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The main topics

Motion of Individual particles
Plasma as a Fluids

Plasma oscillations

Diffusion and resistivity
Plasma instabllity
Kinetic theory

Nonlinear effects



outlook

The course, and the textbook

Plasma in presence of a Magnetic fields

iInduction equations

Reynolds number

The earth magnetosphere and the solar wind
The drift velocity

The plasma frequency, cyclotron frequency
Magnetic diffusion and reconnection

Examples
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« Magnetic field exerts a pressure. Pressure balance between
two components of the atmosphere, 1 and 2 (Gauss units):

e If, e.g. B,=0, then P, <P, and it follows:
Magnetic features are evacuated compared to surroundings.

« If B,.=0and T, = T,, then also p, < p, , so that the magnetic
features are buoyant compared to the surrounding gas.
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* Plasma 3 describes the ratio of thermal to magnetic
energy density:

_ 8nP

p

BZ
* B <1=>Magnetic field dominates and dictates the
dynamics of the gas

* >1 =» Thermal energy, I.e. gas dominates & forces
the field to follow
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Magnetic diffusivity .

b lite (Siiss, K

Magnetic Reynolds number Ry =l /n @
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32e2/7(2kT)3/2 (full ionization)

Jmee2Z1n A VB

rough estimate of electric conductivity o ~ 0.003 T*> [A/V.m]

g =

lonization fraction ~ 1% in the photosphere, ~ 100% in corona
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Reynolds number vs Magnetic Reynolds number

Magnetic diffusivity n = L
Qo

Magnetic Reynolds number| Rm =l/n R~ 10°

Magnetic Reynolds number is a measure of coupling
between flow and magnetic field, or

ratio of timescales of Ohmic decay (L°/n) to advection (L/v)

s

Reynolds number=V.L/v
V: VISCOSIty

Reynolds number is the ratio of inertia to resistive forces

12



mag. diffusivity
object r]:]_/uoo' (m%s) R =UL/n

lab 1 0.1 102
Earth (outer core) 106 : 2 ~ 10?
Sun (atmosphere) 108 10% ~ 10°

Sun (convection zone) 109 102

Frozen-in magnetic field

(large conductivity, large Reynold number)

Force-free magnetic field

advection diffusion NI X B =0)
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S e . Outer Belt
- 12,000 — 25,000 miles

GPS Satellites

¥ 12,500 miles " e L
Geosynchronous Orbit (GS0)
’ i " - MASBA's Solar
’ - Dynamics Observatory
Inner Belt 22,000 miles
1,000 — 8,000 miles e :

. Low-Earth Orbit {LED) .
_ Internaticnal Space Station
SN 230 miles = © .
% ' Van Allen Probe-A

&

Van Allén Probe-B



Summary of guiding center drifts

ExB Drift:

| dE; \ nelm; 4+ m.) dE |

Polarization Drift: Jrp = - ,
" Wg B dt B~ dt

i : mys __ . et + te) .
Gradient Drift: ' "l'_} (B x VB) jv=——=—— (B xVE)
' 2g B~ B+

n AW, + W) _
M ( R B}

. L.

Curvature Drift: = (Re X B) Ir=

o

Associated with all these drift are corresponding drift
currents.



Schematic topography of solar-terrestrial environment

solar wind -> magnetosphere -> iononosphere
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The mobility of free electrons leads to shielding of point
charges and their Coulomb potential.

The exponential function cuts off the electrostatic potential at distances
larger than Debye length, A,, which forn, = n.and T, = T, is:

The plasma is quasineutral on large scales, L >> A,, otherwise

the shielding is ineffective, and one has microscopically a simple
lonized gas. The plasma parameter (number of particles in the
Debye sphere) must obey, A =n_A,> >> 1, for collective
behaviour to prevalil.
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Coulomb force -> space charge oscillations

Lorentz force -> gyration about magnetic field

Any perturbation of quasineutrality will lead to electric fields
accelerating the light and mobile electrons, thus resulting in fast

collective motions -> plasma oscillations around the inert and
massive ions at the plasma frequency:

The Lorentz force acts perpendicularly to the
magnetic field and bends the particle motion, thus
leading to circulation (electrons in clockwise, and
lons in anti-clockwise sense) about the field ->
gyromotion at the gyro- or cyclotron frequency:




Magnetic diffusion

Assuming the plasma be at rest,
the induction equation becomes
a pure diffusion equation:

with the magnetic diffusion
coefficient D, = (u,0,)".

Under the influence of finite resistivity the magnetic field
diffuses across the plasma and field inhomogenities are
smoothed out at time scale, 7,= u,0, L;?, with scale length L.
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In an ideal collisionless plasma
in motion with infinite
conductivity the induction
equation becomes:

oB

=V x(vxDB
5 V x (v x B)

The field lines are constrained to move with the plasma

-> frozen-in field. If plasma patches on different
sections of a bundle of field lines move oppositely, then
the lines will be deformed accordingly.



Magnetic merging - reconnection

Assuming the plasma streams at bulk speed V, then the
iInduction equation can be written in simple dimensional form as:

The ratio of the first to second term gives the so-called magnetic
Reynolds number, R = u,o,L;V, which is useful to decide

whether a plasma is diffusion or convection dominated. Current
sheet with converging flows -> magnetic merging at points where
R~ 1. Field lines form X-point and separatrix.




Field line merging and reconnection in the
Earth's magnetosphere

magnetotalil

magnetopause



Medical plasma

24



Medical plasma

Figure 6. Photos showing (row (a)) cutting by a scalpel, treating this cross cut for 13 s, and
bleeding-stopped cross cut wound; (row (b)) punching a hole in an ear’s saphenous vein, plasma
treatment for 15 s, and hole is sealed; (row (c)) cutting an ear artery, plasma treatment for 12 s,
and cut is sealed.




Industrial plasma

Dielectric Barrier Discharge (DBD) plasma

DIELECTRIC

2




Industrial plasma

Free
burning
arc

1= zﬂn [A]
h, =

l
a

patterned attachment

L ioe = J:":" [A]
h.

diffuse attachment

patterned attachment

500 4000
Thu TE [K]

Figure g. Temperature fields in the free-burning arc: (top) heavy-species temperature
Tw, and (bottom) electron temperature T, for (left) no anode cooling (h,, = ©) showing a
diffuse attachment and (right) extreme cooling (h,, = ~c) showing the spontaneous
emergence of self-organized spot patterns (adapted from Trelles'®! with permission, ©
2014 IOP Publishing).
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Industrial plasma

(a)

Arc plasma: simulation vs observations
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Figure 7. Comparisons of the calculated and measured** 2-D electron temperature distributions (a), and the
radial profiles of T, at L=1.0 and 7.0 mm (b) for a TIG argon arc (I=200 A, d=28.0, Q=12.0 slpm).




Industrial plasma

dimple in the water

(wa)

bepeihinnl

-: %

Fig. 2. Flow profile in the liquid recipient indoced by the plasm

1a jet and visualiz attering on air bubbles. In this photograph, argon gas was
used at a How rate of 1.9 slpm. The exposure time of the image is (L25 5. The I|I I| ht at II aidewalls s due to

y scattering from the laser sheet. The



Industrial plasma

Aircraft and lighting strike

¥ Plane is usually struck at an
L extremity such as a wing tip

I Current usually exits 3
| from tail and continues |

through air

" Outer casing acts as conductor |
o\ for the electricity to pass through J




Industrial plasma

Ultrasonic T-scan images of the lightning damage areas in CFRP samples: a S1, b 82, ¢ S3, and d S5

=
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Plasma in spaceships
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Accelerators and tokamaks

High-tech movement !




Accelerators and tokamaks
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Accelerators and tokamaks
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Astrophysical Plasma




Astrophysical Plasma
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Astrophysical Plasma

Planetary Nebula NGC 6751 lm OJ l.*J.U &)Y, lm

Hubble

eritage

PRCO0-12 - Space Telescope Science Institute - NASA and The Hubble Heritage Team (STScl/AURA)



Astrophysical Plasma
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