10

X5 To— f‘\

~104

’lagma physics:

Définition of plasma

~
8 Plasma is sometimes called "the fourth state of matter, bevond the famihar

three--solid, liquid and gas. [t is a gas in which atoms have

been broken up inte free-

floating negative electrans andpositive ions, atoms which have lost electrons and are
— T e ——

R e R

left with a positive electric charge.

-

Plasma is a form of matter irt which many of the electron s wander around freely
e i .

among the nuclei of the atoms. Plasma has been called the fourth state of matter, the

—— ST o TR S T T e b el

\other three being solid , liquid , and gas .

L\ 2

Normally, the elect‘x{bns ina solid, liguid, or gaseous sample of matter stay with the
same atomic mié}sus. Some electrons can move from atom to atom if an
3 S e

electrical current flows in a solid or liquid, but the motion occurs as hort jumps by
e jumps )
ndividual electrons between adjacent nuclei. In a plasma, a significant number of

electrons have such high energy levels that no nucleus can-hold them.
-~ i i e "'—T -‘-’__

An atom that has lost some of its electrons, thereby attaining an electric charge, is

an ion . When a gas is subjected to heator an electric field , some of its atoms become
1 Qeatoran GieCHic 11t b e
ions, and the gas 1s said to be ionized. An ionized gas, nnlike a gas in 1ts normal

condition, can conduct electrical current to a limited extent. If the heat or electric

field becomes extreme, many of the atoms become ions. The resulting super-ionized / \

e

gas is a plasma, which can conduct a large and sustained electric current. ? \ :
_{'————___‘ /—"’_\—" Pt — L4
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AstIOPhYSICS deals wit, the Physics of stellar henomcnh T iy
), i iy 0 Sica asmas aye 2i
under extreme conditiong A few Examples of astrop y p
below.
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! Natural plasmas closgﬁ earth

S il
Close to the earth surface the occurrence of plasmas is very limited. Life m

c PSSR

only in much less than 1 percent of the universe in whic Smas

y I 1verse in which plasmas do no
naturally. Two well-known examples of natural plasmas close to earth are
below.Auroras - Visible glows resulting from the excitation of the atmo
atoms and miolecules, which are bombarded by charged particles that are

from the sun and deflect=d by thergwicﬁgm,

/L‘i_gﬁ\ming - High current (tens to hundreds of kA) transient electric discharge

occur in the atmosphere with an ordinary extension of a few kilometers. The ex
tew kilometer:

source responsible by the generation of lightning is linked to the electrodynarr

the atmosphere

The Space Geophygj_(s Division investigates auroras and atmospheric electri
phenomena at INP7 ey =

_ \
3l Dilute a{‘ﬂﬂﬂ]ie glgma .

In the‘ past two decades a succession of direct observations by satellites, ang
extensive computer simulations, has led to the realization that the polar i . anh
I ionosphe
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plays a principal role in large-scaL@,m(gﬁdospherir processes - a manifestation of
the physics linkage Tnvol

ved in solar-terrestrial interactions. Spatial temporal
variations in high-latitude_

electromagnetic phenomena, such as dynamic aurorae,
elec elds and currents, h

ave proved to be £xtremely. complex. Now the
challenge is to comprehend the vast amount of complicated measurements made in
this magnetosphere-ionospher

€ system of the Earth. This book addresses the
electrical coupling between the hot, but dilute, magnetospheric plasma and the « old,

but dense, plasma in the ionosphere. In five major chapters, this book presents: -
basic properties ofN\na etosphere-ionospha

fields and currents at high latituded,
/C%,! -‘\modeling of ionos
particle acceleration,
latitudes.

oupling/ ?norphology of electric
-‘\global_modeling of m‘agnetr)gphg[e-,ianosphcro
pheric elearadynamjcs;/cui’r(é'm 1ssues, such as auroral
substorms, penetration_6f m—iélit_tl_de fields _into low

that the force exerfed by the magnetic field on a
particle is always normal to its velocity. Therefore, the magnetic field cannot increase

the energy of the particle, and so enetgy is conserved during movment in

magnetic, time-independent field. This holds w

a purely
also note that d

hether the field is uniform or not We
iv B = 0as well, which puts restrictions on th
in space. In the present case, this is s

. . . . (—’—’_—’ TR
Incidentally, the field B does not contain any part due to the motion of the
itself, just as the electric field in the

particle
previous section did not contain a contribution
from the field of
)

e ways the field can vary
atisfied a fortiori, as well as curl B= 0

the particle itself.

3

dr=dr'+wxrdt

It
T is an arbilrary vector
Increments in Fixed and Rotating Systems

Newton's Law for this problem is dv/dt = (q/mc)

the problem is shown in the figure at the right. If
dv/dt -®x v =0, where ¢ =

v x B. A suggestion of how to solve

we re-write the equation of motion
-qB/mc, the left-hand sid

e is the time rate of changc
of vin a coordinate system rotating with angular velocity @, so the equation says
that this time rate of change is zero. That 1s, the veloci

ty v'in the rotating system is a

e R
__/ﬂ
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constant. Nothing could be simpler than this! If vo is resolved into components
en

parallel and perpendicular to B, then the parallel component is not changed by the
rotation and is constant. If we choose the axis so that the rotational velocity about it

ndicular component of the initial velocity in the
and rotates

is equal and opposite to the perpe
nonrotating system, then this point remains fixed in the rotating system,
about the axis at a fixed distance r determined by r@ = vo,perp. In general, then, the
particle moves on a helix of radius r and pitch 2nvo,par/@ in a uniform magnetic

field. A posi‘ive charge rotates clockwise as seen facing the point of the magnetic

field arrow, ¢ - anticlockwise riding on the particle Jooking forward.

Cyclotron

|qB/mc| 1s called the cyclotron frequency. It is the
u and the magnetic field in gauss.
s T = 2n/w. An electron, in a field

The angular frequency ©¢=
product, in radians per second, of the charge in em

The period of one gyration about the line of force i
of one gauss, has a cyclotron frequency of 1.759 x 107 radians per second, or 2.80

MHz. When quoted in herz, the straight frequency 1s always meant. A proton, ina

~ field of 5000 gauss, has a cyclotron frequency of 47.9 MHz A 10 MeV proton has a

of 4.38 x‘l()?fm/ s, SO ii}'.ts radius of gyration is 249 cm. A cyclotron, as shown n

the diagram at the left, with dees about 5 m in diameter, in a field of 5000 gauss,

with an qsdﬂator of fré?;"x’;gg;fr’ 47.9 MHz, could be used to accelerate protons to'this.

energy. Tﬁa p’rotons would be injected at low velocity at the center of the dees by

ionizing hy&_é;ogerf“' ere, and could be extracted at 10 MeV at the periphery of the

ro ,[;:». ,Tece iving two kicks of, say 500 V, per revolution. Since the

alar veloci is constant and independent of the particle velocity, the particles

cross the gap ’be%m the dees at constant intervals. They would make 16,000
ﬁ:-g accelerated. A fixed-frequency cyclotron produces a
am, but is Jimited to no relativistic particles. An FM (frequency-
éi"sygchrotmndecreaselsl the frequency as the mass of the
S ' i e




Cyclotron motion, or gyration around the

diagram at the right. The same initial velocity gives loops below for a positive

particle, in the direction v x B, and above for a negative particle. The kinetic energy
of the cyclotron motion is U = mvo,perp2/2 = m(wcr)2/2. If the particle moves
slowly rel

ative to the cyclotron frequency, so that many rotations are made in the
time taken to move one radius r, or adiabah’cally, this motion is very little disturbed,

éxcept that the radius and cyclotron frequency may change as the particle moves
into regions of different magnetic field. The tot

composed of the energy of gyration
remains constant as the particle drifts.

netic field, is illustrated in the

al kinetic energy of the particle,
and the energy in the direction of the field,

The motion of the charge

q represents an average current of q/T around the particle
orbit. Since the area of t

he orbit is §

= nr2, the gyratory motion has a magnetic
moment p = (i/¢)S = q2r2B/2mc2.

time-dependent magnetic field

If the magnetic field varies with time, an electrical field is produced that is described
by Faraday's Law, curl E = -(1/c)aB/at. If we integr

orbit, the aver en by 2mrE = (nr2/c)dB/dt, or
E = (r/2c)dB/dt. This is permissible if the magnetic field
during one gyration, again the adiabatic condition. The ¢quation of motion is qE =
mdv/dt = m(d/dt)(qBr/mc), or (gr/2c)dB/dt = (d/dt)(qBr/c). Then, (r/2)dB/dt =
d(Br)/dt = rdB/dt + Bdr/dt. Therefore, 0 = (r/2)dB/dt + Bdr/dt Multiplying
through by r, we get d(r2B)/dt = 0. or 2B = constant. If this is multiplied by n, we
see that this means that the flux linked with the orbit ® is a constant, and also that
the magnetic moment is a constant. This is a very Important result, th

find the radius of the orbit at any point as the particle moves, and combined with the
conservation of energy, how fast the orbit moves in the direction perpendicular to
itself. ¥

ate this around the gyratory
age electric field E along the orbit is giv

does not change greatly

at allows us to

This behavior, that a change of magnetic field induces

a change in the current so that
the flux linkage does not change

, 1s called diamagnetism. Since
» We can also find the forc
gyration by the gradient of the magnetic ene
course, n opposite directions. A negative ch
positive charge, remember. This gives
magnetic field, of -p(dB/d ). However, before we
fields, we must discuss £ombin

the magnetic
es acting as if on the center of
rgy, F = -grad (hB). B and p are, of
arge gyrates in the Opposite

sense to a
a force in the

z-direction, the direction of the
discuss nonnm

agnetic fields.

"form magnetic
ations of electric and m

asma heating by coalitional magnetic pumping is investigated theoretically. This

treatment yields solutions to the ERErgy transfer equations jn themﬁr

gy
increase rate, which 8IVes quantitatively the amount of energy increase per rf

EE N S —
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driving cycle. The energy increase rates (or heating, rates) proportional to the f
r/‘_,, — ) : al to the first
snd second powers of the field modulation fac ined as .
| . I ' JPCUACOTs tor & (defined as the ratio of the
change in the magnitude of the magnetic field to its background dec value) are
o} ¢ are
derived for .'m—arbllrar of waveform of the pumping magnetic field. Special cases
are examined, including the sinusoidal and sawtooth pumping_waveforms. The
. | yioo5) et waveforms. lhe
energy increase rate In the case of a sawfooth waveform_was found to be
first power of 6 (first-order heating). This heating rate is many
sinusoidal cdse: The latter is

nt on the collisionality of the

pmnortiunal to the
ord 'rs of magnitude larger than heating for the
pro >ortional to the square of & and is strongly depende
plasma. The use_ of a sawtooth pumping waveform improves the efficiency of
collision magnetic pumping and heaii—n_g"riétresiﬁcgrrﬁﬁarable to those possible with ion
or electron cyclotron resonance heating methods may be achieve@

5.6)Static Non-Uniform Magnetic Fields ; ;

Magnetic fields The experiments utilized a long and narrow yttrium iron garnet film
ally non-uniform magnetic field parallel to the strip
d to excite spin wave pulses while inductive
e spatial evolution of spin waves

o wavelength of the spin

strip magnetized with a spati
axis. A microstriptransducer was use

probe imaging techniques [3]were used to map tl
n a non-uniformmagneti field, th

during propagation
remmainsconstant Speciﬁca‘.ly, the

changes whiles the frequency
.5 in a spatially decreasing, field anc
with the spatialchanges of

vave carrier
{ decreasesin a spnhally

wavelength mncreast

field, see Figure 1. This response 15 associated

Increasing
the spin wave dispersion response which results in a wave number and

velocitychange of the propagating pulses.
y different types of work were

11.a Experiment Hardware Designkor this project man
work, computer

chanical designmachine shop metal
chanical designand machine work was

hich we could use tostudy spin waves
s The design workwas done in

required including me
modeling, and programming. The me
required in order to fabricate a structure W
propagation in spatifa}l'y "_r,lgn-uniform magnetic field
Turbo Cad. The de’sxgn was made such that probing devices could be placednear the
sample surface in. order to probe spin wave excitations, as well as measure

iblitions. The structure designed consists of a stage, and two arms

magneticfield distr
which house3(a) Structure 3d view(b) Structure Top ViewFigure 3: 3D and top views °
of the structure 1n Turbocad.4(a) Arm dimensions(b) Stage dimensions Figure 4:

Structure dimensions.5Figure 5. Finished Structuretwo micre strip  line
transducers/ pads which connect to two SMA ports for input/output of microwaves

The SMA ports are used to couple mucrowave radiation to the transducers which in

turn will excite spin waves in our YIG sample.

A schematic created in turbo cad is shown in Figure 3. The dimensions of the
structure are shown in Figure 4. The Stage and armsof the structure is composed of
scrap aluminum (no-cost) and obtained from the physicsmachine shop. The
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tener Express P/N ASHC0203. The

tc parts. A picture of the finished structure is shown in Figure 5.
Ows for transducer

using Non-magne
This Structure 3]

Input and output,
surface. The syste
(OWIS),and sey

Positioning and da:, acquisiti

mechanismg near the

The two Probing mechanisms include a customn in

ductive loop probe for leakage
field detection near the YIGs

a standard Magnetic field Hall
distribution. Also numerica] Computation software 1y
acquired data. Positioning and data
view. Two different

ample surface, as well
probe for Mmeasuring the

required to decode the

were written in [ab

as
acquisition software
Programswere required for the
One SCanning program was written to scan the leakage fields
near the sample surface. A secend program was written ¢

‘0 measure the field
distribution near the sanple with a Halj probe. In Both cas

Positioning system. Sc
spatial scans. In al] ¢

connections to dJe

two types
of data acquisition

es the probes are mounted
ans ivolved both 2

ases data .1(&]Ul$l“0n was

on the three axis -D spatal scans, and 1-D

archived thmugh the use of GPIB

sired instruments Field Distributions were

Lab view pProgram and a FW Bel| 950
experiment were

measured] using the
) Gauss meter. Al me
preformed with the
Distribution Scanner8Data comput

asurements for the first
inductive loop probe 7Figure 7: Field
as written in MATLAB. Once
Instrumentation MATLAB was used to extr
a. Figure 6 and Figure 7 are scre
I program for detectinleak
programs form measuring the field distributions

ation software w
data files were obtained f{rom the

important features from the dat
inductive probe scanne

act
en shots of the
age fields, and field scanner

and the SMA portswere

ot
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This image show ; a charge parti
o age shows how a charge particle Wlllw along the magnetic fields
inside a magnetic b > h 1s stic mi 4H

: gnetic bottle, which is two magnetic mirrors Elaced close togelhcr The
particle can be reflected from the dense field region and will be traEEéd.

A magnetic bottle is two magnetic mirrors placed closed tog’eth'en For example, two
Earallel coils separated by a small distance, carrying the same current in the same
direction will produce a magnetic bottle between them. Unlike the full mirror

machine which tvpltal]}' had many large rings of current surrounding the middle of

the magnetic field, the bottle typically has just two rings of current. Particles near
Jiig il e
either end of the bottle experience a magnetic rorce towards the center of the region,

speeds spiral repeatedly from one end of the region to the

particles with appropnate
red particles It

other and back Ma;uﬁ&‘_‘lyttﬁl;*s can be used to hinpm'm‘ily trap charg

S vl ke S
is easier to tmﬂ}hmtmna(l\.m ions, because electrons are SO much lighterThis
5, pECILOV SR e g e
technique 15 used to confine very hot }\Iasxmm with temperatures of the order of
106 K

b

Zarth's non-uniform magnetic field traps charged particles

In a similar way, the i
around the earth called the "Van

coming from the sun in doughnut shap >d regions
Allen radiation belts", which were discovered in 1958 using data obtaimed by

instruments aboard the Explorer Tsatellite
v

Magnetic loss
/‘:’_—_’—

Consider the umportant case in which the electromagnetic fields do not vary

lﬂﬁ)e It immediately follows from
dg L\ ) e
T %

Q:\F’\Qk 7

praiilA
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1s the tota] particle energy, and  is the electrostatic potential. Not surprisingly, a

charged particle neither gains nor loses energy as it moves around in non-time-
- —_—

; K
varying EIC’Ctrmds. Since both £ and  are constants of the motion, we

fan rearrange Eq. (115) to give R

Ll = +4/ (2/m)[€ — uB—ed¢)— V.

E>uB+ed+mvd/2
Thus, in regions where charged particles can drift in
either direction along magnetic field-lines. However, particles are excluded from
E<uB+e¢o+mvE2/2
regions where (sinee. particles cannot haye imaginary
parallel velocities!). Evidently, charged particles must reverse direction at those
E=pB+edp+mv2/2
points on magnetic field-lires where such points are
termed ““bounce points" or - mirror points.” Let us now consider how we might
construct a device to confine a collision Jess (1.2, very hot) plasma. Obviously, we
cannot use conventional solid walls, because they would melt. However, it is
possible to confine a hot plasma using a magnetic field (fortunately, magnetic fields
do not melt!): this technique is called magretic confinement. The- electric field in

E < Bv ExB
confined plasmas is usually weak (i.e, ), sa that the drift is similar
In magnitude to the magnetic and curvature drifts. In this case, the bounce point
U =0
condition, , reduces to

= ],J.B

Consider the magnetic field configuration shown in Fig. 1. This is most easily
produced using two Helmholtz coils. Incidentally, this type of magnetic confinement
device is called a magnetic mirror machine The magnetic field configuration
bvicusly possesses axial symmetry. Let z be a coordinate which measures distance

along the axis of symmetry. Suppose that z = Q corresponds to the mid-plane of

158

the device (ie., halfway between the two fiel.! - Gt




It is clear from Fig. 1 that the magnetic field-strength on a magnetic field-lir

Bm.in

situated close to the axis of the device attains a local minimurm atez =4

lZl Bmax
nereases until 1eaching a maximum value

increases symmetrically as fincreasealiiti gt o
|z|

about the location of the two field-coils, and then decreases as is furth

increased. According to), any particle which satisfies the inequality

&
u>pﬂrap:é—__

max

Is trapped on such a field-line In fact, the particle undergoes periodic motion alo
the field-line between two symmetrically placed) mirror points. The magnetic fiel

strength at the mirror points
Harap
ijn'or = Bmax < Bmax-
e )
W= TAY 2 B £:m(v“2+vf)/2
Now, on the mid-plane and (n.b. Fro
V =V b+ V)
now on, we shall write , for ease of notation.) Thus, the trappir

condition reduces to

vyl

. —1)1/2
|vl‘ = (Bmax/men ]) .

Particles on the mid-plane which satisfy this inequality are trapped: particles whi
. . . . } 1

do not satisfy this inequality escape along magnetic field-lines Clearly a ;
: , a magne




it

mirror machine is Incapable of trapping charged particles which are movin 1g parallel,

or nearly parallel, to the direction of the m: 1)'111 tic field. In fact, the

above inequality
defines a loss cone in ve locity space—see Fig

—— e e

Figure 2: Loss cone in velocity space. The particles lying inside the ‘¢o
reflected by the magnetic field

It is clear that if plasma is placed inside a magnetic mirror machine then
particles whose velocities lie in the loss cone promptly escape, but the 1 i
particles are confined. Unfortunately, that is not the end of the story. Ther
such thing as an absolutely collmon less plasma. Collisions take place I
even in very hot plasmas. One important effect of collisions is to cause diffu
particles in velocity space.-Thus; in-a-mirror machine collisions continuously scatt
trapped particles into the loss cone, giving rise to a slow leakage of pla t

device. Even worse, plasmas whose distribution functi

V L€ I ‘
1sotropic Maxwell an (e.g., a plasma confined in a 1une) re
to velocity space instabilities, which tend to relax the distribution functi
Maxwell an. Clearly, such instabilities are likely to have a disastrous effect

plasma confinement in a mirror machine. For these

MIrror

machines are not particularly successful plasma confinement d«

to achieve nuclear fus

on using this type of device have mostly beer

Magneto hydrodynamics\(MHD) (magneto fluid dynamics or hydr magnetics) is the

study of the dynamics of electrically conducting fluids. Examples of such fluids

=i i’ £ bp Ao  fniha b Do : .
include plasmas, liquid metals, and salt water or electrolytes. The waord magneto
A CIRdTLE =il ML i)

i e
hydrodynamics (MHD) is derived {1uin magneto- meaning magnetic field, hydro-

meaning Iuimd, and -dynamics meaning movement. The fi

by Hannes Alfven, for which he received the Nobel Prize in

d of MHD was initiated
sics in 1970.

,‘

The fundamental concept beh_md MHD is that magnetic fields can induce currents in
a moving conductive fluid, whxch in turn creates forces on the fluid and also changes

ey e Ea
the magnetic field itself. The set of equations which describe MHD are a combination
s Sl i o ftminer




-approximation rmust be

of heavier of fluid ([\nmm s and Maxwell's
These differential equations have to be

equations of ele tromagnetism

solved simultaneously, either Am.:lylu.xl\'}'
or numerically

[deal MHD equations

The ideal MHD equations consist of the continuity equation, the ¢ nuh) momenturm

equation, Ampere's Law neglecting di splacement _current, and a temperature

evolution equation. As with any fluid de: scription to a kinetic system, a closure
})]’llu] to iy Ju(f mumln( of .the p.:rn(h distribution
«quatlnn [his is often accomplished with 1I)I)rmmml1(m, to the heat flux through a

mndllmn of adiabaticity or isothermality

In the following, B is the magnetie_field, I is the electric_field, V is the bulk
plasml velocity J is the current density, /)xs the mass alumt\, P is the plaxma

pressure, and { iSTime The Lonlmvnt\ uuu(mn( o o

—— e
a8 V-(pV)=0 i - G 3
L | / .
T | i : o
: ") A Y,
”‘.{‘,”i“”,lf” tum equation is C g 3
€ Dt © (/{E
p(f)ti\-v Ve S B :
(
Thie Lorentz force term J X/B_C:m be expanded to give
B-V)B B
JXBV(—-—)—-V(——j,
fo 2110

where the first term on the right hand side is the magnetic tension force and the

second term is the magnetic pressure force. The ideal Ohm's law for a pl
given by

asma 1s

L o=
FERVER B
Faraday's law is ,O\’b ) /({v(:
Tore -V x E. %

The low-frequency Ampere's law neglects displacement current and is ¢

Jiven by
tigd = V x B.

The magnetic divergence constraint is




V.B=0

[he energy equation is given by W
d »
: 0,
dt \ p7
. L
where 7 "/‘; 15 the ratio of specific heats for an adiabatic equation of state, This

energy equation is, of course, only applicable in the absence of shocks or heat

conduction as it assumes that the entropy of a fluid element does not (}1&111;;('/))

agnetic RL‘)LHU[(‘\ number

T :
agnetic Reynolds number is a dimensionless group that occurs in magneto

The
hydrodynamics. It gives an estimate of the effects of magnetic advection to

magnetic diffusion, and is typically defined by:

Ifm - - (aV) g

) e
V{"\' i

1
v A T,((FU‘\("O@

where

Uis a typical velocity scale of the flow
I
———— e

Lis a typical length scale o the flow
s the magnetic diffusivyty
& (§ ool @

For 11, < 1 advection is r¢ latively unimportant, and so the magnetic field will

i - &
tend to relax towards a purely diffusive state, determined by the boundary

e o it
conditions rather than the flow

e

For f > 1, diffusion is relatively unimportant on the length sc ﬂl)] Flux lines of

the magnetic field are then advocated with the fluid flow, until such time as

e s psuoale 1y
gradients are concentrated into rdgions of short enough length scale that diffusion
j —————
can balance advectior 2

1

A pindh is t

d plasma

he compression of an clectrically conducting filament by magnetic forces

The conductor is usually a plasma, but could also be a sohd or liquid metal Inaz
—te——— —————

pinch, the current 1&%}11 the z direction i a cylindrical coordinate system) and

the magnetic field aziiniuduai, N a theta-pinch, the carrent is azimuthal (in the theta
— X . ‘\’— A
n in cylindrical coordinates) and the magnetic field is axial. The phenomenon

directz |
ma¢ aldo be referred to as a "Bennett pinch" (after Willard Harrison Bennett),

electromagnetic pinch","magnetic pinch", "pinch effect" or "plasma pinch"

e R
 paotnd
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Pinches  occur naturally n r‘lr'(‘lri(‘ 11 «hwh \r'f 1
A= SuC as lightning

()ltS Hl( lul()l 4, currer eets, a ares. ( > ; .‘
l) rent .J}I I (J ( i ‘ '
% ))Ii < ]l are -‘l‘.l) pPro uced mn tl

lab rato y I) n] y_l ) owe 5 y
’ c rll 10r resear
orat ]I 1 eSC Ll 1 lt()ll\l')n P)v/‘ e I) 1t d SO )/l 0D / ( ' 1§

aluminu e
ms cans).[citation needed] section of the crushed Il;/llmm r rod studied %

Pollock and Barrd(fl()uyh The rod is in the collection of the ¢ /hrml of Physics,Sydney
Austraha S

Pinches are created in the M in equipment related to nuclear fusion, such as
the Z-pinch machine, and hlgh energs

bhysics, such as the dense plasma focus
Pinches  may also become unstable, and generate radiation across
the electromagnetic L;Eechummdm waves, x-rays and;;nm}ay:;, and
also neutrons and synchrotron radiation. Types s of pinches, that may differ in
gEOEtry and operating ! forces, include the cylindrical pmrh inverse pinch,
(:v’ril’l_gg(_)@l_}_mh effect, xwver,ml field pinch, sheet pm(‘} screw vmrh(ﬁm
called stabilized z-pinch, or 8-z pinch),tl wfa pmch (or thetatron), tor()ld;al pinfh
ware pinchand Z-pn_\i e

Pinches are used to generate X-rays, and the intense magnetic fields generated are

used in electromagnetic forming of metals (they h strated 1 crushing

aluminums oft drinks cans) [hey ition to particle

beams including particle beam weapons, and astrophysics

One-dimensional configurations

generally studied in plasma

There are three analytic one dimensional configurations

physics These are the B-pinch, the Z l\imh and the Screw quln All of the classic

one dimensional pinches are l',llln{llul“\ shaped. Syn: unch\ is assumed in the axial
i

'),dm/_mu_.md m the .’mmtlnl Hi) direction. It is traditional to name a one-

dimensional pinch after the direction in which the current travel )

The B-pinch

The 6-pinch has a magnetic field traveling in the z direction Using Ampere's
law (discarding the displacement term)

: )

V xB=

L .
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B = B.(r)z
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Since B is only a function of r we can sunplify this to
G G B.6
O( = —— P l
gdrise :

‘30] points in the 0 direction. O-pinches tend to be resistant to plasma instabilities
This is due in part to the frozen in flux theorem, which is beyond the scope of this
article.

the Z-Pinch has a magnetic field in the 0 direction. Again, by electrostatic Ampere's
Law

V x B = ,J()j'
B = Bg(r)(}
= )
T PRy B.7
o % dr( B())Z dz1307
Tor it ) B3
Mo — 15(7 0)Z

So | points in the z direction. Since particles in a plasma basically follow magnetic
field lines, Z-pinches lead them around in circles Therefore, they tend to have

excellent confinement properties

The screw pinch The screw pinch 1s an elfort to combine the stability aspects of the
O-pinch and the confinement aspects of the Z-pinch. Referring once again to

Ampere's LLaw
o = /loJ
But this time, the B field has a 6 component and @ z component

B = By(r)8 + B.(r)2

. il e
=y il e 7 — — -0
1od - ey Bg)z - B.

So this time ] has a component in the z direction and a component in the 8 direction.

Two-dimensional equilibria y
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A common problem with one-dimensional equilibria based machines is end losses

As mentioned above, most of the motion of particles in a plasma is directed along

the magnetic field. With the 8-pinch and the screw-pinch, this leads particles to the
nd of the machine very quickly (as the particles are tyj aite fz
Additionally, the Z-pinch has major stability problems. Though particles can be
retlected to sorme ex‘ent with magnetic mirrors, even these

pass. The most common method of mitigating this effect is to bend

around into a torus. Unfortunately this breaks 8 symmetry, as paths
portion (inboard side) of the torus are shorter than similar paths on the outer portion
(outboard side). Thus, a new theory 1s needed. This gives rise to the famous Grad-

Shafranov equation

f the toroidal

The one dimensional equilibria provide the inspiration for some c
configurations An example of this is the ZETA device at Culham Eltgknd (which
> (
also operated as a Reversed Field Pinch). The most well recognized of these devices

is the toroidal version of the screw pinch, the Tokamak

Numerical solutions to the Grad-Shafranov equation have also yielded scme

equilibria, most notably that of the reversed field pinch

[hree-dimensional equilibria
_———

[here does not exist a coherent analytical theory for three-dimensional equilibria
The general approach to finding three dimensional equilibria is to solve the vacuum
ideal MHD equations. Numerical solutions have yielded designs for stellarators.
Some machines take advantage of simplification techniques such as helical

symmetry (for example University of Wisconsin's Helically Symmetric eXperiment).




" a cylindrical column of fully ionized quasineutral plasma, with an axial

lectric field, producing an axial current <h~n-.n4\_';)‘_ and associated azimuthal
magnetic field, B. As the current {lm{';}’lmx:;;ll its own magnetic field, a pinch is
“genetated with an mward radial force density of j x B. In a steady state with forc
SISy Ao , :
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where Vpis the magnetic pressure gradient, pe and [‘ll‘;rlhv'JA‘I_(LCJ:I{JU_DIMI 101

pressures. Then using PvLixul'uH'};1"1171:””7;1» V f}ﬁ:l}xﬂ ] and the ideal ;{;1';7];1\\’ p =N k
I, we derive S bk e
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2 X the Bennett relation)
/70' where N is the number of electrons per unit Iun;(thMMr., Te and Tt are the
3 > electron and 10n temperatures, [ is the total beam current, and
N\ ReREe e, i
{ N

{‘/v .\\ —
Vikd

L]
2 4] .
©
<&
¢
Q i
A v
o\
& ~ < q p
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The generalized Benne lation

The generalized Bennett relation considers a current-c

arrying magnetic-ne]d-ahgned
asma pinch undcrgoing rotation at

angular frequency o T
T

lation considers a current-carrying magnetic-field-
aligned cylindrical plasma pinch undergoing rotation at angular frequency o. Along

the axis of the plasma cylinder flows a current density jZ, resulting imam azimuthal
—  ——— e ,f'—_—‘)

cylindrical pl

The Generalized Bennett Re
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magnetic field B ipi

p. Originally ]

results in: - ¢ y derived by Witalis, the Generalized Be nne tt Relation
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ol i

|
£
.3(,777121\"‘((1) I :Z—ﬂ\(lz(o (B2(a) - EZ(a))

&

where a current-cariui
current-carrying, magnetic-field-aligned cylindrical plasma has a

radius ¢ 5 : sl
$a,J01is the total moment of inertia with respect to the z axis,W.lkinis
the kinetic energ e
energy per unit length due to beam motion transverse to the beam
axisWBgzis the self-consistent Bz energy per unit lengthWEz is the self-consistent
A s - o st
Ez tmrb) per unit lengthWk is s thermokinetic energy per unit lengthl a) is the axial

current inside the radius a (r in diagram)N(a) is'the total number of parhc\\ s per unt

lengthEr is the radial electric fieldEg is the rotational electric field

—————————————————— ——
The positive terms in the equation are expansional forces while the negative terms
represent beam compressional forces

lu (& 11[\{\ 1st xcl ation

The Carlqvist Re lation, ;ubhs‘hed by Per Carlgvist in 1988, is a specialization of the
Generalized Bennett Relation (above), for the case that the kinetic pressure is much

smaller at the border of the pinch than in the inner parts. It takes the form

o 2 1 9 112 \¥ I
" I*(a) + =Gm'N (a) = AWs, + AW, [
b ys 2 |
and is dpphxdb]m to many space plasnns 514 Iy
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oL
T'he Bennett pinch showing the total current (I) versus the number « rticl er
unut length (N). The chart illustrates four physically distinct regior e
temperature is 20 K, the mean particle mass 3x10-27 kg, and AWBz is the exce

magnetic energy per unit length due to the axial magnetic field Bz T [

assumed 46 be non-rotational, and the kinetic pressure at the edge:

than inside

The Carlqvist Relation can be illustrated (see right), showin - the total current (I)
versus the number of particles per unit length (N) in a Ben ett pi The chart
illustrates four physically distinct regions. The plasma temperature is quite cold

(Ti=Te=Tn= 20 K), containing mainly hydros

n with a mean particle ma:s
e N— r v T 1

3x10-27 kg. The thermokinetic energyWk >> na2 pk(a). The curves, AWBzshow
different amounts of excess magnetic energy per unit length due to the axial

magnetic field Bz The plasma is assumed to.be non-rotational, ar
5 b

pressure at the edges is much smaller than inside

Chart regions: (a) In the top-left region; the pinching force dominates. {b) Towar
g §

the bottom, outward kinetic pressures balance inwards magnetic pressure

total pressure is constant. (c) To the right of the vertical line AWB

pressures balances the gravitational pressure, and the pinchir

(d) To the ieft of the sloping curve AWBz =0, the gravitatior

Note that the chart shows a special case of the Carlgvist re on, and if it is rep
by the more general Bennett relation, then the designated regions of the chart are

vahd

Carlqvist further notes that by using the relations above

possible to describe the Bennett pinch, theJeans
instability,in one and two dimensions), force-free m

balanced magnetic pressures, and continuous transit

.Qualitative discussion on saus

One of the earliest photos of the kink instability in action - the 3 by 25 cm pyrex tube
at Aldgrmgs_t»on'.A kink instability, also oscillation or mode, is a class
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In the case of a positive product of the two magnetic gradients, the parameter of is
real, and it has the Theaning of the charactenstic [If"[lll;;_\' of the flapping wave
“(r‘fi_”.lll.ull'. In the opposite case of a negative proctuct of the lll.n;gllz'lll_;—g}':l}'fl«'nlu, the
current sheet is unstable. The flapping perturba ions can grow up r';pmu-m‘idlly
without propagation, because of is pure imazinary. These two cases

are
characterized by a different be haviour of the bacl ground total pressure. Specifically,
the total_pressure has a maximum at the center of the current sheet for an unstable
e g e ———— g

situation, and it has a minamum for stable conditions
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