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Toroidal Confinement without Toroidal Magnetic Field is a New Paradigm 
for the Laboratory Study of Steady-State and High-Beta Transport  

• Magnetospheric plasmas do not have toroidal field and 
nevertheless confine plasma at high beta.  
 
When a dipole is magnetically levitated, very high plasma 
pressure, β > 50%, is achieved in the laboratory showing 
key connection between laboratory and space  

• By eliminating the toroidal field, a strong, but small, dipole 
magnet inside a very large vacuum chamber making 
possible very large plasma experiments at relatively 
low cost 

• Without a toroidal field, the rotational transform → ∞; 
there is no average good curvature; and no magnetic 
shear.  
 
Stability stability results from plasma compressibility, 
ω* ~ γωκ; and the absence of streaming particles leads to 
flute-interchange modes.

In the last set of levitated and supported 
shots (100805033-51) the upper mirror 
plasma was significant

Upper mirror plasma is 
modeled as two currents, 
Im1 and Im2, that are 
evenly distributed across 
two sets of filaments.

Central mirror plasma, 
Im1, can be several kA.  
Outer mirror plasma is 
always less than a couple 
hundred amps.
 

Figure 4.11: A grayscale visible light image of a plasma shot with magnetic field lines overlaid
in yellow, separatrix in red, and current density contours in blue. The upper mirror plasma
current is modeled as 2 currents (I

M1 and I
M2) distributed over a finite set of points in the

upper mirror.

The upper mirror plasma is seperated by the mechanical upper catcher into an inner

region (inside the catcher) and an outer region (outside the catcher). Figure 4.12 shows

the electron cyclotron resonances zones for a typical magnetic configuration on LDX. The

locations of the resonances indicate that the inner upper mirror plasma should only form

when the 10.5 GHz and/or 6.4 GHz power sources are on (it should not form with just the

2.45 GHz power source). Figures 4.13(a) and 4.13(b) show that the inner plasma is seen on

the visible light camera when all power sources are on but is not seen when only the 2.45

GHz source is on.

Instability, or some other unknown event, often causes the inner upper mirror plasma

to be rapidly loss. When this loss occurs there is a rapid change in the flux measured by

flux loop 11 that coincides with a simultaneous decrease in the visible light emitted from the

67

High-β Plasma 
High-Confinement 

Steady-State

Plasma Ring Current



Toroidal Confinement without Toroidal Magnetic Field is a New Paradigm 
for the Laboratory Study of Steady-State and High-Beta Transport   

• Isentropic profiles, with δ(PVγ) ~ 0, have nearly equal diamagnetic 
and magnetic drifts, ω* ~ γωκ 

• Passing and trapped particle dynamics are nearly equivalent 

• Turbulence dominated by low-frequency interchange mixing, k|| ~ 0 

➡Very high beta in steady-state can be reached in levitated dipole 

➡Turbulent mixing is 2D with inverse cascade and self-organization 

➡Strong turbulent pinch drives stationary profiles towards η ~ 2/3



Outline
• What are the differences and similarities between the turbulent 

pinch in  

‣ Tokamak L-mode (with ω* ~ (R/a) ωκ >> γωκ and unequal 
trapped-passing dynamics) 

‣ Magnetic dipole in laboratory and space (near isentropic, 
δ(PVγ) ~ 0, with ω* ~ γωκ and similar trapped-passing dynamics) 

• What are the differences and similarities between the spatial 
structure and spectrum of low-frequency fluctuations?



Turbulent Pinch is a Fundamental Process found in Toroidal Magnetic Systems 
Including Tokamaks and Planetary Magnetospheres 

Levitated Dipole Experiment (LDX)!
!

1.2 MA Superconducting Ring 
Steady-State 
25 kW ECRH 

1 MW ICRF (unused)

Princeton Large Torus (PLT)!
!

17 MA Copper Toroid 
1 sec pulses 

750 kW Ohmic 
75 kW LHCD 

2.5 MW NBI & 5 MW ICRF



PLT DENSITY RISE EXPERIMENT

10 20 30 40
RADIUS (cm)

~ I -

-40 -20 0 20 40
RADIUS (cm)

-40 -30 -20 -10 0 10 20 30 40
PLASMA MINOR RADIUS (cm)

FIG. 3. (a) Evolution of the density profile as determined by
Thomson scattering; (b) TJr) profiles at selected times in the
density rise; (c) ne(r) profiles at selected times in the density
rise.
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FIG.4. Time evolution of the neutron emission during a
deuterium gas puff into a deuterium plasma (I) and into a
hydrogen plasma (L).

When the initial plasma and the puffing gas are both
deuterium, the neutron emission falls during the
density rise (Fig. 4) but rises afterwards to a level which
is ten times higher. The ion temperature deduced from
the charge-exchange spectrum and from neutron
emission falls by about 100 eV during the rise but
returns thereafter to its initial level (Fig. 2(b)).

The plasma current rises at a small rate throughout
the discharge (0.2 kA'ms"1). The loop voltage rises
somewhat during the density rise and thereafter falls
to about 1 volt per turn. The peak electron tempera-
ture is shown in Fig.2(b) from the 2wc e emission.
The increase in Te just before the density rise occurs
at the beginning of the sawtooth MHD activity. Some
differences between the emission and Thomson
scattering measurements may be due to the fact that
the emission resolution is about 10 cm vertical and
about 3 cm horizontal, while the Thomson scattering
profiles [ 13] are measured along a vertical chord at
R = 134 cm, with a vertical resolution of 3 cm and a
horizontal resolution of 3 mm. The profiles of Fig. 3
were made up of 24 Thomson scattering profiles
measured at ten times during the discharges and thus
form a multiple shot composite of the plasma evolution.

The role of impurities in the power balance is
relatively small. The total radiated power profile
measured by the bolometer array (Fig. 1) is relatively
flat. The central value is ~30 mW*cm~3, rising to
~50 mWcm"3 between 30 and 40 cm. Thus, the
radiated loss in the central region is < 10% of the
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A (Historic) Density Rise Experiment on PLT 
Strachan, et al., Nuc. Fusion (1982)STRACHAN et al.

dependence is opposite to that of the Ware pinch.
However, in order to make the ion energy balance
consistent with the inferred particle flows, either the
ion heat conduction must be enhanced six to seven
times during the density rise or the inward transport
has to involve primarily colder particles.

To help identify possible mechanisms responsible
for the transport, spatially resolved measurements of
the density fluctuation spectrum have been made with
2 mm microwaves. During the rise, the magnitude of
the fluctuations is observed to increase substantially.

When the density rises, the ion confinement time
decreases. However, despite the anomalies in the
particle balance, both the electron and the ion confine-
ment following the density rise increase and become
comparable to the highest PLT values.

EXPERIMENT

Unless otherwise noted, the PLT device [11] was
operated with top-bottom carbon limiters, a = 40 cm,
R = 135 cm, B = 25 kOe, I = 400 kA, and titanium-
gettered walls. The physical locations of the relevant
diagnostics are shown in Fig. 1. The gas injection
valve is near the limiter. Its injection rate is controlled
by a feedback system in which the difference between
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FIG.2. (a) Time evolution of the loop voltage, V, the line-
average density ne, and the central electron density, n^(0) during
the density rise, (b) Time evolution of the central electron
temperature from 2cjce ( ) , and from TVTS (•), with the
time evolution of the central ion temperature from neutrons
(-- ) , and from charge exchange (X) during the density rise.

COUNTER
NJECTOR

CO-INJECTOR

FIG.I. Schematic diagram of PLT, indicating the toroidal
location of the relevant diagnostics and equipment: A -
limiters; B - gas inlet, 2cjce polychrometer; C - charge-
exchange diagnostic; D - microwave scattering; E — Thomson
scattering; F — low-energy neutral analyser, movable limiter;
G — bolometer; H - hard X-ray detector; I — neutron detectors.

the measured line average density and its programmed
evolution determines the voltage on a piezoelectric
valve [12]. The response of the total system including
the gas valve conductance is ^ 5 ms.

The density was increased from ne = 2 X 1013 cm"3

to 4 X 1013 cm"3 in about 100 ms (Fig. 2(a)). The
density profile determined from Thomson scattering
remained centrally peaked during gas puffing
(Fig. 3 (a), (c)). The density profiles have a systematic
asymmetry caused by a slight misalignment between
the Thomson scattering laser and the spectrometer [13].
The data shown in Fig.3(c) are unconnected for this
and the 3-D plot averages the profiles about the centre.
The central density is delayed with respect to the line-
averaged density value (1.5 X ne) by 10-20 ms. The
density evolution is reproducible, as are the current
and voltage waveforms. However, there are occasional
changes in the MHD activity in the equilibrium before
the density rise. Before the rise, sawtooth oscillations
are often not observed, but during and after the rise
they almost always occur.
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Inward Turbulent Pinch “is necessary to 
model the experimental results” of peaked 

density from edge gas source

STRACHAN et al.

Ohmic power input of 400—500 mW'cm"3 and the
radiated power equals the Ohmic input only in the
outer regions (r > 30 cm). The influence of the
density rise is to temporarily increase the edge
radiation by ~30%. The initial plasma has
Zeff = 1.5-2 from resistivity measurement, and
Zeff = 2.0—3.0 from spectroscopy. After the density
increase, Zeff drops to 1.0 (resistivity) to 1.5 (spectro-
scopy). Thus, the influx of gas does not bring in new
impurities. The edge radiations from CIII, H^ and
similar lines do increase by factors of 3—20 during
the gas puff; however, immediately after the rise in
density, the line intensities revert back to their
previous levels [6,14). A more complete account of
the spectroscopic measurements in this type of
discharge can be found in Ref. [12].

The data shown in Figs 2 and 3 refer to an initial
deuterium plasma with a deuterium gas puff. In
order to determine the rate at which the puffing gas
arrives in the centre, two similar auxiliary experiments
have been carried out. Hydrogen has been puffed
into a deuterium plasma and deuterium into a
hydrogen plasma. The evolution of the measured para-
meters is nearly identical to that described for puffing
deuterium into a deuterium plasma. The neutron
emission for pure deuterium and for deuterium puffed
into an initial hydrogen plasma is shown in Fig. 4. The
expected centrally peaked profile of the ion tempera-
ture ensures that all the neutrons come from r/a ̂  1/4;
thus, the ion temperature dependence can be unfolded
from the emission rate, yielding the time evolution of
the central deuteron density. The result for puffing
deuterium into a hydrogen plasma is shown in Fig. 5.
The central density rise can be entirely accounted for
by particles puffed from the gas valve, since the
increase in neutron emission can be accounted for by
the deuterium reaching the plasma centre. Also, when
hydrogen is puffed into an initially deuterium dis-
charge, the neutron emission remains nearly constant.
The central deuteron density (Fig. 6) also remains
relatively constant, indicating that there is no
substantial change in the amount of initial plasma gas
recycled at the plasma edge and, as in the previous
case, no large expulsion or concentration of the
original discharge gas during the density rise.

The uncertainty in the central ion temperature
evolution makes these determinations somewhat
uncertain, since the neutron emission depends roughly
on ngT^. It should be noted from Fig. 4 that deuterium
puffing into a hydrogen plasma immediately caused
the neutron emission to rise, in spite of the falling ion
temperature. This implies that immediate penetration

5

_ 4

'e

2 3

2

1
i

n

-

—

/ *

1 ,

i

T

i>

i

i

1.5 x ne

n<j (0) During
D2 puffing into
H*plosmos ~

I
0.40 0.45 0.50

TIME(s)
0.55

FIG.5. Central deuteron density during a deuterium gas puff
into a hydrogen plasma. The error bars arise from counting
statistics.
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FIG. 6. Central deuteron density during a hydrogen gas puff
into a deuterium plasma. The error bars arise from counting
statistics.
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FIG. 7. Relative time evolution of the central neutral density
at a toroidal location near the limiter and gas inlet, as deter-
mined by the charge-exchange emission.
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Non-diffusive!
Pinch



A (Historic) Density Rise Experiment on PLT 
Strachan, et al., Nuc. Fusion (1982)

but gas puff intensifies turbulence and Outward Ion Energy Flux 
accompanies Inward Turbulent Particle Pinch

STRACHAN et al.
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FIG.9. Central electron power flow (r < 15 cm) for the
discharges of Figs 2 and 3. POH is the Ohmic power input,
Pei is the electron ion coupling.
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FIG. 10. Empirical electron and ion energy confinement
times in the central plasma region (r < 15 cm).

distribution. During the density rise, the profile
changes are rapid enough that it is necessary to
calculate the internal fields using the magnetic
diffusion equation:

A Fa 3 ( r V 1 _
3r I r 3r J '

at = o

The resistivity, 77, is a function of the measured
electron temperature and (more weakly) of BQ through
the trapped-particle correction. The current and loop
voltage are used to calculate Zeff(t) self-consistently
from the temperature measurements. If the radial
profile of Z is assumed constant, q(0) = 0.7 after the
density rise. A central accumulation of impurities,
or the absence of any trapped-particle correction to
the resistivity, can raise the estimate of q(0) to
0.9—1.0. However, the central power input is
uncertain only to about 20% because a lower current
density is roughly compensated by an increased
resistivity. Usually, q(0) is thought to be ~ 1.0,
especially with sawtooth MHD activity present.

The central electron energy confinement time, rE e ,
can be calculated from the time evolution of the
electron energy content, Ee:
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15cm
E rdre

15cm <POH - P e i " * V d t ) r d r
(2)

100

75

. 50

i "

0

-25

-50

v////
dEj

i

1 *

'/
(15cm) A/

/dt(l5cm)
\

\

I •

M
7
- " e

i

"MB,

/
, 1 !

1-

300 400 500 600
TIME (ms)

700

FIG. 11. Central ion power flow (r<>15 cm) for the discharges
of Figs 2 and 3.

The initial value of TEe shown in Fig. 10 is about
35 ms, which is typical of PLT confinement times at
•this density [17]. The electron confinement time
remains relatively constant throughout the density
rise but increases to 60 ms at the density maximum,
primarily because the loop voltage falls and the power
transferred to the ions goes up, leaving less power to
be lost through the electron channel.

The ion energy content triples as a result of the
density rise. The empirical ion energy flow (Fig. 11)
indicates that an increase occurs in the power input
from electron/ion collisions (Pei). If the measurement
uncertainties in both Te and Ti are taken into account,
the error in Pei after the rise is considerable. However,
we take the upper boundary of the Pei estimate to
obtain the lower bound on the ion energy confinement
time, rEi, for r < 15 cm, as shown in Fig. 10

1150 NUCLEAR FUSION, Vol.22, No.9 (1982)

Enhanced Turbulent Fluctuation Intensity… … Causing Central Ion Cooling
PLT DENSITY RISE EXPERIMENT

0.30 0.35 0.40
TIME(ms)

0.45 0.50

FIG. 20. Time evolution of the microwave signal scattered
from small-scale density fluctuations in the outer and central
plasma regions. The insert shows a typical scattered spectrum
which extends to 200 kHz.

The spectrum is shifted towards the negative frequency
side which, for this particular scattering geometry, is
that of waves with phase velocities along the electron
diamagnetic velocity. From these measurements we
estimate that the quantity <ln2l)/<n) has a value of
s(0 .5-1 .0) X 10~2 in the central region of the dis-
charge (r = 0 - 15 cm) and a value of = (2-4) X 10"2

in the outer region (r = 30—40 cm).
The time evolution of density fluctuations at two

radial locations is shown in Fig. 20 for a discharge
where the average density was raised from
1.4 X 1013 cm"3 to 2.8 X 1013 cm"3 in about 40 ms.
Figure 20 shows the quantity

1/2

S(k, co)dco

From these data, one can see that at the edge of
the plasma column the fluctuation level starts to
increase as soon as the density begins to rise and
reaches a maximum after 20 ms. At the same time,
in the central region of the plasma column, the
turbulence at first decreases to a minimum and then
returns to its original value. At this moment, the
fluctuation amplitude starts to increase rapidly
throughout the plasma column and reaches a maximum
at the end of the density rise. The ratio of the peak

over the initial amplitude is about a factor of two in
the central region and four in the outer region. The
peak amplitude increases with the rate of density rise.
The spectral shift in the electron diamagnetic direction
tends to increase in the outer region and to diminish
in the centre during the density rise.

As the plasma density stops rising, the turbulence
decreases to a new stationary level which, with respect
to the amplitude before the density rise, is almost
unchanged in the central region while it is about two
times larger (or equal to the ratio of the density
increase) in the outer region.

There is also a similarity between the time evolution
of the density fluctuations and that of hard X-ray
emission caused by runaway electrons leaving the
plasma and striking the limiter. On other PLT dis-
charges [22] the fluctuation spectrum of the hard
X-ray signal was similar to the spectrum of the density
fluctuations. During the density rise, the time
evolution of both signals is similar (Fig. 21), as is the
time evolution of the low-energy neutral outflux
(Fig. 8 (a)). The peak of the hard X-ray signal also
increases with the rate of density rise. For the
discharges used in the density rise experiments, the
runaway electron levels were too low to obtain
meaningful fluctuation spectra.

FIG.21. Time evolution of the hard X-ray emission caused by
runaway electron bombardment of the limiter.

NUCLEAR FUSION, Vol.22, No.9 (1982) 1155



Low Frequency Gyrokinetic Theory provide a 
Framework for Understanding Turbulent Transport

• Low frequency fluctuations in strongly magnetized plasma, ω << ωb << ωc, conserve constants of motion. 

• Turbulent equipartition across flux tube volumes possible provided a sufficiently broad turbulent 
spectrum resonates with particles  

• Magnetic geometry relates turbulent diffusion in magnetic-flux-space to diffusive and pinch terms in 
coordinate-space. 

• Dipole geometry: 
‣ Birmingham, J. Geophysical Res., 1969 
‣ Kobayashi, Rogers, and Dorland, Phys. Rev. Lett., 2010 
‣ Kesner, et al., Plasma Phys. Control. Fusion, 2010; Kesner, et al., Phys. Plasmas, 2011 

• Tokamak geometry: 
➡Coppi, Comments Plasma Phys. Controll. Fus., 1980 
‣ Yankov, JETP Lett., 1994 
‣ Isichenko, et al., Phys. Rev. Lett., 1995 
‣ Baker and Rosenbluth, Phys. Plasmas, 1998; Baker, Phys. Plasmas, 2002
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NORAD OV3-4 (1966) validated physics of inward pinch and adiabatic heating of  
drift-resonant radiation belt particles. Farley, et al., Phys. Rev. Lett., 1970 



Turbulent Pinch in Toroidal Laboratory Plasmas
When the turbulent spectrum is sufficiently broad to interact with 

(nearly) all particles, independent of energy and pitch-angle, then …

Flux-Tube Particle Number Transport:
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Geometry of Magnetic Flux Tubes, δV, Determines Pinch 

Flux-Tube Number Transport:

Dipole
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Quantitative Verification of Inward Turbulent Convection

Edge Probe Array: 

5 m

Using only measured electric field fluctuations,  
Thomas Birmingham’s diffusion model is verified with levitated dipole

D = lim
t�⇥

� t

0
dt⇥⇥̇(t)⇥̇(0)⇤ � ⇥⇥̇2⇤�c

Interferometer 
Array



Quantitative Verification of Inward Turbulent Convection

(a) Side View

Catcher
Raised

Upper Hybrid
Resonances

Open
Field-Lines

Cyclotron
Resonances

(b) Top View

Catcher
Lowered

Closed
Field-Lines

4 Channel
Interferometer

Catcher 
Raised

Catcher 
Lowered Interferometer 

Array

Using only measured electric field fluctuations,  
Thomas Birmingham’s diffusion model is verified with levitated dipole
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Line Density Shows Strong Pinch
Only with a Levitated Dipole

3 msec

25 msec

Turbulent pinch
from measured
fluctuations

With levitated dipole, inward turbulent 
transport sets profile evolution

Alex Boxer, et al., “Turbulent inward pinch of plasma confined by a levitated dipole magnet," Nature Phys 6, 207 (2010).



Heating modulation demonstrates  
robust inward pinch towards invariant profile

• Density increases with power (T ~ constant). Density profile shape is unchanged near nδV ~ constant. 
• Gas source moves radially outward. Inward pinch required to increase central density.
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Turbulent Pinch in Toroidal Laboratory Plasmas
When the turbulent spectrum is sufficiently broad to interact with 

(nearly) all particles, independent of energy and pitch-angle, then …

Flux-Tube Particle Number Transport:

Dipole

D = R2hE2
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Flux-Tube Plasma Energy/Entropy Transport:



Geometry of Magnetic Flux Tubes, δV, Determines Stability 
Dipole
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Flux-Tube Plasma Energy/Entropy Transport:

Dipole (marginally stable)

Tokamak (avg good curvature)

While energy/entropy flux is always outward in a tokamak, 
depending upon the location of the heating source ‹H›,  

Energy flux in a dipole can be inward (magnetosphere) or outward.
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Low frequency fluctuations dominate plasma dynamics: 
MHD interchange & Entropy modes

• Interchange modes set pressure and density gradient 
limits in dipole-plasma (not ballooning-drift) 

• Entropy mode (Kesner, Hastie, POP, 2002) 
changed our thinking: not just pressure and density 
gradients, but also η = d(lnT)/d(lnn) 

• Entropy modes generate zonal flows and self-
regulate transport levels (Ricci, Rogers, Dorland, 
PRL, 2006) 

• Fluctuations disappear with flat density profiles 
(Garnier, JPP, 2008; Kobayashi, et al., PRL, 2009) 

• Measurements show fluctuations throughout 
plasma (Nature-Physics, 2010); inverse energy 
cascade (POP, 2009); intermittency (PRL, 2010)
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Gyrokinetic (GS2) simulations show turbulence drives 
particles or heat to maintain uniform entropy density

Turbulence drives plasma to steep profiles and creates 
Turbulent Self-Organization in Dipole Geometry

Kobayashi, Rogers, Dorland, PRL (2010)
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11 kW/100 J ⇒ η ≈ 1.2

Turbulent Pinch Maintains Centrally-Peaked Temperature 

• Thermal plasma energy about 
100 J with 11 kW of ECRH. 

• Measured edge temperature 
(14 eV), density profile, and 
stored energy, … 
central Te ~ 0.5 keV 

• Outward thermal flux sustains 
inward particle flux, η ~ 1.2

Boxer, et al., Nature Phys. (2010)



Low-Frequency Convection Motions in Dipoles are Global
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CASSINI: Observations of Circulating  
interchange mixing of Saturn’s Magnetosphere

Streamfunction during Mach ~ 1 rotation  
showing plasma mixing from centrifugal mode

Exploring the physics of low-frequency turbulent convection

gions of the magnetosphere. The two-cell con-
vection would then cause a concentration of the
outflowing plasma on the dense side of the
convection pattern (Fig. 3B); that is, at an SKR
longitude of lSC ~ 330°. As the convection
pattern rotates, this outflow would produce
perturbations that propagate far out into the
magnetosphere, thereby acting as the cam that
drives other rotationally modulated magneto-
spheric effects, such as the SKR. From the
Voyager 1 and 2 radio observations (27), it is
known that SKR is generated at relatively low
altitudes along magnetic field lines that pass near
the magnetopause on the late-morning side of the
magnetosphere. As the perturbations from lSC ~
330° propagate outward, the associated magnetic
field perturbations (fig. S3) develop a phase lag
of about 149° to 195° by the time they reach the
vicinity of the magnetopause at R ~ 20 RS. This
phase lag, which has been previously studied by
Espinosa et al. (4) and Cowley et al. (28), is
almost exactly the right amount to explain the
generation of SKR in the late morning at a local
time of about 8 to 11 hours and a subsolar SKR
longitude of lSun = 100°. For a further discus-
sion of the geometry involved and for com-
ments on how the SKR might be generated as

the outward-propagating disturbance from the
cam interacts with the morning side of the mag-
netopause, see the SOM.

A potentially important feature of the convec-
tion pattern that needs to be explained is the close
relation between the phase of the azimuthal
magnetic field and the phase of plasma density
modulation (Fig. 2, B and C). This relation is most
likely related to the azimuthal torque required to
oppose the change in the angular momentum of
the plasma disk caused by the mass loading.
Because both ionization and charge exchange are
proportional to the plasma density, they both
contribute to the mass loading. The current system
that produces this torque and the resulting
contribution to the Bϕ magnetic field are then
expected to be largest in the region of highest
plasma density, which would explain why these
two quantities are in phase. However, the relation
between the magnetic field and the plasma density
variations may be more subtle. If the current
systems linking the plasma sheet to the northern
and southern hemispheres are identical, then there
would be no Bϕ magnetic field component at the
equator. The equatorial Bϕ component would then
have to be due to an asymmetry between northern
and southern hemispheres. The asymmetry could

be produced by the fact that the net dayside
conductivity of the southern hemisphere of Saturn
is currently higher than in the northern hemi-
sphere, not only because high southerly latitudes
are currently in sunlight but also because the rings
are partially shadowing the northern hemisphere.
This north-south difference in the illumination
greatly increases the conductivity of the upper
atmosphere in the southern hemisphere relative to
that in the northern hemisphere. The immediate
consequence of this difference is that interchange
motion would be resisted more by the southern
ionosphere (23). In the high-density sector where
flux tubes would move out, the northern iono-
sphere has to transmit a poleward motion to the
southern ionosphere and vice versa in the inward-
moving sector. This asymmetry would require a
significant transverse magnetic field component at
the equator. A quarter-cycle lag is expected
between outward motion and the peak bending
inward of the field (that is, a peak negative value
of the radial field perturbation, DBr). Recalling the
phase relation originally identified by Espinosa
et al. (4) (that DBr leads Bϕ), one sees that the
observed phase relation between Bϕ and ne (ne,
electron density) is consistent.

Because our model is based on a centrifugally
driven instability in the plasma disk that acts as a
camshaft, it does not necessarily require a
rotating magnetic anomaly or any other rotating
source internal to Saturn. Therefore, the internal
rotation period of Saturn cannot be determined
from the period of the SKRmodulation. The only
conclusion that can be drawn is that the internal
rotation period must be less than the shortest
SKR modulation period ever observed, which
currently is slightly less than the period observed
by Voyager (9). If some internal source with the
correct time-variable rotation rate were to be
eventually identified, it is clear that any new
explanation would need to account for the ro-
tating plasma density and magnetic fields re-
ported in this paper, as well as their linkage to the
time-variable SKR modulation rate.
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Fig. 3. (A), adapted from
Hill (18), shows the mecha-
nism by which the plasma
disk is coupled to the upper
atmosphere of Saturn via
magnetic field–aligned cur-
rents, J∥. The field-aligned
currents transfer angular
momentum from the planet
to the plasma disk via the
J⊥! B force exerted, where
J⊥ is the component of
current flowing perpendicu-
lar to the magnetic field B.
This force opposes the drag
force exerted on the disk as
mass produced by ionization
and charge exchange from
the Enceladus gas torus is
picked up by the rapidly
rotating magnetic field. This
drag force causes the plas-
ma disk, which rotates at an
angular rate w, to slip slowly
with respect to the rotation
rate W of the upper atmo-
sphere of Saturn. (B) The
rotating two-cell plasma con-
vection pattern that we propose to explain the longitudinal modulation of the plasma density and
magnetic field in the inner region of the plasma disk. In this model, the two-cell convection pattern,
shown as viewed from the north pole of Saturn, is driven by a centrifugal instability that arises from
ionization of the neutral gas torus. As the plasma flows through the neutral gas torus from a to b, the
density increases because of this ionization, causing the centrifugal force Fc = nmw2R at Fc(2) to be
greater than at the symmetrical point Fc(1) on the opposite side of the convection pattern. It is this
difference in the centrifugal forces that drives the convection. A radial outflow of plasma in the “heavy”
sector of the convection pattern then acts as the cam (4) that drives the rotational modulation of various
phenomena in the outer magnetosphere, such as the SKR. The slippage rate, and therefore the SKR
modulation period, are determined by the mass loading rate dm/dt from the neutral gas torus and by the
coupling to the upper atmosphere, both of which are likely to have long-term variations.
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Dipole Observations Show Global Low-Frequency Turbulence 
Structure, 2D Inverse Cascade, and Self-Organization

ed from "classical" coulomb collisions
of the charged plasma particles (1, 2).
This enhanced transport of energy out
of the plasma is deleterious, since it
reduces the energy containment time.
Thus, understanding and controlling this
transport are very important to the goal
of achieving controlled nuclear fusion.
Crude estimates indicate that the tur-

bulent density fluctuations observed in
tokamak plasmas are sufficient to pro-
duce the observed transport (1, 2); how-
ever, the direct connection of this turbu-
lence with the energy transport has not
been established. Consequently, under-
standing the nature of the turbulence and
its contribution to the transport is still a
major goal in this field of research.
Nature of the turbulence. It is typical

of tokamak plasmas that density fluctua-
tions are present throughout the life of
the plasma (5-13). The spatial scale (that
is, the typical wavelength) of these fluc-
tuations has been determined in numer-
ous experiments with both microwave
and laser scattering and metal probes
that can be inserted near the plasma edge
to measure density and electrical poten-
tial (5-13). In the scattering experiments,
the wavelength of the fluctuations is

measured directly by the angle of scat-
tering relative to the direction of the
incident electromagnetic radiation. Such
a scattering process is called Bragg scat-
tering, a term that onrginally referred to
the scattering of x-rays from the electron
distribution in a crystal. As in the crys-
talline case, scattering experiments in
plasmas measure the spatial distribution
of the electrons. From this kind of ex-
periment in tokamak plasmas, the mean
wavelength, Xfluct, of the density fluctua-
tions in the direction perpendicular to
the magnetic field is found to be of the
order of 1 cm (5-10, 13). In terms of the
parameters that characterize the plasma,
it is found that

Xfluct t 2iTpi (1)

where p,, the characteristic radius of
gyration of the plasma ions in the mag-
netic field, is typically a few millimeters.
The wavelength Xfluct is small com-

pared to the minor diameter of the plas-
ma, which is typically several tens of
centimeters. Consequently, these fluctu-
ations are frequently described as a mi-
croturbulence (5) to distinguish them
from macroscopic magnetohydrodynam-
ic (MHD) oscillations, which have wave-

Fig. 1. A tokamak
plasma. External
coils generate the
principal confining
magnetic field B, and
a current induced in
the plasma produces a
twist to the magnetic
field lines (not
shown). Turbulence
in the plasma is illus-
trated by dots in the
minor cross sections.
Waves, used to heat
the plasma and drive
currrents, can be ex-
cited by antennas at
the plasma edge.

Driven waves Plasma

Fig. 2. Frequency
spectrum of density
fluctuations in a plas- 4
ma in the Princeton C

Large Torus (PLT)

tokamak, shown from 1
a well-defined region D
and for a single wave- , 2
length of 0.9 cm
[adapted from (13)]. _X
The dashed curve is a
guide to thed eye and J
would be typical of an o
average over several -400 -200 0 200 400

plasmas. The spec- Frequency (kHz)

trum is much broader than the range offrequencies of 100 to 130 kHz which would be expected
for "linear" drift waves. This spectrum illustrates the turbulent nature of the density
fluctuations in tokamaks.

818

lengths comparable to the plasma size
(14).
The tokamak plasma is a very aniso-

tropic system with a strong toroidal mag-
netic field and gradients in plasma densi-
ty and temperature perpendicular to the
magnetic field (Fig. 1). Laser and micro-
wave scattering experiments have shown
that the wavelengths associated with the
fluctuations are very similar in both di-
rections perpendicular to the magnetic
field (5-9). With CO2 laser scattering
experiments, it has also been shown that
the wavelengths of the fluctuations par-
allel to the toroidal magnetic field are
long compared to the wavelengths of the
fluctuations perpendicular to the field (6,
9, 11). Thus a qualitative picture is that
of a relatively isotropic, two-dimensional
turbulence in the plane perpendicular to
the toroidal magnetic field, with the
characteristic scale size of the turbu-
lence being small compared to the minor
diameter of the plasma (Fig. 1).
By use of scattering and probe tech-

niques, the characteristic frequency of
the fluctuations has been found to be in
the range of a few kilohertz to a few
hundred kilohertz. The mean frequency,
f, of the fluctuations is lower than the
characteristic frequency of gyration of
the plasma ions in the magnetic field, fci.
The experiments are (very roughly) con-
sistent with (4-13)

(2)
where Ln is the length associated with the
gradient in plasma density [Ln = nl(dnl
dr), where n is the plasma density and r
is the minor radius of the plasma]. Since
the frequency fci is typically tens of
megahertz and p/L, is of order 1/100, f
is in the range of hundreds of kilohertz.

It is plausible that the natural spatial
dimension of the turbulence in the direc-
tion perpendicular to the magnetic field
is of the order of the ion gyroradius pi
(Eq. 1), since, at the characteristic fre-
quencies of the turbulence, fluctuations
with these wavelengths are typically the
least stable (2, 15, 16). Also, the frequen-
cy described by Eq. 2 is qualitatively
consistent with the spatial scale of the
fluctuations and the fact that, in an inho-
mogeneous plasma such as that in a
tokamak, there is an associated drift
velocity, vd, of waves traveling in the
direction perpendicular to both the mag-
netic field and the density gradient.
Thus, one can imagine a disturbance of
wavelength 2'rrpi propagating at a veloci-
ty vd which results in a mean frequency
f (in the laboratory frame) equal to vd/
2irpi. This expression for the frequency
turns out to be identical to the right-hand
side of Eq. 2.
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Surko and Slusher, Science 221, 817 (1983)

• Broad spectrum 
• ω ~ ω* (a/ρi) 

• λ ~ ρi 
• Ballooning-Drift

PLT

statistics which are “ensemble averaged” over a time where
the basic plasma parameters and profiles are relatively sta-
tionary. Because of the high reproducibility of plasma dis-
charges in CTX ensemble averages of fluctuations can be
calculated over an entire discharge !"0.7 s# and over mul-
tiple discharges, creating well-converged statistics. For a
single diagnostic, the ensemble fluctuation spectrum and
bispectrum26 are quantities which can be calculated. The en-
semble spectrum over subsamples !!i#!t# of a full time
record !!t# is given by

$!̃!̃!% =
1
M &

i=1

M

!̃!i#!̃!i#
! , !2#

where all ensemble quantities are denoted by angle brackets,
$ %, and $!̃!̃!%= $'!̃'2%. The converged ensemble spectra of
potential fluctuations calculated from hundreds of realiza-
tions of !!t# across the plasma radius from L=44 to 58 cm is
given in Fig. 4. The spectrum follows a power law for
f "10 kHz with a trend approximated by f−5. There also
exist spectral peaks in the ranges f "1–2 kHz and
f "3–4 kHz, which will later be identified as quasicoherent
m=1,2 modes, respectively, where m is the azimuthal mode
number of potential fluctuations.

B. Two-point measurements

When two or more diagnostics are used, cross correla-
tion, coherence, and phase can determine the correlation
length and time of the fluctuations, as well as the coherence
and spatial structure of quasicoherent modes. With separated
probe pairs, ensemble cross correlation of fluctuations in a
rotating plasma can yield the correlation length in the
laboratory frame. Using probe pairs separated by
#$=9° , 90° , 180°, the correlation length of fluctuations
has been measured by ensemble averaging the cross-
correlation function C!%#= $!1!t#!2!t−%#%. As the probe
separation is increased, the lag time %lag, where C!%# is
maximized, increases in proportion to the separation dis-
tance. This represents a constant E&B rotation speed of
v$=L#$ /%lag(6 km /s at L=50 cm. The maximum
correlation amplitude decreases with probe separation as
exp!−#x /'c#, where 'c"45 cm, or 14% of the device cir-

cumference. The short correlation length relative to circum-
ference represents the incoherent structures evolving quickly
compared to a rotation period around the device. These in-
coherent structures decorrelate in a time approximately
'c /v$(75 (s.

In addition to the cross-correlation function, the quasico-
herent modes within the turbulence can be characterized by
the ensemble cross coherence and cross phase, defined with
the spectral quantities,

$)1,2
2 % =

'$!̃1
!!̃2%'2

$'!̃1'2%$'!̃2'2%
, !3#

$*1,2% = tan−1) I$!̃1
!!̃2%

R$!̃1
!!̃2%

* , !4#

where $)1,2
2 %! +0,1,. When probes are separated azimuthally

by #$, azimuthal modes can be identified by their phase
shifts satisfying $*1,2%"m#$ for m=1,2 , . . ..

The ensemble cross coherence and cross phase, calcu-
lated over hundreds of time intervals of the floating potential,
are shown in Fig. 5. One potential probe was fixed at
L=50 cm and served as the reference probe. Other probes
were positioned with azimuthal separations #$=+ /2 and +
with respect to the reference probe and were systematically
adjusted in radius. The color of the trace indicates the radial
location of the moving probe. The coherence calculated over
hundreds of realizations of each signal reveals two quasico-
herent modes in the plasma. The lowest frequency mode is
found to have m(1, as indicated by the value of the cross
phase where there is coherence near f (1.8 kHz. There also
exists another mode near f (3–4 kHz with m(2 with
slightly weaker coherence. The variation in cross phase with
radial position is indicative of a “spiral” character to the
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FIG. 4. !Color# The ensemble-averaged floating potential spectra taken
across the plasma radius, L. The dashed line indicates f−5 for reference.
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FIG. 5. !Color# Structure of potential fluctuations displaying m"1 !red# and
m"2 !blue# azimuthal modes. Measurements taken by probes separated
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055902-4 Grierson, Worstell, and Mauel Phys. Plasmas 16, 055902 !2009"Grierson, et al., Phys Plasmas 16, 055902 (2009) 
Boxer, et al., Nature Phys 6, 207 (2010).

• Broad spectrum 
• ω ~ 0 (in plasma frame) 

• λ ~ R >> ρi 
• Interchange, k|| = 0



Summary 
Fusion Turbulence without a Toroidal Field

• Toroidal confinement without toroidal field is a new paradigm for the 
study of steady-state and high-beta transport   
‣ Very high pressure connecting space and laboratory plasma 

dynamics 
‣ Very large plasma experiments at relatively low cost 
‣ Whole plasma access for imaging and experimental control 

• Strong inward turbulent particle pinch verified by satellite and 
laboratory observations 

• Observations show global low-frequency turbulence structure, 2D 
inverse cascade, and self-organization



Presentations at DPP 55th
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