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O Magnetic Mirror Effect / P

As a consequence of the adiabatic invariance of |m| and ®,,, as the
particle moves into a region of converging magnetic field lines its transverse
kinetic energy W, increases, while its parallel kinetic energy W, decreases,
in order to keep |m| and the total energy constant. Ultimately, if the
B field becomes strong enough, the particle velocity in the direction of
increasing field may eventually come to zero and then be reversed. After
reversion, the particle is speeded up in the direction of decreasing field,
while its transverse velocity diminishes. Thus, the particle is reflected from
the region of converging magnetic field lines. This phenomenon is called
the magnetic mirror effect and is the basis for one of the primary schemes
of plasma confinement.

When two coaxial magnetic mirrors are considered, as illustrated in
Fig.3 , the charged particles may be reflected by the magnetic mirrors and
may travel back and forth in the space between them, becoming trapped.

This trapping region has been called a magnetic bottle and it has been
used in laboratory for plasma confinement.

The trapping in a magnetic mirror system is not perfect, however.
The effectiveness of a coaxial magnetic mirror system in the trapping of
charged particles can be measured by the mirror ratio B,,/By, where B,




AZIMUTHAL CURRENT

Fig.2 Schematic diagram showing the arrangement of coils
to produce two coaxial magnetic mirrors facing each other, for
plasma confinement, and the relative intensity variation of the
magnetic field.

is the intensity of the magnetic field at the point of reflection (where the
putch angle of the particle is 7/2) and By is the intensity of the magnetic
field at the center of the magnetic bottle.

Consider a charged particle having a pitch angle o at the center of the
magnetic bottle. If v is the particle speed, which in a static magnetic field



Fig. 12 The loss cone in a coaxial magnetic mirror system.

remains constant, the constancy of the magnetic moment |m| = W, /B=
="

leads to
2/.:.2 2/ . 9
r/z:z: /‘7/2=?MB = 3mv’(sin 00)/3/(2/, et eonba (6.11)
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where a is the particle pitcﬁéle ata position where the magnetic field
intensity is B. Thus, at any point inside the magnetic bottle, for this
particle,
sina(z) _ sin’ap
B(Z) N Bo

Suppose now that this particle is reflected at the throat of the mirror, that
is, a = 'rr/2pf(_){\B(z) = B,,. Therefore, from (6.12),

V“——bo’ \J-—a\J‘_)

(6.12)

Z2=2tZ,.

(Sinzao)/Bo = I/Bm (6.13)
This means that a particle having a pitch angle ag given by

ag = sin"'((Bo/Bp)"/?] = sin (v /v)) (6.14)
at the center of the bottle, is reflected at a point whe(r;-tillﬁ)intensity of
the field is B,,. Therefore, for a magnetic bottle with a fixed mirror ra-
tio B,/ By, the plasma particles having a pitch angle at the center greater
than ayp, as given by (6.14), will be reflected before the ends of the magnetic
bottle. On the other hand, if the pitch angle of the particle at the center is
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Fig. 13 Magnetic field with toroidal geometry.

less than ap, its pitch angle will never reach the value m/2, which implies
that at the ends of the bottle the particle has a non-vanishing parallel
velocity and hence escapes through the ends of_t:he"ﬁlirror system. There
is, therefore, a loss cone, a cone of half-angle ap with its vertex at the
center, as shown in Fig. 12, where particles that have velocity vectors
with a pitch angle falling inside it are not trapped. The loss cone is
determined by the mirror ratio B,/By, according to (6.14).

Devices that have no ends, with geometries such that the magnetic
field lines close on themselves, offer many advantages for plasma confine-
ment. Toroidal geometries (Fig. 13), for example, have no ends, but it
turns out that confinement of a plasma inside a toroidal magnetic field
does not provide a plasma equilibrium situation, because of the radial
inhomogeneity of the field. In this case a poloidal magnetic field is nor-
mally superposed on the toroidal field, resulting in helical field lines (as in
the Tokamak). The major problem in most plasma confinement schemes,
however, is that instabilities and small fluctuations from the desired equi-
librium configuration are always present, which lead to a rapid escape
of the particles from the magnetic bottle. This instability problem is a
fundamental one, and it is likely to occur in any conceivable magnetic
confinement scheme.

A good example of a natural magnetic bottle is the Earth’s mag-
netic field, which traps charged particles of solar and cosmic origin. These
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Fig. 14 Dipole approximation of the Earth’s magnetic field.
The distanc: of the Van Allen radiation belts from the center of
the Earth, at the equator, is about 1.5 Earth radii for the high-

energy protons and about 3 to 4 Earth radii for the high-energy
electrons.

charged particles trapped in the Earth’s magnetic field constitute the so-
called Van Allen radiation belts. As shown in Fig. 14, the geomagnetic
field near the Earth is approximately that of a dipole, with the field lines
converging towards the north and south magnetic poles.

The electrons and protons that are trapped in the Van Allen radia-
tion belts spiral in almost helical paths along the field lines, and towards
the magnetic poles, where they are eventually reflected. These particles
bounce back and forth between the poles. In addition to this bouncing
motion, these trapped charged particles are also subject to a gradient drift

and a curvature drift in the east-west direction, to be discussed later in
this chapter.
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Magnetic confinement (Source- internet)

In magnetic confinement the particles and energy of hot plasma are held in place
using magnetic fields. A charged particle in a magnetic field experiences a Lorentz force that
is proportional to the product of the particle’s velocity and the magnetic field. This force
causes electrons and ions to spiral about the direction of the magnetic line of force, thereby
confining the particles. When the topology of the magnetic field yields an effective magnetic
well and the pressure balance between the plasma and the field is stable, the plasma can be
confined away from material boundaries. Heat and particles are transported both along and
across the field, but energy losses can be prevented in two ways. The first is to increase the
strength of the magnetic field at two locations along the field line. Charged particles
contained between these points can be made to reflect back and forth, an effect
called magnetic mirroring. In a basically straight system with a region of intensified
magnetic field at each end, particles can still escape through the ends due
to scattering between particles as they approach the mirroring points. Such end losses can be
avoided altogether by creating a magnetic field in the topology of a torus (i.e., configuration
of a doughnut or inner tube).

External magnefs can be arranged to create a magnetic field topology for stable plasma
confinement, or they can be used in conjunction with magnetic fields generated by currents
induced to flow in the plasma itself. The late 1960s witnessed a major advance by the Soviet
Union in harnessing fusion reactions for practical energy production. Soviet scientists
achieved a high plasma temperature (about 3,000,000 K), along with other
physical parameters, in a machine referred to as a tokamak.

ohmic heating magnet
poloidal field toroidal field
magnet ———— magnet

plasma

f;o dline

© 1999 Encyclopadia Britannica, inc.

Fig:-Tokamak magnetic confinement.
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A tokamak is a toroidal magnetic confinement system in which the plasma is kept stable
both by an externally generated, doughnut-shaped magnetic field and by electric
currents flowing within the plasma. Since the late 1960s the tokamak has been the major
focus of magnetic fusion research worldwide, though other approaches such as the
stellarator, the compact torus, and the reversed field pinch (RFP) have also been pursued.
In these approaches, the magnetic field lines follow a helical, or screwlike, path as the lines
of magnetic force proceed around the torus. In the tokamak the pitch of the helix is weak, so
the field lines wind loosely around the poloidal direction (through the central hole) of the
torus. In contrast, RFP field lines wind much tighter, wrapping many times in the poloidal
direction before completing one loop in the toroidal direction (around the central hole).

Position control coils Primary coil Toroidal field coll

Primary
current
v
f
4

Plasma current

Vacuum Plasma Poloidal
vessel magnetic
field

Magnetically confined plasma must be heated to temperatures at which nuclear fusion is
vigorous, typically greater than 75,000,000 K (equivalent to an energy of 4,400 eV). This can
be achieved by coupling radio-frequency waves or microwaves to the plasma particles, by
injecting energetic beams of neutral atoms that become ionized and heat the plasma, by
magnetically compressing the plasma, or by the ohmic heating (also known as Joule heating)
that occurs when an electric current passes through the plasma.

Employing the tokamak concept, scientists and engineers in the United States, Europe,
and Japan began in the mid-1980s to use large experimental tokamak devices to attain
conditions of temperature, density, and energy confinement that now match those necessary
for practical fusion power generation. The machines employed to achieve these results
include the Joint European Torus (JET) of the European Union, the Japanese Tokamak-
60 (JT-60), and. until 1997, the Tokamak Fusion Test Reactor (TFTR) in the United States.
Indeed, in both the TFTR and the JET devices, experiments using deuterium and tritium
produced more than 10 megawatts of fusion power and essentially energy breakeven
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conditions in the plasma itself. Plasma conditions approaching those achieved in tokamaks
were also achieved in large stellarator machines in Germany and Japan during the 1990s.

Inertial confinement fusion (ICF)

In this approach, a fuel mass is compressed rapidly to densities 1,000 to 10,000 times greater
than normal by generating a pressure as high as 10" pascals (10'%atmospheres) for periods as
short as a nanosecond (10~ second). Near the end of this time period, the implosion speed
exceeds about 3 x 10° metres per second. At maximum compression of the fuel, which is now
in a cool plasma state, the energy in converging shock waves is sufficient to heat the very
centre of the fuel to temperatures high enough to induce fusion reactions (greater than an
equivalent energy of about 4,400 eV). If the mass of this highly compressed fuel material is
large enough, energy will be generated through fusion reactions before this hot plasma ball
disassembles. Under proper conditions, much more energy can be released than is required to
compress and shock heat the fuel to thermonuclear burning conditions.

The physical processes in ICF bear a relationship to those in thermonuclear weapons and in
star formation—namely, collapse, compression heating, and the onset of nuclear fusion. The
situation in star formation differs in one respect: gravity is the cause of the collapse, and a
collapsed star begins to expand again due to heat from exoergic nuclear fusion reactions. The
expansion is ultimately arrested by the gravitational force associated with the enormous mass
of the star, at which point a state of equilibrium in both size and temperature is achieved. In
contrast, the fuel in a thermonuclear weapon or ICF completely disassembles. In the ideal
ICF case, however, this does not occur until about 30 percent of the fusion fuel has burned.
Over the decades, very significant progress has been made in developing the technology and
systems for high-energy, short-time-pulse drivers that are necessary to implode the fusion
fuel. The most common driver is a high-power laser, though particle accelerators capable of
producing beams of high-energy ions are also used. Lasers that produce more than 100,000
joules in pulses of about one nanosecond are now used in experiments, and the power
available in short bursts exceeds 10'* watts.

Two lasers capable of delivering up to 5,000,000 joules in equally short bursts, generating a
power level on the fusion targets in excess of 5 x 10'* watts, are operational. One facility is
the Laser Megaloule in Bordeaux, France. The other is the National Ignition Facility at the
Lawrence Livermore National Laboratory in Livermore, Calif., U.S.
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