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Magnetospheric Physics and Laboratory Fusion Physics 

Three Physics Challenges for the Future
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Historical Comment (1996) 
Advance Plasma Science:

FEAC	(1996)
“Plasma science is a cornerstone of the scientific infrastructure of 
the country, and is a prerequisite competency to pursue many 
national science and technology goals, …. 

Fusion Energy is the Grand Challenge of Plasma Science and 
is the largest driver for the intellectual development of Plasma 
Science. 

The people tackling the scientific and technological issues 
involved [with plasma research] have created a wellspring of 
knowledge and capability which is a national asset of enduring 
value. 

As the centerpiece of the nation’s plasma science infrastructure, 
FES must explicitly move to broaden it’s intellectual and 
institutional base in fundamental plasma science and attendant 
enabling technologies, preferably in partnership with other 
agencies.”
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Personal Comment (Today)

• Fusion Energy is still the Grand Challenge of Plasma Science 

• Today, progress in fusion research requires sophisticated, and costly, 
experiments that need the highest levels of plasma science … 

- Confidence in the techniques to heat and produce plasma and to control 
instabilities and turbulence  

- Campaign planning to gain highest scientific value requires precise high-
resolution measurement and whole-plasma simulation and prediction 

- New technologies and ideas for the plasma heat flux of fusion 
experiments that may approach the heat flux found on surface of sun 

- … 

• Fusion research still needs the benefits from a broad intellectual base for 
plasma science and technology linking fusion research ⇔ related fields.
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Fusion and Magnetospheric Physics are Linked

• Strongly magnetized plasma torus 
• Dense thermal plasma (i.e. fusion fuel) 
 
Waves, turbulence, and confinement are 
the critical metrics for fusion 

• Fast energetic ions from fusion reactions 
(e.g. 3.5 MeV alpha-particles) 
 
Fast ions orbit every 50 µsec and must be 
confined for 100’s of orbits 

• When instabilities resonate with energetic 
particles, they will damage the first wall 
and prevent sustained fusion energy 
production. 

• Strongly magnetized plasma torus 
• Dense inner plasmasphere 
 
Waves, disturbances from rotation and 
solar wind are critical for space weather 

• Radiation belts contain MeV ions and 
electrons  
 
Fast particles orbit every 50 min and can 
persist for days 

• High-energy protons leave ionization 
tracks that upset space electronics and 
relativistic electrons can be devastating to 
spacecraft.
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Common Scientific Questions

• How do waves and fluctuations energize particles? 

• How do energetic particles excite waves and fluctuations? 

• How does the strong magnetic field influence motion of 
plasma energy, momentum, and particle number? 

• How does the field-line geometry within the magnetic torus 
influence plasma stability and dynamics? 

• Can laboratory study of magnetized plasma help to validate 
predictive models for space weather? 

• Can understanding magnetospheric plasma help to scientists 
achieve the fusion grand challenge?  
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Bringing the Physics of Magnetosphere 
to the Laboratory



Laboratory Magnetospheres 
Large space chambers with small strong magnets 

(plus Japan, Germany, India)

Ryan 
Bergmann
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NSF/DOE Partnership Allowed Students to Discover 
Many Fundamental Processes

• Energetic particle instabilities and drift-resonant transport  

• Low-frequency turbulence, turbulent cascades, and transport 

• “Whole-plasma,” nonlinear, bounce-averaged, drift-kinetic 
simulation reproduces both energetic particle modes and low-
frequency turbulent cascades 

• Turbulent “profile self-organization” and the “curvature” pinch 

• Centrifugal instability at high-speed plasma rotation 

• Whole-plasma imaging of turbulence and “swarm” multi-point 
measurements of plasma dynamics 

• Dynamics of an “artificial moon” with fast mass injection 

• Controlling turbulent convection with an “artificial ionosphere”

Each	study	involved	undergraduate	students,	were	lead	by	doctoral	students,	and	
gave	opportunities	to	explore	new	physics	relevant	to	both	space	and	fusion	science.
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Acknowledging the Pioneers
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Laboratory Magnetospheres are Simple and Flexible

• Large plasma with small magnet 
• Apply heat and inject gas 
• Observe steady-state transport of heat & particles 

• Heat electrons at low plasma density 
• Energetic particle pressure dominates over 

thermal plasma 
• Excite energetic particle modes 

• Heat plasma at high plasma density 
• Thermal plasma pressure dominates 
• Excite interchange/entropy mode turbulence

Simple…

Flexible…
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Laboratory Magnetospheres are Simple and Flexible

• Large plasma with small magnet 
• Apply heat and inject gas 
• Steady-state 

• Heat electrons at low plasma density 
• Energetic particle pressure dominates over 

thermal plasma 
• Excite energetic particle modes 

• Heat plasma at high plasma density 
• Thermal plasma pressure dominates 
• Excite interchange/entropy mode turbulence

Simple…

Flexible…

“Chirping” Nonlinear Wave Resonances 
with Energetic Particles

Instability saturates coherently and slowly 
convects energetic particles around buoyant 

drift-resonant phase-space “bubbles”



18.33791
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Laboratory Magnetospheres are Simple and Flexible

• Large plasma with small magnet 
• Apply heat and inject gas 
• Steady-state 

• Heat electrons at low plasma density 
• Energetic particle pressure dominates over 

thermal plasma 
• Excite energetic particle modes 

• Heat plasma at high plasma density 
• Thermal plasma pressure dominates 
• Excite interchange/entropy mode turbulence

Simple…

Flexible…
Turbulent Cascade and Diffusion of 

Magnetized Plasma Filaments

Instability saturates incoherently with spectrum of 
interacting chaotic modes driving “bursty” radial 

transport of plasma-filled flux tubes 



11.93793
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Inward Moving “Holes” in Energetic Particle Phase-Space

Higher Plasma Density Lower Density

Drift Resonance ω ~ mωd ∝ µ/L2
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RF Pulse “pops” Phase-Space Holes
Validating model for frequency sweeping used to predict  

alpha-particle resonant diffusion in tokamaks. 
 H. L. Berk, B. N. Breizman, et al., Phys. Plasmas, 6, (1999)

Enhanced	scattering	of	
energetic	particles	
prevents	“chirping”		

and		

smooths	outward	bursts	
of	energetic	particles
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Energetic Particle Physics Key to Burning Plasma Physics
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Solutions of this equation were analyzed in Ref [1], when ⌫
stoch

and ⌫
drag

have constant values. The
results, presented in Fig.(1a), show that as a function of ⌫

stoch

/⌫
drag

that there are regions where steady
solutions are: (A) stable, (to the left and above the solid curve); (B) unstable (below the solid curve and
above dotted line) and (C) non-existent (the hatched region of the figure). Wherever the non-existence
of a steady solution applies, the cubic equation explodes and the emergence of a chirping solution is
expected. For this simplified case the specific quantitative condition for the non-existence of a steady
solution, which is a sufficient condition for chirping to arise, is:
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In Fig.(1b), which is a plot Int(⌫
stoch

/⌫
drag

), we see when ⌫
stoch

/⌫
drag

< 1.04, that there is no steady
solutions so that a chirping response is expected in this case. Hence, experiments that lie in this region
should produce chirping, while experiments that lie in the stable region of Fig.(1a) are expected to produce
steady fixed frequency oscillations. The red diamonds and black dots in Fig.(1a) is where the experimental
points lie for NSTX and DIII-D respectively when characteristic values for the transport parameters and
resonance condition are taken. We find that many of these points are incompatible with experiment.

In order to obtain better results with experiment, we need to weight the response from all the regions of
phase space where resonances arise. Then the modified criterion for not being able to obtain a steady
solution, when we then expect a chirping response, is found to be of the following form,
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Monthly Newsletter of the
U.S. Burning Plasma Organization

December 31, 2016 (Issue 115)

Mission Statement
Advance the scientific under-
standing of burning plasmas
and ensure the greatest ben-
efit from a burning plasma
experiment by coordinating
relevant U.S. fusion research
with broad community partic-
ipation.

This newsletter provides
a monthly update on U.S.
Burning Plasma Organiza-
tion activities. The USBPO
operates under the auspices
of the U.S. Department of
Energy, Office of Fusion
Energy Sciences (FES).
All comments, including
suggestions for content,
may be sent to the Editor.
Correspondence may also
be submitted through the
USBPO Website Feedback
Form.

Become a member of the
U.S. Burning Plasma Orga-
nization by signing up for a
topical group.

Editor: Saskia Mordijck
(mordijck@fusion.gat.com)

Director’s Corner
Research Highlight

Energetic Particles Topical Group

Criterion for chirping onset by V.N. Duarte, et al.

ITPA Update
Schedule of Burning Plasma Events

Director’s Corner
C.M. Greenfield

A farewell and a welcome
For about 2 1/2 years, ending last summer, Teresa Garza of the University
of Texas ably served as the US Burning Plasma Organization Administrator.
The involvement of the University of Texas in USBPO management goes
back to my predecessor, Jim Van Dam, prior to his departure for DOE. The
administrative tasks have now been moved to my home institution, General
Atomics, where Michelle Metschel has now assumed the administrator
position. I would like to express my gratitude to Teresa for her great work,
and welcome Michelle to the US Burning Plasma Organization.

This change does not impact our website, mailing lists, and other
communications media, which continue to be maintained by USBPO
Communications Coordinator Mark London of MIT.

ITER in 3D

Those of you who visited the ITER booth at the recent IAEA Fusion Energy
Conference in Kyoto may have had an opportunity to view a virtual reality
tour of the ITER worksite, including views in and around the construction
site, and even from drones flying above. Now the ITER Organization has
published an updated version of that tour on the web, and it can be viewed

USBPO Newsletter, December 31, 2016, Issue 115, BurningPlasma.org Page 1 of 11October 2015 Vinícius Duarte  
December 2016 Dmitry Maslovsky 

PRL, POP, 2003

Controlling Energetic Particle Modes in 
Laboratory Magnetosphere
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Magnetized Tubes of Plasma
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(Credit: Univ Tokyo)

(Credit: Culham)

(Credit: PPPL)

(Credit: W7X, Nat comm, 2016)

(Credit: NASA ISS)

(Credit: NASA Goddard SDO)
(Credit: Columbia Tokamak)
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“Profile Consistency” and the Inward Pinch

Princeton Large Torus (PLT)

17 MA Copper Toroid 
1 sec pulses 

750 kW Ohmic 
75 kW LHCD 

2.5 MW NBI & 5 MW ICRF Inward pinch “is necessary to model the experimental results” 
of peaked density from edge gas source.

PLT DENSITY RISE EXPERIMENT
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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

NUCLEAR FUSION, Vol.22, No.9 (1982) 1147

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
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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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Non-diffusive
Pinch

A (Historic) Density Rise Experiment on PLT 
Jim Strachan, et al., Nuc. Fusion (1982)
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Inward “Curvature Pinch” is largest (?) in 
(Laboratory) Magnetospheres

Turbulent “Self-Organization” creates highly peaked profiles
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Inward “Curvature Pinch” is largest (?) in 
(Laboratory) Magnetospheres

“Artificial moon” reverses direction of entropy modes.
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“Bursty” Turbulence with Inward and Outward moving Plasma Filaments

Edge Probe Array

Edge Probe 
Array
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Direct Imaging of Turbulent Mixing of Plasma Filaments
(a) Fast Videography/Polar Imaging of Density Fluctuations 

(b) Global Reconstruction of Potential / Density Fluctuations 

(c) Measurement of Inward/Outward Moving Plasma Flux Tubes 
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Surprising “Universal” Turbulence Statistics of the Plasma Torus 
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Laboratory 
Magnetosphere
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The meaning of the F!m" series is clear; it is the series
of the measured fluxes over a time scale that is m times
longer than the original time scale. In the time range in
which the fluctuations are self-similar, the PDF, P!G", of
the fluxes scales as

P!G!m"" ! mH21g
µ

G!m" 2 #G$
mH21

∂

, (2)

where g is a universal function and #G$ is the averaged
flux. This relation results from the assumption of self-
similarity and the condition that the value of the integrated
probability over all G!m" is 1. Equation (2) is a strong
constraint on the distribution of fluxes. However, the
self-similarity of the fluctuations and fluxes does not
provide any information on the functional form of g. We
must determine g from a dynamical theory or from the
experimental measurements.
From the analysis of experimental data, we have found

that the PDF of fluxes is self-similar over a wide range
of time scale. In Fig. 1, we have plotted the standard
deviation s!m" for each of the F!m" series derived from
the induced particle flux data obtained from a discharge
in the W7-AS device. The self-similarity ranges are
the regions in m in which s!m" ~ mH21. For a range
of time scales around the fluctuation decorrelation time,
1 # t # 30 ms, the fluxes seem to be self-similar with a
self-similarity parameter close to 1, H ! 0.85. We will
refer to this range of time scales as the fluctuation range.
However, this range of time scales is relatively short and
s!m" may not be just a simple power function. Therefore,
it is not possible to claim strict self-similarity in this
range of scales. The situation is clearly different for time
scales longer than 60 ms, the mesoscale range. In this
case, the self-similarity range is well defined at least over
three decades and the self-similarity parameter H ! 0.58.

FIG. 1. Standard deviation for each of the series F!m" derived
from the induced particle flux as a function of m. The data are
from discharge number 35427 in the W7-AS device.

The precise value of the self-similarity parameter varies
with the confinement device and plasma conditions, but
their range of variation is narrow. This self-similarity
range corresponds to the one discussed in Ref. [2] for the
density and electrostatic potential fluctuations. Here, we
use as fluctuation decorrelation time the value of the time
lag at which the autocorrelation function has decreased by
e21. For W7-AS plasma edge data, this value is about
10 ms. The mesoscale range is defined as the time scales
between 5 times the decorrelation time and the particle
confinement time.
In this paper, we use plasma edge fluctuation measure-

ments only from the W7-AS device [6]. The reason is
that we need both three-point probe measurements and
long time records. These constraints preclude the use of
much of the fluctuation data available. To have long time
records within the plasma edge region, it also implies the
use of data mostly around and within the shear flow layer.
Because of this, the averaged value of the self-similarity
parameter is about 0.6. For these data sets, we have calcu-
lated the PDF of the fluxes over the two time scale ranges.
The original time records are about 100 000 points with a
sampling rate of 1 MHz. In the calculation of the PDFs,
we change the time resolution by factors of 2. In this way,
the largest scale that we can investigate is up to 1.024 ms.
We cannot go to time resolution above this value because
there are not enough points left after averaging to calcu-
late a PDF. For these data, we can separate the time scales
into two ranges: the ones in 1 # m # 32 as the fluctua-
tion range, and the time scales in 64 # m # 1024 as the
mesoscale range (Fig. 1). Although a true self-similarity
of fluctuations and fluxes is questionable in the fluctuation
range, we have used the rescaling of the PDF, Eq. (2), to
illustrate its functional form in this range (Fig. 2). The
rescaled PDFs calculated in the mesoscale self-similarity
range are shown in Fig. 3. Because the averaged flux has

FIG. 2. Probability distribution function of the turbulence-
induced fluxes for time scales in the range 1 , m , 32. The
data are from discharge number 35427 in W7-AS.
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Three Challenges for the Future

(i) Can we fully regulate turbulent mixing of strongly magnetized plasma, e.g. by 
connecting the “artificial ionosphere”? 

(ii) Can we validate “whole-plasma” predictive models, e.g. with reduced dimensional 
models and the “simplest” steady-state plasma torus?  

(iii)Can we explore turbulent transport across the “Extreme Scales” found in space, 
e.g. through increased plasma density of the laboratory magnetosphere? 

• Can laboratory study of magnetized plasma help to validate predictive models for 
space weather? 

• Can understanding magnetospheric plasma help to validate predictive models for 
the fusion grand challenge?

Contributing to…
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(i) Controlling turbulent convection with an “artificial ionosphere” 
(i.e. field-aligned current injection feedback)

Can we regulate only part (yes!) or the whole laboratory magnetosphere?
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(III) Explore turbulent transport across the “extreme scales” found in space

Next-step discoveries are significant… 

• Magnetospheric Alfvén wave turbulent 
emission at high plasma β 

• FLR and isotope effects in bounce-averaged 
gyrokinetics and turbulent self-organization 

• Explore critical plasma physics linking space 
science and high-β toroidal confinement

1012 C.T. Russell / Planetary and Space Science 49 (2001) 1005–1030

Fig. 8. The solar wind interaction with the Moon when the interplanetary
magnetic !eld is perpendicular to the solar wind "ow. The solar wind
is completely absorbed on streamlines that intersect the Moon, leaving a
cavity on the downstream side that !lls by ion motion along the magnetic
!eld at the ion thermal velocity. Because of the charge neutrality condition
in the plasma the electrons move with the ions. In MHD terms the region
in which the plasma is moving toward the wake is called an expansion
fan (Spreiter et al., 1970).

interplanetary magnetic !eld perpendicular to the solar wind
"ow. Not shown is the "ow-aligned case that occurs much
more rarely. In both cases the "owing plasma is absorbed
by the moon leaving an empty wake behind the Moon. In
the aligned-"ow case the plasma cannot "ow into the cavity
behind the moon but the wake does narrow to a diameter
less than that of the moon. In the case with the interplanetary
magnetic !eld perpendicular to the "ow, the plasma closes
behind the Moon at the ion thermal velocity. Since the ions
are much more massive than the electrons and since charge
neutrality requires electrons and ions to stay together in the
solar wind, ion motion governs the electrons as well.
An important aspect of this interaction is the electric !eld.

The solar wind is a "owing, magnetized plasma and hence
has an electric !eld in the frame of reference of the Moon.
Thus ions produced on one side of the moon by photoion-
ization of its tenuous atmosphere will be accelerated down
on to the surface, while on the other side ions will be re-
moved from the moon (Freeman and Ibrahim, 1975). In this
way the solar wind electric !eld both implants ions into the
lunar surface and removes them from the lunar atmosphere.
However, the currents through the body of the Moon, driven
by this electric !eld, are very, very small because of the ex-
tremely low electrical conductivity of the lunar surface. The
solar wind does cause currents in the interior of the moon
by carrying a spatially varying magnetic !eld past the moon
that the moon sees as a time varying magnetic !eld and that
induces a voltage across the moon. These currents "ow en-
tirely within the moon and do not penetrate the crust. Fi-
nally, we note that Mars’ tiny moons Phobos and Diemos
have been reported to cause disturbances in the solar wind
(Riedler et al., 1989; Dubinin et al., 1990; Sauer et al., 1998)
but since these moons orbit close to the bow shock when
they are in the solar wind it is di#cult to separate lunar from
planetary e$ects.

Fig. 9. The average con!guration of the magnetic !eld in the Mercury
magnetosphere as drawn in the noon-midnight meridian based on the
Mariner 10 "ybys. (Russell et al., 1988).

4. Mercury

To the non-specialist Mercury looks much like the Moon.
It has a cratered surface and no signi!cant atmosphere
but unlike the Moon it has a magnetic !eld that de"ects
the solar wind well above the surface. The magnetic !eld
con!guration in the noon-midnight meridian is shown in
Fig. 9 as inferred from two "ybys by Mariner 10 in 1974
and 1975. Some recon!guration of the magnetosphere was
detected on the !rst "yby and interpreted in terms of a
magnetospheric substorm as on Earth (Siscoe et al., 1975),
but, since Mercury has no signi!cant ionosphere, stresses
might be communicated much more rapidly in the Mer-
cury magnetosphere than in the terrestrial magnetosphere.
Under the assumption that Mercury’s magnetosphere was
responsive to the interplanetary magnetic !eld orienta-
tion in a manner similar to that on the Earth, Luhmann
et al. (1998) modi!ed Tsyganenko’s (1996) terrestrial mag-
netic !eld model to apply to Mercury. Fig. 10 shows the
equivalent magnetic !eld models for three IMF conditions
obtained by Luhmann et al. (1998). They then assumed that
these model !elds were immediately attained when the IMF
changed and calculated what IMF conditions would create
the magnetospheric conditions observed. Their conclusion
was that the dynamics of the Mercury magnetosphere could
be directly driven with little or no storage of energy in the
magnetic tail, unlike the terrestrial magnetosphere.
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Fig. 15. Magnetic !eld lines in the noon-midnight meridian of the jovian
magnetosphere showing the current sheet in the magnetodisk region (after
Russell et al., 1998a, b).

magnetic !eld in the noon-midnight meridian shown in
Fig. 15. As can be seen in this !gure the nose of the mag-
netosphere is sharper than that of the Earth. Just as the
aerodynamic shape of a supersonic airplane allows the bow
shock to form very close to the nose of that airplane, the
more streamlined shape of the jovian magnetopause allows
the bow shock to be formed closer to the magnetosphere
than at Earth (Stahara et al., 1989).
The existence of a variable source of mass in the inner

jovian magnetosphere provides an extra dimension to the
dynamics of the jovian magnetosphere. There is possible
control by the rate of mass addition as well as by the solar
wind and the interplanetary magnetic !eld. This mass addi-
tion could a"ect the size and the shape of the magnetosphere.
We do not yet know how variable is this mass-loading rate,
so we cannot yet estimate how important this e"ect is on the
size of the magnetosphere. If mass loading were to totally
cease we estimate that the magnetopause stando" distance
would be only about 40RJ which is similar to the smallest
stando" distances seen, but these conditions also most prob-
ably correspond to periods of higher than usual solar wind
dynamic pressure.
As we discussed above, the Earth’s magnetosphere is very

much a"ected by the strength and orientation of the inter-
planetary magnetic !eld, or more correctly, the product of
the solar wind velocity and the component of the magnetic
!eld perpendicular to the solar wind #ow. While the mag-
netic !eld strength is almost a factor of 10 smaller at Jupiter
than at the Earth, the enormous size of the magnetosphere
might compensate for this decrease. We can estimate the im-
portance of the solar wind electric !eld on a magnetosphere
by comparing the solar wind electric !eld, the product of

the magnetic !eld perpendicular to the solar wind #ow and
the solar wind speed, with the corotational electric !eld of
the planetary magnetosphere that is equal to the corotational
speed !R times the north-south component of the magnetic
!eld. Since the corotational speed increases as R and the
magnetic !eld decreases as R3 (in a dipole) the electric !eld
of a rotating dipolar magnetosphere decreases as L−2. Thus
the terrestrial corotational electric !eld is 14L−2 mV m−1

and that of Jupiter 4900L−2 mV m−1 where L is the dis-
tance in planetary radii. The solar wind electric !eld at 1
and 5:2 AU respectively is typically 3 and 0:4 mV=m. If all
of this !eld were able to penetrate the terrestrial and jovian
magnetospheres, the interplanetary and corotational !elds
would be equal at 2:1RE and 100RJ respectively. Since at
Earth only about 10% of the solar wind electric !eld “pene-
trates” the magnetosphere, the typical distance at which the
electric !elds balance is 6RE. If the same rule applied to
Jupiter the balance point would be about 300RJ. In fact, we
have reason to believe that reconnection is even less e"ective
at Jupiter than at Earth. While #ux transfer events, one man-
ifestation of magnetopause reconnection, were observed at
the jovian magnetopause they were typically smaller and less
frequent than on Earth (Walker and Russell, 1985). More-
over, the reconnection is apparently less e$cient for high
beta conditions that occur behind high Mach number shocks
(Scurry et al., 1994), and the jovian shock has a signi!-
cantly higherMach number than the terrestrial shock. Finally
and most importantly, jovian auroral phenomena behave dif-
ferently than terrestrial aurora (Clarke et al., 1996; Prange
et al., 1998). Jovian aurora rotate with Jupiter and are asso-
ciated with the inner magnetodisk portion of the magneto-
sphere. Unlike terrestrial auroras they do not cluster about
the boundary between open and closed !eld lines. It is clear
that the jovian magnetosphere works much di"erently than
the terrestrial magnetosphere.
The electric !eld associated with corotation arises be-

cause the ionosphere rotates with the atmosphere and the at-
mosphere rotates with the planet. Since electrons can move
quite freely along the magnetic !eld, the magnetic !eld lines
are equipotentials and transmit this electric !eld to the equa-
tor regions. It is, of course, possible that this electric !eld
is altered in some way. If some process “held” the #ux tube
!xed in the equatorial plane, it would either have to bend
because it was also !xed to the ionosphere, or it would
have to slip with respect to the ionosphere. If it slipped with
respect to the ionosphere, a potential drop would have to
appear across the point where the #ux tube slipped. As dis-
cussed for the Earth this velocity shear leads to intense au-
rora. Thus, to zeroth order, auroral pictures of Jupiter may
simply show us where this slippage is taking place.

7.1. Mass addition at Io

Io is the engine that drives the jovian magnetosphere and
mass addition is the fuel that powers the magnetosphere.
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atmosphere by collisions at the lo� �altitude ends of
magneticfield lines.

Radiation belts Region of high fluxes of very energetic
electrons and ions that encircles the earth in the inner
portion of the magnetosphere.

Solar wind Plasma that flows outward from the sun and
fills interplanetary space.

SPACE PLASMA PHYSICS is the study of the plas�
mas that originate from the sun and from the planets and
moons within the solar system. These plasmas occupy
interplanetary space and the magnetospheres of planets.
This article gi� es an o� erall description of the plasma pro�
cesses which control the large�scale structure and dynam�
ics of the near�earth space plasma en� ironment. This in�
cludes the formation of the solar wind and interplanetary
plasma disturbances. It also includes the interaction of the
solar wind plasma and magneticfield with the magnetic
field of the earth and how this interaction leads to the in-
teresting and dynamic space plasma environment which
exists in the vicinity of the earth. Topics include energy
transfer to and within the earth’s magnetosphere, forma-
tion of magnetospheric structure, and disturbances of the
magnetosphere–ionosphere system which constitute what
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FIGURE 1 Schematic illustration of the magnetosphere in the noon–midnight meridian plane.

has recently been termed“space weather.” Space plasma
physics also includes the interaction of the solar plasma
with other planets, the mixing of solar and planetary plas-
mas, and a wide range of wave modes associated with
plasma oscillations in space.

I. INTRODUCTION

The sun continuously emits a stream of ioni� ed particles,
which is referred to as the solar wind and is the primary
component of the plasma whichfills interplanetary space.
The average speed of this stream in the ecliptic plane is
∼���∥����������������∥��������������������������
������������������������������������������������
������������������������������� ∼����� ∼���∥������
�����������������������∥����������������������
����������������� ’s internal magnetic field is approx-
imately that of a dipole. However, the interaction of the
solar wind particles with the earth’s magnetic field com-
presses the earth’s field on the dayside and draws the field
out into a long tail on the nightside. This interaction also
confines most of the magnetic field of the earth to a re-
gion�referred�to�as�the�magnetosphere�(see�Fig.�1,�which
is a sketch of the magnetosphere in the noon–midnight
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Strongly Magnetized Dense and Big Collisionless

Very Big Plasma Needed 
(Earth Magnetosphere ~ 

1012 × LabMagnetosphere)

Alfvén wave emission and 
dynamics will appear as turbulence 
bends flux-tubes at higher density 

λ* ~ 0.1 λ* ~ 0.01

With high-β and good high-temperature 
confinement, only the laboratory 

magnetosphere can achieve these these 
three requirements in steady-state.

(III) Explore turbulent transport across the “extreme scales” found in space
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