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FUSION PLASMAS

CONTROLLED FUSION

For half a century, scientists and engineers working in labs
scattered around the globe have labored to turn the promise
of controlled fusion energy into a practical reality (1–3). In
fusion reactions, nuclei of light elements join to form heavier
elements releasing enormous quantities of energy. Nuclear
fusion powers the sun and other stars and is responsible for
creating all the elements of the periodic table out of the ‘‘pri-
mordial soup’’ of protons and neutrons. The advantages of fu-
sion energy seem clear enough: It offers the prospect of inex-
haustible energy with few of the environmental drawbacks
associated with fossil fuels or nuclear fission. The quest has
been challenging: The problem of controlled fusion has turned
out to be much more difficult than anyone had imagined.
Progress has been steady, however, with recent experiments
generating almost 20 MW of fusion power for extended peri-
ods (4,5), and workers in the field are confident that a fusion
device can be built which could produce power at levels com-
parable to conventional power plants. The remaining ques-
tions concern the technological practicality and economic via-
bility of current approaches. This is not to say that the
problems that remain are ‘‘simply’’ a matter of engineering.
Further progress will require the continued coevolution of ex-
perimental science, theory, and technology that has charac-
terized the field since its inception.

The reactions of greatest interest for fusion energy involve
deuterium (1D2), a stable isotope of hydrogen whose nucleus
contains one proton and one neutron:

1D2 + 1D2 ⇒ 2He3 + 0n1 + 3.2 MeV (1)

1D2 + 1D2 ⇒ 1T3 + 1p1 + 4.0 MeV (2)

1D2 + 1T3 ⇒ 2He4 + 0n1 + 17.6 MeV (3)

Deuterium occurs naturally, making up about 0.015% of all
hydrogen. Separating the deuterium present in a glass of wa-
ter and fusing it in a reactor would produce energy equivalent
to 250 gallons of gasoline. Tritium, 1T3, is an unstable isotope,
with a half-life of 12.3 years, and would be bred from reac-
tions between fusion neutrons and lithium, another abundant
element. The net result would be to burn D and Li, producing
He neutrons and energy. Despite complications raised by the
necessity of breeding tritium, Eq. (3) has the largest reaction
rate and thus is the most likely candidate for a fusion reactor.

The potential to use these fusion reactions to produce
power was recognized almost as soon as they were discovered.
Speculation began in 1944 among scientists developing the
atomic bomb at Los Alamos (1). By 1951, these discussions
spawned experiments in the United States and Great Britain.
The work was initially classified, as all atomic research was
in those times. In the same period, a parallel effort was tak-
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ing place in the Soviet Union, also within the secret confines peratures, the fusion rates peak at very high temperature and
are always smaller by at least a factor of 10. This last factof the weapons program. It soon became clear to scientists

working on the project that the problem would not be solved means that even at the optimum temperature, around 30 keV
for the deuterium–tritium reaction, nuclei must collide andquickly and that no particular military importance would be

attached to its solution. The issue of declassification was de- scatter many times before they are likely to fuse. (In the
plasma sciences, temperatures are usually measured in elec-bated by national governments for several years, with a favor-

able decision made in 1957. Contacts among scientists work- tronvolts; kT � 1 eV is equivalent to 11,600�C.) At these tem-
peratures, matter is ionized into its ion and electron compo-ing on the project from various nations increased and

culminated in a dramatic joint conference held in Geneva in nents, becoming a substance called plasma. In order not to
lose the energy invested in bringing the nuclei to these high1958. All the nations involved in fusion research came to-

gether to compare experience and exchange information. energies, it is necessary to confine the plasma for multiple
scatterings during the time it takes for them to fuse.Fully operational versions of some fusion devices were put on

display along with large-scale models of others. Despite the Plasmas are ubiquitous in nature, making up virtually all
of the visible universe. Stars, the aurora, lightning, and neonCold War, which raged for another 30 years, controlled fusion

research became a model for cooperation between otherwise lamps are all examples of plasmas, though they differ enor-
mously in their temperature and density. Plasmas representhostile blocs.
a fourth state of matter; if heat is added to a neutral gas, its
temperature will rise until a point around 1 eV to 3 eV, whereRequirements for Fusion Energy
it begins ionizing. The phase transition is sharp; at only

The basic requirements for a fusion reactor follow from the
slightly higher temperatures the gas becomes a fully ionized

nuclear physics of the reactions. Figure 1 shows cross sections
plasma with new physical properties. Perhaps the most sig-

for the processes listed above versus the kinetic energy of an
nificant property that plasma has is that it is an excellent

incident nucleus. The reaction rates peak at energies above
conductor of electricity. Strong currents can easily be induced

100 keV and are negligible below 5 keV. A comparison of cross
to flow in plasmas, and they support a rich variety of electro-

sections with those for coulomb (elastic) scattering is also
magnetic and electrostatic waves.

shown. Unlike the scattering rate, which diverges at low tem-
In steady state, power input to the plasma must balance

power outflow. The input power can be externally applied, as
it is in present-day experiments, or can come from the fusion
reaction itself. In most reactor schemes, charged fusion prod-
ucts (i.e., the alpha particle in DT fusion) would be contained
and thermalized to heat the plasma, with the energetic neu-
trons used to drive a heat engine. Plasma losses can include
thermal conduction and convection as well as various types of
electromagnetic radiation. The most important radiation pro-
cess is bremsstrahlung (‘‘braking’’) radiation, which is gener-
ated whenever electrons accelerate as they do when they col-
lide with other charged particles. Conductive and convective
losses are analogous to heat transfer in ordinary materials,
though details of the transport mechanism are quite different
for plasmas. In fusion research, it is customary to define an
energy confinement time:

τE = W/P (4)

where W is the total kinetic energy stored in the plasma, and
P is the power flowing out via conduction and convection.
Lawson (6) showed that elementary power balance led to two
separable requirements for net gain from a fusion reactor;
these were a minimum ion temperature of about 5 keV and a
density confinement time product (n�E) of approximately 1020

s/m3. Together they define a boundary for ‘‘breakeven’’ shown
in Fig. 2. The temperature requirement was first met in 1978
on the PLT tokamak (7) and the confinement figure exceeded
in 1983 on Alcator C (8), while later experiments have ap-
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proached the combined requirements (9–11). The Lawson cri-

Figure 1. Cross sections for fusion reactions are shown and com- teria define the minimum performance for a fusion device to
pared with the cross section for Coulomb scattering. The fusion generate net thermal power. For a practical device, the power
curves peak at very high energies showing that high temperatures

required to run the plant must be considered along with theare required for fusion energy, At these temperatures, ordinary mat-
inevitable losses that thermodynamics imposes wheneverter is ionized becoming a plasma. The cross section for elastic scatter-
heat is converted to other forms of energy. It is also desirableing is larger than that for fusion, even at the peak of the fusion curve.
if the energy to sustain the plasma comes entirely from chargedFor a practical fusion energy device, the plasma must be confined for

times long compared to the scattering time. fusion products. In this case, no external power source is re-
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force that objects much smaller than the sun won’t ignite. In
a hydrogen bomb, a scheme called inertial confinement is em-
ployed. The fuel is heated and compressed by a fission explo-
sion; the plasma is effectively confined by its own inertia and
burns in less than a nanosecond. Of course, a hydrogen bomb
is an example of uncontrolled fusion energy and is of no use
for generating electricity. Researchers have instead at-
tempted to use intense laser or ions beams to compress tiny
pellets of fuel with the goal of producing fusion microexplo-
sions. While most of this work has a military goal, that of
exploring the physics of extremely high-density plasmas and
validating computer codes which attempt to simulate nuclear
weapons, it is possible that inertial confinement could be em-
ployed for energy production. The last approach for confining
plasmas is by the use of strong magnetic fields; most of the
research dedicated to fusion energy over the last 50 years has
been in magnetic confinement.

Magnetic confinement relies on the fact that magnetic
fields exert a force on ionized particles which is perpendicular
to their direction of motion:

FFF = m
dvvv
dt

= Ze(EEE + vvv × BBB) (5)

where v is the velocity of the particle in meters per second, m
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is its mass, the charge on an electron is �e, Z is the net ion
Figure 2. The requirements for net energy gain and for ignition are charge in units of e, and B is the strength of the magnetic
shown. Good confinement and high temperatures are both required. field in tesla. The solution to this equation, called cyclotron or
Results from various experiments are shown, along with the dates gyro motion, has circular orbits in the plane perpendicular to
that the results were achieved. In current experiments, fusion power B; the radius of the gyro orbit is given by the expression
output has reached 20 MW, only slightly lower than the power input.

quired and the plasma ‘‘burns’’ as long as fuel is supplied. The
ρc = mv⊥

ZeB
(6)

requirements for this condition, called ignition, are more strin-
The magnetic field has no effect on parallel particle motiongent than the breakeven requirements as can be seen in Fig. 2.
so the full orbits are helical, with particles spiraling around
magnetic field lines, and are effectively confined by them toPlasma Confinement
within one gyro radius (Fig. 3).

The requirements for fusion described above are mathemati- To confine high-temperature plasmas, whose particles
cally separable; however, in practice, both are linked to a sin- have thermal velocities in the range of 106 m/s or charged
gle parameter, namely, confinement. Perfect confinement fusion products that have velocities 10 times higher, in de-
would be a state where heat and mass transfer were reduced vices with finite size, strong magnetic fields are required. Ex-
to zero. To understand why confinement is so important, con- perimental devices employ fields in the range of 1 T to 10 T;
sider a simple analogy, namely, heating a house. The goal is
to attain a given temperature inside, perhaps 20�C, while
heat is lost to the colder outside world. The better the house
is insulated—that is, the more efficiently the heat is confined
within the house—the less fuel is consumed. The analogy is
imperfect of course: An ordinary furnace will function even in
a cold house, but the nuclear furnace only works when it is
very hot. Of course, ordinary insulation is no help at all when
trying to confine a plasma at temperatures approaching
100,000,000�C.

There are three ways to confine hot plasmas. The immense
gravitational force of a star’s mass can overcome the natural
tendency of hot particles to fly apart. For such a huge object,
the ratio of volume, in which energy is produced, to surface
area, at which it is lost, is immense. Confinement in these
systems is so good that the fusion reactions can proceed at

–

+

B

very slow rates and still keep up with losses. Energy is pro-
duced by nuclear fusion in the core of the sun at a rate some- Figure 3. Cyclotron or gyro motion for ions and electrons in a
what lower (per unit volume) than is produced by metabolism straight uniform field. The particles are confined in the plane perpen-

dicular to the field but are unconfined parallel to it.in the human body. Unfortunately, gravity is such a weak
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for comparison, the earth’s magnetic field is on the order of variety of toroidal devices are possible from these basic com-
ponents. Some have been successful and are the subject of5 � 10�5 T. A deuterium plasma ion at 10 keV in a field of

5 T has a gyro radius �3 mm. continuing research, while others have been abandoned as
false starts. Later sections will describe some of the moreIn a configuration like that shown in the figure, particles

would be well-confined in the directions perpendicular to the promising schemes.
Confinement of individual particles is a necessary but notmagnetic field, only crossing field lines as the result of colli-

sions. Unfortunately, this configuration, which could be pro- sufficient condition for magnetic confinement. Plasmas can be
thought of as electrically conducting fluids, capable of car-duced by a simple solenoidal coil, provides no confinement at

all in the direction parallel to the magnetic field and hot rying current and exhibiting collective behavior, like waves.
At sufficient pressure, and at the densities and temperaturesplasma particles would stream freely out the ends. A variety

of ideas for eliminating the end losses have been tried, but necessary for fusion, plasmas exert considerable pressure;
these collective effects can generate magnetic fields that com-without much success. A more promising approach is to get

rid of the end losses by getting rid of the ends, bending the pete in strength with those confining them. Unless great care
is taken to create a stable configuration, the plasma can, infield lines into closed circles (Fig. 4).

The resulting geometry is a torus, a donut shape, which is effect, push aside the bars of its magnetic cage and escape. A
later section on magnetohydrodynamics (MHD), will elabo-defined when a circle or other two-dimensional shape is ro-

tated about an axis lying in the same plane. This is, in es- rate on this topic.
sence, the approach used in most magnetic confinement ex-
periments; however, the resulting physics is anything but Confinement Experiments
simple. While particles are well-confined on straight magnetic

In such a small space, it would be impossible to do justice tofield lines, they quickly drift off when the lines are curved.
the myriad of approaches to magnetic confinement that haveThis particle drift can be canceled by introducing a ‘‘rotational
been taken over the years. This section will review a handfultransform’’—that is, by twisting the magnetic field lines as
of the more prominent schemes. The reader is referred to thethey circle around the central axis. A few definitions are use-
bibliography for more detail.ful at this point. The long way around the donut is called the

toroidal direction, and the short way around is referred to as
the poloidal direction. A quantity, q, is defined which is equal Stellarators. One of the earliest magnetic confinement

schemes was the stellarator, invented by Lyman Spitzer into the number times a field line circles in the toroidal direc-
tion for each time it circles in the poloidal direction. The mag- 1951 at Princeton University and named after the stars that

it was designed to emulate. The earliest versions created thenetic field that we have been discussing so far is purely in the
toroidal direction. The rotational transform is produced by a necessary rotational transform by literally twisting the torus

into a figure-eight configuration. A plasma was formed in thismagnetic field in the poloidal direction. The two fields, when
combined, form helices that wrap around the torus; the parti- oddly shaped vacuum vessel that was surrounded by solenoi-

dal electromagnets. This approach was soon discontinued incles unrestrained motion parallel to the field is also helical.
Since the particle drifts are vertical (with the torus oriented favor of machines with toroidal plasmas and a magnetic

transform generated by helical windings. Experiments contin-as in Fig. 4), they alternately drift toward the minor axis of
the torus and away from it as they circle, cancelling the drifts ued at Princeton and at other labs throughout the 1950s and

1960s, but met with only modest success. Electron tempera-on average. The poloidal fields that create the rotational
transform can be generated by external magnets or from cur- tures achieved never exceeded 50 eV and confinement times

were no more than a few milliseconds (12). During this pe-rents flowing toroidally in the plasma itself. A nearly infinite
riod, the science of plasma physics was developing quickly,
however, the intrinsic three-dimensional geometry of the stel-
larator made accurate calculations of its properties impossible
at the time. The lack of good confinement in stellarators was
attributed to plasma instabilities, and the approach was all
but abandoned as promising results from the Russian-in-
vented tokamak were disseminated. Groups at Kyoto Univer-
sity and the Max Planck Institute in Germany continued
work on stellarators on a smaller scale, while theory and com-
puters advanced to the point where they could tackle three-
dimensional problems. Scientists recognized that great care
needed to be taken in the design and construction of stellara-
tor coils. The poor results of earlier machines were attributed
to field errors coming from imperfect coils. By the 1980s, stel-
larators were producing plasmas with temperatures near 2
keV and with confinement times up to 30 ms, only slightly
worse than tokamaks of similar size (13,14). Since stellara-

VD ion

BToroidal

BPoloidal

VD electron

tors have a natural ability to operate in steady state (toka-
maks, the most developed confinement device, tend to workFigure 4. End losses can be eliminated by curving the simple sole-
in pulsed mode), these results generated great interest andnoid shown in Fig. 3 into a torus. A second component of the field
prompted the construction of more ambitious experiments.is required to cancel the vertical drifts that particles experience in

this geometry. Currently two very large stellarators are under construction.
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and the results seemed too good to be true. A second dramatic
moment in the development of fusion energy came in 1969
when a team of British scientists traveled to the Kurchatov
and used a newly developed laser scattering diagnostic to ver-
ify the Russian claims (16). The impact of this measurement
rolled over the international fusion community like a thun-
derclap. Almost overnight, plans for new tokamaks were laid
at all the major labs.

The early tokamaks were relatively simple devices. A toroi-
dal vacuum vessel was surrounded by a solenoid to produce
the strong toroidal magnetic field. Threaded through the hole
in the torus was an iron core, which, when powered by exter-
nal windings, became the primary for an enormous step-down
transformer. When current in the external windings was
changed, a toroidal electric field was produced that was paral-
lel to the magnetic field. A small amount of hydrogen that
had been introduced into the vacuum chamber was quickly
ionized as electrons were accelerated by the electric field.
Soon a substantial current was flowing in the plasma, gener-
ating the poloidal field that provided the rotational transform.
The plasma current also provided a source of heat as elec-
trons, accelerated in the electric field, collided with the rela-Figure 5. A computer model of an advanced stellarator designed at

the Oak Ridge National Laboratory. The large shaded torus repre- tively stationary ions. Like the heating of a filament in an
sents the plasma surface which is surrounded, in turn, by the 24 mag- electric lightbulb, this process converts electrical energy to
net coils which are used to create it. The coil shapes allow them to heat. These devices easily produced plasma temperatures in
carry both toroidal and poloidal currents. This so-called modular de- the range 100 eV to 1000 eV with confinement times of sev-
sign allows design of a stellarator which would be easier to construct eral milliseconds. Later, tokamaks replaced the iron core with
and assemble.

an air core transformer, added additional forms of heating,
and increased the size of the machine dramatically. The main
coils of today’s large tokamaks stand 4 m high and have vac-

In Japan, the large helical device (LHD) will begin operation uum vessels large enough for a man to walk around in. These
late in 1998; and in Germany, Wendelstein 7-X is scheduled machines produce temperatures up to 40 keV and confine-
to begin experiments about 4 years later. Both machines have ment times on the order of 1 s. The JT-60 tokamak in Japan
major diameters over 10 m, more than twice the size of ex- has produced plasmas that are at the point of scientific break-
isting facilities, and are designed to test the scaling of stellar- even (9), though they are run only in hydrogen and deuterium
ator physics to reactor like conditions. Figure 5 is a computer and do not produce substantial fusion power. The TFTR toka-
model of an advanced stellarator, showing the complex coil mak (Tokamak Fusion Test Reactor) in the United States and
shapes required for these devices. JET (Joint European Torus) in England produce similar plas-

mas and have been run with deuterium–tritium fuel. These
devices produced 10 MW and 20 MW of fusion power, respec-Tokamaks. Parallel to stellarator development was the ex-

ploration of the tokamak in the Soviet Union. The acronym tively (5,11). Researchers have learned how to optimize con-
finement in tokamaks, at least transiently, almost entirelytokamak stands for toroidalnaya kamera magitnaya katushka

or toroidal chamber and magnetic coil, a device invented by eliminating the microinstabilities that normally drive trans-
port in plasmas (17–20). Figure 6 shows the DIII-D tokamakIgor Tamm and Andrei Sakharov (perhaps best known for

winning the Nobel Peace Prize for his work on human rights). in its test cell at General Atomics in San Diego.
The early Russian work may have been inspired, in part, by
information gathered from the British nuclear laboratory at Other Toroidal Confinement Schemes. The reversed field

pinch (RFP) first developed at Harwell, England in the lateHarwell. Scientists at Harwell had been working with a class
of devices called ‘‘pinches,’’ named after the pinching force 1950s (21), is an axisymmetric device similar in many ways

to the tokamak. It evolved out of work on toroidal versions ofthat a current carrying plasma exerts on itself. Regardless of
its origin, the tokamak was a marked improvement over the the stabilized Z pinch (see below). Like the tokamak, a poloi-

dal field is produced by toroidal current flowing in the plasmaexisting pinches. In addition to the pinching fields, provided
by toroidal plasmas currents, the tokamak added a very and a toroidal field produced by external coils. However, in

the case of the RFP, the two are of roughly equal strengthstrong toroidal field to stabilize the plasma. Soon results from
tokamak experiments far exceeded those from any other fu- and, most significantly, the toroidal field is reversed near the

plasma edge, producing a ‘‘minimum energy’’ equilibrium thatsion experiment. Plasmas with electron temperatures near 1
keV, ion temperatures of 300 eV and densities over 5 � 1019 is particularly stable to certain MHD modes. In principle, the

RFP can confine plasmas with a higher ratio of plasma pres-were reported from the T3 tokamak at the Kurchatov Insti-
tute in Moscow (15). Energy confinement times were up to 10 sure to magnetic pressure than stellarators or tokamaks. The

field reversal can be obtained spontaneously or by program-times better than the best stellarator results. Scientists out-
side the Soviet Union were at first skeptical of the claims; the ming the external currents, using the low resistivity of the

plasma to freeze-in the field. The field reversal is sustainedplasma diagnostics available at the time were rudimentary
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Figure 6. The DIII-D tokamak was built
by General Atomics in San Diego. The toka-
mak, which is in the center of the photo-
graph, is surrounded by neutral beam heat-
ing sources (the three large cylindrical
chambers) and various diagnostic equip-
ment. The most notable feature of the toka-
mak is its large toroidal magnetic field
coils. The scale can be estimated from the
technician standing in the upper left of the
photo.

against resistive relaxation by a magnetic dynamo, where mo- and low induction coils to compress plasmas to very high den-
sities. In machines built after 1956, a small axial field wastion of the conductive plasma is converted to magnetic field

energy, a process similar to the one that produces the earth’s introduced that had the effect of somewhat reducing instabili-
ties, but also lowered the density of the plasma produced.field. Research on RFPs is continuing, with emphasis on

transport and magnetic turbulence (22). This so-called ‘‘stabilized Z pinch’’ was the ancestor of the to-
kamak and the RFP. The theta pinch was also studied exten-Another family of confinement devices is the compact to-

rus. Devices of this type attempt to create a configuration in sively at Los Alamos, starting in 1958. The experiments had a
low-inductance single turn coil in the theta direction, allowinga minimum energy state with respect to gross MHD stability.

The torus-shaped plasmas do not encircle any coils (as they do current in the machine to be pulsed at very high rates. The
resulting plasma was heated and compressed by a shock wavein the tokamak, stellarator, or RFP), a significant engineering

advantage for a reactor where stresses and heat loads on the that propagated inward toward the machine axis and allowed
production of very high densities (�1022/m3) and ion tempera-inner cylinder of conventional toroidal devices can limit ma-

chine performance. Like the RFP, these devices should be ca- tures (�1 keV) (25). Because of their low mass, electrons did
not pick up much energy from the shock and remained muchpable of confining high pressure plasmas. Two variants exist:

the spheromak, which has both toroidal and poloidal fields in colder. Attempts to produce a toroidal version of the theta
pinch could never overcome MHD instabilities, and the ap-a force free configuration (the plasma current is everywhere

parallel to the magnetic field), and the FRC or field reversed proach was eventually abandoned.
At the Lawrence Livermore Lab, researchers began work-configuration, which has only poloidal fields. Both have been

produced only in short pulsed experiments that have concen- ing on an idea that they hoped would allow them to plug the
end losses in linear machines (1). This idea was the magnetictrated on creation and verification of the basic equilibrium

(23). mirror, in which plasma particles are reflected by converging
magnetic fields produced by high-field coils added to each end

Linear Systems. While it was clear that end losses would of a simple solenoid. The mirror works by exploiting the prin-
make simple linear devices unsuitable for reactors, many ciple of adiabatic invariance; which will be described in a later
early experiments were carried in this geometry to test the section. It is the same phenomenon that causes charged parti-
basic principles of magnetic confinement. Two basic types of cles from the solar wind to be trapped in the earth’s dipole
schemes were tested: the theta pinch and the Z pinch. Cylin- field: the radiation or Van Allen Belts (26). The simple mirror
drical in shape and named after the direction of the induced was shown to be unstable by Ioffe et al. (27), who suggested
current in the standard coordinate system, these devices were an improvement, the minimum B mirror, an idea that was
operated in short pulses; end losses rapidly drained particles incorporated into all later experiments. Plasmas in a mini-
and energy from the plasmas that were created. Work on Z mum B mirror were confined by coils shaped like the seam of
pinches actually predated controlled fusion research (24). At a baseball and spread out in two large fans. Because mirror
Los Alamos in 1951 and somewhat later at the Lawrence plasmas were confined by external fields only, they held out

the prospect for steady-state operation. Their open fieldlineBerkeley Lab in California, researchers used capacitor banks
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geometry was seen as a virtue; it was proposed that energy Temperatures near the divertor walls can be a fraction of an
electronvolt, while upstream temperatures, adjacent to thefrom charged fusion products, many of which would be lost

out the open lines, could be converted directly to electricity, plasma, can be near 100 eV (30). Finally, neutral gas in the
divertor chamber can be highly compressed, allowing impuri-bypassing the inherently inefficient thermal cycle upon which

all conventional power generation is based. A magnetic mirror ties and helium ash from the fusion process to be efficiently
pumped.only traps particles whose motions are mainly perpendicular

to the magnetic axis. Those with mostly parallel energy are
rapidly lost. To maintain this highly non-Maxwellian velocity

PLASMAS: BASIC PROCESSESdistribution, a mirror machine would have to run in a regime
where collisions were rare. In the end, microinstabilities

Although the underlying processes that determine plasma be-doomed this approach and despite a host of inventions to im-
havior are from well-understood branches of physics, classicalprove the concept, the mirror never succeeded in achieving
electrodynamics, and classical mechanics, the behavior itselfgood confinement for thermal plasmas (28).
can be extremely complex. The motions (usually referred to as
orbits) of individual particles are fundamentally important,

Plasma Wall Interactions however, plasmas are collections of enormous numbers of par-
ticles. A typical plasma fusion experiment may have overEventually, all the energy and power that is put into the
1021 ions and electrons rendering a simple mechanical ap-plasma and all the energy from charged fusion products must
proach impossible. This is not only because of the large num-come out onto an ordinary material surface. It is a measure of
bers of particles involved; even the dynamics of systems asprogress that these fluxes are now a major concern for fusion
simple as three mutually interacting charges cannot be solvedexperiments. Hot plasmas were once thought of as fragile
exactly. Ensembles of plasma particles evolve chaotically; sys-things, extinguished by even the lightest touch of material
tems with almost identical initial conditions diverge exponen-objects. Now, with plasma energies over 10 MJ, it is the mate-
tially over time. At best, only the evolution of macroscopicrial objects that are at risk. Plasma facing components must
properties can be calculated. Because plasmas are typicallybe carefully designed to avoid melting and vaporization. It is
dynamic and far from equilibrium, this approach requires thealso necessary to prevent impurities from entering the
machinery of nonequilibrium statistical mechanics. Unfortu-plasma. Impurities, particularly low-Z ions like carbon or oxy-
nately, even with a statistical approach, most real-worldgen, can dilute hydrogenic fuel and reduce fusion rates. High-
plasma problems are intractable and require further approxi-Z ions, from the vacuum vessel structure, are not fully ionized
mations before they can be solved. Researchers develop theeven at high temperatures and can radiate copiously and may
theory of plasmas by working out the simplest cases first,be a significant energy loss channel. To minimize impurity
then gradually reducing the number and scope of the approxi-generation in modern experiments, all components that come
mations as more realistic problems are tackled.into contact with the plasma are usually made of refractory

materials like graphite, molybdenum, or tungsten. Heat loads
Quasi-Neutralityare not the only process which can generate impurities. Ener-

getic ions can remove atoms from a surface directly, by a pro- An essential property of plasmas is quasi-neutrality, which
cess called sputtering, even if the average heat load is too low means that the negative and positive electrical charges that
to vaporize material in bulk. make up a plasma are approximately balanced everywhere.

Serious attention must be paid to the design of the struc- Significant charge separation can occur only over a small
tures that form the plasma boundary and that will take the scale, called the Debye length, defined by the balance between
largest heat and particle loads. There are two approaches to electrical and thermal forces:
this problem: limiters and divertors (29). A limiter is simply
a solid object put into direct contact with the plasma edge.
Hot plasma on magnetic field lines that intersect the limiter λD ≡

� Te

nee2

�1/2

(7)
quickly gives up its heat via parallel transport along the rela-
tively short connection length. The limiter sets a boundary

where ne is the electron density in m�3, Te is the electron tem-condition for the plasma with near zero temperature and den-
perature in electronvolts, and e is the electron charge. Thesity (at least compared to the core plasma). To provide suffi-
plasmas we deal with in controlled fusion are hot enough tocient ‘‘wetted’’ surface to absorb the heat loads, limiters must
achieve significant ionization and dense enough for �D to bebe made conformal to the plasma surface; even small mis-
much smaller than the plasma size. Electron thermal motionsmatches can lead to localized heating and melting. In a di-
enforce quasi-neutrality on time scales longer than � � �D/ve;vertor, by contrast, the magnetic field lines at the edge of the
thus ordinary electromagnetic waves cannot propagate in a

plasma are diverted into a separate chamber, where all plasma unless their frequency is higher than 1/� � ve/�D �
plasma wall interactions can be isolated. There are a number

�pe, the electron plasma frequency. (The reflection of radio
of advantages to this approach. First, because the divertor waves off the ionosphere is a manifestation of this property
plates are located away from main plasma, it is easier to keep of plasmas.)
any particles and impurities that are generated away from
the plasma core. Second, the connection length along open

Particle Orbitsfield lines can be made quite long. This allows for a larger
temperature gradient between the divertor and main plasma, Despite the intractability of a purely mechanical approach to
reducing the effects of energetic ions at the contact point and plasma physics, it is still important to study the motion of

individual particles in a plasma. First, the collective proper-easing the boundary condition imposed on the main plasma.
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ties of plasmas are made of these motions, and they contrib- Collisional Phenomena
ute strongly to its behavior. Second, fusion plasmas contain

As ions in a plasma approach each other, they are mutually
high-energy ions, including charged fusion products which in-

repelled by the electrostatic force generated by the electric
teract only weakly with the background plasma and which

field that surrounds all charged particles. The interaction de-
can be well understood by studying their orbits. Particle or-

flects the particles, scattering them elastically—that is, with-
bits are determined by elementary mechanics and the interac-

out any net change in the combined kinetic energy for the
tions of charged particles with electric and magnetic fields

pair. The scattering angle is larger if the particles pass close
shown in Eq. 5. As discussed above, the solution, for the case

to each other, or if the particles are moving slowly, which
of a uniform B field with E � 0, is free and constant motion

allows a longer period of interaction and for a larger relative
parallel to B and circular motion in the directions perpendicu-

effect of that interaction. The cross section for 90� scattering
lar to B. The circular motion is characterized by a frequency

was first calculated by Rutherford in 1911:
�c and a radius �c given by

σ90 = πe4

(4πε0)2m2v4 (12)
ωc = ZeB

mc
(8)

The attractive force between unlike charges has a similar ef-ρc = v⊥
ωc

= mv⊥
ZeB

(9)
fect, with the scattering dynamics of electrons and ions dif-
fering only due to their different masses and velocities. Un-

where v� is the component of the particle velocity perpendicu- like collisions between neutral atoms, which are due to the
lar to the magnetic field and v� is the parallel component. For very short-range forces induced by mutual polarization, the
a typical fusion plasma deuterium ion with a temperature of scattering of charged particles is inherently long-range. This
10 keV in a field of 5 T, the cyclotron frequency, �ci � 2.4 � means that multiple small-angle interactions have an accu-
108 and �ci � 2.9 mm. For electrons at the same energy, the mulated effect that are more important than the relatively
lower mass results in �ce � 8.8 � 1011 and �ce � 0.047 mm. In rare large-angle collisions. It was shown by Spitzer that in a
this case, both types of charged particles are confined onto the plasma the scattering cross section is larger than �90 by the
magnetic field lines to within a gyro radius. For nonuniform factor log 	, the Coulomb logarithm, where 	 � �D � mv2/e2

magnetic fields, electrons and ions drift off the field lines in � �(n/T3). �D appears in this expression because Debye
opposite directions. The drift velocities, which are propor- shielding cancels the electrostatic field over larger distances.
tional to the particles’ thermal velocity, are given by The scattering cross section for plasma particles is then of the

order � � �90 log 	, with log 	 on the order of 15 for fusion
plasmas.vd = ±v⊥ρ

2
(BBB × ∇BBB)

B2 (10)
With a collision cross section �, a particle with velocity v

will undergo collisions at a rate 
 � n�v � n/(m1/2T3/2), whereNote that for a simple toroidal solenoid we have �B� � 1/R
n is the density of the background plasma. At equivalent en-and �B � 1/R2, so B � �B/B2 is just 1/R. A drift of similar
ergies, the faster moving electrons will collide more often bymagnitude occurs when the magnetic field lines are curved.
a factor �mi/me. Collisions impede the ability of plasmas toBecause electron and ions drift in opposite directions, the mo-
carry current as the momentum of the charge carrying elec-tion can give rise to electric fields perpendicular to the mag-
trons is lost to the ions. Spitzer resistivity, appropriate fornetic field. These exist because the magnetic field inhibits the
unmagnetized plasmas or for currents flowing parallel to themotion of electrons that would normally cancel the electric
magnetic field, is given by Eq. (13). For a typical fusionfield. Electric fields can also cause electrons and ions to drift
plasma, at temperatures of 20 keV, the resistivity is aboutoff of magnetic field lines, this time in the same direction and
100 � lower than for copper:independently of their thermal velocity. This drift velocity is

given by:
η = 0.51

m1/2
e e2 log �

3ε2
0(2πTe)3/2

≈ 7.8 × 10−4

T3/2
e

	 · m (13)

vE = EEE × BBB
B2 (11)

A magnetic field alters the effects of collisions on a plasma.
Since electrons and ions in a uniform magnetic field are tiedNote that the particles continue to execute gyro orbits as they
to the field lines, a collision will move the particles at mostdrift. Since the gyro motion is fast compared to drift motions
by one gyro radius. A diffusion coefficient can be defined byand the gyro radius is small compared to other scale lengths,

the gyro orbits are often averaged over for all subsequent
analysis. Also of importance are so-called adiabatic invari-
ants. These are quantities that are approximately conserved

D = (stepwise)2

τcollision
= ρ2

c v ≈ nm1/2

B2T1/2 (14)

by particle orbits; the first and most important of these is �
� mv2

�/2B. Charged particles can be reflected by converging We note that in this simplified geometry, diffusion is inhib-
ited by the magnetic field by a factor that is roughly the ratiomagnetic field lines since � conservation implies that perpen-

dicular energy must increase as the field magnitude grows. of collision mean free path to the gyro radius squared. A mag-
netized plasma can be defined as one where this ratio is large.To conserve energy, the additional perpendicular energy must

come at the expense of parallel motion which is reduced to Diffusion is also reduced as plasmas grow hotter—a favorable
result since the goal is to confine very hot plasmas. It is alsozero at a sufficiently high magnetic field. This is the principle

behind the magnetic mirror discussed earlier. worth remarking that in a magnetized plasma, ions, because
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of their larger gyro orbits, tend to diffuse faster than elec- MAGNETOHYDRODYNAMICS
trons, while in an unmagnetized plasma the opposite is true.
Typically, electron dynamics will dominate transport parallel Magnetohydrodynamics (MHD) is the macroscopic fluid the-
to the field, and ions will dominate in the perpendicular direc- ory of plasmas. The equations that govern MHD are Max-
tion. Collisions between like particles, electrons and electrons well’s equations and moments of the Vlasov equation. These
or ions and ions, will not lead to particle diffusion since the moments yield separate equations for ions and electrons,
net momentum is unchanged and the particles merely ex- which are coupled through the fields generated and through
change positions. This is the same reason that electrical con- collisions. It is common to use a single-fluid set of equations
ductivity is governed by electron–ion collisions. Since the that can be derived by ignoring electron inertia, assuming
magnetic field does not affect parallel motions, diffusivity and that electron motion is fast compared to time scales of inter-
conductivity are anisotropic quantities, being much smaller est. This is equivalent to restricting our interest to times long
in the perpendicular direction. The mass dependence of the compared to the electron cyclotron frequency and plasma fre-
coefficients suggests that electrons and ions would diffuse at quency. A further simplification, appropriate in many cases,
different rates. In practice, this is not the case; as one charge is made by ignoring resistive effects—that is, by assuming
species tries to leave regions of high density ahead of the the plasma is a perfect conductor. The MHD equations are
other, an electric field is built up. This ambipolar field holds
the faster species back, maintaining quasi-neutrality, and
both diffuse together. Continuity :

∂ρ

∂t
+ ∇ · (ρvvv) = 0 (18)

The Fluid Picture Of Plasmas Momentum Balance:
dvvv
dt

= JJJ × BBB − ∇p (19)

Like ordinary gases, which are also large collections of parti-
cles, plasma can be treated like a fluid, although one that has Equation of State:

dp
dt

= −γ p∇ · vvv (20)
significant electrical properties. The equations that govern
the fluid-like properties are obtained by taking velocity inte- Ampere’s Law: µ0JJJ = ∇ × BBB (21)
grals or moments of the Boltzmann equation, which describes
the statistical evolution of a group of particles (the equation is Faraday’s Law:

∂BBB
∂t

= ∇ × EEE (22)
essentially an equation of motion in phase space). In plasma
physics, the relevant version of Boltzmann’s equation (often Ohm’s Law: EEE + vvv × BBB = ηJJJ (23)
called the Vlasov equation when collisions are rare) takes into ∇ · BBB = 0 (24)
account the effects of electromagnetic fields:

where � is the plasma mass density, p is the plasma pressure
in SI units, and � is the ratio of specific heats.

∂ f
∂t

+ vvv · ∇ f + q
m

(EEE + vvv + BBB) · ∂ f
∂v

=
�

∂ f
∂t

�
C

(15)

where f is the density of particles in six-dimensional phase Equilibrium
space and (�f /�t)C is a collision operator that describes the

In the fluid picture, magnetic confinement is achievedeffects of coulomb interactions. q, m, and v are the charge
through the balance between plasma pressure and the mag-mass and velocity of the particles under consideration. In
netic force. At equilibrium the time derivatives vanish, leav-many cases in plasma physics, collisions are ignored, though
ingthe fluid picture is only valid formally, when collisions are

frequent enough to keep the mean free path much smaller
JJJ × BBB = ∇p (25)than the system size. The zeroth moment of the Vlasov equa-

tion corresponds to mass conservation or continuity, the first
moment corresponds to momentum conservation or force bal- Figure 7 shows the geometrical relations between these quan-
ance, and the second moment corresponds to energy conserva- tities for a straight cylindrical plasma and B field. From Eq.
tion. In simplified form, the first two moments can be written (25), it is clear that both J and B must lie on surfaces of

constant p. These surfaces are usually called flux surfaces
and labeled with the enclosed magnetic flux. For a confined∂nm

∂t
= −∇ · (nmvvv) (16)

plasma, p will be a maximum near the axis and close to zero
at the boundary. The current and field are related by Am-
pere’s law, Eq. (21). For the case of a straight cylinder with a

∂(nmvvv)

∂t
= nq(EEE + vvv × BBB) − ∇PPP (17)

radial pressure gradient and no current parallel to B, J �

J� � B � �p/B2. This is called the diamagnetic current, andwhere nm � �, the fluid mass density, and v is the fluid veloc-
it arises from the imbalance in gyro-orbiting particles that isity and P is the pressure tensor. Note that the equation for
created by the pressure gradient. The pressure profile andeach moment refers to the next higher moment, and the fluid
parallel current can be considered free parameters in thisvelocity is needed to complete the continuity equation for ex-
equilibrium. Note that the magnetic field can be aligned inample. To be useful, the set of equations must be closed, typi-
the z (axial) direction, with theta, or in some combination ofcally by making simplifying assumptions, like an equation of
the two. The essential pressure balance between the confiningstate. The moment equations combined with Maxwell’s equa-
field and the plasma can be seen by substituting J from Am-tions for electromagnetics form the basis for the fluid picture

of plasmas called magnetohydrodynamics. pere’s law, which, after some vector algebra, yields the follow-
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lated by the Grad–Shafranov equation (31,32). An example of
an equilibrium in a toroidal device is shown in Fig. 8.

Stability

From the earliest studies into magnetically confined plasmas,
researchers recognized that consideration of plasma equilib-
rium was not sufficient. Experimental plasmas could exhibit
violent behavior sometimes losing their stored energy in a few
microseconds. Further analysis showed that these plasmas
were MHD-unstable: Like a ball sitting at the top of a hill,
they were in a state of unstable equilibrium. Free energy for
the instabilities comes from the plasma pressure and current.
Pressure-driven modes exhibit ‘‘interchange’’ behavior: Parts
of the fluid move toward the high-pressure region, while other
parts move away. This phenomenon is analogous to the Ray-
leigh–Taylor instability that occurs when a glass of water is
inverted. Current-driven instabilities often take the form of a
kink; the plasma tries to twist itself into a corkscrew shape.

0.0 0.2 0.4 0.6 0.8 1.0

Pressure

Jz

Bθ

Normalized radius
Fortunately there are stabilizing forces that can come into

Figure 7. Sample profiles for the magnetic fields, currents, and play as the plasma moves away from equilibrium. Since the
plasma pressure for a simple MHD equilibrium, in this case a linear plasma is tied to magnetic field lines, these must be bent or
Z pinch. Named after the direction of the plasma current, the Z pinch compressed if the plasma is to move. Both processes require
actually predates the fusion energy program. It was first studied in energy input and are thus stabilizing. Magnetic field curva-
1934 by Bennet (24). The equilibrium requires balance between mag-

ture can be either stabilizing (when the pressure gradient isnetic and plasma pressures.
away from the center of curvature) or destabilizing. MHD sta-
bility is calculated by analyzing the effect of an infinitesimal
displacement of the plasma. Destabilizing and stabilizing
forces are summed up and found to move the plasma toward

ing for the case of straight field lines: or away from equilibrium. Ideal MHD instabilities propagate
at the Alfven velocity (see Table 1), which is on the order of
107 m/s for a fusion plasma, and therefore they must be
avoided.∇p = −∇

�
B2

2µ0

�
(26)

This relation suggests a definition for the normalized plasma
pressure:

β = p
2µ0

B2

The importance of plasma pressure in the dynamics of a sys-
tem is determined by beta.

As discussed previously, practical considerations require
that a magnetic confinement device be toroidal. The toroidal
geometry, illustrated in Fig. 4, adds two complications to the
simple equilibrium just considered. First, the magnetic field
must have both poloidal and toroidal components to cancel
the single particle drifts. Second, in addition to radial force
balance (from plasma pressure that tries to expand in the r
direction), toroidal force balance must be considered as well.
Two forces tend to expand the plasma in the R direction: one
current-driven and one driven by the plasma pressure. Toroi-
dal current exerts a hoop stress, as a result of the self-force

Figure 8. A poloidal cross section of MHD equilibrium in the Alcatorbetween different current elements. The pressure imbalance
C-Mod tokamak. The center of symmetry for the torus is on the left;arises because there is more surface area on the outside the three-dimensional geometry is recovered by rotating the entire

(large R) of the torus than the inside. Toroidal balance is picture about that axis. The contours shown are for magnetic flux,
achieved by the addition of a vertical magnetic field, which, which are also surfaces of constant magnetic pressure. In addition to
when crossed with the toroidal current, produces a compen- the radial balance required in a linear system, toroidal force balance

must also be preserved.sating force. In toroidal geometry, MHD equilibrium is calcu-
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WAVES IN PLASMA cally nonlinear. For example, consider self-diffusion where
plasma particles diffuse via collisions with other plasma par-
ticles. The diffusion coefficients themselves are functions ofJust as ordinary fluids (like air) support sound waves, magne-
the plasma density and temperature, rendering the diffusiontized plasmas support a rich variety of wave phenomena.
of particles or heat nonlinear. Waves, when their amplitudesWaves are characterized by the displacements or perturba-
become large enough, affect the medium that is carrying themtions that they produce in the medium that carries them.
and thus change the propagation properties of the wavesPlasma waves may perturb density and pressure as sound
themselves. This mechanism also allows waves, which in lin-waves do, but are also able to alter electric and magnetic
ear theory are independent, to interact and to exchange en-fields. A magnetic field breaks the isotropy of a plasma, with
ergy. Finally, waves can interact with particles, whereby theparticle motions free in the parallel direction and inhibited in
wave fields strongly modify the particles’ motions; conversely,the perpendicular direction. Furthermore, there are at least
particle motion can be converted into wave energy.two particle species in play (i.e., one or more types of ions and

Nonlinear interactions allow large-scale, organized mo-electrons), which can respond differently to waves owing to
tions to be converted to smaller-scale, less organized motion.their very different mass. The general theoretical approach to
This cascade of energy between scales is characteristic of tur-describing waves in plasmas begins by linearizing the fluid
bulence, a phenomenon which can be stimulated in any fluid.equations about small perturbations, which are described as
In a gas, a dimensionless quantity called the Reynolds num-traveling waves, ei(kx��t), where the wavenumber k � 2�/�.
ber defines the regime where turbulence appears. R � UL/
,This process reduces the set of coupled partial differential
where U is the fluid velocity, L is the system size, and 
 isequations to a system of ordinary algebraic equations that are
the fluid viscosity. For R  1, viscosity is not sufficient to holdthen solved for �(k). From this expression, called the disper-
the fluid motion together into organized flow. For plasmas,sion relation, types of waves can be identified; also, group and
the analogous dimensionless quantities are the magneticphase velocities, regions of propagation, and resonances can
Reynolds number � �0LVT/�, and the Lundquist number �all be calculated. The result is a complex family of waves
�0LVA/�. (VT is the thermal velocity and VA is the Alfven veloc-whose description has filled many textbooks (33,34). Table 1 ity, defined in Table 1.) These are closely related, differing by

gives a greatly simplified summary of some of the more im- ��, the square root of the ratio of plasma pressure to mag-
portant wave types. netic pressure. For a typical fusion plasma, the magnetic

Waves are important for a number of reasons. They can be Reynolds number can approach 108. As a result, dynamically
used for heating plasmas by launching waves from an exter- significant behavior can occur over a wide range in scale
nal antenna, which then propagate into the plasma and then lengths, with collisional dissipation entering only on the
deposit their energy, usually by interacting with a natural smallest scales, where wave energy is degraded into thermal
plasma resonance. Waves are also generated spontaneously motion (heat). Typically, turbulent behavior can only be ana-
in plasmas, driven by the nonequilibrium state of a confined lyzed by simulation on powerful computers; however, some
plasma. Temperature, density, and pressure gradients along analysis is possible in terms of scaling relations. While the
with non-Maxwellian velocity distributions can all cause details of turbulent flows are terribly complex, overall, they
waves to grow. The waves, in turn, try to push the plasma must obey the basic conservation laws or symmetries of the
back to a state of thermodynamic equilibrium, relaxing gradi- the underlying physics.
ents and so forth. This can be a powerful mechanism for driv-
ing plasma transport and for destroying confinement. TRANSPORT

Nonlinear Effects Collisional Transport

While the approach to problems in plasma physics usually Magnetic confinement can be understood from either the par-
ticle or fluid pictures of plasmas. In either case, nonideal ef-begins with linear analysis, plasmas themselves are intrinsi-

Table 1. Properties of Some of the More Important Types of Waves Which Can Propagate in Magnetized Plasmasa

Direction of Approximate
Wave Type Common Name Propagation Polarization Phase Velocity

Electrostatic ion wave Ion accoustic wave k �B0 E1 �B0 cs � (kTe/mi)1/2

(ion sound speed)
Electrostatic electron wave Plasma waves or Langmuir waves k �B0 E1 �B0 ve � (kTe/me)1/2

(electron thermal speed)
Electromagnetic ion waves Shear Alfven waves or simply Alfven k �B0 E1 �B0 vA � B/(4�nimi)1/2

waves (Alfven velocity)
Compressional Alfven waves or mag- k�B0 E1 �B0 vA

netosonic wave
Electromagnetic electron waves O-wave k�B0 E1 �B0 c (speed of light)

X-wave k�B0 E1 �B0 c
L-wave k �B0 E1 �B0 c
R-wave k �B0 E1 �B0 c

a The common names given are for waves which propagate strictly parallel or perpendicular to the field; in general, propagation at arbitrary angles is possible
and the nomenclature becomes less appropriate. The phase velocities listed are only approximate; the actual velocity, v� � �/k, is a function of frequency (�) or
wavenumber (k).
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fects will tend to spoil confinement. Collisions cause particles The collisional diffusion coefficient, just calculated, is cor-
rect only for a plasma confined by a magnetic field that isto diffuse across the magnetic field by a random walk process.
straight and uniform. In a torus, diffusion is significantly en-In the MHD model, the equivalent process is described by the
hanced by the particle drifts. The rotational transform forcesdiffusion of a conductive fluid through a magnetic field. Note
the drifts to cancel when averaged over complete orbits; how-that in ideal MHD, where resistivity is assumed to go to zero,
ever, collisions can disrupt the orbit and cause the cancella-the diffusion rate also goes to zero; the magnetic field is said
tion to be incomplete. The theory for collisional diffusion into be frozen into the fluid. Taking Ohm’s law from the equa-
axisymmetric toroidal geometry is called neoclassical trans-tion for resistive MHD [Eq. (23)] and crossing it with B gives
port and has been extensively developed for tokamaks (35).
Figure 9(a) illustrates a tokamak cross section with the direc-EEE × BBB + v⊥|B|2 = ηJJJ × BBB (27)
tions of the magnetic fields, plasma current (taken to be in
the same direction as BT in this example), and particle driftCombining this with the force balance equation [Eq. (19)] and
shown. Consider a particle with its parallel motion in thesolving for v�, we obtain
same direction as the plasma current, which follows the field
lines in a right-hand spiral. In the poloidal cross section, such
a particle will travel in a clockwise circle. The �B drift willv⊥ = −η

∇p
B2 + EEE × BBB

B2 (28)

move such a particle off its flux surface, toward the plasma
The first term describes plasma diffusion, while the second center while it is near the bottom of its orbit and away from
term is the fluid equivalent to the E � B particle drift. A little the center while it is near the top. The maximum displace-
algebra will show, not surprisingly, that the diffusion rate for ments occur when the particle is on the horizontal midplane,
the fluid is the same as that derived above for particles. For resulting in an orbit that is displaced outward, away from the
a typical fusion plasma, this classical diffusion coefficient is torus center. This result holds whether the toroidal field and
on the order 10�3 m2/s, far too small to present any problem plasma current are in the same or in opposite directions. Ions

circulating opposite to the plasma current will always befor magnetic confinement.
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Figure 9. (a) In a torus, the �B and curvature drifts result in particle orbits that do not follow
magnetic field lines exactly. In this poloidal cross section, the projection of one set of field lines
(flux surface) is shown by the dashed circle. The center of symmetry is on the left, and the
coordinates R and r are shown. Simple application of Ampere’s law shows that BToroidal � 1/R
thus B � �B is vertical, upwards in this case, for positively charged ions. The poloidal field
component gives a twist or helicity to the field lines. The result is that ions with velocities paral-
lel to the plasma current (co) have orbits shifted out in major radius, R, relative to the flux
surfaces while those moving in the opposite direction (counter) are shifted inward. (b) In the
same geometry part (a), ions in so-called ‘‘banana’’ orbits are shown. These ions are trapped in
the magnetic mirror created by the gradient in the toroidal field. Trapped particles are shifted
off of flux surfaces even farther than the passing particles and thus can take large radial steps
when they collide. These processes are the basis for the neoclassical theory of transport.
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shifted inwards. The approximate size of that displacement most always found to be much worse than that calculated
from the collisional theories, often by a factor of 100 or more�r, can be calculated:
(37). At the outset it was suspected that this anomalous
transport had its origins in small-scale plasma instabilitiesδr = vDτ (29)

(usually called microinstabilities), but it took several decades
where � 	 qR/vT is the period the particle takes to complete before scientists could develop a quantitative understanding
a poloidal orbit. (In a low-aspect-ratio tokamak with a/R � 1, of the phenomenon, and even now it is far from complete (38).
q � rBT/RBP and is typically in the range 1 to 5.) Using Eq. Experimentalists have developed techniques for drastically
(10) for the �B drift velocity and noting that �B/B � 1/R, the reducing anomalous transport, sometimes to nearly the neo-
orbit shift is given by classical levels (17–20), though so far these have been only

for transient situations.
Waves, driven by the plasma’s free energy, can causeδr = vTρi

∇BBB
B

qR
vT

= qρi (30)
transport by two basic mechanisms. First, magnetic perturba-
tions can break up magnetic flux surfaces, allowing particles

Thus, the stepsize caused by collisions is increased by a factor to make radial excursions as they follow the field lines. While
of q and diffusion by q2. The effects of toroidal geometry are large-scale magnetic perturbations driven by MHD instabili-
even more pronounced on another class of particles, those ties destroy confinement almost instantly, low-amplitude
with enough perpendicular energy to be trapped by the toka- waves can result in enhanced transport. Because of their
mak’s inhomogeneous toroidal field. The magnetic field expe- higher velocity, electrons follow magnetic perturbations more
rienced by a particle in a tokamak varies by a factor on the readily and would carry most of the heat in this case. The
order r/R as it moves. Those with v�/v� � �� will be reflected second mechanism, and the one believed responsible for
by the stronger magnetic field on the inner part of their tra- anomalous transport in most experiments, results from the
jectory. These trapped particles execute banana shaped orbits electrical component of plasma instabilities. These are typi-
as shown in Fig. 9(b). The width of the bananas are larger cally low-frequency waves (� � �c), which have a fluctuating
than �r by �(R/r), and they diffuse even faster than circulat- electric field as part of their dynamics. Differences in electron
ing particles. Overall, neoclassical diffusion coefficients are on and ion motion, due to their different mass, cause charge sep-
the order 50 times larger than the classical values for a aration and result in regions of positive and negative electric
plasma in a tokamak. Plasma resistivity is reduced by neo- potential, each of which is then surrounded by fluid rotating
classical effects, since trapped particles do not complete cir- in the resulting E � B drift (Fig. 10). When combined with
cuits of the torus and cannot carry current.

For nonaxisymmetric plasmas, collisional diffusion can be
larger still (36). In an axisymmetric system, particles are gov-
erned by conservation of canonical angular momentum p� �
mv�R � eA�R, where A is the vector potential of the magnetic
field. As long as the particle’s kinetic momentum is not too
large, they are constrained to stay close to flux surfaces,
which are also surfaces of constant RA�. (This is, in fact, an
alternative picture for describing particle orbits in a torus.)
This constraint is absent if the system lacks axisymmetry
where certain classes of particles can make large radial excur-
sions or leave the plasma entirely without undergoing any
collisions. The loss rate for the plasma as a whole is then
governed by the rate at which the hole in the velocity distri-
bution function is filled in. These effects are most important
in intermediate collisionality regimes, where particles on lost
orbits can travel significant distances without colliding, but
where collisions are still able to fill in the losses from the
background plasma. For stellarators, whose helical field
breaks the axisymmetry, these losses can dominate transport;
modern stellarators are carefully designed to minimize their
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magnitude. The fields of nominally axisymmetric devices, like
Figure 10. Particle and energy can be transported by plasma fluc-

a tokamak, have a small asymmetry due to the finite number tuations. This series of pictures shows how particle fluxes arise from
of toroidal coils. This periodic ripple can cause significant loss electrostatic oscillations. The magnetic field is assumed to be in the
of energetic particles, particularly those with mostly perpen- direction directly out of the page. Part (a) shows the fluctuating po-
dicular energy, since parallel motion tends to average out tential �̃, with positive �̃ shown by solid lines and negative �̃ shown
the asymmetries. by dotted lines. The potential gradients result in electric fields, which

lead to E � B drifts and the fluctuating flow patterns shown in (b).
In (c), �̃ is overlaid with a fluctuating density pattern, ñ, shown inAnomalous Transport
dotted lines. A profile through the center of the pattern is shown in

Even with neoclassical corrections, collisional transport is not (d). With the relative phase of �̃ and ñ as given, the flows are strong-
fast enough to cause serious concern (at least in axisymmetric est to the right where the density is highest. The result is net particle
devices); even small machines could have confinement times flux to the right. If the relative phase of �̃ and ñ were shifted by �,

the net transport would be in the opposite direction.longer than 1 s. In experiments, energy confinement was al-
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density or temperature perturbations from the instability, net Any device with finite particle confinement time needs a
mechanism to replace or recycle particles lost at the bound-particle and energy transport can occur.

Theories of anomalous transport try to answer three ques- ary. Of course, a reactor would also need a source of fuel to
replace hydrogen isotopes as they are converted to helium.tions. First, what is the nature of the plasma waves and the

conditions that cause them to grow? Second, What is the spec- Finally, those confinement schemes, which rely on currents
flowing in the plasma, must find a method for sustaining thattral distribution of the waves in frequency and wavelength?

Third, how much transport is caused? The source of microin- current against resistive losses or operate only in a pulsed
mode.stabilities is usually analyzed by linear theory—that is, by

comparing destabilizing and stabilizing terms with respect to
small-amplitude perturbations. Wave–particle interactions Heating Methods
must often be added to get an accurate model for the dynam-

Ohmic Heating. For confinement schemes like the toka-ics. Linear theories can predict the conditions under which
mak, which rely on large currents flowing in the plasma, onethese waves will grow, as well as the exponential growth rate
source of heat is readily at hand: resistive or ohmic heating.for small fluctuations. The growth rate can be determined as
The plasma currents are driven inductively, with voltage ap-a function of k and �, suggesting a linear spectrum that is
pearing as the result of time-varying magnetic flux, which, inlargest at those k and � where the growth rate is highest. For
turn, is driven by external coils. Resistive dissipation of thefinite-amplitude waves, nonlinear interactions will modify the
plasma current provides the heating source. The local sourceinstability as waves of different sizes exchange energy. On
rate is equal to � j2. The total plasma current is usually lim-very short wavelength scales, linear and nonlinear damping
ited by MHD stability, resulting in heating proportional tomechanisms provide an energy sink as wave energy is con-
� � 1/T 3/2

e . Thus ohmic heating becomes less and less effectiveverted to thermal particle motion. The fully evolved nonlin-
as the temperature increases. Tokamaks with ohmic heatingear, turbulent spectrum can be quite different from the one
alone can reach electron temperatures of several kiloelectron-predicted by linear theory and requires powerful computers
volts, though the ions are typically much cooler. While therefor its calculation. Particle and energy fluxes, driven by the
is no a priori reason why ohmic heating alone could not beturbulence, can then be determined by constructing appro-
large enough to reach ignition, extrapolation from experi-priate phase-averaged quantities. For example, the particle
ments suggests that it would not be sufficient in any practi-flux from electrostatic instabilities is calculated from
cal device.

Neutral Beam Heating. Intense beams of neutral atoms� = 〈ñẼ〉
B

= 〈ñ2〉1/2〈Ẽ2〉1/2 sin θ

B
(31)

have been used successfully for heating fusion plasmas since
1971 (39–41). Neutrals are used because charged particleWhere ñ and Ẽ are the fluctuating components of those two
beams, though they are easily produced, cannot penetratequantities, � is their relative phase and � � represents a phase
magnetic fields. Neutral injectors (42) have three principalaverage. While fluctuations in plasmas, similar to those pre-
components: a plasma source, where gas (typically a hydrogendicted by theory, are readily observed, conclusive evidence
isotope) is ionized; an accelerator, where plasma ions are elec-linking them to anomalous transport has been difficult to ob-
trostatically extracted and accelerated; and a neutralizer,tain. In the plasma edge, electrostatic probes can measure all
where the charged ions interact with neutral gas, picking upthe required fluctuating quantities along with the their rela-
electrons to become neutral atoms. Atomic cross sections limittive phases. In the plasma core, these measurements are
this approach to beam energies less than 150 keV. Beam cur-much more difficult. Density fluctuations are measured rou-
rents are limited by space charge effects in the extractor/ac-tinely, though only over a limited range of wavenumbers,
celerator system to about 0.5 A/cm2. Injectors, however, canwhile Ẽ and B̃ can scarcely be measured at all. The computa-
be quite large, enabling multi-MW systems to be assembled.tion of the turbulence spectra is also fraught with difficulties.
Major fusion experiments may have more than 20 MW of neu-In realistic geometries, three-dimensional (3-D) simulations
tral beam heating available. Neutral beam injectors have beenmay be necessary and substantial approximations must be
used on virtually every type of magnetic confinement device.made to allow the calculation to complete on even the most

Once inside the plasma, the neutral beam is quickly ion-powerful machines. Runs taking over 1000 h on advanced su-
ized and the ion energy is converted to heat. Experimentspercomputer are not unusual. Thus progress is incremental,
have shown that these processes are essentially classical—with experimental measurements and theoretical calculations
that is, dominated by collisional rather than anomalous pro-used to guide each other to successively better models.
cesses. It is believed that this is because the gyro radius of
beam ions is much larger than the fine scale turbulence that
is the cause of anomalous transport for the slower thermalHEATING, CURRENT DRIVE, AND FUELING
ions. The large orbits effectively average out the fluctuations.
Beam penetration is limited by atomic processes, principallyThe previous section considered the dissipation mechanisms

for energy, mass, and current. In a fusion device, these must electron and ion impact ionization and charge exchange, with
ion impact ionization dominating at the highest energiesbe balanced by sources, namely heating, fueling, and current

drive. In an ignited reactor, the heat source would be internal, available from conventional injectors, where the cross section
is about 10�20 m2. Thus in a typical fusion plasma with a den-from the fusion reactor itself. However, even in this case, the

reactor would need an external source of heat to bring the sity of 1 � 1020/m3, the beams will penetrate about 1 m. This
would be problematic for proposed devices that might haveplasma to temperature. The present generation of experi-

ments, of course, are entirely dependent on external heating. cross sections which are several meters in radius, or for very
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high-density devices. Higher energies can only be produced in the order of 0.1 m, so fundamental mode waveguides are typi-
cally used to carry and launch the waves, with the electricso-called negative ion sources, in which hydrogen atoms with

two electrons are created, extracted, and accelerated. The sec- field polarized parallel to the magnetic field of the plasma. As
in the previous case, the waves must tunnel through a thinond electron is only weakly bound, and the system is easily

neutralized. Negative ion sources are experimental, but have evanescent layer before propagating in the plasma. To reach
the lower-hybrid resonance, the waves must satisfy an acces-produced beams with energies up to 500 keV (43).
sibility condition:

Radio-Frequency Heating. In radio-frequency (RF) heating,
energy is added to the plasma via electromagnetic waves. A
wide variety of approaches have been tested, differing mainly
in the frequency of the waves employed. Each shares certain

k‖c
ω

>

�s
1 + ω2

pe

ω2
ce

�
ω=ωLH

(32)

common features and faces similar issues, namely, RF gener-
ation, launching, coupling, propagation, and dissipation. Ef- To produce this spectrum, waveguide arrays are used, with
ficient, high-power RF sources are available over a wide range the waves’ phase appropriately shifted from one waveguide to
in frequency from a few hundred kilohertz to over 100 GHz. the next. The waves can damp at the lower-hybrid layer by
(The limitation at the high end is particularly important be- resonance with the ions or electrons, depending on details of
cause this is the frequency range for electron gyro motion; the wave physics. Lower-hybrid heating experiments have
f c � 28 GHz/T.) RF power can easily be transmitted by coaxial been carried out with mixed results, mainly on smaller-scale
conductors or in waveguides to launching structures, situated experiments (46,47).
near the edge of the plasma. For low frequencies, antennas The highest-frequency waves used for heating are in the
are the appropriate launcher, with horns or windows used for electron cyclotron region. Here, strong RF sources are avail-
microwaves. Coupling to the plasma is not as straightforward. able only up to about 100 GHz, limiting the scheme to devices
Recall that due to rapid response of the electrons in a plasma, with fields less than 3 T. The wavelengths involved are only
transverse electromagnetic waves below the plasma fre- a few millimeters, and overmoded waveguides or quasi-optical
quency are reflected rather than transmitted. In RF heating techniques can be employed for transporting and launching
schemes, the goal is to launch a plasma wave that is able to the waves. Coupling and propagation are relatively simple:
propagate. Since most plasma waves do not propagate in a The plasma carries two types of electromagnetic waves that
vacuum and since the antenna in general is not in direct con- propagate perpendicular to the field at these frequencies, one
tact with the plasma, there is typically an evanescent (non- polarized with E�B (ordinary or O mode) and the other with
propagating) layer through which the wave must tunnel. The E � B (extraordinary or X-mode). The waves can be cut off
type of plasma wave employed will depend on plasma proper- when the wave frequency approaches the plasma frequency,
ties and the frequency of the launched wave. Finally, the so the scheme is limited to relatively low densities. By using
waves must be made to deposit their energy into plasma par- higher electron cyclotron harmonics for the resonant absorp-
ticles. Depending on the heating scheme, this takes place via tion, the method can be applied to higher-density plasmas,
various wave–particle resonances, in which the particles are but source availability and the weaker damping limit this to
accelerated by the wave field and then give up their energy the first few harmonics only.
by collisions to the background plasma. Overall, the physics
of wave propagation, mode conversion, and damping can be

Current Drive
quite complex and it remains an active area of research.
Three frequency ranges show the greatest promise for RF Plasma currents, which are necessary in many types of con-

finement schemes, are typically driven inductively, by swing-wave heating: ion cyclotron waves at frequencies of 20 MHz
to 120 MHz; lower-hybrid waves at 1 GHz to 5 GHz; and elec- ing the flux in external coils. This approach is quite effective

for pulsed experiments, but the flux swing is limited by thetron cyclotron waves at 50 GHz to 250 GHz.
In the ion-cyclotron range, antennas are generally used to current carrying capacity of the coils. The induced voltage can

only be sustained for a finite amount of time, after which thelaunch the waves since the free space wavelength is 4m to 25
m, which is large compared to the size of the plasma being coils must be recharged. At high temperatures, the plasma

resistivity can be very low and inductive currents can be sus-heated. The antenna, a current-carrying poloidal loop, drives
a compressional Alfven wave that tunnels through a thin eva- tained for quite long pulses—up to 30 s in some experiments.

To achieve steady state, which is desirable because it reducesnescent region at the plasma edge and then propagates across
the plasma until it reaches the ion cyclotron layer (the radius cyclic stresses, noninductive current drive methods must be

employed. In certain circumstances, the plasma itself canwhere the RF frequency equals the ion cyclotron frequency).
Efficient wave–ion coupling is realized only when the wave generate most of the required current, tapping into free en-

ergy from the plasma pressure gradient. This phenomenon,has the proper polarization relative to ion cyclotron motion.
This is achieved by resonating with a minority ion species called bootstrap current, can be understood by considering the

banana orbits shown in Fig. 9(b). Note that the outer segment(minority heating) or by launching an RF wave at twice the
cyclotron frequency of the majority ion (second harmonic of these ion orbits is always in the direction parallel to the

plasma current (co), whereas the inner segment is always inheating). Both have been employed successfully in experi-
ments (44,45). Figure 11 shows a set of ion cyclotron range of the antiparallel direction (‘‘counter’’). Since the density is

higher near the center of the plasma than on the outside, thefrequencies (ICRF) antennas installed in a tokamak.
The lower-hybrid frequency is �LH 	 �pi�(1 � �2

pe/�2
ce), number of particles traveling in the ‘‘co’’ direction will out-

number those in the counter direction. The current carriedwhere �pi is defined by analogy to the electron plasma fre-
quency as �pi � �(niZ2e2/mi). The free space wavelength is on by these particles can be estimated by first noting that for a
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Figure 11. An antenna used for ICRF heating installed in the Alcator C-Mod tokamak. The
current straps, which generate the RF fields, can be seen behind a Faraday shield which keeps
plasma from interfering with its operation.

collisionless plasma, the fraction of trapped particles is �1/2 This effect is only strong for those electrons with velocities
much higher than the average thermal velocity, leading toand that they have an average parallel velocity �v�� on the

order �1/2vT. The banana width is � 	 ��1/2q�, from which the relatively low efficiency in most cases.
differential number of ‘‘co’’ and ‘‘counter’’ going particles can
be inferred: Fueling

In order for a fusion device to run much longer than a con-
finement time, some mechanism for replacing lost plasma�n ≈ e1/2δ

dn
dr

= qρ
dn
dr

(33)

must be found. Ionized particles leaving a plasma in a con-
fined experimental volume are neutralized quickly when theyCombining these results, the bootstrap current carried by
touch the vacuum system walls. A substantial fraction aretrapped particles is
implanted in the surface layers of the wall, while at the same
time other gas molecules are liberated by the impact of heat
and particles on the surface. In equilibrium, there is a bal-j = ev‖�n = qε1/2T

B
dn
dr

(34)

ance between these two processes, establishing a steady-state
neutral gas pressure in the region between the plasma andActually, somewhat more bootstrap current is carried by

passing particles. This results from a distortion of the passing the wall. Gas impinging on the plasma is disassociated and
rapidly ionized, creating a strong source at the plasma bound-particle distribution function that is caused by their interac-

tion with trapped particles (48). In theory, almost all the re- ary. The width of the source region varies with plasma den-
sity and temperature, but is typically a few millimeters to aquired current can be generated by this process, however, the

bootstrap current profile may not be optimal from the point of few centimeters, much smaller than the plasma cross section.
Most of these new ions are quickly lost again, but some areview of MHD stability. Another method used for noninductive

current drive is the application of RF waves with phase veloc- able to move up the density gradient into the core plasma,
by processes that are only partially understood. A collisionalities parallel to the direction of the desired current. These

waves can interact resonantly with electrons traveling at the process, the neoclassical or Ware pinch, can account for this
inward particle flux in some cases; however, in many others,same velocity, accelerating them in the wave field. Waves in

the lower-hybrid frequency range can be employed for this it is found to be too small. Anomalous pinches can be driven
by some of the same processes that cause outward transport;purpose, though the launched spectrum must be modified

from that used for heating (49,50). Electron cyclotron waves in effect, a heat engine is created with outward energy flow
driving inward particle flow against the gradient. Basic ther-can drive current by differentially heating electrons traveling

in the ‘‘co’’ and ‘‘counter’’ direction, using the resonance condi- modynamic considerations put limits on how large these
fluxes can be.tion to separate the two populations via their Doppler shifts.
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