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ION SOURCES need COLD PLASMA
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Main Constituents M
in Technical Cold Plasma

-positively (and negatively)
charged ions

-electrons
‘neutrals

Because of its charged components plasma is
sensitive to electromagnetic fields

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 4



RUHR-UNIVERSITAT BOCHUM

Key Plasma Properties

-electric conductivity and a well defined
local space potential

-quasineutrality within bulk

*screening electric fields by sheath
formation (e.g. at walls and electrodes)

-collective phenomena (e.g. plasma waves,
drift)
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Quantities Characterizing a Plasma
‘temperatures of the constituents T

‘number densities of the constituents n
*ionization degree 7

Debye length Ay

‘plasma frequency w,

*(plasma parameter g)
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Temperatures in Plasma M

Even in so-called "cold" plasma electrons have
temperatures of the order of 10% K and more, while
ions and neutrals remain cold (~103 K). Thus “cold
plasma” is better characterized as "low enthalpy
plasma“, because it transfers little heat to its
environment.

It has become international usage to use the symbol
T not for the thermodynamic femperature measured
in Kelvin, but instead for the characteristic energy
kp T (kg Boltzmann constant) measured in eV. The

“speaking” is: "The temperatures are measured in eV*

1 eV corresponds to 1.160%10% K
10* K correspond to 0.862 eV
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Number Density of Particles M

Type |
definition 1 = number of par'hc/esa
volume
units [ni]= lemt, or [ni]= .

10°cm> =1m~ or10°m™> =1cm™
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Quasineutrality M

For plasma with singly charged ions only

ni zne

For plasma with multiply charged ions

(z charge number of the ions)
n, = E Z'n,
Z
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Tonisation degree nor n

two different definitions are used

n, heutral

N = E n,/|n, + z n, particle
= = density

(n' = Enz/na forn, —0we getn' — ©)

n << 1 "weakly ionised plasma”

n =~ 1"strongly” or “fully ionised plasma”
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Screening, Debye-Length M
¢mcmmz(r) = oQ/ 431:80 r

sy On = Amtnr’Or =>screening

¢De@/e(r )= (Q/ 431:80 r )*CXP (-7’/ A‘De@/e)
wDebye-Hiickel-potential

|
0.00 @ l
’ e Te )2
< ebye
g = e’n
“Debye length”
° i " P.Debye, E. Hiickel 1923
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Quasineutrality I
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Quasineutrality II

What amount of deviation from

:{. O neutrality can exist over a length L?
® e °_ _ Theincrease in potential energy must not
6o s o Surmount kyT/2
O OGN N o ©
..\....' o 1 1p T zlezAan
® O .. &) o @ > ' 2
O O O €y
e ..
© e ® O ¢

Substituting A T
by, yields An/ ri—- ()LD / L)2

Ionized gas is plasma only, if its extension is much
larger than the Debye-length
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Plasma Oscillations M

Equation of motion for electrons moving under the action
of the electric field generated by charge separation

F=el = nx/eo = m.d°x/ dt

This is the equation of a harmonic oscillator with the
so-called electron plasma frequency as natural frequency

s

VT ® /s =21°8.98 \/n /m’

2
W, = \/e n/eym,

Typical value: for n,=10"m3 we have w,,=27*2.8 GHz
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Ion Plasma Frequency

If we replace electron charge and mass by the ion charge
and mass we obain:

a)piz E \/(Ze)znz /SOmz

This is the characteristic frequency of ion space charges
(e.g. ion sheaths at walls).

» electromagnetic fields varying with frequencies
well above w,; have almost no effect on the ion motion

“ Typical values of w,; are in the MHz range. Thus
ionic RF currents are very small when working with
frequencies in the 10 MHz range or above. In this
case ions follow the (average) DC fields only
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Plasma Kinetics

, _ 1/3
if )\‘n — l/ne == )\‘de Brogli

%mevtzh = kg1, )

plasma can be treated by classical statistics, otherwise it is degenerate.

it kgl >> ez/(47woﬂ.n )@ Ay >> A, = g= l/ne)% <<1

plasma can be treated as an ideal gas. Otherwise it is strongly coupled
or non-ideal.

1/2 /2 honideal plasmas are cold and
g X n, /(kBTe )3 dense

=h/mvy;

for ion source plasma we have usually g << 1
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Electron Temperature and Distribution

Functions

0,5

O

0,0

Maxwell

Druyvesteyn

0

(mi? 2k, 1), (mi |2E)""?

3

In(#(®)

10°

10"

10?2+

10°

10"

Druyvesteyn

Maxwell

0

(mr |2k, T)'",

T 1
2 3

(mi /2E)""?

3/2
O] L

f.(v)=




RUHR-UNIVERSITAT BOCHUM

Electron Temperature and
Distribution Functions

Jeans’ Theorem: If the velocity
distribution function can be expressed
solely as a function of constants of
motion, it is itself a constant of motion.

This theorem applies, for example, if
there are no collisions or no transport.

In these cases the velocity
distribution function can be written as
a function of the total energy.
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Definition of the mobility b

AENARIRIAALAMAARANAARANRAANY
ARTINMAIMNMNNNNNR
AWRMNRNINRINRNNNNRNG
SRR

constant velocity of a body moving in a '
viscous medium under the action of a ™
constant external force (gravitatior

-  — —_—

v=blF if F=qkE

RWRRNM
33

In weakly ionized plasma friction is due to
electron (and ion) collisions with neutrals. For
electrons we have:

=<1/my,, >=<1/m.o_ v, >x1/\/m,

Ry
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Diffusion is a consequence of the Brownian motion of
electrons, ions and neutrals.

»

D,; = b kT, ; Einstein relation

9

Diz<v>-<)t>2061/ m <A>=<1/no >

e, re,i?

m_"reduced mass"

(Collision frequency times square of mean free path
between subsequent collisions)
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Diffusion is a consequence of the Brownian motion of
electrons, ions and neutrals.

De,i 4 be,ikBT'e,i g I/X/mrel

D
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Sheath Formation in Front of a Wall

walls constitute sinks for charged
particles, which are there either
discharged (ions) or absorbed (ions and
electrons).

As a consequence charged particles are
transported from plasma to enclosing
walls - generally at different speeds.
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Sheath Formation M

weakly ionized plasma

In weakly ionized, nonmagnetized plasma
electron transport is fast, ion transport
1S slow.

In the presence of a wall a small amount of
positive space charge remains in plasma as
a consequence. The plasma potential
becomes positive with respect to enclosing
walls, resp. the walls are negatively
charged.
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Plasma-Sheath-Transition
application of Jeans' Theorem

In the collisionfree case an isotropic velocity
distribution function can be written as a function of
the total energy, but is defined only for positive
kinetic energy.

velocity distribution function 1 ' velocity distribution functions
1 T T T m : T T T
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Sheath Formation

in weakly ionized plasma

Charging of a dielectric wall
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Sheath Formation M

weakly ionized plasma

At insulating walls the negative charge on
a wall locally regulates itself in such a
way that the ion and electron wall
current densities become equal.

At metallic walls such a condition may
hold for the total currents only. This is
important in case of microwave
discharges with external magnetic field
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Gyration of ions and electrons under M
the action of a static magnetic field

“+A static magnetic field of induction B interacts

with particles of mass m and charge g by the so-

called Lorentz Force £, . A circular motion, a gyration

is the consequence (non-relativistic case in plasma).
g4

— —

b = q;xl_é

Ip
%

The radius (cyclotron radius) r of the circular
trajectory is given by ry=mv/gB

The corresponding cyclotron frequency wy does not
depend on the particle velocity v: wz=gB/m
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Partlcle Motion in Magnetized Plasm |

my = qv xB+F vector equation of motion

FEFL+F||, V=V +V,

(components || and L to E)

mv . =q;l xB+F. l?-dependentpart

my, = q; L xB homogeneous part (Gyration)

—qvi xB=F, 1nhomogeneous part

(no acceleration, drift)
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Drift
Solution of the inhomogeneous part ‘
qB"vi =F1XxB Or Vi=——=Vai
. qb
F

—_—

special case: F = gE = vain = E x 73/ B’

EcrossB drift’, not dependent on charge and mass
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Magnetic Moment

gyrating particle as a pseudo

particle with a magnetic moment M: g |
[ =q/tg =qwg/2n circular current |
7 M
A=rim area of current loop
2 ) 1 P
B m™v > my /4
M=14=4 =1 2771 71
2mm g~ B B B
M = const W =W +W, =const =W, =W -MB

"adiabatic constant”
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Magnetic Mirror Trap

Plasma Magnetic coil

.
Py : ""'{ v:":‘:: § "
\ GITASES.
. ——— -
~— \ \‘\ By
Magnetic z
field line
M=W IB_.., W <0t W=M-B__ = B
— 10 min ? \|mirror = ' - max ' 10 B
min
.. . W B . 1 : :
condition for containment ; —% = —M = - R "mirror ratio"
w B R
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A , Hammock"
for charged particles

© U. Wolters
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Charged particle movement
between magnetic mirrors

Gyration

© U. Wolters
K. Wiesel ) 33
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Azimuthal drift due to radial B-field M
gradient

© U. Wolters
K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 34
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Diffusion in an External
Magnetic Field

transport along the field lines resembles

transport in the absence of a magnetic
field. Thus:

D, ’WTH
D \'m,

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT)
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Diffusion in an External
Magnetic Field

transport across the field lines
is a hopping from field line to
field line as a consequence of
collisions.

Thus the average displacement
per collision is the average
gyration radius rg, not the mean —
free path

D m
DL z<v-r§ > A M= le _

D, m.,

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 36



RUHR-UNIVERSITAT BOCHUM

Fluid Description of Plasma - Magneto Fluid
Dynamics

The kinematics of a point mass m is defined by:
position vector r(t) and its time derivatives 7(¢) = v(¢) and 7 (¢)

Kinematics of a fluid (extended medium):

=> velocity - and acceleration fields : (7, ¢) and #(r, 1)

“fluid-particles” keep their identity and thus their motion describes a
trajectory

7(0) = 1(0), (0),2(0) j=4 = {,17,¢ }

r coordinate of a fluid particle at # = 0, a fluid particle;

att =0 7(a,1)=$x(a,1),x(a,1),z(a,r)}
= a(7,t) = EF D07, 0),c(F, 1)}

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT)
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r(a,t) coordinate of a fluid particle, which was at ¢ = 0 at the position a
Euler coordinates

a(r,t)identifies a fluid- particle, which at 7 is at the position »
Lagrange or convective resp. material coordinates

velocity field:

v(7,t) velocity of the fluid at the position » at 7.

v(a,t) velocity of a particle a at the time ¢

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 38
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Intensive quantities:

mass density p
pressure p are not additive
Temperature T

extensive quantities are additive; obtained as volume-integrals of intensive
quantities.

m= [ ¥

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 39
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consider ®(a(r,t),t) = ®(¥(a,t),t) an intensive quantity
: dd dd dd dd
in Euler coordinates d® = —dt+—dx+—dy+—dz
dt dx dy dz
The convective time derivative D® / Dt 1s not a total derivative because a = const.
DO _(0®)  dx 0 dy 0@ oz 0D 3P o oy,
Dt ot /. dt ox dt dy Jt oz ot

Example convective time derivative of the vector v :

DV v .
Dt=az‘+(v vy

\_/_/ Local acceleration and convective
/R acceleration

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 40
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Equation of motion:

Newton’s equation for a fluid particle

-

Dmv
Dt

—§ﬁ=D£thfp\7dV—§ﬁ=0

V "material domain” , the volume of a f luidparticle

Differentiation and integration cannot be simply interchanged
because the volume may change along a trajectory.

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 41
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Differentiation and integration cannot be simply interchange
because the volume may change along a trajectory.

Instead we use Reynold's transport theorem:

The temporal change of an extensive quantity in a
material domain is given by the temporal change of
this quantity in the fixed volume just coinciding
with the material domain and the flow out of the
fixed volume.

Thus

fffodV SF = ff(—+(V v)pv)dV SF =0

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 42
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Specification of forces

1. Surface forces — example pressure force

Fp = —ffpz‘l = —ffjvp)ﬂ/ (Gauss' theorem)

2. Volume forces

=[] ffd V' here 7 is a force density
.

Thus

”E —+p(v-v)v+vp-]f)dV=o

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 43
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Momentum equation

ff(fp—+p(v-v)v+vp-f)d1/= 0

This must be valid for any volume! Thus the
infegrand must be zero.

= p% + p(17 -V)E +Vp - f = 0 Euler's equation

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 44
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Classification of external forces:

Lorentz-force acting on a single electron or ion

I i |
9. (E+v, xB)=—f, here f, 1sthe Lorentz- force- density
M
thus
JL=>fi = (%nqu)ﬁ+(%nqu§k)xl§ = pGIE+j><B.
gravitation:

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 45
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W Lo
p—+p( V) +Vp-p,E~jxB=pg+fy =0

Navier-Stokes-Equation with Lorentz-force

The Single-fluid model uses only this equation

multi-fluid model: separate fluid equations for any plasma component:

oV o E—
pka—tk"‘pk("k .Vyk + Vp, _pkelE_]kXB-l_ka,l = ()

m,m,

Vi (Vl — Vx )

fk,l = Ny

m, +m,

Frictional force between particles of kind k and |.
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additional equations:

aIOel
ot

definition of the conductivity (called Ohm's law)

—
o

J = Ji T Je T €MV, it — €M driftVe

transport equations for particle transport

+ (17 -V),oel + p. Vv =0 continuity equation

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 47
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Introduction to Plasma Physics 11

CERN Course on Ion
Sources

Senec, Slovakia May 2012
Klaus Wiesemann
Ruhr-Universitdt Bochum,
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AC Conductivity M

v=>bgE  definition of the mobility

per analogy for nonresonant oscillatory

motion
L . - 1
mv=qLE(t)=qkE, exp(-1wt),=

v=—-qE =bgqE =(b=— ac mobility
wm wm
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AC Conductivity M

Density of electric current induced by an electric field
Eina plasma with different kinds of charged particles
(index k)

J = Z%quvk > (Z qnbg )E=0FE

thus o =>qnb =1y gon, | om,
K K

AC Conductivity of a nonmagnetized plasma

(not dependent on charge sign !l
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AC Conductivity of Magnetized Plasma

g m;—q;xg—ql?=0
Eox E,
L Ansatz
B -y
- z B =(0,0,B)

Y E=(E.0,E,)

-

Y = %x (t)on +a, (t)on XxB+a, (Z)Eoz }Xp(—ia)l)

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 51



RUHR-UNIVERSITAT BOCHUM

AC Conductivity of Magnetized Plasma

1q 1gE
9a, —ia)az—i=0 a, =——=V, = £
ot m (wm wm
da, o4 quay 0 inhomogeneous solution;
ot “m om homogeneous solution
oa, ga, | 9 yields a constant velocity
———lwa, - =0 |—
ot m ot
0”a da " homogenous solutio
y—iw—y+@>§—w2); _4q mogenou ution
ot ot Y= 2 describes gyration

For calculating electric currents we need to
consider the drift velocities obtained from
the inhomogeneous parts of the equations

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT)
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AC Conductivity of Magnetized Plasma

2 ! :
10
a _4 and a _4
y 2 2 2 X 2 2
m° wg —w m wg —

cyclotron resonance

v—»_(q 1wE exp( za)t) —q BE exp( za)t) 1gE, exp(- la)t))
e R R R Ch wm
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AC Conductivity of Magnetized PlcxsmcxM

For a complete solution we now set
E = Ecexp(-iwt)= Ex+E, +E:

and
;_ e q@x+Ey)‘
w5 — > m
2 | Iy -
q [ (E,xB+ExB b LE.
w5 - w° wm
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AC Conductivity of Magnetized Plasma

component equations of the drift velocity

2 2

B/m
Vo= 45 OB E. +0
drif 1x 2 2 X P 2 )

10

=b qgE + bxqu s b..qE.

2 2 :
B/m 10
Va’rifty=_q2/ 2Ex+ 2 2qu+O

=b,9E, +b,qE, +b, gE,

g

=b,qE. +b,qE, +b, qE,
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AC Conductivity of Magnetized PlasmaM

. - 2 _ .
mobility tensor p w Flowg
2 2 2 2
. % .
- 1 || +oww W 1 <
) = 2 Bz 2 ;> O=—2K
0 0 |

conductivity tensor

G=an2kqi = Oij=2nk(bij)(q§

. 2
o(0)- =3 K.
0K m
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ome general wave concepts

(Electromagnetic Waves in Vacuum)

Maxwell Equations in Vacuum: derivation of the wave equations

(3

—  9E .
VxH =¢,— G =0, no electric current)

at Eolly = 1/02

b 7 s » \
(Vx) ‘VxE=—MO% @-E=O, no space charge, V- B = 0, no magnetic monopoles
— 2—» — —_— —_
VxS it Vx®xE)=V®-E)V2E
ot c* ot
2 1 82 S o
V= wave equation
c” ot

—  — - . = \
E = Eoexp{‘(i-r—a)t))k Eoe/xp%— wt) plane waves

-k*+w*/c* =00orw==kc  dispersion relation
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Some general wave concepts

(Electromagnetic Waves in Vacuum)

1 92

V-3 |E=0  wave equation

E = Eqexplle-7—or ) Evexplile-r—wr ) plane waves

—k* +w’c’ =0o0r w = zkc dispersion relation
il et k7 —w=0
d¢
a) °
Ve =7 phase velocity
u=cfvpy =c kjw refractive index

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 58
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Transversal Plasma Waves k1 E
] aE;eO VE;aO kQ‘E kkE-O

r E
VxH = ]+£Oa " Ug
of plane wave
¥ 2= i -
Vx@xl_’j 1 9j 19°E E=Eoexp(E-r—th

_ 2 2 Wh |, 2, g—1+——— W
‘?%-kz) - L i EEEC;)—?_E ( E pk/ )
(non—magneTized plasma)

) dispersion relation in
o) 2 w O()z k“c P
K2 = -2 or S=l+-"-. collisionfree plasma
@ Wy @, (Eccles relation)
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Dispersion Relation for Transversal EM Waves 1in
Nonmagnetized Plasma

) 9 2

2 2 2 k“c @

w _, ke uw'=—-=1--2L

oy st W W
W, Wy,

2 g, .
n, =w-gym, /e critical density

Brillouin-Diagram

IREE D) solid R

Im(u) dashed e - _
S
S
N
o

N
0 /7

wave-number
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Waves in Magnetized Plasma

dielec’rric tensor

- G - a)k<—>
=1+ 8w=1-§—p21<k
0 k
2{_> A — «—>
{kzl—kk—w—g}E 0 up = kk c? | w?
C

=() dispersion relation

- -

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 61



RUHR-UNIVERSITAT BOCHUM

Waves in Magnetized Plasma

™}
l

S 1D 0
-iD § O
0 0O P

o u‘cos’0-8 —-iD - u’cos6sind

k : 2
[ : +iD u’> -8 0 -0
0 kcos@ O

g — u*cos6sind u’sin’@

dispersion relation
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Waves in Magnetized Plasma

S iD 0 u’cos’0-S —-iD - u’cos6sind
e=l-iD S 0 +iD e S 0 =0
O 0 P — u”cos6sind 0 u’sin’6

dispersion relation

2

w l1-iv_, /o
S =1- pk mk
Za)2 (l—ivmk/a))2 —wék/w2
_ E pk Wy 1
k & (l—i‘/mk/a))2 —a)ék/a)z
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Waves in Magnetized Plasma

S iD 0 u’cos’0-S —-iD - u’cos6sind
e=l-iD S 0 +iD e S 0 =0
O 0 P — u”cos6sind 0 u’sin’6
dispersion relation
4 2
A, = Ssin”6 + Pcos’0 R=5+D
A4, = RLsin”0 + SP(1 + cos*0) [ =S-D
A, = PRL
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Waves in Magnetized Plasma M

A’ - Au® + Ay =0

\
/,Lszf = 2A—/21 (i \/1—4A1A3/A22 y slow and fast wave

plasma as wave guide:
u* <0 stopband

u* =0 cutof ff requenc

2
U —>©  resonance

Mz >0 propagatin
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Cutoff Frequencies M

At - Ay’ + 4y =0

cutoffs u=0 only for A;=PRL=0

cutoff frequencies independent of the angle of propagation

Pol-SPali® thus  Pe0s w0
=~ ° w? R P

the plasma frequency is a cutoff frequency
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Cutoff Frequencies M

At - Ay + 4y =0

cutoffs u=0 only for A;=PRL=0

for R=0, L = O we obtain two cutoff frequencies

- 2
. >> :
W ; (a)L2 + g, )— W for @ >> Wyg;
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Resonances

Au* - Ap’ +4;=0 |+ u’

1 1
resonances Al 3 Az _2 " A3 _4 ) O
u u

1
now  solution F=O only,if A, =0

A =S-sin’0 + P-cos’ =0 = tan’0 = - P/S

resonance frequencies depend on the direction of wave
propagastion - resonance cones
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Principal Directions M

solving A1M4 — A2M2 i A3 =(0) for0Oyields

2 pY(,.2
-Plu~-R || u=-L
tan 26 = ( /( ) Appleton-Lassen Equation
(vem)(7)
Principal along E, 6=0 =tanf =0
directions of o\
propagation across B, 0 =90° = tanf — oo
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Cyclotron Waves

NN i i
e

along E,H =0 =tanf =0

= U, = ~ R right circularly polarized waves

= U, = \/Z left circularly polarized waves
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yclotron Waves

A
—> 00 u . y O ‘a)Be‘ P 1 a)p
U, for w=|wg|;u =0 for i
w w
—> 00 - . -y O ‘wBe‘ all C()p 1
H for w=wg; uy=0 for =i
10+ along B,0 = 0°= tan6 — 0 w 4]
i 6=0° &
%y
41 b/
w1
o
? 1 R resonance
§ ‘::::::::::0000000000000 2
§$ m LXK B B a)me . ~ a) gome
C = ) nc =
4<1 2
‘ul’<1 000 q e
0,1 Rl
0,1 1 10
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Ordinary and Extraordinary
Waves

across E, 0 =90° = tan O —

RN i i
e

\r ordinary waves, corresponds to case of waves

in hon-magnetized plasma

u.. = \/ RL/ S extraordinary waves
ex
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Ordinary and Extraordinary Waves

u =P ordinary waves, corresponds to case of waves
0

in hon-magnetized plasma

Uex =VRL/S  oxtraordi nary waves

6=90°
— — = 10+
U, =0 forP=0= w=w, noresonance -
. I <1
U, =0 forR, L =0=>like f or) = 0 "
= _
2 % X resonance
Wy wpe @ 14 X cutoff
‘uexeooforS=O=> © — : f X cutoff
w w | u<t
| u<t

O cutoff

K1

0,1

1 10

w?ldf=nin
$ c

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 73



RUHR-UNIVERSITAT BOCHUM

Oblique Propagation
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CMA Diagram
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(From 6. Janzen, "Plasmatechnik”, Hiithig, Heidelberg 1992, © G. Janzen, Kempten, Germany,
reproduced with permission)
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CMA Diagram

T
HYDROGEN

polar plots of
the phase
velocity

:=wl_€/k2

|4 phase

NO WAVE PROPAGATION
01/‘:.\ Ill.xlxllnl||11|1111|1.||

10 10? 10° &/w?=n/n
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1/18361 —
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(From 6. Janzen, "Plasmatechnik”, Hiithig, Heidelberg 1992, © G. Janzen, Kempten, Germany,
reproduced with permission)
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Longitudinal Waves M

Phase velocity of sound waves Cg = \/Kp/p
K = (N + 2)/N ratio of specific heats

from adiabatic gas law P/”K = const = Vp[p =kVn/n
restoring force due to pressure at compression

analogously in plasma

¢ =+JK:p,/p; ion sound speed

Cyo = \/ K.p./P. electron sound speed

K. Wiesemann Electrical Engineering and Plasma Technology (AEPT) 77



RUHR-UNIVERSITAT BOCHUM

Longitudinal Waves

P We _ _neFE + Vp. for homogeneous plasma !
"ot y e
0V E K. =K =3 (one dimension), k|| E
P; _1—neE+Vp1 i R KilL
ot

high frequency electron waves

W’ =’ +k2Q + )aa) + kK, Kol

P
m,

low frequency ion waves (approx. for small k)
a)zzk( m, ) kz( kT kT) e kT,

1 1 1 1
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Longitudinal Waves

exact dispersion plot for em and es plasma

waves
10 ‘ T ‘ f ‘l/
l - “€lectrostatic ._--"'.‘ i n .= 1012 Cm_3 , argon

ot b electron wavgs=*"" N e
hd 0-01__—___=_‘:::::: ________________ 1.0, kBT;: = 4CV, kBT; =0.1leV
a)p 0 ion acoustic’]

i waves
-6 | ! !

key | O,
The dashed slanting lines correspond to em-wave
propagation in vacuum, resp. to es-wave propagation
in an ideal gas. At short wavelengths i. e. big k es-
waves are strongly damped
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