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Abstract. The Levitated Dipole Experiment (LDX) is used to study high-
temperature plasma confined by the magnetic field produced by a high-current
superconducting ring. Multiple-frequency ECRH heats and sustains plasma
discharges for long, quasi-steady periods, and conditions of high plasma beta are
reached by adjusting the rate of neutral fueling. When the superconducting ring
is levitated by attraction to a coil located above the vacuum chamber, cross-field
transport becomes the main loss channel for plasma particles and energy. We
find operation with a levitated dipole always leads to centrally peaked density
profiles even when the plasma ionization source occurs near the plasma edge.
In recent experiments, we also observe the normalized gradient, or shape, of
the density profile to be “stationary” while the ECRH heating power and gas
fueling rates are strongly modulated. Theoretically, stationary profiles result in
an energy confinement time (of thermal plasma) that greatly exceeds the particle
confinement time. This condition, along with high-beta plasma stability, is a
necessary condition for utilizing advanced fuels in a fusion power source.

1. Introduction

A dipole is the simplest magnetic field that can confine plasma. The dipole
as a fusion concept was inspired by observations of high beta plasma in
planetary magnetospheres [1]. Low-frequency fluctuations drive inward diffusion of
magnetospheric trapped particles, creating centrally peaked density and temperature
profiles [2, 3, 4]. In the Levitated Dipole Experiment (LDX) a superconducting
magnet is levitated in a large vacuum chamber so as to avoid along-the-field, parallel
plasma losses. We find that stable, high-beta plasma discharges can be sustained
with multiple-frequency electron cyclotron resonance heating (ECRH) [5]. When the
the dipole is levitated, centrally-peaked density profiles result, plasma confinement
improves [6], and we observe a strong inward particle pinch that is consistent with
measured fluctuations of the electric field [7].

In this report, we show new measurements of the time evolution of the density
profile as the microwave heating power and neutral fueling rate are strongly modulated.
We find that, when the internal coil is levitated, the density profile will evolve rapidly
to and maintain close to a “stationary” profile. We also discuss the theoretical
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basis for dipole plasma confinement and the implications that result when plasma
profiles are determined by gradient conditions and by the power and particle balance
of the boundary scrape-off-layers. Because of the dipole’s strong variation of flux-
tube volume with radius, these conditions imply that the plasma energy confinement
time will be much longer than the particle confinement time, making the dipole
configuration a candidate for tritium-suppressed fusion power [8, 9, 10].

2. Description of the LDX Facility

Fig. 1 shows the LDX magnetic field
geometry. The upper levitation mag- [ 1
net supports the gravitational weight w
of the superconducting current ring ‘H
and creates a magnetic field null that RCV°'°"°“
esonances
defines the outer boundary between
closed and open field lines. The in-
ner boundary is set by magnetic field
lines that contact the dipole magnet,
during levitation. Along the equato-
rial midplane, closed field lines extend
from 0.68 m < R < 1.71 m. By in-
serting the mechanical support, the
effects of levitation can be eliminated. Support
Initial experiments were con- Inserted

%—1 m————»

Support  Closed

Withdrawn Field-Lines 4 Channel

. . Interferometer
ducted with the high-field super-
co.nducting coil Suspende?d by three Figure 1. Schematic of LDX
thin rods. These experiments pro- showing magnetic field lines,
duced long-pulse, quasi-steady-state ECRH resonances, and viewing

microwave discharges, sustained for regions of the interferometer array.

more than 10 s, having peak beta val-

ues greater than 20% [5]. In both supported and levitated configurations, detailed
measurements are made of discharge evolution, plasma dynamics and instability, and
the roles of gas fueling, microwave power deposition profiles, and plasma boundary
shape. High-temperature plasma is created by multiple-frequency ECRH applied at
2.45 GHz, 6.4 GHz, 10.5 GHz and 28 GHz, allowing variation of the heating pro-
files. Depending upon neutral fueling rates, the LDX discharges contain a fraction of
energetic electrons with mean energies above 50 keV.

In LDX, we are able to compare operations in which the dipole is either supported
or levitated. Levitation eliminates field-aligned particle sources and sinks and results
in a toroidal, magnetically-confined plasma where profiles are determined by cross-
field transport. Plasma measurements include a four-channel interferometer, arrays
of Langmuir probes, high-speed optical diagnostics, extensive magnetic flux loops and
sensors, and x-ray and electron cyclotron emission diagnostics [5, 6, 7].

3. Theoretical considerations

Centrally-peaked, stationary density profiles of plasma confined by a dipole magnetic
field are the result of radial transport induced by low-frequency electric and magnetic
fluctuations. For magnetospheric trapped particles, with energy sufficient that both
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the bounce and cyclotron frequencies are much larger than solar-wind induced low-
frequency fluctuations [2, 3, 4], the first and second adiabatic invariants, x and J, are
constants of the motion [11], and collisionless gyrokinetics describes radial diffusion as
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where F'(u, J, 1, ¢,t) is the bounce-averaged particle distribution at a field-line labeled

with (1, ¢), and S is a bounce-averaged heating or particle source (or loss). D¥¥ is the

radial diffusion coefficient. For electric field fluctuations in the magnetosphere having

E-B =0, D¥? is approximately constant [3], independent of (i, J) and proportional

to the correlation time of the non-axisymmetric fluctuations, 7., D¥¥ = QTCRQE(?). The

Jip

independence of D¥¥ with respect to (j,.J) has important consequences. Since the
particle number within a flux-tube volume is N = [dudJ F = [dsn/B = nV, with
V = [ds/B, the integral of Eq. 1 states that when ON/dy = (9/0v) [dudJ F — 0
in regions where particle sources or losses are unimportant, then stationary density
profiles result, 9N/t ~ 0, with N oc V1. Since the sources of energetic particles in
the magnetosphere are located at large radii and V' o r* decreases rapidly with radius,
collisionless radial diffusion is inward and causes central peaking of ring current and
radiation belt particles during periods of solar activity [3, 4].

The Lagrangian treatment of drift-resonant radial diffusion has also been applied
to tokamak discharges [12, 13] and, recently, to nonlinear MHD dynamics in dipole-like
magnetic geometries [14, 20]. In fusion configurations, hot plasma is confined much
longer than a pitch-angle scattering time, i.e. Veyciotron > Vbounce > Veollision >
Viurbulence and the distribution function, F', must be taken as a local Maxwellian,
Far o< n(y) exp[—E(u, J)/T ()] /T ()32, with E the kinetic energy [12]. Baker and
Rosenbluth [12] perform a change of variables (u, J — p, E) and the drift-resonant
radial diffusion coefficient was taken to be a separable function of pitch-angle and
radius, D¥¥ = D¥(¢)g()\), with A\ = pB/E, allowing the form of the total particle
diffusive flux to be expressed in terms of the tokamak’s magnetic geometry and the
relative diffusion rates for passing and trapped particles.

For the closed-field-line magnetic geometry of a levitated dipole, low-frequency
fluctuations are interchange-like and should convect passing and trapped particles
equally (“passing” particles do not stream toroidally). Noting [ dudJ =
Jdt/B [ d®v, and assuming D¥¥ to be independent of 1 and E we can multiply
eq. 1 by 1 and E and integrate to obtain eqns. 2 and 3 below:
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with p(yp) = nT, v = 5/3, and (S) and (H) the net particle and heating sources for
entire flux-tubes. Eqgs. 2 and 3 state that flux-tube number, N = nV, and entropy
density, G = pV"7, undergo interchange mixing at the same rate, and, furthermore,
that the resulting stationary pressure and density profiles are related by magnetic
geometry, V(¢), and the adiabatic index, 7. Thus, for a local Maxwellian, turbulence
will diffuse the density and pressure profiles towards stationary profiles characterized
by n o< 1/V, p & 1/V7 (and therefore T' oc 1/V7~1). The resulting turbulence can

(PV7) + (H) (3)
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reduce the temperature gradient to a near marginal state while drawing in the density
profile. The density pinch is consistent with the observations discussed below. The
observed pinch is also seen in gyrokinetic simulations [19].

In a tokamak, there is average good curvature and ITG/TEM turbulence is seen to
drive a density pinch through both thermodiffusion and “turbulent equipartition” [15].
The pinch produced by turbulent equipartition can result in a “natural” profile
characterized by n ~ 1/V ~ 1/q [12, 15]. On the contrary, a dipole is stabilized by
magnetic compressibility [18] and strong internal heating can create pressure-gradient-
driven MHD instability. The rapid field decay in a dipole makes the “natural” profile
much more dramatic.

In LDX (T. ~ 200 eV, n. ~ 108 m™3), electrons are characterized
by Vhounce ~ 5 MHz and V¢ ..o 15 kHz. These characteristic
frequencies and the measured correlation time of the turbulent electric field
fluctuations, 7. ~ 16 usec, implies the kinetic treatment is appropriate when
DY¥¥ results from pitch angle independent turbulence . Although we have not
measured the ion temperature, we suspect T; < T., making fluid equations
which are identical to Egs. 2 and 3t also appropriate for the ions [20].

We note that the tendency towards “ _dinn/dnV
stationary profiles requires that there be a :

broad spectrum of incoherent, low frequency
E x B interchange turbulence that drives

radial transport at approximately equal s MHD Unstable
rates for the bulk of both electrons and o
ions. The random fluctuations of the Entropymode

cross-tail electric field driven by solar wind unstable -

variability creates such a spectrum. Broad

interchange fluctuations are observed in

LDX [7, 17] and also other laboratory dipole

devices [16], but the internal mechanisms

that determine the fluctuation spectrum are Fig.me 2. Linear stability
. imits, —dInn/dInV vs n

not yet known. As described by Refs. [14, for MHD interchange and

20], when strong central heating is applied entropy modes.

to a dipole-confined plasma, we may expect

that instability results from a supra-critical pressure gradient which will both reduce

the pressure gradient to a near critical value while also causing an inward density

pinch.

The stationary gradients that result from low-frequency turbulence are also the
gradients for marginal stability for MHD interchange and rotation-driven modes.
MHD interchange modes become unstable when —dlnp/dInV > v, and rotationally-
driven centrifugal modes become unstable when —dlnn/dlnV > 1. The drift
frequency ”entropy mode” is predicted to be unstable when —dIlnn/dInV > 5/(7—3n)
with 7 = dInT/dInn. The entropy mode is interchange-like [22] and will also exhibit
flux-tube diffusion [23] . Fig. 2 shows the linear stability limits for the pressure-driven
interchange mode and the entropy drift mode. When —dlnn/dInV > 1 there will be
either MHD or entropy mode instability.

The fact that multiple gradients can drive interchange mixing creates the
mechanism for profile consistency, or self-organization. For example, central heating
in a dipole-confined plasma can create a strong central pressure gradient that excites




Stationary Density Profiles in LDX 5

turbulent interchange modes that sustain the inward particles pinch which results in
17 — 2/3 [14, 20]. In a tokamak, the pressure gradient is not limited by interchange
instability (due to average good curvature), but steep temperature gradients can excite
drift instabilities that sustain an anomalous pinch and a “consistent” profile [24].

The gradient conditions for plasma stability and for turbulent diffusion links the
global plasma properties to the edge plasma and to the flux-tube geometry of the
magnetic field. Turbulent flux tube mixing within the closed field line region drives
profiles to have nearly constant entropy density, G = pV"?, and constant particle
number per unit flux, N = nV. The stationary profile region is bounded by open
field lines that define an inner and outer “scrape-off-layer” (SOL) where plasma flows
to the wall or the floating ring. We assume that the losses associated with the inner
SOL are small compared to those for the outer SOL because the plasma sees good
curvature between the floating coil and the pressure peak and bad curvature between
the pressure peak and the outer SOL and we assume that the turbulence driving the
pinch is localized in the bad curvature region. The power entering the scrape-off-layer
the approximates the heating power less the radiated and ionization power and for
open field lines, the scrape-off-layer density is determined by a power balance:

PECRH - PRad - Pionization = nsolUBAeffEsol (4-)

with nsy the scrape-off-layer density, Up the Bohm velocity (< v/7.), Acss the
effective scrape-off-layer cross-section area, and FEj,; the thermal energy per particle
lost. Since Prcry > Prad, Eq. 4 indicates that scrape-off-layer density is
proportional to input power, i.e. ngo = (PecrH — Pionization)/(UBAesrEsor). For
stationary profiles, with fixed gradients, core plasma density is proportional to heating
power.

For open field lines, the scrape-off-layer temperature is determined by a particle
balance and connection length:

nsolUB (Te)Aeff = NsolN0 <0U(Te)>‘/eff- (5)

with (ov) the effective ionization cross-section, which is temperature dependent, and
Vers/Aers is the effective connection length of the edge field-lines. From Eq. 5,
the scrape-off-layer temperature is approximately independent of heating power. We
measure electron temperature in the scrape-off-layer to be 75! ~ 15-30 eV.

Noting that the plasma density and temperature is continuous across the
separatrix, we can integrate the pressure and density from the outer scrape-off-layer
to the peak pressure flux tube to obtain the total stored energy and particle content:

3
Etot X 5 psolR:;)ol (RSOZ/RO)11/3

Ntot X nsolR;lol/RO- (6)

with psor (nsor) the scrape-off-layer pressure (density) and Ry the radius at which
the pressure is maximum and the dipole magnetic geometry determines B oc R™3.
From Egs. 6, the total stored energy and particle content are directly related to
the scrape-off-layer parameters. Stationary profiles in a dipole amplify scrape-off-
layer parameters. In particular, since scrape-off-layer density increases with power
and temperature remains fixed, the stored energy will also increase with power. The
energy confinement time, defined as 75 = Eyot/ Piot is therefore independent of heating
power.
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Figure 3. Evolution of plasma density following a strong gas puff at t = 6 s
that increases the outer ionizations source, (S). Interferometer measurements
show a two-fold increase in plasma density while maintaining constant stationary
gradients as indicated by the ratio of interferometer chords.
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Figure 4. Evolution of the plasma density following strong modulation of the the
microwave heating power. As in Fig. 3, the density modulates while maintaining
near stationary profiles.

Defining 7, = Niot/Sior with Sio the total particle source (including recycle),
btain

T 3

- - _(RSOZ/RO>8/3(Stot Tsol/Ptot) (7)

Tp 2

ratio of confinement times assumes stationary profiles and depends only on the

geometric ratio, Rsi/Ro and the scrape-off-layer temperature [25].
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4. Experimental results

In LDX, we have been able to observe directly the changing roles of field-aligned
and cross field processes in the establishment of density profiles. ~When the
superconducting dipole floats, high-temperature plasma is confined within a large
central confinement volume where magnetic field lines encircle the floating coil
and never contact material surfaces. The peak thermal electron temperature is
estimated to exceed 500 eV and peak densities exceed 10'® m~—3. Within this central
region, profiles are set entirely by cross-field processes and a strong inward pinch is
observed [7]. The density profile becomes strongly peaked with gradients approaching
those set by the stationary condition ON/9y — 0 for turbulent interchange transport.

The density profile is with a four-chord interferometer array having tangency radii
of 0.77 m, 0.86 m, 0.96 m and 1.25 m. Since only four sight-lines are available, the
reconstructed profiles are necessarily of limited spatial resolution and, moreover, no
information is available within R < 0.77 m. Nevertheless, the four chords indicate the
radial density profiles sufficiently to show dramatic central peaking during levitation,
to compare measurements with model expectations, and to measure the time-evolution
of the profile as experimental conditions change.

For stationary density profiles,

n o 1/V ~ 1/R* and the interferom-  .uc
eter chords have well-defined ratios.

For example, when n o 1/V, the ra-
tio of the line densities measured with
the second and third chords (hav-
ing tangency radii of 0.86 m and
0.96 m, respectively) is L2/L3 = 1.5.
When L2/L3 < 1.5, the density pro- (|
file is less steep than stationary, and, e l' I
when L2/L3 > 1.5, the density pro-
file is more steep. As discussed in
Ref. [7], when the lifting support in-
serted to obstruct the closed field- Figure 5. Measured scrape-
lines, the density is no longer peaked, off-layer density increases linearly
and L2/L3 ~ 1. When the lifting sup- with heating power.

port is withdrawn, the density profile,

while initially uniform (with L2/L3 ~ 1), becomes centrally peaked, L2/L3 — 1.5, on
the 20 ms time-scale of the inward turbulent pinch. Incoherent fluctuations in the
1-10 kHz range are observed on edge Langmuir probes as well as on the interferometer
and on visible light chords.

Recent experiments have shown the density profile remains stationary even as the
microwave heating power and gas fueling are modulated strongly. Fig. 3 illustrates
an experiment in which the plasma ionization source was increased by a strong
gas puff at ¢ = 6 s and the plasma density approximately doubled. The density
profile was observed to remain stationary, as indicated by the ratio L2/L3 of the two
interferometer channels, which remained nearly constant at ~ 1.45. The strong central
peaking of the density represents the inward turbulent pinch since the ionization source
occurs primarily in the outer regions of the plasma. We use the visible light as a
proxy for the plasma source. Fig. 3 also shows the estimated profile of the flux-tube
integrated particle source, (S), estimated from the inversion of a 15-chord photodiode
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array. As indicated in the figure, the particle source peaks to the outside of the plasma
while the density peaks near the inner region of closed magnetic field lines. In another
experiment, total microwave heating power was modulated by ~35% at a 10 Hz rate
using the 10.5 GHz 10 kW source. The power modulation was seen to result in a ~35%
modulation in the interferometer signal (Fig. 4a) whereas the ratio, L2/L3, remained
constant (Fig. 4b). The formation of stationary density profiles thus appears to be
robust and the condition ON/9¥ & 0 is maintained during substantial changes of the
heating or fueling levels.

Information relating to fluctuations in the plasma core is obtained from the
interferometer chords, from high-speed imaging of visible light emission from multiple
views, and at the outer plasma boundary from arrays of Langmuir probes. These
measurements indicate the presence of broadband turbulence with the largest intensity
contained in modes having relatively broad radial structures and low azimuthal mode
numbers [17]. Fluctuation levels are similar during levitated and supported operation,
and the spectral characteristics resemble those measured in smaller, mechanically-
supported dipole experiments [16].

Direct measurements of the turbulent azimuthal electric fields at the plasma
edge with the Langmuir probe array are sufficient to account for the turbulent flux-
tube diffusion coefficient, D, that produces the inward pinch [7]. In discharges with
sufficient gas fueling, turbulent fluctuations appear throughout the plasma, and it
appears that flux-tube mixing can also account for the maintenance of stationary
profiles during power and gas modulations. However, in discharges with very low
fueling levels (< 3 x 1076 torr D3), the nature of the fluctuations change. At
these lower gas pressures, we observe quasi-coherent modes [17], larger fractions
of energetic electrons, and the density profiles become more strongly peaked than
is characteristic for stationary profiles. These highly-peaked discharges suggest a
relationship between the observed quasi-coherent fluctuations and reduced turbulent
transport. A theoretical possibility, based on non-linear calculations of entropy mode
driven turbulence [23], suggests that at sufficiently low gas pressure, zonal flows can
limit turbulence-driven transport, whereas higher gas pressure impede the zonal flows
and lead to substantially higher transport levels.

Stationary plasma profiles link the confined plasma to the plasma parameters in
the scrape-off-layer. Fig. 5 shows a linear relationship between the scrape-off-layer
density, measured by swept Langmuir probes, and the injected microwave heating
power. We also find the edge electron temperature to be approximately constant at
between 20 and 30 eV.

5. Tritium Suppressed Fusion in the Dipole Configuration

Utilization of the DT fuel minimizes the required confinement for fusion energy gain
and permits volumetric power deposition in a properly designed blanket and shield.
However, the DT cycle requires the breeding of tritium, and 14 MeV neutrons will
cause significant displacement and swelling damage to the structure.

A fusion based power source based on a DD cycle has important advantages
relative to a DT based source. If 90% of the tritium, produced from DD fusion could
be removed before it burns, the materials damage would be reduced to the level of
existing fission plants [9]. Deuterium is plentiful, and a DD power source eliminates
the complexity of tritium breeding components. In the dipole-based DD fusion system
described in Ref. [8], the *He produced by the DD reaction and from the decay of DD-
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produced tritium would be consumed, reducing the fraction of energy generated in
the blanket from 84% to 5.6%. As most of the fusion energy is produced in the form
of charged particles, advanced fuels require low 7p and 75 > 7p to permit removal of
fusion products [10] as well as the removal of secondary tritium.

In a dipole we have seen that a turbulent pinch develops and establishes
stationary profiles characterized by near-constant nV and pV? [1] supported by
plasma maintained at the scrape-off-layer. These invariant profiles should maintain
Tg/7p > 1 (eq. 7), making a dipole particularly interesting as a tritium suppressed
DD fusion power source [8].

6. Conclusions

LDX operates with the superconducting current ring either floating or supported,
allowing direct observation of a strong inward density pinch and the establishment
of stationary density profiles, with ON/Jiy — 0 and, equivalently, n o< 1/V. Recent
experiments show these centrally-peaked profiles are robust, with normalized gradients
that are unchanged during modulations of fueling and heating power.

The dipole confinement approach [1] is inherently steady state and has no
interlocking coils. The plasma pinch creates an inwardly peaked density profile and
results in a relatively small plasma confined in a large vacuum chamber, reducing the
heat load on outer surfaces. The pressure profile that results from central heating
relaxes to a stationary profile, which is also centrally peaked (p o R?0/ 3). The
combination of centrally heated plasmas and centrally peaked density with gradients
near marginal stability implies that the energy confinement time can greatly exceed
the particle confinement time. Thus a dipole provides a possible avenue for a fusion
power source that is based on advanced fuels.

In LDX, the pressure profile is determined from magnetics [5, 6, 7]. Experiments
now underway aim to produce measurement of the electron temperature and pressure
profile utilizing Thomson scattering and to increase the plasma density by applying
substantial RF heating in the ion cyclotron range of frequencies.
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