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Abstract
Stable high-beta plasma is created and confined by the magnetic field of a superconducting coil
that is suspended within a large vacuum chamber by thin supports. Discharges containing trapped
electrons form when microwaves cause strong perpendicular heating at cyclotron resonance. At
low gas fueling rates, an instability appears that resonates with the magnetic drifts of fast electrons
and causes rapid radial transport. Higher gas fueling stabilizes the instability and allows the fast

electron pressure to rise until the ratio of plasma to magnetic pressure, 3 = 2ug p/ B2, attains 20%.

PACS numbers: 52.55.-s, 52.50.SW, 52.35.-g



The levitated dipole experiment (LDX), shown in Fig. 1, is a new research facility that
was designed to investigate the confinement and stability of plasma in a dipole magnetic field
configuration [1]. The dipole confinement concept was motivated by spacecraft observations
of planetary magnetospheres that show centrally-peaked plasma pressure profiles forming
naturally when the solar wind drives plasma circulation and heating [2]. Unlike most other
approaches to magnetic confinement in which stability requires average good curvature and
magnetic shear, MHD stability in a dipole derives from plasma compressibility [3-5]. Plasma
is stable to interchange and ballooning instabilities when the pressure gradient is sufficiently
gentle even when the local plasma pressure exceeds the magnetic pressure or, equivalently,
when 3 = 2u9p/B? > 1 [6]. In this letter we report the first production of high beta plasma
confined by a laboratory dipole using neutral gas fueling and electron cyclotron resonance
heating (ECRH). The pressure results from a population of energetic trapped electrons that
can be maintained for many seconds of microwave heating provided sufficient neutral gas is
supplied to the plasma.

A number of previous experiments also used ECRH to produce high beta plasma [7-
10]. Energetic trapped electrons were first generated in the ELMO experiments [7] where
harmonic cyclotron absorption created a localized “ring” of weakly relativistic electrons
(Ep ~ 400 keV) within a plasma containing a larger density of cooler electrons. Linked
magnetic mirrors, in which high beta electron rings were created, formed the bumpy torus
device [8]. In simple axisymmetric mirrors, internal magnetic probes were able to charac-
terize the plasma equilibrium, and, during optimal conditions, multiple-frequency ECRH [9]
produced anisotropic plasmas that reached high values of local beta, § ~ 40%, and high
ratios of the perpendicular and parallel pressures, 3,/3 ~ 4.3. A similar study using a
non-axisymmetric, minimum-B, magnetic mirror [10] also achieved § &~ 35% with weakly
relativistic electrons having anisotropic pressure 3, /6 > 1.

The observations of stable high beta electron plasmas confined by axisymmetric mirrors
are noteworthy because the pressure gradients exceeded the usual criteria for MHD sta-
bility. Stability was possible because instabilities driven by fast electrons acquire a real
frequency, w & mwgy, proportional to the product of the azimuthal mode number, m, and
the magnetic drift frequency of the fast electrons. The real frequency induces a stabilizing
ion polarization current [11, 12] that imposes an instability threshold inversely proportional

to the ratio of the line-averaged fast electron and ion densities, 7, /n;. The high-frequency



Hoist

8 Flux Loops

9 Tangential Coils

\ 9 Normal Coils

= AN
Inductive
© Charging Coil

FIG. 1: Schematic of LDX experiment showing the dipole magnet suspended within the vacuum
vessel. Loops and coils measure the equilibrium plasma current, and probes measure fluctuating

potentials. Injected microwave power strongly heats electrons at the cyclotron resonance.

hot electron interchange (HEI) instability [12] has a mode number, m ~ 7, and a real
frequency above the ion cyclotron frequency, w ~ mwg, > w.. This mode was observed
in bumpy tori, and it destroyed fast electron confinement when 7 /n; ~ 40% [13]. The
low-frequency HEI instability, first described by Krall [11], was predicted to occur when
—dIn(npV)/dInV > (m? /24) (wan/we) (ni/nn), where V is the differential volume of a
magnetic flux tube and m is a total perpendicular wavenumber [14]. The low-frequency
HEI was observed in low beta plasma, § < 1%, containing energetic electrons trapped in a
supported dipole experiment [15, 16]. In the low beta dipole experiment, the HEI appeared
with low azimuthal mode number, m ~ 1, a broad radial mode structure, and a complex,
time-evolving frequency spectrum [16]. Intense bursts of instability induced chaotic radial
transport [15], and nonlinear frequency-sweeping was evidence for the inward propagation
of “phase-space holes” [17].

In the experiments reported here, the trapped electron beta was also limited by the low-
frequency HEI, but when the neutral gas was programmed so as to maintain the deuterium

gas pressure between about 1-3 x107% Torr, the fast electron pressure increased by more



than a factor of ten and the stable high beta plasma could be maintained for many sec-
onds. The high beta plasma generated a large equilibrium toroidal current, I, > 3 kA,
that is analogous to the ring current generated by high beta plasma in the Earth’s mag-
netosphere [18]. Measurements of magnetic field of the plasma current and the location of
fast electrons using x-ray imaging constrain models for the anisotropic pressure profile and
allow estimates of the plasma stored energy, W, > 300 J, and peak beta, 8 ~ 20%. We
also find the presence of instability creates hysteresis in high-beta plasma behavior. High
neutral fueling is required to create a high beta plasma, but, once stabilized, lower neutral
fueling is needed to maintain the high beta state.

As shown in Fig. 1, LDX consists of an internal superconducting coil located within a
5 m dia. vacuum chamber. The coil’s dipole moment is M = 0.34 I; A-m?, and experiments
have been conducted with I, = 1.2 MA. A large bore superconducting coil, located below
the main chamber, is used to inductively charge the dipole coil. The dipole is lifted for
plasma experiments by a vacuum hoist. In this configuration three 1.5 cm dia. support
rods intersect the plasma causing heat and particles to be lost from the plasma. (In future
experiments the coil will be magnetically levitated, eliminating losses to the support rods.)
Plasma diagnostics include 26 magnetic sensors to detect the plasma equilibrium current,
probes to measure electrostatic fluctuations and edge plasma parameters, x-ray and visible
light imaging cameras, and a microwave interferometer to measure the line-averaged plasma
density.

Fig. 2 shows diagnostic signals from a typical LDX high-beta discharge. 5 kW of total
ECRH microwave power was applied to the plasma with equal amounts from 2.45 GHz
and 6.4 GHz sources. The deuterium pressure was adjusted with four pre-programmed gas
puffs. After an initial period lasting 0.25 s, the light emitted from the plasma abruptly
increases followed by a more gradual increase in the perturbed magnetic flux near the outer
equator. Since this detector senses 0.78 mV-s/kA for a current ring located at 1 m radius,
Fig 2 indicates several kA of equilibrium plasma current. Measurements using a microwave
interferometer show the light emission is roughly proportional to the plasma line-density.
By viewing the dipole magnet from several directions, we know x-rays result from plasma
bremsstrahlung and from fast electrons driven inward to the dipole magnet. When the
ECRH power is switched-off, the plasma equilibrium current slowly decays proportional to

the collisional loss rate of the trapped electrons.
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FIG. 2: Example high beta plasma discharge created with 5 kW ECRH power and four gas puffs.
Measurements show (i) the deuterium gas pressure within the chamber, (ii) the visible light from

the plasma, (iii) the magnetic flux near the outer equator, and (iv) the x-ray intensity.

The radial location of the fast electron population is viewed by an x-ray camera during
times when the ECRH is on and by a visible camera that detects the ionization glow of
the trapped electrons after the microwave heating pulse ends. The x-ray camera contains
a medical x-ray image intensifier sensitive to energies greater than 45 keV that was previ-
ously used during tokamak heating experiments [19]. A standard video camera is used to
observe the fast electrons during the afterglow as described in Ref. [10]. For single-frequency
ECRH, the cameras indicate the pressure peak is localized on the equatorial plane of the
fieldlines having the fundamental cyclotron resonance at the minimum B. This is expected
for ECRH since electrons mirror-trapped at resonance are continuously heated by the in-
jected microwaves [20, 21]. When both 2.45 GHz and 6.4 GHz sources are on, the x-ray
image shows the fast electrons localized at the equator but spanning both resonances in the
radial direction.

Estimates of the plasma pressure are made by computing the least-squares best-fit of a

model to the magnetic diagnostics. We use an anisotropic pressure profile, with P, > P,
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FIG. 3: Profile parameters and contours of pressure and current that best fit magnetic measure-

ments for discharges with single-frequency ECRH. X-ray image shows localization of fast-electrons.

that is similar to that used to study plasma equilibrium and stability in the magnetic field of
a point dipole [22, 23] and given by P, (¢, B) = p(¢)(Bo(¢)/B)2p where B = V¢ x V¢ /27
and By(¢) is the minimum field strength on a field-line. With this model, the ratio of
perpendicular to parallel pressure is a constant, P, /P = 1+ 2p. To fit this model to the
magnetic measurements, the plasma current, Jy(r, z) is related to the pressure through the
self-consistent equilibrium, (7, z). However, since the dipole moment of .J,; is less than
2% of the coil’s magnetic moment, the difference between J, computed using the vacuum

dipole field and the self-consistent field is undetectable for the beta achieved to date. Using



the dipole’s vacuum field, the plasma ring current density can be computed from any given
function of P and parameter p using J; = —277 [Dy Py + 2pP) DyIn B/(1 4 2p)], where
Dy = [V 72V - V. The detected signal from a magnetic sensor is computed by combining
contributions from J, throughout the plasma with the decrease of I; required to maintain
constant the flux linked by the superconducting dipole. For the reconstructions reported
here, P = A(1h) x Py(1/10)*, where A(¢) = [(¢ — ¥4)/ (1o — ¥4)]* is chosen to vanish at
the surface of the dipole, 14, and to equal unity at the location of the pressure peak, 1. Far
from the coil’s surface, [¢)| < |14], the equatorial pressure is P (r) &~ Py(Rpear/r)*. This
form resembles the MHD condition for marginal stability, expressed as §(PV7) = 0 with
v = 5/3, that is equal to P ~ r~% in a dipole [3-6, 23].

Fig. 3 illustrates the model pressure and current profiles that are the least-squares best fit
to the magnetic measurements of high beta plasma produced with single-frequency ECRH.
We find equally good fits occur either with steep profiles centered at large radii or with
broad profiles centered at smaller radii. This results because J, is primarily determined
from the pressure gradient and the magnetic sensors are most sensitive to the plasma’s
dipole moment. When only 2.45 GHz heating is applied (solid lines in Fig. 3a), very good
fits result with 1.7 < g < 3.1 when 0.68 < Rpeqr < 0.85. Because we observe the fast-electron
population to peak at the ECRH resonance, R,c.r = 0.83 m, we conclude g = 2.0, 2.8, 3.1
for p =0, 1, 2, respectively. When only 6.4 GHz microwaves are applied, Rpcqr = 0.64 m,
and g = 2.0, 2.8, 3.5 for p =10, 1, 2. Because of the dipole support rods, p > 0. From this,
previous experiments [9, 10], and the measured height of the x-ray images, we believe the
pressure is well approximated by P, /P, ~ 5. Fig. 3b show the model P, and J, profiles
that best fit measurements.

Plasma with the highest values of I, and (3 are created with both 2.45 GHz and 6.4 GHz
heating. The sum of the mean-square deviations between the best-fit model profile and
the magnetic measurements doubles as compared with single-frequency heating, and this
may be related to the presence of two pressure peaks, one at each resonance. If R,eq is
assumed to be midway between the resonances and p = 2, then 5 kW of heating creates
a plasma (Shot 50513029) with [, = 3.5 kA, AI; = —0.8 kA, W, = 330 J, g = 2.8, peak
perpendicular pressure of 750 Pa, and maximum local beta of § = (26, + 3)/3 = 21%. If
Rpeqr, moves outward closer to the 2.45 GHz resonance by 5 cm, 3 = 23%; moving inward

by 4 cm towards the 6.4 GHz resonance, the best-fit results in 3 = 18%.



Additional details and analyses of high beta dipole-confined plasma will be presented in a
longer article [24], but the transition to and from the high beta state warrants special mention
in this letter. Fig. 4 shows measurements of the HEI instability at the transitions from low
beta to high beta and from high beta to low beta. The frequency spectrum and mode
structure of these fluctuations resemble previous observations of HEI in a dipole [15, 16].
The radial transport induced by the instability creates hysteresis in the neutral gas fueling
required to maintain sufficient density to stabilize high beta plasma. When the neutral
pressure in the chamber is less than a threshold then the HEI instability causes nearly
continuous bursts of electrostatic fluctuations as measured with high-impedance floating
potential probes (Fig. 4b). Rapid outward transport of fast electrons is observed with
negatively-biased edge probes, and inward transport is observed by the target x-rays emitted
as electrons impact the dipole (Fig. 2). Once the pressure threshold is exceeded, the plasma
density and visible light abruptly increases and the HEI immediately stabilizes. As shown
in Fig. 4a, this pressure threshold depends upon the ECRH power level. At 2 kW, the HEI
is stabilized and the transition to high beta occurs at a pressure just above 2 x 107% Torr.
At 4 kW and 5 kW, the transition pressures are 2.8 and 3.2 x 107% Torr. Once the plasma
enters the higher density, high beta state, the high-beta electrons remain grossly stable so
long as the neutral pressure remains above 1 x 1075 Torr. When the pressure drops below
the threshold (Fig. 4c), the fast electron confinement is destroyed and the plasma density
and beta essentially disappear within a few msec. At high beta, the HEI fluctuations can
resonate with the drift motion of electrons with high energies E;, > 100 keV; whereas, at
low beta, the fluctuations resonate with lower-energy electrons, Fj, < 60 keV.

In summary, stable high-beta plasma containing fast energetic electrons has been created
and sustained in a laboratory dipole experiment using 5 kW of ECRH power and controlled
neutral gas fueling. X-ray images show the high beta trapped electrons to be localized at the
fundamental cyclotron resonance. The plasma current calculated from model anisotropic
pressure profiles are fit to magnetic measurements and show the peak local beta reaches
20%. If the neutral gas fueling is insufficient, HEI instabilities either prevent the build-up
of fast-electron beta or rapidly destroy fast-electron confinement.
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FIG. 4: Hysteresis (a) in the transitions between high beta and low-density operation caused by
HEI instability (b,c). In (a), the evolution of three discharges are shown: one, with higher fueling,
is always stable; two, with less fueling, have transitions to stability (at 2-3 pTorr) and unstable

HEI transitions to low beta (at 1 uTorr).
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