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Plasmas across the universe (and on Earth)
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A bad reputation from fusion?

Much of laboratory plasma physics has grown around the quest
for controlled thermonuclear fusion (“always 50 years away” BUT
some significant progress in the last four years .. .)

“Is plasma involved? It can’t work”
(Edward Teller on an early proposal of controlled fusion)
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Plasmas that work: discharges s
Plasma etching Hm i

e.g. for microprocessor
fabrication

M.A.Lieberman & J.L.Lichtenberg
Principles of Plasma Discharges

& Materials Processing (2005)

" Dielectric Barrier Discharges
for plasma displays, actuators,
surface processing, ozone

gooaoessrsen  wproduction, ...

V.l.Gibalov & G.J.Pietsch J.Phys.D:Appl.Phys. 33 (2000) 2618
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In the beginning there was the discharge tube ...
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.and the tube is already a complex object

- regions of different luminosity
- nonlinear V-1 characteristics
(including negative differential

resistance, hysteresis, ...)
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The current in a vacuum diode

Electrons emitted from the hot cathode
are accelerated by the electric field
between the electrodes E = E(x)x
generated by the external generator and
the charge density p(x) = —en,.(x)

®(x): electric potential 0
E=-V®i.e.in 1D E(x) = —0,D(x) ®(0) =0
02®(x) = —4mp(x) (Poisson’s equation)

Electron energy conservation (assuming v(0) = 0)

Mme , (ZedD(x))
K+U=—v°(x)—e®(x) =0 v(x) =
2 Mme
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The current in a vacuum diode

‘H \‘
Constant current density m' o *J
I
i —J=—en.(x)v(x) .
anl R
ZCI) = 4 =
05D (x) mene(x) AW
B _4_7.[1( Me )1/2
V2 Aled(n) f x
347[2 1/3 Me 1/3(] 2/3 3
ow = (S (TG

Posing @(s) = V we obtain the nonlinear vV — I characteristics

1/2
1= V2 (i) 2 V32 (Child's law)
9 \ me s
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Producing a plasma discharge
Electrical breakdown depends on
distance d and voltage drop V,,
between electrodes, gas pressure p
and secondary electron emission
coefficient from the cathode y that
provides a “positive” feedback:
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C A
Fie
Foo = Feo +7Fi Fea
Bpd
Vy =
In[a/ Pd/In(1+1/v)]

(Paschen’s law)

Accurate modeling must
also take into account the
space charge effects near
the cathode
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Plasma sheath
Exposing a grounded conductor to a n

discharge leads to the formation of a

positive charge separation region (sheath)
due to larger electron mobility

— ions are accelerated towards the surface v,

1/2
with v; = (Z s Te) (Bohm velocity)

m;

7/

T.: electron temperature

- sheath field determines ion “landing”
energy: highly relevant for surface
processing application

- the mathematical modeling is not trivial v
(large bulk of theoretical and sometimes

)

+ N

i

controversial publications . ..)
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Temperature in a plasma
For a plasma in thermal equilibrium the ionization degree
a = njon/ Ny can be calculated as a function of kg T
(Quantum & statistical mechanics required with some subtle issues)
[see R. Peierls Surprises in Theoretical Physics (1979)]
For H with ionization potential I =13.6 eV

> 2 (kBT)?”Ze_,,kBT
l1-a @2m)32 nyh?

(Saha equation)

a~101%@T=300K, a~0.5@T=2.2x10*K

BUT most plasmas are far from thermal equilibrium!

- plasmas can be created even at a few K by photoionization
- T, and T; are taken as average energies (often T, # T;)
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Looking for a general definition of plasma (if any)

Andrea Macchi

- The fourth state of matter

(but most of laboratory plasmas are neither created via a smooth
phase transition nor are in thermal equilibrium, and plasmas
exist also at few Kelvin temperature)

- A medium with ionized atoms and free electrons

(if we do not restrict to gas densities also the “Fermi sea” of
electrons in a metal is a (quantum degenrate) plasma)

- An ensemble of particles interacting via long-range interactions
and exhibiting collective behavior

(if we do not restrict to (sub-)atomic particles and EM
interactions also a galaxy is a (gravitational) plasma)

Fundamentals of Plasma Physics
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Collective behavior

The motion of individual electrons and ions (position r, = r, (1),
velocity v, = v(1), a = e,i) is determined by the Lorentz force in
the EM fields E=E(, 1) & B=B(r, 1):

dv, ( 3 %

Va
Mg—— ={q E+—xB)
c

V=
dt r=r,(1) a dt

In general E and B are the sum of “external” fields (produced by
electrodes, coils, radiation, ...) plus those self-generated by the
charge (p = p(r, 1)) and current (J = J(r, t)) densities in the plasma,
to be determined self-consistently with the position and velocity
of all the particles.

Example: space-charge effects in the vacuum diode or the
discharge tube
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Plasma oscillations in a metal slab

A small displacement é of all the electrons gener-
ates surface charge densities +o = +en,6
Self-generated electric field (capacitor—like)

E=4noXx=4men,0
Equation of motion for electrons

d’6
meﬁ =—eE=—-4nen,0

Solution: 6(#) = 5(0)coswpt
2\ 1/2

471nee
wp=|— plasma frequency
e

Andrea Macchi
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Plasma oscillations in a metal sphere
Self-generated electric field
4
E= —Hai( =4men.0
3
(hint: consider the overlap of two identical
spheres of opposite charge density and use the

superposition principle)
Equation of motion for electrons

d?6

¢E 4ﬂen6
Mpy— = — = ——
“dr? 3 ¢

Solution: 6 (1) = 6(0) coswy t With wy = % Mie frequency
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Plasma oscillations in a “cold” homogeneous plasma

1D displacement of
electrons s(x, 1)

velocity v(x, 1) =0;s(x, 1)
initial density ng
Assumptions:

- v(x, ) > thermal velocity T T +dzx
- immobile ions

- electrons starting from
different positions

do not overtake each other

T+ s(z.t) T+ dx + s(x + dx, ¢

(see e.g. The Feynman Lectures on Physics, vol.2, sec.7-3)
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Plasma oscillations in a “cold” homogeneous plasma
nodx = ne(x, t) [x+dx+ +s(x+dx, 1) — x — s(x, £)]
(charge conservation)
no
1+0ys(x, 1)
ng [1—0ys(x, )]

ne(X, t)

I

assuming |0, s(x, )| < 1
i.e. small displacements

Electric field

from Gauss’s law
0xEy =4me(n, — np) . |
E. = Ex(x, 1) = 4mnges(x, t) T+ s(z, i) T+ dr + sz +dx, 1)
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Plasma oscillations in a “cold” homogeneous plasma

Equation of motion

02s(x, 1) —miEx(X, t)

e
A7 nge?
= - 0 s(x, 1)
e

General solution

s(x, 1) = Re [§(x)e"'wﬂf]

(localized oscillation) Py parap e A
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Boltzmann relation

Assume thermal equilibrium and that for species a the electric
forces are balanced by pressure gradients (g,n,E— VP, =0)
and P, = ngkg T, (perfect gas)

E=-VO — g,0= —kBTaln(@)
no

() . .
—  ng= noexp(lja ) (Boltzmann equlibrium condition)

B Ta

Self-consistent Poisson equation for ® = ®(r)

a®
V2®——4np——4n2qanoexp(q )
kg T,

Andrea Macchi CNR/INO

Fundamentals of Plasma Physics



Electric field screening in a capacitor

Globally neutral plasma of opposite charge species
(xq) inside a plane capacitor with voltage drop V,
Assume gq® « kgT — linearize Poisson equation

~ 8mq°ngy
ki / ki
02® = —4mqnyg (e 9T _ o*q® BT) T
o0 = -0 sinh(x/v2)Ap Y
2sinh(a/v2Ap)

kBT 1/2
b= (47:@2110)

The field is screened over
a distance Ap (Debye length)

—a/2 +a/2
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Electric field screening between plasma particles
Apply linearized Poisson-Boltzmann

equation around a point-like charge Ze >0
surrounded by an electron “cloud” ” ./
1 ame® ny
V2P = —3%(rd) = ® (r>0
[OL®) = 20 (>0 .

Ze Ze
() - =— — @)=
r—0 r r

Coulomb interactions between particles are screened at a
distance Ap = (kg T./4me’ng)'/?
Model built on Debye-Huckel theory of electrolyte solutions

Andrea Macchi
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Debye screening and weak coupling

: .4
The Debye screening model requires ?”A%ne > 1
i.e there are many electrons into the “Debye sphere”

_ o2 3 \!/3
Equivalent to: — < kg T, Te= ( )

Te 47mn,
re: average distance between electrons ((47/3)rin, =1)

Binary interaction energy <« kinetic energy
(“weakly coupled” plasma)

Andrea Macchi
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Pinch effect and magnetic equilibrium

Andrea Macchi

A beam of charged particles carrying a current density J tends
to shrink due to the self-generated magnetic field B
The magnetic force can be Magnetic field

compensated by the thermal Current
pressure P rt’
z
1
E] xB-VP=0 (1)
)

(Bennet pinch condition
Eq.(1) is actually pivotal to all magnetic confinement schemes
for fusion (Tokamak, Stellarators, Z-pinches)

—
Lorentz force

Fundamentals of Plasma Physics
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Pinch instabilities

The current-carrying plasma column is unstable with respect to
bending and constriction

(]

Kink instability Sausage instability

Both instabilities are caused by the increased magnetic pressure
(field lines become denser) at the locations of the perturbation

Figure from J.D. Jackson Classical Electrodynamics 2nd Ed. (Wiley, 1975)
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Plasma instabilities . . .

List of plasma instabilities |cdit]

« Buneman instability,
« Farley-Buneman instability, 415!
« Jeans-Buneman instability, 617
 Relativistic Buneman instability,®

Ies

« Cherenkov instability, )
« Coalescence instability, 1

tabil

« Non-linear coalescence instability
« Chute instability,
« Collapse instability,
« Cyclotron instabilities, including:
« Alfven cyclotron instability
« Cyclotron maser instability, 2!
« Electron cyclotron instability
« Electrostatic ion cyclotron Instability
« lon cyclotron instability
« Magnetoacoustic cyclotron instability
« Proton cyclotron instability
« Non-resonant beam-type cyclotron instability
« Relativistic ion cyclotron instability
« Whistler cyclotron instability
« Diocotron instability,!22! (similar to the Kelvin-Helmholtz fluid
instability).
« Disruptive instability (in tokamaks)!2*
« Double emission instability,
« Edge-localized modes,[14
« Explosive instability (or Ballooning instability),[26!
« Double plasma resonance instability, 17
o Drift instability!28! (a.k.a. drift-wave instability,'*! or universal
instability

INS

“Plasma

ia page

d

ikipe

W
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« Firehose instability (a.k.a. hose instability), not to be confused
with the similarly named Firehose instability in galactic
dynamics

« Fish instability,

« Free electron maser instability,

« Gyrotron instability,

« Helical (Helix) instability,

« Jeans instability, 231024

« Magnetic buoyancy instability

« Interchange instability (a.k.a. flute instability),2>
« Parker instability!2¢! (a.k.a. undular instability or magnetic
Rayleigh-Taylor instability)
« Mixed instability (a.k.a. quasi-interchange instability)
+ Magnetorotational instability (in accretion disks)
instability (L pl 1271

+ Modulational instability

« Non-Abelian instability,

« Pair instability (in supernovae)

« Peratt instability (stacked toroids)

« Pinch instability (a.k.a. Bennett pinch instability),[2812¢'

« Sausage instability (m=0)
« Kink instability (m=1)
« Helical kink instability (a.k.a. helical instability)

« Rayleigh-Taylor instability (RTI, a.k.a. gravitational instability)

« Rotating instability,!>°!

« Tearing mode instability (or resistive tearing instability!>!))

« Two-stream instability (a.k.a. beam-plasma instability, counter-
streaming instability)

« Beam acoustic instability

« Magn:
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Kinetic equations

Distribution function f, = f,(r,p, t) : probability density in phase
space cell d3rd®p satisfying a continuity equation (assuming a
constant number of particles):

dfa _0fa O LN
dr = or T optefa) 55 Pafa) =0

v
1"a:v=L pa=qa(E(r,t)+ExB(r,t))

mgq
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Mean field approach

- A distribution of point-like particles is equivalent to solve the
equations of motion of all particles

— a spatial average over a small volume A containing enough
particles is assumed to yield a “smooth” distribution

- 1
fa—Fa= 5 [ fu'r
AJa
- Fields are separated in averaged values + remainders i.e.
E=E+6E B=B+6B

OE includes strong fluctuations of the field on a particle during a
close encounter (“collision”) with another one
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Mean field approach

Keep only average fields on the |.h.s of the equation and put the
fluctuations on the r.h.s.:

df,  of. 0. v oy d,
a -~ o Y arf“+q“(E+cXB) ap’e
3 v 0 . 0fa

= —ador L xom)- o= (57

All binary interactions (“collisions”) are into (9 f4)col
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Mean field approach

Andrea Macchi

Spatial averaging allows to define “smooth” charge and current
densities from f,;:

pr, 1) = anffa(r,p, nd’p  Ja,p= anfVﬁz(r,p, nd’p
a a
Self-consistent coupling with Maxwell equations:
_ _ I _ Am. 1.
V-E=4rp V-B=0 VxE=--0;B VxB:TH +-0E

From now on we drop the average “-” symbol

Fundamentals of Plasma Physics
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Frequency of Coulomb collisions

Consider binary Coulomb ot
interaction between

an electron and an ion
(“Rutherford” scattering)

Vei = Rele0¢; COllision frequency, a,; cross section
Estimating the most relevant impact parameter b
from velocity variation Av, = v, with

Ze* b ,  (Ze*Im,)?
MeAV, = FAt ~ — — Oei =AD" =~ T——
2 4
b> v, v,
m.v?
Vi X e X e ( Ve _ T)
el - e
ve T3 2
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Coulomb logarithm

Exact calculation must deal with the classical logarithmic
divergence of o due to the long-range interaction o 1/r2

2 \2 b
)lnAea Aeg= —2 ~10-20

min

2

Oeq = (
Me V2

Screening at r ~ Ap determines byax = Ap
I}

Fe—i scattering: bmin =
ele

(quantum De Broglie length)
e— e scattering: bpyin = max(rmin, —)

ele
e’ mev? .
— =—"2% (energy conservation)
7' min 2
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Collision vs. plasma frequencies

For both e—i and e — e scattering

Vea  €*nelks Te)_B/Z InAeq 1

X X
wp (€2n,/mg)l/? neAs,

For neA}, » 1 ie. €*/r. < kgT. the collective dynamics
(timescale = 1/w),) is faster than collisions (timescale = 1/v.,)

The collisionless approximation is good for many (but not
all) “hot” plasmas in space and laboratory
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Vlasov equation

Neglect collisions completely:

%=%+v~%fa+qa(E+‘—£xB)-%f¢l=0

Repetita iuvant. E and B are the mean fields satisfying the self-
consistent Maxwell equations

(in the electrostatic case the Vlasov-Maxwell system becomes
the Vlasov-Poisson one with E = -V®)

Note: in this limit there is no dissipative effect in the plasma
(e.g. no electrical resistivity)
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Collision term from statistical mechanics
Boltzmann collision integral for binary
scattering between two previously
uncorrelated particles a, p
(r, t dependence omitted for brevity)

of
(a_t)col Pa)

Pa

fdspﬁfdg_aaﬁ(pa,pﬁ) X

(g —va) | FDL) f(P)p) - f(pa)f(pﬁ)]

X

Pa+Pp = Po+Pj

352;5+<513:<§C’,+e§:’/’ﬂ

with dQ = 27sin6d and { (6a=mqv212)

(energy-momentum conservation)
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BGK simple approximation to collision term

Idea: in the absence of other forces the e — e collisions would
thermalize the electrons so that f, would relax to a Maxwellian

Ofe _ 3
(a_t)col = Vee(fe— fm)
m 3/2 5
— — e i Y /(mekBTe)
v = fu(p) (ZHkBTe) e

(BGK = Bhatnagar, Gross, Krook)

Despite its simplicity this model can be used e.g. to derive
basic expressions for the electrical and thermal conductivity of
the plasma

Andrea Macchi CNR/INO
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Fluid description

Assuming the velocity distribution function is “under control” we
can obtain equations for the density n, = n,(r,t) and average
“fluid” velocity u, = u,(r, 1):

1
nd(r» t) Effa(r)pr t)dsp ua(r) t) = n_fvfa(r,p» t)dsp
a
Integrating the Vlasov equation over d®p yields the continuity

equation
0tng+V-(ngug) =0

Reminder: p=Y,qana J=X4qGanauq
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Fluid description

Multiply the Vlasov equation by v and integrate again over d°p:
Mang (0 +uy-VIu, = gang(E+u, xB/c)-VP,
P,: pressure term (assumed as isotropic)
Pa=Patr,0)= [ (v=u0)frp, 0D
(v—ug,: “random” or thermal part of the velocity)

To close the hierarchy of fluid equations an equation of state for
P, can be assumed e.g. P, =ngkgT,

Andrea Macchi CNR/INO
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High frequency waves in a plasma
m; > m, — assume mobile electrons and ions at rest
General wave equation for E from Maxwell equations:

1 47
(v2 - ?af)E—V(V-E) = ?atl
Assume monochromatic fields i.e. E(r, ) = Re [E(r)e'*?]

Linearize the fluid equations for electrons neglecting P, for the
moment (“cold” plasma)

Andrea Macchi
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Transverse electromagnetic (EM) waves ,

w
Taking V-E =0 and introducing (w) = n?(w) =1 - w—g

2
V2+n2(w)w—2)E:0
C

\Y +e3(a))—2 E=
c

£(w) dielectric function, n(w) refractive index

Plane waves E(r) = Ege’** k-Eg=0 B=kxE/k
— dispersion relation k?c? = e(w)w? = w? —w%
2
. w C . [
Phase velocity v, = il > ¢, group velocity vy = 0w = U—p <c
Propagation requires a real value of ki.e.
>0 < ew>0 < o>o,

Andrea Macchi

CNR/INO

Fundamentals of Plasma Physics



Cut-off or “critical” density for EM waves

Mmew n s A )T
>0, < ne<ncs4ﬂ62=1.1x10 cm m

ne < n¢: “underdense” transparent plasma
ne > n¢: “overdense” opaque plasma

Metals (7, =~ 102 cm™3) reflect visible light (1 =0.4 - 0.8 um)
lonosphere (n, =~ 10* —10% cm™3) reflects radio waves (1 > 1 m)

300

Height (km)

Night Day

lenospheric reflection
Figure from engineerstutor.com
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Longitudinal electrostatic (ES) waves
2 wz

(v2 + w—z)E—V(V-E) = —SE Helmoltz equation

C C

Take E(r) = Ege’**, k|E,, V-E=k-E, B=0
VIV-E)=V’E = (wz—w%)E:O => w=w,

(Phase velocity is arbitrary, group velocity is zero)
— “cold” non-propagating plasma oscillations recovered

Warning: the “cold” plasma assumption holds only if

eEy

Uosc =

kB Te)l/Z

>>vth:( p
e

mewp

Andrea Macchi
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Langmuir ES waves in warm plasma

Linearized equation with pressure term included:

e VP
ou,=——E— ¢
me Mene

Assume P =vyn.kgT, and y =3 for 1D adiabatic compression
Couple with Gauss law & linearized continuity equation

V-E=4ne(n,— ng) 0ine+nyV-u,=0

2 _ .2 2,2 H H H
— w* = wy, +3k"v;, dispersion relation

Plasma oscillations become propagating thanks to pressure

Note: the pressure term has no effect on transverse EM waves

Andrea Macchi
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Kinetic theory of ES waves
Linearizing the 1D Vlasov-Poisson system (f. = fo(v) + fi(x, v, )
and searching for harmonic ES plane wave solutions yield the
dispersion relation w = w(k) in implicit form

2

wp f+oo 6va(U)

=ﬁ o V—wlk

The singularity at v = w/k = v, indicates a “resonant” interaction
between the wave and the particles moving at the phase
velocity v,

Proper approach to the problem by Landau yields an imaginary
part of the frequency:

dv

2

1/2
)

3
T Wy (0fo(v
w:(w§,+3k2v +iwg wy = __p(M

2 k? ov )U—y,,—w/k

Andrea Macchi CNR/INO
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Landau damping
It (0fo(v))

ov v=v,=w/k
(case for a Maxwellian or bell-shaped distribution)
— the ES wave is damped in time despite the absence of
collisions.
This is a reversible process of energy exchange between the
wave and the particles that has been verified experimentally.

<0then w; <0

Mathematician Cedric Villani who defined the full
Boltzmann equation “the most beautiful equation o
ever” later obtained the Fields Medal for his study = “
of Landau damping in the fully nonlinear Vlasov-
Poisson system

Andrea Macchi CNR/INO
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lon acoustic (“sound”) waves

electrons

1 mi 1/2
On the time scale of ion motion ~ = (—’)
. Wpi  \Me]  Wpe
can be assumed in Boltzmann equilibrium n, = ngexp(®/ kg T,)
Linearized equations for ions (E = —V®):

Ze VP;
du;=——Vo-—
m; mi;n;

V2®:4ﬂe(ne—n,~) on;+noV-u; =0

kB (ZTe + Ti)
m;

1/2
For low frequencies w=kcs; with cs:(

Note: ion-acoustic waves exist also for “cold” ions (T; = 0)
and can be Landau-damped like Langmuir waves
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Waves in a magnetized plasma
Many plasma of interests (solar wind, ionosphere, fusion
machines ...) are immersed in strong magnetic fields (By)

- particles tend to orbit around B
at the cyclotron frequency

]
Q
oy
S
b

— resonances at w = wcq

- By breaks chiral invariance , :
— plasma becomes anisotropic -~ 4 Ly lf
and birefringent é @’? Y
(wave propagation depends on =z q hdi\ | l
polarization)
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Propagation along the magnetic field

Refractive index for left- (+) and right-handed (-) / E/ \
circular polarizations B RN
' k By
) .
p

wlwFw)

w
n%(w)=1-

Resonance at w = w, only for “+” polarization:

F = —¢E must be parallel to the gyration velocity

At very low frequencies only “-” polarization propagates with
(wwc)l/z

phase velocity v, =c : dispersive “whistler” waves

p
(excited by lightnings in the ionosphere)
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Magnetohydrodynamics (MHD)

Single fluid approach for a collisional plasma in a regime of low
frequencies, strong B and negligible charge separation

0tpm+V-ppu = 0 (om = min; + Mene = m;n;)
du 1
Py, = EJXB—VP (P=P,+P;)
47
VxB = —J
Cc

u n—0
E+—xB = nJ =0
C
C —0
dB-VxuxB) = n—V>B'= 0
Y 4

If resistivity n — 0 (“ideal” MHD) the field lines of B’ are “frozen”
in the fluid
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MHD waves

Longitudinal “magnetosonic” and Transverse “Alfvén” waves
va = Byl (Amm;ng)/? ey L i
(Alfvén velocity) s eyl Q=
MS | wave: RERI B
w=k(c®+ 1/124)”2
(magnetic pressure adds $
up to thermal pressure) Praama coosty : s W

M1 )RR )

(]

A 1 wave: w=kv,
Simpson et al, “Alfvén, Hannes Olof Gosta

(1908-1995)”, Encyclopedia of Planetary Science
(Springer, 1997)
H. Alfvén: Nobel prize, Physics (1970)

-
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This was theory ...

...and in practice?
What'’s next for plasma applications?
Which research might be awarded in the (near) future?

» fusion?

> laser-plasma accelerators?

“green” plasma discharge technologies?
aerospace?

A\

v vy

plasma propulsion? (My best wishes to you!)
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Look for the future into the plasma sphere!
(another example of |

discharge plasma
that works!)

Thank you for your attention

andrea.macchi@cnr.it
www.andreamacchi.eu
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