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Introduction to Magnetic Dipoles

Why would you build LDX?



Levitated Dipole Confinement Concept:
Combining the Physics of Space & Laboratory 

400-600 MW
DT Fusion

• Akira Hasegawa, 1987

• Two interesting properties of 
active magnetospheres:

‣ High beta, with ~ 200% in 
the magnetospheres of 
giant planets

‣ Pressure and density 
profiles are strongly 
peaked 

‣ “Invariant profiles” 
turbulent activity 
increases peakedness

J. Spencer



What are Invariant Profiles?

 Invariant to adiabatic 
interchange of flux tubes

 Flux tube volume:
‣ 

 Invariant profiles:
‣ 
‣ 
‣Density and pressure profiles 

are flat

Solenoid, theta-pinch, large aspect ratio torus, …

B ≈ constant
δV ≈ constant

δV =
�

d�

B
= constant

n δV = constant
p δV γ = constant



What are Invariant Profiles?

 Flux tube volume:
‣ 

 Invariant profiles:

‣ 
‣ 
‣Density and pressure profiles 

are strongly peaked!

Dipole B ≈ 1/R3

δV ≈ R4

“Natural” Profiles in LDX:
δVedge/δVcore ≈ 50

ncore/nedge ≈ 50
Pcore/Pedge ≈ 680
Tcore/Tedge ≈ 14

δV =
�

d�/B ≈ R4

n δV = constant
p δV γ = constant



Testing a New Approach to Fusion and 

Laboratory Plasma Confinement
Levitated Dipole Fusion Concept

400-600 MW
D-T Fusion

Levitated Dipole Reactor

30 m 60 m

500 MW
D-D(He3) Fusion

ITER
Kesner, et al.  Nucl. Fus. 2002



Testing a New Approach to Fusion and 

Laboratory Plasma Confinement
Levitated Dipole Fusion Concept

400-600 MW
D-T Fusion

Levitated Dipole Reactor

30 m 60 m

500 MW
D-D(He3) Fusion

ITER
Kesner, et al.  Nucl. Fus. 2002

 Internal ring

 Steady state

 Non-interlocking coils

 Good field utilization

 Possibility for τE > τp

 Advanced fuel cycle



Design and Construction of LDX

Seemed simple enough at the time...



Lifting, Launching, Levitation, Experiments, Catching

J. Belcher



Floating Dipole Conceptual Design

1. Magnet Winding Pack
2. Heat Exchanger tubing
3. Winding pack centering 

clamp
4. He Pressure Vessel 

(Inconel 625)
5. Thermal Shield (Lead/glass 

composite)
6. Shield supports (Pyrex)
7. He Vessel Vertical Supports/

Bumpers
8. He Vessel Horizontal 

Bumpers
9. Vacuum Vessel (SST)
10. Multi-Layer Insulation
12. Laser measurement 

surfaces



Winding Pack and He Pressure Vessel

Advanced ITER Nb3Sn conductor

8 mm

… wound very carefully…



Lead Radiation Shields and Multi-Layer Insulation



Support Washer Stacks

 Specification
‣ Hold heat leak to 5 K < 10 mW
‣Withstand 10g crash (5 Tons!)

 Solution
‣ Stack of 400 4mil thick washers

 24 Stacks (~7000 coins) 
Assembled, Sized and Installed



LDX Airbag Emergency Catcher

Airbag Catcher (Side View)

 NASA Pathfinder application research
‣NASA airbag research budget ~ 3 X total LDX budget!

W.R. Carey et al, Society of Automotive Engineers, 2nd International 
Conference on Passive Restraints, Detroit, MI, 1972



Launcher / Catcher

‣Tested to limit all accelerations to less than 5 g

 

 



Dilbert Levitation System

 Greatly simplified
‣Easily manufactured at low cost (even for Starbucks)

 Not reliable.



Levitation Control System Schematic



Digitally Controlled Levitation

 Levitated Cheerio Experiment II

 Uses LDX digital control system

 Modified PID feedback system

 Real-time graph shows position 
and control voltage



Levitation Control System

LDX Control  Room

Laser Position 
Detectors

QNX
Real Time Computer

(RTC)
High Speed I/O
Feedback Loop

150 kW 
Power Supply

Operator 
Interface

LDX 
Data 

System

PLC

Low Speed I/O
Coil and Bus Temperature 

and Joint Voltage Montoring
Interlocks

STOP

Launcher
Catcher

Magnetic 
Loops

L-Coil

F-Coil

LDX Plasma 
DAQ System

 Final LDX levitation control system contains added 
complexity
‣Reliable levitation with over 80 hours of flight time



The Levitated Dipole Experiment (LDX)



LDX Operations and Results

Wow… it really works!



Levitated Dipole Plasma Experiments



Plasma Confined by a Supported Dipole
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Supported

 5 kW ECRH power

 Ip ~ 1.3 kA or 150 J

 Cyclotron emission (V-
band) shows fast-
electrons

 Long, low-density 
“afterglow” with fast 
electrons 



Visible

Fast Electrons: Anisotropic at ECRH Resonance



VisibleX-Ray
E > 40 keV

Fast Electrons: Anisotropic at ECRH Resonance



Plasma Confined by a Levitated  Dipole

 Reduced fast electron 
instability

 2-3 x Diamagnetic flux

 Increased ratio of 
diamagnetism-to-
cyclotron emission 
indicates higher thermal 
pressure.

 Long, higher-density 
“afterglow” shows 
improved confinement.

 3-5 x line density

Levitated

!

"

#

$ ECRH Power (kW)

!%!
!%"

!%#

!%$

!%&

'%!
Vacuum Pressure (E-6 Torr)

!%!

!%(

'%!

'%(

"%!
Outer Flux Loop (mV sec)

!

'

"

)

V-Band Emission (A.U.)

! ( '! '(
*+,- ./0

!

"

#
Interferometer (Radian)

Supported



Supported plasmas have flat density profiles
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Flat or Hollow Density
(likely cause: parallel losses)

Hollow Number Profile!



Levitated plasmas show invariant profiles
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Edge probe array measures low frequency turbulence

 Array measures low 
frequency turbulent 
spectrum (0.1 - 10 kHz)

 Instantaneous ExB radial 
flow of 35 km/s

FIG. 1: A top-down view of LDX at the midplane. This view
shows the extent of the probe array and its relative position
to the levitated coil and the vessel walls.

A. Experimental Setup

Early data from floating probes at the LDX edge in-
dicated that low-frequency potential fluctuations occur
[5], but the probes were too distantly spaced to properly
capture the phenomenon with su!cient spatial resolu-
tion. A vertically movable probe array with tight angu-
lar spacing has been constructed to provide more spatial
information in hopes to di"erentiate whether the poten-
tial fluctuations are convection related or related to some
other phenomenon. The electrostatic probe array is com-
posed of twenty-four cylindrical, tungsten-tipped floating
potential Langmuir probes. The array is positioned at a
radius of one meter and sweeps out a ninety degree arc at
the bottom of the LDX vacuum vessel as shown in figure
1. This gives a probe separation of about 7 centimeters,
giving the array a resolution of 14 centimeters. This res-
olution corresponds to a detectable mode number range
of 1 to 46. The flow velocities arising from E ! B drifts
can be measured by computing the electric field from the
plasma potential. The vertical height of the array is re-
motely adjustable, and can be changed during or between
shots for probe insertion scans. The probe modularity al-
lows other kinds of probes to be inserted into the array
at future date.

The potential signals from the probes are read from
the probe tips by inverting operational amplifiers with
1.1 M# input resistors and a 10k# feedback resistors.
This gives the amplifiers a gain of -0.0098, and the very
high input resistance causes the probes to float (draw al-
most no current). The signals are digitized by two 16
channel, 16-bit INCAA Computers TR10 bipolar digitiz-
ers sampling at 80kHz.

II. RESULTS

The shots analyzed are all deuterium plasmas, and the
short-time “stripey” and correlation plots are all from
periods where all heating sources are on. The phase
velocities were all calculated during periods where ev-
ery heating source was on as well. Since the potential
is measured by the probes, the azimuthal/toroidal elec-
tric field can be directly determined from the gradient
of the potential as shown in equation 1 [6]. The electric
field can be used to compute the E !B drift velocity, as
shown in equation 2 [7] . These drifts are directly related
to convection, and measuring their magnitude shows its
strength in transporting particles to and from the core of
the plasma.
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FIG. 2: Stripey plot showing the electric field in color and
the drift velocity as a vector field. The root of the arrows
emanates from the point where the drift occurs and the length
of the arrow shows the strength of the drift relative to the
points.

An eight millisecond period from shot 81003019 is
shown in figure 2. It is a “stripey plot,” which is con-
structed by plotting each signal from the probe array
side by side and representing the signal amplitude with
color. The stripey plot shown in Fig. 2 is similar to
most of the shots taken and displays the features set out
to examine here. Therefore, it is the only one reported.
The magnetic field is about 360 Gauss at the probe tips
and this yields a computed average radial E ! B drift
velocity over the plotted period of -0.11 mm/s. The in-
stantaneous velocity, however, ranges from 34.7 km/s to
-20.8 km/s, depending on position and time. The sound
speed for cold ions and for 25 eV electrons as measured
on a swept Langmuir probe is cs = c

!

Te/mic2 $= 35 km
s

[8]. The E !B drift velocities have a near-zero mean are

FIG. 1: A top-down view of LDX at the midplane. This view
shows the extent of the probe array and its relative position
to the levitated coil and the vessel walls.

A. Experimental Setup

Early data from floating probes at the LDX edge in-
dicated that low-frequency potential fluctuations occur
[5], but the probes were too distantly spaced to properly
capture the phenomenon with su!cient spatial resolu-
tion. A vertically movable probe array with tight angu-
lar spacing has been constructed to provide more spatial
information in hopes to di"erentiate whether the poten-
tial fluctuations are convection related or related to some
other phenomenon. The electrostatic probe array is com-
posed of twenty-four cylindrical, tungsten-tipped floating
potential Langmuir probes. The array is positioned at a
radius of one meter and sweeps out a ninety degree arc at
the bottom of the LDX vacuum vessel as shown in figure
1. This gives a probe separation of about 7 centimeters,
giving the array a resolution of 14 centimeters. This res-
olution corresponds to a detectable mode number range
of 1 to 46. The flow velocities arising from E ! B drifts
can be measured by computing the electric field from the
plasma potential. The vertical height of the array is re-
motely adjustable, and can be changed during or between
shots for probe insertion scans. The probe modularity al-
lows other kinds of probes to be inserted into the array
at future date.

The potential signals from the probes are read from
the probe tips by inverting operational amplifiers with
1.1 M# input resistors and a 10k# feedback resistors.
This gives the amplifiers a gain of -0.0098, and the very
high input resistance causes the probes to float (draw al-
most no current). The signals are digitized by two 16
channel, 16-bit INCAA Computers TR10 bipolar digitiz-
ers sampling at 80kHz.

II. RESULTS

The shots analyzed are all deuterium plasmas, and the
short-time “stripey” and correlation plots are all from
periods where all heating sources are on. The phase
velocities were all calculated during periods where ev-
ery heating source was on as well. Since the potential
is measured by the probes, the azimuthal/toroidal elec-
tric field can be directly determined from the gradient
of the potential as shown in equation 1 [6]. The electric
field can be used to compute the E !B drift velocity, as
shown in equation 2 [7] . These drifts are directly related
to convection, and measuring their magnitude shows its
strength in transporting particles to and from the core of
the plasma.

!E = "#$ (1)

!vE!B =
!E ! !B

B2
(2)

!vplasma = R
"#

"t
(3)

FIG. 2: Stripey plot showing the electric field in color and
the drift velocity as a vector field. The root of the arrows
emanates from the point where the drift occurs and the length
of the arrow shows the strength of the drift relative to the
points.

An eight millisecond period from shot 81003019 is
shown in figure 2. It is a “stripey plot,” which is con-
structed by plotting each signal from the probe array
side by side and representing the signal amplitude with
color. The stripey plot shown in Fig. 2 is similar to
most of the shots taken and displays the features set out
to examine here. Therefore, it is the only one reported.
The magnetic field is about 360 Gauss at the probe tips
and this yields a computed average radial E ! B drift
velocity over the plotted period of -0.11 mm/s. The in-
stantaneous velocity, however, ranges from 34.7 km/s to
-20.8 km/s, depending on position and time. The sound
speed for cold ions and for 25 eV electrons as measured
on a swept Langmuir probe is cs = c

!

Te/mic2 $= 35 km
s

[8]. The E !B drift velocities have a near-zero mean are

FIG. 1: A top-down view of LDX at the midplane. This view
shows the extent of the probe array and its relative position
to the levitated coil and the vessel walls.

A. Experimental Setup

Early data from floating probes at the LDX edge in-
dicated that low-frequency potential fluctuations occur
[5], but the probes were too distantly spaced to properly
capture the phenomenon with su!cient spatial resolu-
tion. A vertically movable probe array with tight angu-
lar spacing has been constructed to provide more spatial
information in hopes to di"erentiate whether the poten-
tial fluctuations are convection related or related to some
other phenomenon. The electrostatic probe array is com-
posed of twenty-four cylindrical, tungsten-tipped floating
potential Langmuir probes. The array is positioned at a
radius of one meter and sweeps out a ninety degree arc at
the bottom of the LDX vacuum vessel as shown in figure
1. This gives a probe separation of about 7 centimeters,
giving the array a resolution of 14 centimeters. This res-
olution corresponds to a detectable mode number range
of 1 to 46. The flow velocities arising from E ! B drifts
can be measured by computing the electric field from the
plasma potential. The vertical height of the array is re-
motely adjustable, and can be changed during or between
shots for probe insertion scans. The probe modularity al-
lows other kinds of probes to be inserted into the array
at future date.

The potential signals from the probes are read from
the probe tips by inverting operational amplifiers with
1.1 M# input resistors and a 10k# feedback resistors.
This gives the amplifiers a gain of -0.0098, and the very
high input resistance causes the probes to float (draw al-
most no current). The signals are digitized by two 16
channel, 16-bit INCAA Computers TR10 bipolar digitiz-
ers sampling at 80kHz.

II. RESULTS

The shots analyzed are all deuterium plasmas, and the
short-time “stripey” and correlation plots are all from
periods where all heating sources are on. The phase
velocities were all calculated during periods where ev-
ery heating source was on as well. Since the potential
is measured by the probes, the azimuthal/toroidal elec-
tric field can be directly determined from the gradient
of the potential as shown in equation 1 [6]. The electric
field can be used to compute the E !B drift velocity, as
shown in equation 2 [7] . These drifts are directly related
to convection, and measuring their magnitude shows its
strength in transporting particles to and from the core of
the plasma.

!E = "#$ (1)

!vE!B =
!E ! !B

B2
(2)

!vplasma = R
"#

"t
(3)

FIG. 2: Stripey plot showing the electric field in color and
the drift velocity as a vector field. The root of the arrows
emanates from the point where the drift occurs and the length
of the arrow shows the strength of the drift relative to the
points.

An eight millisecond period from shot 81003019 is
shown in figure 2. It is a “stripey plot,” which is con-
structed by plotting each signal from the probe array
side by side and representing the signal amplitude with
color. The stripey plot shown in Fig. 2 is similar to
most of the shots taken and displays the features set out
to examine here. Therefore, it is the only one reported.
The magnetic field is about 360 Gauss at the probe tips
and this yields a computed average radial E ! B drift
velocity over the plotted period of -0.11 mm/s. The in-
stantaneous velocity, however, ranges from 34.7 km/s to
-20.8 km/s, depending on position and time. The sound
speed for cold ions and for 25 eV electrons as measured
on a swept Langmuir probe is cs = c

!

Te/mic2 $= 35 km
s

[8]. The E !B drift velocities have a near-zero mean are

FIG. 1: A top-down view of LDX at the midplane. This view
shows the extent of the probe array and its relative position
to the levitated coil and the vessel walls.

A. Experimental Setup

Early data from floating probes at the LDX edge in-
dicated that low-frequency potential fluctuations occur
[5], but the probes were too distantly spaced to properly
capture the phenomenon with su!cient spatial resolu-
tion. A vertically movable probe array with tight angu-
lar spacing has been constructed to provide more spatial
information in hopes to di"erentiate whether the poten-
tial fluctuations are convection related or related to some
other phenomenon. The electrostatic probe array is com-
posed of twenty-four cylindrical, tungsten-tipped floating
potential Langmuir probes. The array is positioned at a
radius of one meter and sweeps out a ninety degree arc at
the bottom of the LDX vacuum vessel as shown in figure
1. This gives a probe separation of about 7 centimeters,
giving the array a resolution of 14 centimeters. This res-
olution corresponds to a detectable mode number range
of 1 to 46. The flow velocities arising from E ! B drifts
can be measured by computing the electric field from the
plasma potential. The vertical height of the array is re-
motely adjustable, and can be changed during or between
shots for probe insertion scans. The probe modularity al-
lows other kinds of probes to be inserted into the array
at future date.

The potential signals from the probes are read from
the probe tips by inverting operational amplifiers with
1.1 M# input resistors and a 10k# feedback resistors.
This gives the amplifiers a gain of -0.0098, and the very
high input resistance causes the probes to float (draw al-
most no current). The signals are digitized by two 16
channel, 16-bit INCAA Computers TR10 bipolar digitiz-
ers sampling at 80kHz.

II. RESULTS

The shots analyzed are all deuterium plasmas, and the
short-time “stripey” and correlation plots are all from
periods where all heating sources are on. The phase
velocities were all calculated during periods where ev-
ery heating source was on as well. Since the potential
is measured by the probes, the azimuthal/toroidal elec-
tric field can be directly determined from the gradient
of the potential as shown in equation 1 [6]. The electric
field can be used to compute the E !B drift velocity, as
shown in equation 2 [7] . These drifts are directly related
to convection, and measuring their magnitude shows its
strength in transporting particles to and from the core of
the plasma.

!E = "#$ (1)

!vE!B =
!E ! !B

B2
(2)

!vplasma = R
"#

"t
(3)

FIG. 2: Stripey plot showing the electric field in color and
the drift velocity as a vector field. The root of the arrows
emanates from the point where the drift occurs and the length
of the arrow shows the strength of the drift relative to the
points.

An eight millisecond period from shot 81003019 is
shown in figure 2. It is a “stripey plot,” which is con-
structed by plotting each signal from the probe array
side by side and representing the signal amplitude with
color. The stripey plot shown in Fig. 2 is similar to
most of the shots taken and displays the features set out
to examine here. Therefore, it is the only one reported.
The magnetic field is about 360 Gauss at the probe tips
and this yields a computed average radial E ! B drift
velocity over the plotted period of -0.11 mm/s. The in-
stantaneous velocity, however, ranges from 34.7 km/s to
-20.8 km/s, depending on position and time. The sound
speed for cold ions and for 25 eV electrons as measured
on a swept Langmuir probe is cs = c

!

Te/mic2 $= 35 km
s

[8]. The E !B drift velocities have a near-zero mean are

2 3 4 5 6 7 8 9 10
x 10−6

2

4

6

8

10

12

Neutral Pressure (Torr)

Ph
as

e 
Ve

lo
ci

ty
 (k

m
/s

)

Shots 90312001−90312044

 

 

Deuterium Shots
5th degree polynomial
Helium Shots

FIG. 5: The plasma rotational velocity plotted against the
vessel neutral pressure. There is a maximum at 5µTorr
where the plasma density is greatest. Phase velocity decreases
with neutral pressure when the plasma density is constant (
> 5µTorr). Below 5µTorr, the plasma density is not constant
with neutral pressure, and the velocity/pressure relationship
is unclear.

FIG. 6: Plasma density vs. neutral pressure. Measured with
the microwave interferometer on LDX. The plasma density
levels out at 5 µTorr for deuterium plasmas.[9]

sure above 5µTorr, but there is another trend at lower
pressures. The velocities lower than 5µTorr decrease and
then increase again at lower pressures. This may be be-
cause the plasma density is not constant below 5µTorr,
as seen in figure 6, and may give rise to a more com-
plicated relation between neutral pressure and phase ve-
locity. Above 5µTorr, the plasma density seems to be
relatively constant, and the velocities decrease with neu-
tral pressure as expected.

The auto and cross-correlations of the probe signals
characterize the spatial and temporal dynamics of the
structures at the edge of the plasma. The probe array
samples a slice of these structures, and if the slice has
very long correlation lengths and times, we can deduce
that the system is not turbulent since a static structure
stays intact for many rotational lifetimes. A “velocity”
can be determined from the correlation length and time
that can be compared to the phase velocity of individual

FIG. 7: The cross-correlation of probe channel 2 with all other
probe channels at 6 seconds in shot 81003019. All heating
sources are on at this time, and the plasma phase velocity is 16
m

s
. The auto-correlation of channel 2 (the largest blue curve)

shows the time it takes for a signal to decorrelate (go from 1
to < .2) is about 15 data points or 190 µs. The correlation
length can be seen by the number of probe lengths away the
signal takes to decorrelate. Here it is about 8 probe lengths, or
54 cm. The second “bump” around 31 lag points corresponds
to one rotation around the vessel and is very poorly correlated
to the original signal.

waves.

If the correlation velocity is greater than the phase
velocity, the structures in the plasma decorrelate faster
than a rotational lifetime and the structure can be re-
garded as transient. If the correlation velocity is much
slower than the phase velocity, the structure can con-
versely be regarded as static. As shown in figure 7, a
typical correlation lengths and times in LDX are 52 cm
and 150 µs, respectively. This corresponds to to a corre-
lation velocity of 347 km

s
, which is much faster than the

phase velocity of 16 km
s

at this time. Therefore, the edge
of LDX is turbulent since the structures present are very
transient and change configuration much faster than the
bulk flow.

Figure 8 shows the floating potential and electric field
values over the course of shots 81002020 and 81002027,
respectively. Shot 81002020 had the floating coil fully lev-
itated, and shot 81002027 had the floating coil physically
supported. Results by Garnier, et al. have shown that
levitation causes the density profile in LDX to peak in
the core revealing an inward pinch [9]. The particle loss
to the supports is fast since the plasma stays “hollow,”
or with a density drop o! in the center, during supported
mode. The sonic (collisional) loss time to the coil goes
like L(Bmin/Bmax)/Cs, where L is the radial distance at
the midplane. This time is about 100-200 µs near coil
and 2.5 ms at L = 1.6 m. This is fast enough so that
radial turbulent pinch cannot overcome the field-aligned
losses.

This indicates that, although both plasmas exhibit
similar edge turbulence, in the supported case the loss
to the supports dominates over the pinch. This is an
interesting result because without these measurements
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waves.

If the correlation velocity is greater than the phase
velocity, the structures in the plasma decorrelate faster
than a rotational lifetime and the structure can be re-
garded as transient. If the correlation velocity is much
slower than the phase velocity, the structure can con-
versely be regarded as static. As shown in figure 7, a
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and 150 µs, respectively. This corresponds to to a corre-
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at this time. Therefore, the edge
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transient and change configuration much faster than the
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values over the course of shots 81002020 and 81002027,
respectively. Shot 81002020 had the floating coil fully lev-
itated, and shot 81002027 had the floating coil physically
supported. Results by Garnier, et al. have shown that
levitation causes the density profile in LDX to peak in
the core revealing an inward pinch [9]. The particle loss
to the supports is fast since the plasma stays “hollow,”
or with a density drop o! in the center, during supported
mode. The sonic (collisional) loss time to the coil goes
like L(Bmin/Bmax)/Cs, where L is the radial distance at
the midplane. This time is about 100-200 µs near coil
and 2.5 ms at L = 1.6 m. This is fast enough so that
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This indicates that, although both plasmas exhibit
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Low frequency fluctuations consistent with Turbulent Pinch
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Summary

 The dipole concept offers a unique avenue to study magnetic 
confinement bridging space and the laboratory

 The LDX device is highly innovative, superconducting magnetic 
confinement device with reliable operation

 LDX is fulfilling its physics mission:

‣Demonstration of stable high beta plasmas

Significant plasma stored energy in the bulk plasma has been observed

‣Demonstrated the formation of invariant “natural” density 
profiles in a laboratory dipole plasma.

Peaked profile formation likely the result of low frequency turbulent pinch



Next Steps

 Levitation System upgrades
‣Incorporate magnetic signals

 remove influence of plasma diamagnetic current on levitation

 Diagnostic upgrades
‣Improved fluctuation diagnostics to study turbulent transport

‣Core temperature diagnostics to test effective adiabatic constant
 Including Thompson scattering system

 “Scotty, we need more power!”
‣Higher power for higher density and temperatures

‣10 kW, 28 GHz gyrotron (with U Maryland collaboration)

‣200 kW ion heating (slow wave ICRH)
1 MW, 3-28 MHz Transmitter donated by GA to be installed with ARRA 

funding


