRCs.
The goal of FRCHX is to investigate a version of magneto-
inertial fusion'® in which a FRC is injected into a converging
solid, conductive liner, and compressed to fusion conditions.
Both of these efforts require efficient flux-trapping at signifi-
cantly higher densities and magnetic fields than have previ-
ously been attempted.

Following this Introduction, Sec. II briefly reviews
static FRC formation and flux-trapping in a cylindrical 0-
pinch, discusses specific difficulties involved with forma-
tion in a conical O-pinch, and motivates the need for
improved pre-ionization. Section III introduces an alterna-
tive ionization method using plasma injection via an annu-
lar array of coaxial plasma guns and describes the hardware
used in this study. Section IV presents the results of initial
testing, their bearing on a modified formation strategy, and
interpretation of data from integrated formation experiments
using a variety of pre-ionization techniques conducted over
a range of operating conditions. Finally, conclusions from
this study and implications for future research are discussed
in Sec. V.

Il. BACKGROUND

The field-reversed 0-pinch (FRTP)'* technique has his-
torically been the most common method of forming FRCs,
and despite the development of several alternative formation
techniques (e.g., Rotating Magnetic Fields (RMF),'” Coaxial
Slow Source (CSS),"® merging spheromaks'®), it remains the
only demonstrated method to produce hot long-lived FRCs
at high densities and magnetic fields. Figure 1 illustrates the

© 2015 AIP Publishing LLC
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(a)

(b)

(c)

A — )

FIG. 1. Resistive MHD simulation illustrating FRTP formation in a conical
0-pinch matching the MSX geometry using typical gas fill and magnetic
conditions. Magnets are indicated by heavy black lines, the quartz discharge
tube by a double black line, magnetic field contours by thin black lines, and
plasma density is represented in grey-scale (auto-scaled for each frame).
The initial plasma was assumed to be fully ionized with no ringing-6 cycle
preceding field-reversal. The following stages are shown: (a) reverse bias
and pre-ionization; (b) field-reversal, radial compression, and reconnection;
(c) axial contraction and equilibration; (d) acceleration and ejection. See
Fig. 5 for MSX schematic and scale.

nominal sequence of events during FRTP formation in a con-
ical geometry similar to that of MSX and FRCHX. Prior to
formation, a pre-ionized volume of plasma with an embed-
ded reverse axial magnetic field is established. The polarity
of the axial field is then quickly reversed over a timescale
shorter than the inductive decay time of the plasma (i.e., L/R
time), and the imposed forward field reconnects with the
trapped reverse field to form a closed toroidal magnetic to-
pology inside a simply connected separatrix. The sudden rise
in forward field drives a radial implosion that rapidly heats
the plasma through a combination of compression, strong
shocks, and flux annihilation. The 0-coil is then crowbarred
at maximum current to maintain a strong forward field for ra-
dial confinement, and the plasma undergoes a short period of
radial oscillation, eventually leading to equilibrium (radial
pressure-balance), followed by slower axial contraction, os-
cillation, and equilibration to a state of axial and radial pres-
sure balance.

A. Flux-trapping in a cylindrical 6-pinch

During field-reversal (between @ and b in Fig. 1), the
plasma can expand at up to the radial Alfvén speed as the

Phys. Plasmas 22, 042518 (2015)

axial field swings toward zero. When the forward field rises
to a value exceeding the trapped reverse field (the plasma is
still relatively cold at this point), the plasma is driven radi-
ally inward or “lifts-off”” the wall. This marks the end of the
reconnection phase of formation, after which point trapped
flux can only decrease. The trapped flux at lift-off is approxi-
mately ¢; o ~ ABLo, Where A; is the area of the discharge
tube and By g is the field at lift-off time.

The inertial-confinement flux-trapping model, originally
proposed by Green and Newton,?® assumes that flux is con-
vected through the wall at the radial Alfvén speed' during
field-reversal. Under this model, the trapped flux at lift-off
can be estimated using

$ro 2
——=1-G, (1)
b,
where
Go = Bo/BGN7 (2)

B, is the initial reverse bias field, and ¢, is the initial reverse
bias flux. Bgn is the Green-Newton field; the value of bias
field at which the radial Alfvén transit time equals the time
needed to reverse the initial bias field

BGN = (ﬂopz))1/4E(l)/2a (3)

where u, is the vacuum magnetic permeability, p, is the ini-
tial mass density, and Ej is the applied azimuthal voltage at
the tube wall during field-reversal. This model predicts lift-
off flux for reversal timescales faster than the inertial radial
Alfvén time and has historically matched experimental data
in the range G,=<0.5.*!

When the reversal timescale becomes comparable or lon-
ger than the inertial radial Alfvén time (i.e., when G, = 1), a
significant amount of plasma comes into contact with the
wall, during which time the trapped reverse field is supported
by a pressure-bearing sheath until the axial field rises to a suf-
ficient value for lift-off to occur. Practically, this behavior
begins to become important at G, = 0.5. Under these condi-
tions, the trapped flux at lift-off time can be estimated using
the sheath-confined model described by Steinhauer,>*** which
is similar to that of Vekstein,24 valid for reversal timescales
slower than the inertial radial Alfvén time

‘Z)LOO - exp<—0.74G,,1\7*1/ 4), @)

where N = N/N* is the normalized line density with N*
= 2mm; /e’ p, = 6.46 x 10" m~" for deuterium, m; is the ion
mass, and e is the elementary charge.”> The normalized line
density can be conveniently expressed as

N =24 x 10°p,r?, (5)

where p,, is the initial gas fill pressure and r, is the discharge
tube radius.

The radial compression and axial contraction phases of
formation (b and c in Fig. 1) are also associated with rapid
flux loss, primarily due to high anomalous resistivity and
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tearing instabilities driven by large density gradients in thin
antiparallel layers. The flux-retention factor during these

phases can be estimated using'***%°
;f)“’ =2.33rpl/?, ©)
LO

where ¢, is the trapped flux at equilibrium.

Figure 2 shows contours of predicted ¢,, over a range
of reverse bias flux and neutral gas fill density n2 for typical
operating parameters on MSX and FRCHX. It should be
noted that nowhere in this parameter space does GLg
= B1o/BgN exceed unity, which has been described as a
practical limit for formation.”*%?’ It can be seen that
trapped flux is increased both by increasing ¢, (increases
amount of flux available to trap) and by increasing n>:
(increases flux-trapping efficiency). At low fill densities, flux
trapping is highly sensitive to increases in n>* and relatively
insensitive to increases in ¢,, while at high fill densities, the
opposite is true.

B. Formation in a conical 0-pinch

Although the preceding trapped flux estimates were
developed for static formation in a cylindrical O-pinch, they
can be used as a starting point to develop an understanding
of the formation process in a conical geometry. In a conical
0-pinch, the diverging magnetic field exerts an axial force
that accelerates and eventually ejects the FRC,** and the ini-
tial flux available for trapping (¢,) varies along the length of
the 6-coil due to the constant diameter of the quartz dis-
charge tube. A small amount of toroidal field is also gener-
ated ‘during FRC formation in a conical 0-pinch®*~’

Predicted trapped flux (¢,,) [MWb]
: N,
Pe PP

Reverse bias flux (¢,) [mWb]

1 2 3 4 5 6
Neutral fill density (n2) [D,/m? 1 le21

FIG. 2. Contours of predicted trapped flux for the MSX coil geometry over
typical operating parameter ranges; solid contours (—) indicate sheath-
confined formation, dashed contours (- —) indicate inertially confined forma-
tion, and the shaded region indicates the parameter space of historical agree-
ment between the inertial model and experimental data using a cylindrical
pinch. Note that the inertial and sheath models agree fairly well in the
shaded region. In MSX and FRCHX formation takes place in a cylindrical
discharge tube within the conical 0-pinch. Initial reverse flux in MSX typi-
cally varies from ¢, = 1.7 mWb (B. ~ 0.2 T) at the large end of conical (-
pinch to ¢, = 3.9 mWb (B. ~ 0.5 T) at the small end, with ¢, = 2.5 mWb
(B. =~ 0.3T) on average.
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(¢/¢, < 0.1 and B,/B, < 0.1 for the 4.9° half-angle of the
MSX 0-pinch, where subscripts ¢ and p indicate toroidal and
poloidal components respectively); however, since magnetic
pressure and energy are proportional to the square of the
magnetic field, the toroidal field is not expected to appreci-
ably affect the dynamics or pressure balance of the FRC
(B,Z/Bﬁ < 0.01).

Simulations ~ using the = MOQUI’®  resistive-
magnetohydrodynamics code predict that FRC formation in
MSX proceeds similarly to the formation in a cylindrical
pinch and that the radial and axial equilibration phases are
completed prior to ejection (e.g., Fig. 1), although it is possi-
ble that additional flux loss may occur during the highly
dynamic periods of axial acceleration and ejection in a man-
ner similar to the rapid flux loss observed during the radial
and axial equilibration phases of formation. The relatively
small diameter of MSX and FRCHX combined with opera-
tion at unprecedented high fill pressures gives rise to large
density gradients during formation and ejection, which can
increase anomalous resistivity and susceptibility to tearing
instabilities that drive flux-loss. Due to this and the addi-
tional time required for acceleration and ejection, trapped
flux levels in the final translating FRC may be lower than
predicted by models derived from previous experiments
studying static formation.

C. Pre-ionization

The analysis of Sec. IT A also assumes an initial state of
uniform, fully ionized plasma prior to field-reversal, although
this assumption is often invalid. The characteristics and
reproducibility of the final FRC have historically been found
to be highly dependent on the spatial distribution, resistivity,
and degree of ionization of the initial plasma. While several
methods of pre-ionization have been attempted (ringing-0,
axial discharge, ringing multi-pole fields, UV irradiation,
plasma injection),”’ the most common method is ionization
via ringing 0-pinch.'>

Ringing-0 pre-ionization superimposes a time-varying
axial magnetic field onto the pseudo-steady-state reverse
bias field (Fig. 3(a)), inducing an azimuthal electric field that
accelerates free electrons in the neutral gas-fill to produce a
Townsend ionization cascade. Since a large axial magnetic
field impedes cross-field electron motion and can suppress
ionization,*? the amplitude of the ringing axial field typically
needs to be greater than the reverse bias, such that the mag-
netic field crosses zero with enough overshoot to induce a
substantial electric field during times when the magnetic
field is small. However, while zero-crossing facilitates ioni-
zation, it has the unfortunate effect that the plasma is created
during a time that the axial field is nearly zero, resulting in
very little trapped flux. Typically, many ringing cycles are
needed to couple enough energy to the plasma to ensure
good ionization and allow time for turbulent mixing to uni-
formly distribute plasma and magnetic field.

When the axial field crosses zero, the volume within the
0-coil also becomes magnetically connected to the down-
stream regions of the experiment, which allows plasma to
freely stream along open field lines. In a conical geometry,
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FIG. 3. (a) Typical axial field history for ringing-0 pre-ionization and field-
reversal in a cylindrical pinch (data from FRX-B*); (b) Single-cycle, non-
zero-crossing pre-ionization and field-reversal in MSX.

plasma is forced downstream due to the magnetic gradient.
This has been observed to deplete the plasma inventory in
the O-coil which later obstructs the translation of the FRC.
Excessive overshoot (“hard” zero-crossing) and multiple
ringing cycles only exacerbates this problem and can also
ablate material from the quartz wall, introducing impurities
into the plasma leading to excessive radiative losses. In
MSX (and previously in FRX-L**) hard zero-crossing has
been associated with silicon and oxygen emission and drasti-
cally decreased FRC lifetime.

lll. APPARATUS AND METHODS

These considerations. prompt the need for a pre-
ionization scheme that does not rely on multiple ringing-0
cycles and/or hard zero-crossing of the axial field. Such a
system should also be capable of ionization in the presence
of a strong axial magnetic field for increased ¢, over a range
of high-density gas fill conditions. To address this need, a
multistage pre-ionization method has been developed on
MSX that uses a combination of non-zero-crossing, single-
cycle ringing-0 pre-ionization supplemented by an annular
array of coaxial plasma guns. The plasma gun array injects
plasma into the formation section prior to the initiation of
the ringing-0 cycle and provides a seed population of free
electrons that facilitates ionization of the bulk gas by the
electric field induced by the ringing-0 system. Since this
approach decouples the initiation of ionization from the
energy deposition process, ionization can take place in the
presence of a large magnetic field, arbitrary fill density, and
at a time when the induced electric field is at a maximum.

This method has the additional benefit that a uniform
neutral gas fill can be achieved within the 0-coil while pre-
serving near vacuum in the downstream translation section

Phys. Plasmas 22, 042518 (2015)

simply by introducing gas through the plasma guns a few
milliseconds prior to the initiation of the discharge (i.e.,
puff-fill) rather than using a traditional static-fill.>® This
allows FRC translation to take place through vacuum rather
than a background of neutral gas, resulting in higher final
velocities and plasma temperatures.

It is worth noting that, in parallel with plasma gun devel-
opment at MSX, a similar technique was attempted on
FRCHX using a capacitively coupled axial RF discharge
combined with a much larger puff-fill in which the leading
edge of the gas pulse was used to form the FRC. Results
showed that the RF discharge had a marginal effect on flux-
trapping (producing a ~3% increase in excluded flux radius
corresponding to a ~10% increase in trapped flux),”® and
while the absence of neutral gas downstream enables higher
translation velocities, the non-uniformity of the gas fill
within the 0-coil® makes comparison with previously estab-
lished scaling laws difficult.

A. Plasma gun array

Each plasma gun is constructed from concentric stain-
less steel tubes separated by a layer of flexible polyurethane
to provide electrical insulation (Fig. 4). A %—in.—diameter
outer conductor is maintained at machine-ground, while a %—
in.-diameter central tube, which doubles as a gas feed, is
switched to 1kV. Near the end of the gun the polyurethane
insulator transitions, via nested convolute joint for increased
tracking distance, to an aluminum oxide insulator with cap-
tured O-ring seals that serves both as a vacuum boundary
and as a standoff insulating layer to prevent the arc from
occurring upstream of the electrodes. A stainless steel nozzle
is threaded into the outer tube to provide flow restriction and
function as an outer electrode, and a cylindrical %—in. thori-
ated tungsten central electrode is press-fit into a stainless gas
diffuser with four radial ports, which is then silver-soldered
to the inner conductor/gas feed. In a similar design to plasma
guns used in the prévious studies,’”*° the central electrode
extends ~2 cm past the outer electrode to reduce current den-
sity and prevent destructive sputtering. Once assembled, the
guns are bent to 90" and mounted in a conflat spool with 12
radial ports to form a downstream-pointing annular array
(Fig. 5). The guns are mounted in sliding seals to allow ra-
dial adjustment, and the conflat spool is mated to the quartz
discharge tube using a captured O-ring to allow axial transla-
tion of the entire array. Deuterium gas is introduced through
a polyethylene manifold to prevent image currents, then
through 6 fast pulse valves (2 guns per valve) that are

71 Polyurethane 304 Stainless steel
Aluminum oxide Thoriated tungsten

7 7 7 27l

222
2

Zd 7
\I“‘I)I)Illlllllllllllllllf,/////././#

1cm

FIG. 4. Cross section of a plasma gun near the electrodes. The nested
coaxial conductors, insulators, and captured O-rings (black) allow for a com-
pact structure and closely-spaced array.

05:92:€Z G20z ¥snbny 2z



042518-5 Weber, Intrator, and Smith

1 Plasma guns 72 Slow coils Fast coils (6-pinch)
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FIG. 5. Schematic of the plasma gun array, MSX 0-coil, and partial transla-
tion section. Note that plasma is injected beyond the upstream magnetic
cusp. The quartz discharge tube is 10cm in diameter, the smallest fast coil
has an inner diameter of 12.3 cm, and the largest coil has an inner diameter
of 18.9 em; the half-angle of the MSX conical 0-pinch is 4.9°.

overdriven to increase pulse speed.” Each gun is driven by
an optically triggered, SCR-switched and crowbarred, 1.1
mF (5507 per gun and 6.6kJ for the 12 gun array) electro-
Iytic capacitor bank. Although the triggering system is capa-
ble of firing the guns independently, all guns were triggered
simultaneously for this study.

Both MSX and FRCHX use “programmed” forma-
tion*'*? to force reconnection to occur at externally applied
magnetic cusps. This promotes symmetry and prevents tear-
ing instabilities for more reproducible and well-formed
FRCs. In such a configuration, the plasma guns need to
extend beyond the upstream cusp to inject plasma into the
region of reverse field (Fig. 5). During the FRC formation
experiments described in Sec. IV, the axial position of the
array was such that the gun electrodes were located ~3 cm
past the upstream cusp, and the plasma guns are located near
to the quartz tube so the injected plasma forms an annulus
that encloses the maximum amount of reverse flux prior to
field-reversal.

The plasma gun array also satisfies several other engi-
neering constraints including: the need to facilitate radial
and axial placement of the plasma streams, location of the
gas valves away from regions of strong magnetic field, short
axial length (<25 cm) to fit on FRCHX, and an obstruction-
free line of sight on-axis to facilitate diagnostic access for
high-speed photography and pulsed polarimetery.*?

IV. EXPERIMENTAL RESULTS
A. Initial conditions

Early testing of a prototype plasma gun was carried out
on the Relaxation Scaling Experiment (RSX) experi-
ment,***> which has improved diagnostic access compared
to MSX and is capable of producing axial magnetic fields of
0.12'T, approaching the lower range of reverse bias used in
MSX. At typical operational parameters (150 psi line pres-
sure, several hundred us puff duration, and peak currents of
~2kA), peak plasma density 20cm downstream of the gun
nozzle was measured via Langmuir probe to be
~3 x 10 m™ with a ~50% reduction over the next 10 cm.
The axial velocity was v, ~ 1.5cm/us, and the transverse
spread was Gaussian with a half-width at half-max of

Phys. Plasmas 22, 042518 (2015)
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FIG. 6. (a) Plasma distribution from single gun testing in RSX at 20 cm and
30 cm downstream of the plasma gun; (b) superposition of single-gun data at
20 cm for 12 guns arranged in an annulus; (c) predicted plasma distribution
at 20 cm (roughly halfway down the 0-coil) for conditions prior to initiation
of the ringing-0 cycle in MSX.

o~ 1.5 cm at 20cm and ¢ =~ 2.1 cm at 30 cm downstream
of the gun (Fig. 6(a)), which shows scaling consistent with
conservation of mass.

Superposing these distributions, the plasma emanating
from a full 12-gun array is predicted to be a smooth annulus
with a maximum density of ~6 x 10m=3 (Fig. 6(b)). Later
tests in MSX using the 12-gun array and an axially translat-
able Langmuir probe revealed that the translation speed of
the plasma was slower than previously observed during
single-gun testing in RSX (v, ~ 0.25cm/us in MSX vs.
~1.5cm/us in RSX). We believe this to be caused by
increased neutral drag due to operation with a larger number
of plasma guns in a significantly smaller diameter vacuum
vessel than RSX. Assuming approximately similar plasma
parameters, the cross-field diffusion coefficient*® D | scales
proportionally to B=2 (valid for both partially ionized and
fully ionized plasmas). Since the transverse diffusion of the
plasma takes place over the timescale Ar = Az/v,, and the
spread of an outwardly diffusing Gaussian plasma column
evolves as g = /2D, t, the plasma distribution in MSX can
be predicted using the RSX measurements at z=20cm and
30cm to determine D, then scaling to account for the
higher magnetic field, decrease in translation speed, and
divergence of the axial magnetic field in MSX. The distribu-
tion of plasma 20 cm downstream of the gun array (halfway
down the O-coil) at reverse bias levels used for subsequent
testing (cf. Fig. 2 caption and Fig. 3(b)) is predicted to be a
lumpy annulus with peak densities of roughly 10*°m— (Fig.
6(c)). This configuration is optimal for efficient trapping of
reverse magnetic field as the greatest amount of flux is
enclosed using the least amount of plasma to form a continu-
ous conducting path for the induced toroidal current to flow.
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The dynamics of the neutral gas fill using the full 12-
gun array operating in puff-fill mode were also studied in
MSX using a custom, miniaturized, fast ionization gauge.*®
It was found that a uniform density profile could be achieved
throughout the 6-coil while maintaining near vacuum down-
stream, and that the profile could be scaled self-similarly
over pressure ranges of interest by simply varying the line
pressure in the gas manifold.® The uniformity of the gas fill
allows FRC formation/translation using a puff-fill to be
benchmarked against the scaling laws described in Sec. I1 A
developed for stationary FRC formation in a static-fill. For
operation in deuterium using the previously stated puff tim-
ings, the minimum manifold pressure needed for reliable dis-
charge of all 12 guns resulted in a fill density of ~8.0 x 10%°
D,/m’ (equivalent to a 25 mTorr static fill but only in the 0-
coil). The manifold pressure used during RSX testing and to
arrive at the above plasma density estimates produces in
MSX a gas fill of ~2.5 % 10?" D,/m?, implying a peak ioni-
zation fraction of a few percent in the annular plasma.

B. Qualitative effect on ionization

Upon initial FRC formation testing using the plasma
gun array, it was found that bulk ionization of the neutral gas
prefill (characterized by sudden visible light emission)
occurred immediately upon applying voltage to the 60-coil
rather than when the axial field crossed zero. This confirms
the initial hypothesis that a seed plasma at the few percent
level can catalyze a Townsend ionization cascade driven by
the induced azimuthal electric field despite the strong axial
magnetic field that had previously suppressed ionization.
This also opens the possibility that bulk ionization can be
affected without use of ringing-6 pre-ionization, since the ca-
pacitor bank that drives the main field-reversal is typically
operated at similar charge voltages to the ringing-6 system.
In such a scenario, ionization would occur after voltage is
applied to the 6-coil, but before significant reduction in
reverse bias occurs. This mode of operation was used in sev-
eral later studies.

As expected, tests in which the ringing-0 amplitude was
increased beyond the reverse bias level (with or without
plasma guns) correlated with substantially decreased flux-
lifetime in the drifting FRC even when only slightly crossing
zero. Several other deleterious features were also displayed
such as strong impurity emission and decreased reproducibil-
ity. Since significant amounts of flux decays over the course
of translation under these conditions, trapped flux levels at
the end of the translation section (where shock physics stud-
ies or liner compression takes place) were found to be maxi-
mized when using plasma gun assisted non-zero-crossing
ringing-6 pre-ionization.

The effects of changes to the axial distribution of the
seed plasma on FRC formation were also investigated by
varying the start of the plasma gun discharge from —1 ms to
—1 us in Fig. 3(b). For these tests, the ringing-0 system was
not used in an attempt to accentuate the effects of changes to
the seed plasma distribution. Very little change was observed
in the final FRC properties between cases where the seed
plasma was allowed more than enough time to translate
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along the 6-coil and only given time to translate a small frac-
tion of the length of the 0-coil. However, when the guns
were not fired (i.e., only used for the gas fill), a FRC could
not be formed and nearly zero plasma diamagnetism was
observed. This shows that bulk ionization can take place
even if plasma is present over a limited axial extent of the 0-
coil, but that some form of pre-ionization (either plasma
guns or ringing-0) is still needed. The nominal duration of
the plasma gun discharge for subsequent testing was chosen
to be 160 us (from —150 us to + 10 us in Fig. 3(b)), since it
was found that the plasma takes roughly 150 us to reach the
downstream end of the 0-coil.

C. Flux-trapping

A series of tests were conducted at fairly high reverse
bias field levels (cf. Fig. 2 caption) to better study the effects
of plasma gun assisted pre-ionization on flux-trapping effi-
ciency and to attempt to maximize total trapped flux. During
these tests the ringing-0 system was run at 50kV (when
used), producing an axial field swing that approached but did
not cross zero-field (Fig. 3(b)). The main field-reversal ca-
pacitor bank was also charged to 50kV (similar to the previ-
ous studies, Sec. IVB) in order to compare FRC formation
using gun-assisted ringing-0 pre-ionization to plasma gun
catalyzed ionization through field-reversal alone. The typical
sequence of events preceding field-reversal consisted of a
500 us gas puff followed by a 3.4 ms delay to allow time for
the neutral gas to fill the 0-coil. The gas puff timings were
fixed to maintain a self-similar gas profile in the 60-coil.
Plasma was then injected by the annular gun array followed
by a single non-zero-crossing ringing- pre-ionization cycle
(if ringing-0 is used at all) and field-reversal (Fig. 3(b)).

The radial magnetic profile of the drifting FRC can be
computed at several locations along the 40 cm long transla-
tion section. by measuring the axial field external to the
plasma during the FRC transit (cf. Fig. 7(a)). The profile
(Fig. 7(c)) of the 'FRC was estimated using the well-
established rigid-rotor miodel'” B(r) = B,tanh(Ku), where
u="2(r/r;)* — 1 is the transformation of the radial coordi-
nate, and K is the rigid-rotor profile parameter chosen to sat-
isfy the “average beta” axial pressure-balance relation®>*’
(B) =1 — x2/2. The average beta of a rigid-rotor FRC can
also be expressed as (ff)pr = tanh(K)/K, allowing K to be
determined knowing x,. The ratio of the separatrix radius r;
to the radius of the conducting boundary r., commonly
denoted as x; = ry/re, is related to the values of the unper-
turbed axial field B., and the excluded field between the
FRC and the conducting boundary B., through flux conserva-
tion: x; = (1 — By, /Bze)l/ 2 The total trapped flux was calcu-
lated after the drifting FRC had equilibrated but before large
amount of trapped flux had decayed using42
hoy = 0.621xBe, (ry/ v/2)?, which is equivalent to integrat-
ing the rigid-rotor magnetic profile. The validity of this
approach was occasionally checked by measuring the peak
reversed field at the downstream end of the translation sec-
tion using an %—in.—diameter internal magnetic probe inserted
along the machine axis (r =0) from downstream to minimize
the effect on the plasma (e.g., Fig. 7(b)). Although there
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FIG. 7. Sample data collected on the drifting FRC within the translation sec-
tion: (a) external measurements of the unperturbed axial guide field B., and
excluded field B., provide plasma diamagnetism, total pressure, and enable
calculation of a rigid-rotor proﬁle;"2 (b) downstream internal axial field
measurements were occasionally used to confirm the accuracy of the rigid-
rotor model; (c) the rigid-rotor FRC model was used to determine the radial
magnetic profile and trapped flux; the density profile is described by?
n= n,,sechz(Ku), where 7, is the peak density, using the profile factor K
from magnetic data and line-integrated density (nd/) measurements to con-
strain n,, (for this example nd/ was measured on a separate shot due to the
axial probe obstructing the interferometer beam).

were no observable differences in FRC properties during
shots for which the probe was present, none of the data in
Figs. 8—10 were taken with the internal probe in place.
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FIG. 8. Trapped flux measurements for formation using gun-assisted ring-
ing-0 pre-ionization over varying fill densities. The solid curve (—) repre-
sents the trapped flux predicted by the sheath-confined flux-trapping model
where ¢, was varied to fit the experimental data shown in this figure for low
fill pressures (the inertial model could not be made to fit the data). The best
fit was obtained for ¢, =2.6 mWb, corresponding to B. = 0.33 T in the 10-
cm discharge tube or perhaps more appropriately B. = 0.47 T in the 8.4-cm-
diameter plasma annulus. The dashed curve (- —) is repeated from Fig. 9 for
reference.
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FIG. 9. Trapped flux measurements for formation using ringing-0 pre-
ionization alone over varying fill densities. The dashed curve (- —) repre-
sents the trapped flux predicted by the inertial flux-trapping model where ¢,
was varied to fit the experimental data shown in this figure (the sheath-
confined model could not be made to fit the data); the best fit was obtained
for ¢, =3.7 mWb (B. = 0.47 T in a 10 cm discharge tube). The solid curve
(—) is repeated from Fig. 8 for reference.

For otherwise similar machine parameters, plasma gun
assisted ringing-0 pre-ionization (Fig. 8) was found to con-
sistently result in higher levels of trapped flux and enabled
FRC formation to take place at lower densities than previ-
ously possible using ringing-0 alone (Fig. 9). Although the
trapped flux trends for gun-assisted and unassisted ringing-0
pre-ionization exhibit similar slopes (d¢,, / dnP2) at moderate
fill ‘densities, gun-assisted formation was best fit by the
sheath-confined flux-trapping model of Steinhauer (Sec.
IT A), while unassisted formation was best fit by the inertial
model of Green and Newton.

However, FRC formation is known to deviate signifi-
cantly from the  Green-Newton model for G,=0.5 (cf.
Fig. 2), as was the case during these tests, due to the formation
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FIG. 10. Trapped flux measurements for formation using plasma gun cata-
lyzed ionization via the main field-reversal bank alone (i.e., no ringing-6).
Both the solid (—) and dashed (- —) curves are repeated from Figs. 8 and 9
for reference. In this case, neither theoretical flux trapping model could be
made to fit the data.
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of a pressure-bearing sheath that confines the expanding
plasma. These results can be understood by recalling that dur-
ing unassisted ringing-0 pre-ionization, breakdown occurs
when the axial field is very low. The weakly magnetized
plasma is then driven radially inward during the second half
of the ringing-0 cycle, establishing prior to field-reversal a
narrow column of plasma on-axis surrounded by a region of
vacuum magnetic field. When the field is reversed, the plasma
column is free to expand (i.e., inertially confined) until either
the forward field rises to a sufficient value to halt the expan-
sion or the plasma encounters the tube wall. This results in
exactly the same amount of trapped flux as would be the case
if the axial field were to convect through the wall at the
Alfvén speed, as assumed in the Green-Newton model. Gun-
assisted formation overcomes this limitation by ionizing at
high field and placing the seed plasma near the wall. This cre-
ates initial conditions that promote sheath-confined formation,
which reduces the rate of flux loss during field-reversal by
changing the character of outward flux flow from a convective
process to a much slower resistive diffusion process.

Formation using plasma gun catalyzed ionization via
field-reversal only (i.e., no ringing-6) resulted in trapped flux
levels between those of the other two modes of operation
and was not well described by either theoretical model (Fig.
10). This is believed to be due to marginal breakdown in the
plasma guns at the lowest densities, resulting in “lossy”
sheath-confined formation.

In all cases, trapped flux levels are observed to roll-off
at high densities, a phenomena that is not predicted in either
theoretical model. This is likely attributable to high levels of
plasma resistivity resulting from insufficient heating during
pre-ionization and in the early stages of field-reversal. The
fact that this roll-off occurs at relatively lower density when
only the plasma guns are used supports this conjecture, since
there is less overall energy available for heating during the
early stages of formation without the ringing-0 system.
Conversely, the formation at lower density proceeds at
higher temperatures since there is less gas to ionize and heat.
Post-formation plasma temperatures inferred from total pres-
sure measured via excluded flux array and chord-averaged
density via heterodyne interferometer*® in the translation
section were observed to be several hundred eV at low den-
sities and tens of eV for densities at or beyond roll-off.

The validity of these models to formation in a conical
pinch is somewhat surprising due to the additional phase of
non-equilibrium and the time required for acceleration/ejec-
tion. One would not naively expect trapped flux levels to be
as great as the scaling laws for static formation predict; how-
ever, this is observed to be the case, which indicates that the
acceleration and ejection processes are gentle enough not to
cause substantial flux loss.

V. CONCLUSIONS

It has been demonstrated that a small amount of plasma
in a neutral gas (ionization levels of a few percent) can cata-
lyze a Townsend ionization cascade driven by an induced azi-
muthal electric field despite the presence a strong axial
magnetic field that would normally suppress ionization. A
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pre-ionization strategy based on this concept has been devel-
oped on MSX that uses a combination of plasma injection via
an annular coaxial plasma gun array and non-zero-crossing,
single-cycle, ringing-0 pre-ionization. The gun array injects
plasma into the formation section prior to the initiation of the
ringing-0 cycle and provides a seed population of free elec-
trons that facilitates ionization of the bulk gas by the electric
field induced by the ringing-0 system. Since this decouples
the initiation of ionization from the energy deposition process,
ionization can take place in the presence of a large magnetic
field, arbitrary fill density, and at a time when the induced
electric field is at a maximum. By ionizing at high field and
placing the seed plasma near the wall of the discharge tube, a
continuous conducting path for the induced toroidal current is
formed that encloses the maximum amount of reverse flux
using the least amount of plasma, and promotes the formation
of a pressure-bearing sheath which changes the character of
outward flux flow during field-reversal from a convective pro-
cess (inertial confinement) to a much slower resistive diffu-
sion process (sheath confinement).

This approach has been shown to significantly improve
FRC formation, resulting in a ~350% increase in trapped
flux at typical operating conditions (p, ~ 50 mTorr) com-
pared to ringing-0 pre-ionization alone, an expansion of ac-
cessible formation parameter space to lower densities and
higher temperatures, and a reduction or elimination of sev-
eral deleterious effects associated with the pre-ionization
phase. Higher levels of trapped flux improves confinement,
leads to increased FRC diameter (increased inductance),
higher temperatures (reduced resistivity), and longer overall
ERC flux-lifetime (¢prc(f) = ¢, exp (¢/7), where © = L/R).
Since the acceleration process is predominately adiabatic in
MSX and FRCHX (0-coil current is crowbarred prior to ejec-
tion), higher post-formation temperatures lead to higher
translation velocities. The use of non-zero-crossing, single-
cycle ringing-0 pre-ionization lowers impurity levels and
downstream plasma, further increasing lifetime and transla-
tion velocity. These factors combine to greatly improve pros-
pects for heating to thermonuclear conditions during liner
compression in FRCHX and have already enabled unprece-
dented access to highly supersonic, collisionless, magnetized
flows in cosmically relevant dimensionless parameter
regimes for shock physics studies in MSX.*’

Achieving further increases in trapped flux requires ei-
ther formation at higher densities and/or higher levels of
reverse bias field. Flux-trapping efficiency has been shown
to increase with density in a manner consistent with sheath-
confined formation up to a point at which plasma heating
becomes insufficient to maintain high temperature and low
resistivity. Efficient flux-trapping at densities beyond this
point requires additional plasma heating, provided this is not
accomplished by increasing the ringing-0 amplitude beyond
the value of the reverse bias field. Operation at higher
reverse bias levels provides more initial flux to potentially
trap and permits the use of higher charge voltages on the
ringing-0 system without zero-crossing, but also requires
higher field-reversal voltages to achieve the same crow-
barred current; all of which leads to large increases in total
stored energy. Since the ringing-6 system still has significant
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circulating energy at the time of field-reversal, increasing the
coupling to the plasma (perhaps by increasing the charge
voltage and concurrently lowering capacitance to increase
the induced electric field while maintaining the same mag-
netic amplitude) could result in higher pre-reversal plasma
temperatures and improved flux-trapping at higher densities.
Another alternative is to use a pre-ionization system that
does not rely on ringing the axial field (e.g., increased
plasma gun current or very high-power RF), in which case
both the initiation of ionization and heating would be
decoupled from the value of reverse bias field prior to field-
reversal.
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