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Textbook
“Plasma Physics offers a broad and modern introduction to the many 
aspects of plasma science … . A curious student or interested 
researcher could track down laboratory notes, older monographs, 
and obscure papers … . with an extensive list of more than 300 
references and, in particular, its excellent overview of the various 
techniques to generate plasma in a laboratory, Plasma Physics is an 
excellent entree for students into this rapidly growing field. It’s also a 
useful reference for professional low-temperature plasma 
researchers.”  

(Michael Brown, Physics Today, June, 2011)
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Grading

• Weekly homework 

• Two in-class quizzes (25%) 

• Final exam (50%)
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https://www.nasa.gov/mission_pages/sdo/overview/ 
Launched 11 Feb 2010
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http://www.nasa.gov/mission_pages/sdo/news/sdo-year2.html#.VerqQLRgyxI 
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http://www.ccfe.ac.uk/MAST.aspx 
http://www.ccfe.ac.uk/mast_upgrade_project.aspx
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https://youtu.be/svrMsZQuZrs
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ITER: The International Burning Plasma Experiment

Important fusion 
science experiment, 

but without  
low-activation  

fusion materials, 
tritium breeding, …

23,000 tonne 
51 GJ 

>30B $US (?)

~ 500 MW 
10 minute pulses

DIII-D ⇒ ITER ÷ 3.7 
(50 times smaller volume) 
(400 times smaller energy)
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Prof. Robert Gross 
Columbia University 

Fusion Energy 
(1984)

“Fusion has proved to be a very difficult 
challenge.  

The early question was—Can fusion be 
done, and, if so how? …  

Now, the challenge lies in whether fusion 
can be done in a reliable, an economical, 

and socially acceptable way…”
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http://lasco-www.nrl.navy.mil 
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Plasmasphere (Image EUV)
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https://youtu.be/TaPgSWdcYtY 
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LETTER
doi:10.1038/nature14476

Small particles dominate Saturn’s Phoebe ring to
surprisingly large distances
Douglas P. Hamilton1, Michael F. Skrutskie2, Anne J. Verbiscer2 & Frank J. Masci3

Saturn’s faint outermost ring, discovered in 2009 (ref. 1), is prob-
ably formed by particles ejected from the distant moon Phoebe2,3.
The ring was detected1 between distances of 128 and 207 Saturn
radii (RS 5 60,330 kilometres) from the planet, with a full vertical
extent of 40RS, making it well over ten times larger than Saturn’s
hitherto largest known ring, the E ring. The total radial extent of
the Phoebe ring could not, however, be determined at that time, nor
could particle sizes be significantly constrained. Here we report
infrared imaging of the entire ring, which extends from 100RS
out to a surprisingly distant 270RS. We model the orbital dynamics
of ring particles launched from Phoebe, and construct theoretical
power-law profiles of the particle size distribution. We find that
very steep profiles fit the data best, and that elevated grain tem-
peratures, arising because of the radiative inefficiency of the smal-
lest grains, probably contribute to the steepness. By converting our
constraint on particle sizes into a form that is independent of the
uncertain size distribution, we determine that particles with radii
greater than ten centimetres, whose orbits do not decay appreciably
inward over 4.5 billion years, contribute at most about ten per cent
to the cross-sectional area of the ring’s dusty component.

In the course of mapping the entire sky, NASA’s WISE spacecraft4

observed Saturn’s outer Phoebe ring at a wavelength of 22 mm in June
2010 (Fig. 1). The ring appears in its entirety, spanning an area of sky
nearly 7,000 times larger than Saturn itself. Discovered by the Spitzer
Space Telescope1 at wavelengths of 24 mm and 70 mm, the Phoebe ring
was recently detected at optical wavelengths by Cassini5. To highlight
the faintest outer material, we suppress the vertical dimension and
construct radial traces of the ring in Fig. 2 (Methods). Our measure-
ments show that the ring extends to at least 270RS, well beyond the
moon Phoebe, which traverses the region 180–250RS. The ring is also
clearly seen inward to at least 100RS (Fig. 1a) and to perhaps 50RS

(Fig. 1b) before being lost in the glare from Saturn.
To model the ring’s structure, we follow the orbital motions of dust

grains of multiple sizes launched from Phoebe at different points along
its orbit. The most important forces affecting dust in the Phoebe ring
are solar radiation pressure and the much weaker Poynting–Robertson
drag1–3. Both of these forces arise from interactions with sunlight: the
first due to the absorption of solar photons and the second due prim-
arily to the slightly asymmetric re-emission of the absorbed energy6.
Radiation pressure causes dust grain eccentricities to oscillate with a
period of approximately 30 years and is important for grains with radii
s , 100 mm. These grains form a distribution that is offset towards the
Sun, but still left–right symmetric. Poynting–Robertson drag, although
extremely weak, imparts an important systematic inward decay
towards Saturn with a characteristic timescale of 1.5 3 105(s) years,
where s is in units of mm; hence a 3-cm particle will evolve from
Phoebe (with semimajor axis a 5 215RS) inward to the moon
Iapetus (a 5 60RS) over the age of the Solar System1.

We use the numerical code dI (dust Integrator7–11) to predict the
orbits of particles with radii ranging from 4 mm to 10 m released from
Phoebe. We launch dust grains with radii of 4, 6, 10, 15, 25, 40, 60 and

100 mm and with eight different angular positions of Phoebe’s
pericentre relative to the Sun, an important parameter when radiation
pressure is strong. For larger grains, we continue to use five logarith-
mically spaced sizes per decade in radius, but follow only a single
launch condition, as the dynamics of large grains are only weakly
affected by radiation pressure. To speed up the integrations, we
artificially enhance the rate of Poynting–Robertson drag by a factor
ranging from 10 to 450. This results in rapid but otherwise identical
orbital evolution as long as the inward drag timescale remains much
longer than all other important timescales. We verified that this
approximation is valid for our integrations.

We stop the integrations when the dust grains cross the orbit of
Titan at 20RS because collisions with that massive satellite occur within
,10,000 years, far shorter than the timescale for inward migration by
Poynting–Robertson drag, even for the smallest particles. Grains with
s . 150 mm remain on fairly low-eccentricity orbits, and so we stop
those integrations when they reach Iapetus’ orbit—this is an excellent
approximation since the inward drag timescale exceeds the Iapetus
collision timescale of a few million years. But since the WISE images

a

b
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Figure 1 | WISE Band 4 mosaic of the Phoebe ring. a, Individual WISE
frames manually combined: scattered light from Saturn forms the large white
overexposed blob with a black centre while four diagonal diffraction spikes
radiate outward. Bright reflections of Saturn are visible as smaller white lumps
with black centres at the six and twelve o’clock positions. Iapetus (black dot)
and the more distant Phoebe (white dot) are visible at nine o’clock. The Phoebe
ring is the white, horizontally oriented 550RS 3 40RS rectangle. b, We subtract
690u rotations of the top frame from itself, yielding clean and cluttered ring
ansae (the apparent ends of edge-on rings); here we stitch the two clean ansae
together to significantly reduce scattered light and reveal the ring’s inner
regions. Distance scale applies to a and b.

1Department of Astronomy, University of Maryland, College Park, Maryland 20742-2421, USA. 2Department of Astronomy, University of Virginia, Charlottesville, Virginia 22904-4325, USA. 3Infrared
Processing and Analysis Center, Caltech, Pasadena, California 91125, USA.
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Dusty Plasma Crystal

http://spacefellowship.com/news/art34473/space-station-illuminates-dusty-plasmas-for-a-wide-range-of-research.html 
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Plasma Parameters

• n(r,t) – density - plasma frequency, ωp 

• T(r,t) – temperature, vth = (kT/m)1/2 

• λD – Debye length, vth/ωp 

• ND - plasma parameter, (4 λD3/3) n >> 1
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FIGURE S.1 Plasmas that occur naturally or can be created 
in the laboratory are shown as a function of density (in 
particles per cubic centimeter) and temperature (in kelvin). 
The boundaries are approximate and indicate typical 
ranges of plasma parameters.  
Distinct plasma regimes are indicated: 
• For thermal energies greater than that of the rest mass of 

the electron (kBT>mc2), relativistic effects are important.  
• At high densities, where the Fermi energy is greater than 

the thermal energy (EF>kBT), quantum effects are 
dominant.  

• In strongly coupled plasmas (i.e., nλD3 < 1, where λD is 
the Debye screening length), the effects of the Coulomb 
interaction dominate thermal effects; and  

• When Ef>e2n1/3, quantum effects dominate those due to 
the Coulomb interaction, resulting in nearly ideal 
quantum plasmas.  

• At temperatures less than about 105 K, recombination of 
electrons and ions can be significant, and the plasmas 
are often only partially ionized.

http://www.nap.edu/catalog/4936/plasma-science-from-fundamental-research-to-technological-applications
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The Equations of Plasma Physics
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Debye Length:  
The small scale of electric fluctuations
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Debye Length: 
Potential near a change within a plasma
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Plasma Parameter
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Plasma Frequency:  
“Fast” Electron Motion of Plasma
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1.7 Outline of the Book 25

questions have been compiled in a recent analysis of the status and perspectives of
plasma science [53].

• Space and astrophysical plasmas

– What are the origins and the evolution of plasma structures throughout the
magnetized universe?

– How are particles accelerated throughout the universe?
– How do plasmas interact with non-plasmas?

• Low temperature plasmas

– How can plasmas be used in the next generation of energy-efficient light
sources?

– How can plasma methods be optimized for purifying drinking water and for
other environmental problems?

– To which extent can new materials or advanced nanoparticles and nanowires
be tailored by plasma processes?

• Plasma physics at high energy densities

– Can we achieve fusion ignition and, eventually, useful fusion energy from
compressed and heated fusion plasma?

– Can we generate, using intense short-pulse lasers, electric fields in the multi-
GeV/cm range for accelerating charged particles to energies far beyond the
present limits of standard accelerators?

– Can we better understand some aspects of observed high-energy astrophysical
phenomena, such as supernova explosions or galactic jets, by carrying out
appropriately scaled experiments?

• Basic plasma science
The fields of basic research at the present forefront of plasma science are:

– Non-neutral plasmas and single-component plasmas
– Ultracold neutral plasmas
– Dusty plasmas
– Laser produced and high energy density plasmas
– Microplasmas at atmospheric pressure
– Plasma turbulence and turbulent transport
– Magnetic fields in plasmas
– Plasma waves, structures and flows

1.7 Outline of the Book

Before starting with the physics of plasmas, some words about using this book are
necessary.

Chapters 2–7 cover the typical subjects of introductory courses to plasma physics.
These chapters can be used in parallel with an introductory course. Chapters 8–1127



Next Week:  
In Class Homework

Problems 43

• The coupling parameter Γ determines the state of each plasma component
(electrons, ions, dust)

Γ = q2

4πε0a2
W S kBT

.

Γ may be different for the components, depending on the individual tem-
peratures and densities. A gaseous phase is found for Γ ≪ 1, the liquid
state for 1 < Γ < 180 and the solid phase for Γ > 180.

Problems

2.1 Prove that the electron Debye length can be written as

λDe = 69 m
!

T (K)

ne(m−3)

"1/2

2.2 Calculate the electron and ion Debye length
(a) for the ionospheric plasma (Te = Ti = 3000 K, n = 1012 m−3).
(b) for a neon gas discharge (Te = 3 eV, Ti = 300 K, n = 1016 m−3).

2.3 Consider an infinitely large homogeneous plasma with ne = ni = 1016 m−3.
From this plasma, all electrons are removed from a slab of thickness d = 0.01 m
extending from x = −d to x = 0 and redeposited in the neighboring slab from x =
0 to x = d. (a) Calculate the electric potential in this double slab using Poisson’s
equation. What are the boundary conditions at x = ±d? (b) Draw a sketch of space
charge, electric field and potential for this situation. What is the potential difference
between x = −d and x = d?

2.4 Show that the equation for the shielding contribution (2.24) results from (2.21)
and (2.23).

2.5 Derive the relationship between the coupling parameter for ion-ion interaction
Γ Eqs. (2.15) and ND (2.33) under the assumption that Te = Ti.

2.6 Show that the second Lagrange multiplier in Eq. (2.6) is λ = (kBT )−1.
Hint: Start from

1
T

= ∂S
∂λ

∂λ

∂U

and use
#

ni = 1.
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Next Week: Mechanics of Charged Particles

• Charged particle motion in inhomogeneous, static and slowly-varying electric and 
magnetic fields
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