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Outline

- Collisions and mobility

- Low-temperature plasma are “weakly” ionized
- Spitzer resistivity: “fully” ionized plasma

- Conductivity in a magnetized plasma

- (“Classical”) Diffusion of plasma and magnetic field
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Last Update to Data Content: August 2004 | Version History | Disclaimer | DOI: https://dx.doi.org/10.18434/T4KK5Cc _
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INIST, Physical Measurement Laboratory

2N|ST, Material Measurement Laboratory

3University of Nebraska-Lincoln, Department of Physics and Astronomy, Lincoln, NE 68588-0111
*Howard University, Department of Chemistry, Washington, DC 20059

This is a database primarily of total ionization cross sections of molecules by electron impact. The database also includes cross
sections for some atoms and energy distriputions of ejected electrons for H, He, and H,. The cross sections were calculated using
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—*¥ Electron-Impact Cross Sections

e- >  for lonization and Excitation

Introduction and References Table of Atoms Table of Molecules
Holdings for Hydrogen
Symbol: H

Atomic Weight: 1.00794(7)
Ionization Energy: 13.5984 eV
Ground-state Configuration: 1s

Ground-state Level: 281 ”

Excitation Energies (E) in eV
Neutral Excitation E
Ionization Excitation 1s-2p 10.1988
Is ->2p 1s-3p 12.0875
1s ->3p 1s-4p 127485
Is->4p
Total 1s -> Sp 1S-5p 13.0545
Is -> 6p 1s-6p 13.2207
Differential|(1s -> 7p 1S-7p 13.3209
Is ->8p
1s -> 9p Is-8p 13.3860
Is -> 10p 1s-9p 13.4306
1s-10p 13.4625
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Electron-Impact lonization Cross Sections

Introduction and References Table of Atoms Table of Molecules
Neutral Hydrogen Total lonization Cross-Section
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Table of Ionization Cross Sections at Specific Energies (tab-delimited ASCIT)

Atomic Orbital Constants for BEB Calculation of the Direct Cross Section
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All cross sections are in 1 cm? unless otherwise specified.
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NIST Standard Reference Database 64

NIST Electron Elastic-Scattering Cross-Section Database: Version 3.2
No Charge.

Click here to download.

Version 3.2 of this databaseprovides values of differential elastic-scattering cross sections, totalelastic-
scattering cross sections, phase shifts, and transport cross sectionsfor elements with atomic numbers from 1 to
96 and for electron energies between50 eV and 300 keV (in steps of 1 eV). The cross sections in the database
were provided by Prof. F. Salvatusing relativistic theory.Knowledge ofelastic-scattering effects is important for
the development of theoreticalmodels for quantitative analysis by AES, XPS, electron microprobe analysis,
andanalytical electron microscopy. The software package is designed to facilitatesimulations of electron
transport for these and similar applications in whichelectron energies from 50 eV to 300 keV are utilized. An
analysis of availableelastic-scattering cross-section data has been published by A. Jablonski, F.Salvat, and C. J.
Powell J. Phys. Chem. Ref. Data 33, 409 (2004)].

Following features:

e graphical display of differential elastic-scattering cross sections in different coordinate systems

e graphical display of the dependence of transport cross sections on electron energy
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NRL Plasma Formulary

The NRL Plasma Formulary has been the mini-Bible of plasma physicists for
the past 25 years. It is an eclectic compilation of mathematical and
scientific formulas, and contains physical parameters pertinent to a variety

of plasma regimes, ranging from laboratory devices to astrophysical objects.

e Plasma Formulary 2013 PDF
e Plasma Formulary 2013 PostScript
e Changes from 2011 Version (PDF)

To order hard copies of the NRL Plasma Formulary Booklet, please fill in the
form below. There is no charge for the NRL Plasma Formulary Booklets.

Any questions, suggestions, comments, etc. should be directed to
(ppdweb@ppd.nrl.navy.mil).

Naval Research Laboratory

— — —

—_—

Washington, DC 20375-5320

NRL/PU/6TH--13-589

NRL
Plasma Formulary

Revised 2013

Approved for public release; distribution is unlimited.

http://www.nrl.navy.mil/ppd/content/nrl-plasma-formulary
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Weakly lonized Plasmas

Collision frequency for scattering of charged particles of species o by
neutrals is

o = mo0 O KTa /ma) " = Vi A s

where ng 1s the neutral density and 0?\0 is the cross section, typically ~
and weakly dependent on temperature.

The elastic scattering of electrons on atoms 1s almost 1sotropic [68]. Therefore, on
average, the electron loses 1ts mean momentum m.V, and we can write the equation
of motion for an average electron

mv = —eE — movy, . (4.25)

This average electron now moves in —E-direction. The quantity vy, = 1/tcon
1s the effective collision frequency for momentum transter.



€

Ud = — L= —[leL

mvm

The mobilities of electrons and 1ons are defined as

€ €

e = ——— , M = ——.
MeVm,e MiVm.i



Electrical Conductivity

j = Jje+ ji = n[(—e)vge + evgi]l = ne(ue + W) E = o E

nez

Oc,i = N€le i =
Me iVm



Collisional Diffusion

Fe,i — Ne iVe,i — _Dvne,i

D kT e
- — IU/G —
7 e MeVm,e
Q O 12 32
@\OS,,@” Q d O/@ D = Vvth/ym — )\mfp/Tm
e Oci 0
03 9 o Einstein relation I1s an unexpected result

« of Brownian motion from 1904-5.
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PHYSICAL REVIEW VOLUME 89, NUMBER 5 | | MARCH 1, 1953

6{(\@" Transport Phenomena in a Completely Ionized Gas*

LyMAN SpITZER, JR., AND RicHARD HARM

Q\ Princeton University Observatory, Princeton, New Jersey

(Received November 10, 1952)

The coefficients of electrical and thermal conductivity have been computed for completely ionized gases
with a wide variety of mean ionic charges. The effect of mutual electron encounters is considered as a problem
of diffusion in velocity space, taking into account a term which previously had been neglected. The appro-
priate integro-differential equations are then solved numerically. The resultant conductivities are very
close to the less extensive results obtained with the higher approximations on the Chapman-Cowling method,
provided the Debye shielding distance is used as the cutoff in summing the effects of two-body encounters.
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Coulomb Collisions




Coulomb Collisions
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Coulomb Logarithm

(b) Electron—ion collisions

Ae; = Aio = 23 — In (nel/zZTe_3/2), Time/m; < To < 1022 eV
=24 —1n (n./?1T7"), Tyme/m; < 1022 eV < T

=30 —In (n,'/21, %2 2%7Y), Te < TiZme /m.

Log[A] for T; =100 eV and n = 10%,10'°,10"% cm™
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Ambipolar Diffusion




Collisional Drift Velocity in (E,B) Field
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Conductivity in a Magnetized Plasma

Pedersen Hall
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Hall Effect Thruster

electron
gun

electrons

!

Fig. 4.17 Hall-effect plasma Xe E %
thruster. The plasma channel B ExB

of the SPT100ML thruster /]

has 69 and 100 mm inner and €
outer diameter, and 25 mm
length. The mean radial
magnetic field 1s

B = 160 mT. The discharge
1s operated at Uy = 300 V Xe —

and Ig = 4.2 A, giving a =

thrust of 80 mN. (Reprinted §

from [69] with permission. % qnnulqr discharge
© 2004, IOP Publishing A\ : gap with ceramic
Ltd.) coating
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Ohm’s Law (Part 1)
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(“Classical”) Transport in a Magnetized Plasma
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http://www.iter.org/

Culmination of 50 years of
magnetic fusion research

500 MW fusion power for 7 min
pulses

EU, Japan, Russia, China,
S Korea, India, USA

At least 22B US$ (14B US$
official), the most ambitious
international science project ever

23,000 tons (tokamak only), or
$1M/ton



http://www.iter.org

Prusion ~ 0.08P* (MWm™*)

P(plasma) =3 nk T =4.3 atm
N =1.0E20 m3

B=53T
P(mag) = 110 atm

3=4.3/110 ~ 3.9%

T=375s Thousands faster than
a~25m “classical”
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Fusion Gain & Ignition

D+ T »He* (3.5 MeV) + n(14.1 MeV)

For low energies (T' S 25keV) the data may be represented by

(60)pp = 2.33 x 10" T72/3 exp(—18.76T " */3) cm? sec ™*

1575 |
(50) b = 3.68 X 107 12T72/3 exp(—19.94T7'/3) cm? sec™*
where 1" is measured in keV. 10_16 3
“n 17
- > 10 ¢
5
A (L~ — -
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” or | O by © '
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810 ¢
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10~
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Fusion Ignition

D+ T vHe* (3.5 MeV) + n(14.1 MeV)

Ppr = 5.6 X 10_137LDTLT(%)DT watt cm ™

A O,

Bremsstrahlung from hydrogen-like plasma:=°

(30) Pgr = 1.69 x 102N, T, /2 E [ZQN(Z)] watt /cm®

where the sum is over all ionization states Z. o 2 = 5
~ N [ EFE
Bre ¢
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PatmTe > 10 atm - sec

for fusion gain > 10
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but...
Classical Confinement does not describe Magnetized Fusion Plasma

D =[5 (n/Mo)

I =9 keV
N~ 1.7E-9 Ohm-m
N/Uo ~ 0.001 Mm2/s

T ~ 4 a2/D ~ 700,000 sec



Homework #4 (Ch. 4)

* Fitzpatrick: Read Chapter 3 about collisions, and discuss the meaning of
"‘Rosenbluth Potentials™ and the collision operator in Eq. 3.112

* Piel: All nine problems in Ch. 4 (answers in back of text)
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Wednesday’s Lecture: “Virtual”

(Prof. Mauel is away at a conference)

- Piel / Chapter 5: “Fluid” Equations

- and the equations describing the large-scale dynamics of
plasma
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