
Chapter 2

BasicPlasmaProperties

2.1 First Principles

2.1.1 Maxwell' sEquations

In generalmagneticandelectric�elds aredeterminedby Maxwell's equations,correspondingboundary
conditionsandthesource(chargesandcurrents)distributions.

����� � �

�	��
��

(2.1)

��
����
�

���

�

�

���

� �

��� (2.2)

��
����

�

�

���

�  

(2.3)
�!��� �  #"

(2.4)

where
�

and
�

areelectricandmagnetic�elds.
�

�%$&�

�

 ('*),+(-�.

, �*�

�%/0"1/�23�

�

 4-�.

�65

)7-�.

, and
�

�

�98(:;�

�

 4-#<6=>)7-�.

. Sometimesit is convenientto
expresstheelectromagnetic�elds in termsof anelectricpotential ? andavectorpotential@ suchthat
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which requiresto solve theelectromagnetic�eld equationsfor thepotentialsfor instancein theform
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where ? and @ satisfytheLorentzgauge
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2.1.2 Lor entzEquationsof Motion

In electromagnetic�elds themotionof chargedparticlesis determinedby the�elds throughtheequations
of motion �
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If theforcesareexternal,thecorrespondingequationsof motionarecompleteandtheparticlemotionis
often calledtestparticlemotion. However, if the otherparticlescontribute to the force on a particular
particlethe forceshave to beevaluated.Theelectromagneticforcesin a plasmadependson thecharge
andcurrentdensitieswhicharedeterminedby thecollectiveparticleinteraction:
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In a plasmathe numberof particlesin a physicalsystemis usually ratherlarge. In additionthe over-
whelmingmajority of problemsdealwith thecollectiveparticlebehavior ratherthantheindividual one.
Discreteparticledynamicscanbeimportantin someareasof plasmaphysicsfor suf�ciently small(`mi-
croscopic')lengthor timescales.Thecollectivebehavior is usuallywell describedin a �uid approxima-
tion.

2.1.3 PlasmaPropertiesand Parameters

A plasmais a gasof chargedparticles,which consistsof freepositive andnegative chargecarriers.To
allow free motion of the particlesthe typical potentialenergy must be muchsmallerthen the typical
kinetic energy %
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5 More than99%of all know matterin theuniverseis in theplasmastate.

5 Magnetosphereprovidesanideal laboratoryto examinecomplex processesin a naturalplasmaby
in situobservations.
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Debye Shielding: Coulombpotentialof acharge � :
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Testchargeshieldedby othercharges:
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with theDebyelengthde�ned by
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. Thispotentialis sometimescalledtheYukawapoten-
tial.

Exercise: Show thattheYukawapotentialsatis�esthePoissonequation
�

�

?

� �

.

���

�

�/1

ADC

G

�

.

2

�3

?

ADC

G

Exercise: Derive the Poissonequationfor the caseof a test charge �
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& in a plasma(Hint: First
demonstratethatthedensityof species
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Exercise: Computethenetchargeof theshieldingcloud.

Quasi-neutralityfor any physicallength
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Figure2.1:Sketchof theparticletrajectoriesandof theDebyeshieldingchargedistributionin thevicinity
of a testcharge.
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PlasmaParameter: Thenumberof of particlesin a Debyesphereis �
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with
�

beingtheso-calledplasmaparameter.

Exercise: Calculatetheelectronthermalspeed,Debyelength,andtheplasmaparameterfor
(a) thetail magnetospherewith
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Exercise: Cana plasmabemaintainedat temperaturesof
4+� �

100K (Hint: Calculatethedensitylimit
usingtheplasmaparameterandexplainyour result).
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� While the dependenceon temperatureseemsintuitively clear the density
dependenceappearsoddbecauselowerdensitiesmeanlessparticlesandlessshielding.Why does
theplasmaparameterimprove(increase)with decreasingdensity?

PlasmaFrequency: Typical oscillationsin a plasmaare electronplasmaoscillationswith the fre-
quency
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Collisions: In partially ionizedplasmathecollision timebetweenelectronsandneutralsmustbemuch
largerthentheinverseelectronplasmafrequency
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2.2 Kinetic Equations

To describeaplasmaonecansolvethecoupledsystemof Maxwell'sequationsandtheparticleequations
of motion. However, therearemoreef�cient methodsto solve the plasmadynamicsusing the above
approximations.

The�rst steptowarda�uid descriptionis theintroductionof aphase�uid with thephasespaceconsisting
of thesetof ordinarycoordinatesandvelocities
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Figure2.2: Magnetosphericplasmaparameters.
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velocity degreesof freedom.By integratingthecorrespondingLiouville equation(seestatistical
mechanics)over
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$�A

�

�

�

G

coordinatesoneobtainstheBoltzmannequation
for theso-calledsingleparticledistribution function
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In the caseof thermalequilibrium

�

assumeslocally a Maxwell distribution in velocity spaceandthe
collision termon therhsof 2.14vanishes.Equation2.14isclearlya �uid (advection)equationthoughin
a 6 dimensionalspace.The lhs canbe interpretedasthe total derivative of

�
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alonga trajectory
givenby the6 dimensionalvelocity
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where� is theLorentzforce.

In themagnetospherecollisionscanbeneglectedalmosteverywhereexceptfor the ionosphere(andon
ratherlong time scalein the plasmasphere).In the absenceof collisionsthe total derivative alongthe
pathdeterminedby
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. Thisimpliesthatthevalueof

�

is conserved
alongthis trajectoryin thesix-dimensionalphasespace.This particularlymeansthatany maximumof
thedistributionremainsexactly thesame.If in additiontheforceis conservative,the6 dimensional�o w
is incompressible,thatmeansthat thephasespacevolumeof a contourwith any constantvalueof

�

is
conservedduringtheevolutionasillustratedin Figure2.3.

TheVlasov equationsconsistof thecollisionlessBoltzmannequation2.14complementedby Maxwell's
equations. The collision term on the rhs canconsidermany differentphysicalor chemicalprocesses.
Chemicalreactions,ionizationor recombination,friction, diffusion,andenergy exchangecollisionsare
containedin thecollision term.Detailsdependon thecorrespondingprocesses.

Thedescriptionwith thesingleparticledistribution function2.14andtheactualequationsof motion2.7
and2.8arein many respectsequivalent.In mathematicaltermstheLorentzequationsof motionrepresent
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Figure2.3: Illustrationof theevolutionof acollisionlessdistributionconservingtheareainsidecontours
of constant
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thecharacteristicsof thecollisionlessBoltzmannequation.Eachdescriptionhasits particularadvantages
anddisadvantages.

In thepresenceof constantsof motion (steadystate
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solvesthecollisionlessBoltzmann
equation.However, it still remainsto solveMaxwell'sequationwhichwill bedemonstratedin section7.
Thesolutionto plasmawavescanbefoundby linearizingtheVlasov equations.

2.3 Derivation of the Fluid PlasmaEquations

Fluid equationsareprobablythemostwidely usedequationsfor thedescriptionof inhomogeneousplas-
mas. While the phase�uid which is governedby the Boltzmannequationrepresentsa �rst example,
many applicationsdo not requiretheprecisevelocity distribution at any point in space.Ordinary�uid
equationsfor gasesandplasmascanbeobtainedfrom theBoltzmannequationor canbederivedusing
propertieslike theconservationof mass,momentum,andenergy of the�uid.

2.3.1 De�nitions

Theequationsof ordinary�uids andgasesaswell asthosefor magneto�uids(plasmas)canbeobtained
from equation2.14in a systematicmanner. De�ning the0th, 1st,and2ndmomentof the integral over
thedistribution function
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Note that all quantitiesshouldcarry an index for the particlespecieswhich is omittedherefor conve-
nience.With thesede�nitions onealsoobtainsnumberdensity
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andcharge � areused.
The�uid equationsarethendeterminedby themomentsof theBoltzmannequation,i.e.,
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The preciseform of thesetermsdependson the particularpropertiesof the systemsand will not be
speci�edat thispoint.

2.3.2 Fluid Moments

To provide anexamplefor theevaluationof themomentsof theBoltzmannequationslet usevaluatethe
0th momentof theintegral.
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The collision term of the Boltzmannequationreducesto
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This is theusualcontinuityequationfor theparticlenumberdensitywith asourcetermon theright side.
Multiplying (2.21)with theparticlemassyieldsthecontinuityequationfor massdensity
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Thesourcetermdescribesproductionor annihilationof massfor instancethroughchemicalreactionsor
ionizationor recombination.It is notedthat(2.22)is for onespeciesonly. In thecaseof severalneutral
constituentsor ion speciesa correspondingcontinuity equationis obtainedfor eachspecies.The total
productionrateof masshasto bezero.
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velocity)andenergy

�


$�

���

� �H�!�4A


$� �

G

�K���

�

�

�

�

AD���

�


��

G

�

�

���

�
�

�

(2.23)
�

���

�
�

�

�

�

�

�
�

.




�

�

�

� �H�!� �
�

.




�

�

�

�
�

�

�

�

�

�

�

�

�

�

���

�

�

�

���

����� �

.

�

�

���

�

�

�
�

�

�

���

(2.24)

with theheat�ux
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if agashas3 degreesof freedomfor motion.Notethat

5 As beforethe“�uid” Lorentzforce
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requiresto solve thecorresponding�eld equations
(2.1)- (2.4) .

5 TheLorentzforce(orany velocitydependentforcenow dependsonthebulk velocityandvelocityis
adependentvariablein the�uid equationsratherthananindependentvariableasin theBoltzmann
equation.

5 The sourcetermsfor mass
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dependon systempropertiesand
needto bespeci�edthroughtheseor throughasystematiccollisionoperatorandthecorresponding
velocity integrals. The termsre�ect massgenerationandannihilation
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5 Oftena kinematicviscosity �
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The�uid equationswithoutthesourcetermsimply theconservationof thecorrespondingproperty(mass,
momentum,andenergy). Considerthemassin agivenvolumede�ned by
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where�

�

is thesurfaceof  . In otherwordsthemassin thevolume  changesonly if thereis anonzero
density�ux (velocity)acrossthesurfaceof thevolume.Similarly momentumandenergy areconserved.
However, for the energy onehasto includemomentumandenergy which is containedin the �elds as
well.

Exercise: Determinetheintegralof the1stordermomentfor the�rst two termsin theBoltzmannequa-
tion.

Exercise: Derivethe1stordermomentforcetermfor agravitationalforceandtheLorentzforce(velocity
dependent).

Exercise: Do thesamefor theenergy equation(i.e.,multiply theBoltzmannequation(2.14)with
.

�

)

�

�

andintegrate).

2.3.3 Typical Fluid Approximations

Equations(2.22)- (2.24)establishthetypical setof �uid equationswhich areusedin many simulations
of �uids andgaseslikeweathersimulations,air �o w aroundaircraftor cars,water�o w in pipesor round
boats,andmany otherresearchandtechnicalapplications.Usingthesetof equations(2.22),(2.23),and
(2.25)wecanderivemostequationscommonlyusedin �uid simulations:

5 For aknown velocitypro�le
�

andnosources
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it is suf�cient to modelthecontinuityequa-
tion for instanceto derive theevolution of densityof a gasor theconcentrationof dust,aerosols,
etc. in any mediumlikeair wateretc.:
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5 If thevelocity pro�le is incompressible
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theequationreducesto thecommonadvection
equation:
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5 With thetotal derivativealongthe�uid pathde�ned as �
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5 With a kinematicviscosityincludedthemomentumequationis known astheNavier-Stokesequa-
tion:
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5 Neglecting pressureand external force terms and assuminga simpli�ed viscosity one obtains
Burger's equation:
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�  

5 Diffusion andheatconduction:A diffusion equationcanbe obtainedfrom the continuity equa-
tion anda rede�nition of the bulk velocity in the presenceof several particlespecies.However,
the morestraightforwardequationfor diffusion is obtainedfor heatconduction(i.e., diffusionof
temperature).Equation(2.25)canbe re-writtenin differentforms. De�ning

�

�

-�.

�


��

yields an
equationfor theinternalenergy

�

of a gas.More commonlyusedis theidealgaslaw �

�

�

1 4

to
re-writetheenergy equationinto anequationfor temperature.Assumingscalarpressure,constant
density, andaheat�ux drivenby a temperaturegradient

�M� ��� � 4

on obtains
�

4

���

��� � � 4

5 Steadystateequationaregeneratedfrom theabovesetsby assuming
�

O

���

�  

. For steadycondi-
tion thevelocityis oftendeterminedfromapotentialwhichcanbescalarif the�o w is assumedirro-
tational(

�

� �

? ) or incompressible�o w is modeledsometimesbyavectorpotential(
�

� � 
	�

).

Exercise: UsingthecontinuityequationandthestatedassumptionsderiveEuler'sequation.

Exercise: Derive theequationfor heatconductionwith thestatedassumptions.

Exercise: Derive theheatconductionequationfor nonzerovelocity
�

.

Exercise: Derive thecontinuityequationandmomentumequationfor irrotational�o w.
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Exercise: Assumea scalarpressure,
� �  

, and
�

�

�9 

in the pressureequation(2.25). Considera
function �

�

���




�

anddetermine
�

and
	

suchthat theresultingequationfor � assumesa conser-
vative form, i.e.,

�

�0O

���

+
�!�

�

�

�Q 

.

Exercise: Assumea scalarpressure,
� �  

, and
�

�

�9 

in the pressureequation(2.25). Considera
function �

�

���




�

anddetermine
�

and
	

suchthat the resultingequationfor � assumesa total
derivative,i.e.,

�

� O

���

+
�

�6�

�

�Q 

. For �

� 2

O

$

thisbecomestheequationfor anentropy function
becauseentropy is conservedfor adiabaticchanges.

2.4 Plasma(Two-) Fluid Equations

In the absenceof ionizationandenergy exchangecollisions,consideringa simpletwo component(ion
andelectron)plasma,andassumingaquasi-neutralplasma(implying

�

� �

�

�

) oneobtainstheso-called
two �uid equations.With quasi-neutralitythecontinuityequationis

�

�
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�����4A

��� �
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�  0"

(2.26)

Momentumandenergy equationsareunchangedexceptfor neglectingthecollision terms.
�
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(2.27)
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(2.28)

where
�

�

�

describesfriction betweenthetwo componentsandeffectively describesanelectricresistance.
Effectively onecanexpressthe friction termsas
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where �

�

�

is the colli-
sion frequency for particlesof speciess to collide with particlesof speciest. Momentumandenergy
conservation(for aclosedsystem)furtherimply

�

�
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�

�

�  

�

�

�
�

�

� � �

�

� �

�
�

�

�

Speci�cally for aneutralplasmaconsistingof electronsandoneion speciestheserelationsimply
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�

Oftenit is alsoassumedthatthepressureis scalarorgyrotropic,i.e.,is differentparallelandperpendicular
to themagnetic�eld. Also theheatconductionterm is oftenneglected.Furtheruseof theseequations
will bemadein sections3 and4.
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2.5 SingleFluid or MHD Equations

While considerablymuchsimplerthe two �uid equationcontainstill considerablecomplexity which is
notneededfor many plasmasystems.Thusit is desirableto formulateamoreappropriatesetof equations
which is applicablefor largescalesystems.Thissetof equationsaretheso-calledMHD equations.With

�

� � �

�

� �

& thetotal currentdensityis

�

�

&

�

A

�

� �

�

�

G

We canalsode�ne the total massdensityas
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�
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G

, effective mass
� ��) � � )"�

, andbulk
velocityor totalmassdensity�ux as
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with thesede�nitions oneobtains

Exercise: Show thatthesede�nitions yield
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(2.29)

With theabove de�nitions we cannow uniquelyexpress
�

�

and
�

�

in termsof
�

and� thegoalbeingto
deriveequationswhichsubstitutethetwo-�uid equationsfor momentum(2.27)andenergy (2.28)density.
It is alsoassumedthatthepressureis scalarfor boththeelectronandtheion componentseventhoughthis
is notnecessary. By takingthesumof themomentumequationsandsubstituting

�

�

and
�
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oneobtains:
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with �

�

�

� �

�

�

. Note that the total momentumhasto be conserved suchthat
�

�

�

�
�

�

�

�  

. A
secondequationis requiredfor uniqueness(therearetwo momentumequationsfor thetwo �uids). This
is obtainedby multiplying theion equationwith �

�

O

) �

andtheelectronequationwith �

�

O

)"�

andthesum
of themodi�ed equations:
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with the resistivity
��� )"�

�

�

O

�

&

� where �

�

is the collision frequency betweenelectronsand ions (or
neutrals).This equationis usuallytermedgeneralizedOhm's law. In the above equationthe �rst term
on the rhs is oftencalledthe inertia termbecauseit representtheelectroninertia in this equation.The
secondtermis theelectronpressureforceandthethird termis theHall term.

Note that thusfar therehasbeenno approximationin our derivation (except for the pressureisotropy
which is not really required)suchthat theabove form of Ohm's law is fully equivalentto the two-�uid
equations.
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Finally onecantake thesumof theelectronandion pressureequationsandkeeptheelectronpressure
equationunmodi�ed to obtain
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(2.32)
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Note that the ohmic heatingterm is presentboth in the sum of the pressureequationsas well as in
the electronequation. Here it is assumedthat For the MHD equationswe will now neglect the terms
associatedwith theelectronpressure,andthe�rst, second,andthird termontherhsof generalizedOhm's
law. Summarizingthe equationsandcomplementingthemwith thenon-relativistic Maxwell equations
oneobtainsthefollowing setof equationstermedtheresistiveMHD equations:
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In Maxwell'sequationsthedisplacementcurrenthasbeenneglectedbyassumingthattherearenoelectro-
magneticwavespropagatingat thespeedof light. Divergence

�

is satis�edthroughtheinitial condition
(show this) andquasi-neutralitysatis�esCoulomb's equation.Thecontinuityandmomentumequations
areexact(exceptfor thepressureisotropy) andthemainassumptions(simpli�cations) went into Ohm's
law and to somedegreeinto the total pressureequation(and the eliminationof the electronpressure
equation).Theseassumptionscanbe betterunderstoodby examiningOhm's law (2.31)througha nor-
malizationor dimensionalanalysis.TheidealMHD equationsaregiveby theabovesetwith

�B�  

.

Measuringall quantitiesin typical units, i.e., the magneticinduction
�

in units of a typical magnetic
�eld

�

� suchthat
� � �

���

�

where �

�

is now of orderunity, we canexaminethe coef�cients of the
different termsin Ohm's law. Note that velocitiesshouldbe measuredin units of the Alfvén speed
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� , time in units of Alfvén travel time
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� , andlengthscalesin a typical scale
for gradientsin the system6

� . Applying this scalingyields coef�cients �
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arecalled
electronandion inertiascales(or electronandion skindepthbecauseof theextinctionlengthof wavesin
a medium).Thusit is justi�ed to neglect thesetermsif thegradientsin thesystemareon a muchlarger
lengthscalethentheseinertiascales.

Exercise: Assumea plasmadensityof 1 cm
-

�

, temperatureequivalentto 1 keV, andamagnetic�eld of
20 nT which aretypical for thenearEarthmagnetotail.Determineelectronandion inertiascales.
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Assumethatquasi-neutralityis violatedin aspherewith theradiusof theelectroninertialengthby
1 % (e.g.1% of theion chargeis not compensatedby electrons.If outsidewerea vacuumwhatis
theelectric�eld outsidethesphere?Whatvelocity perpendicularto themagnetic�eld is required
by Ohm's law to generateanelectric�eld magnitudeequalto thaton thesurfaceof thesphere?

Exercise: For theplasmain theprior exercise,determinethetemperaturein degreesKelvin. Determine
theenergy densityin kW hours/m

�

andkW hours/ �

�

�

(1 �

�

� , $��( 

km). For thesakeof simplicity
assumethat theplasmasheetis representedby a cylinder with 10 �

� radiusand100 �

� length.
How long could a power plant with an outputof 1000MW operateon the energy storedin the
plasma?

2.6 Propertiesof the Two-Fluid and MHD equations:

TheMHD equationsareaverycommonlyusedplasmaapproximation.They conservemass,momentum,
andenergy. As mentionedabove they arevalid on scaleslargerthantheion inertiascale.It is important
to notethat the ideal MHD equationdo not have any intrinsic physicallengthscale. This implies for
instancea self-similarity in the sensethat the dynamicson small physicallengthscalesis exactly the
sameasfor large scalesystemswith theonly differencethat the largersystemevolve slower. This can
be illustratedby normalizingtheequationsto a particularlength 6

� which implies that thetypical time
scaleis

�

�

�

6
�

O

��� (with ���

� �

�

O

�

�

�




� ). For a systemwhich is identicalexceptthat is is 10 times
larger thelengthscaleis �

 

6
� andthetime scaleis �

 �

� . Thusa simplere-normalizationyieldsexactly
thesamedynamics.

B

u

C(t0)

C(t0+dt)

Figure2.4: Illustrationof thefrozen-incondition.

Ohm's law in theidealMHD equations
���

�


�� �  

impliesthatthemagnetic�ux is frozeninto the
plasmamotion. This canbeseenfrom thefollowing arguments.Themagnetic�ux throughthesurface

0

is thesurfaceintegral
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�
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with

���

� beingthesurfaceelementof thecontour
0

. Thecontourelementsmovewith the�uid velocity

�

. Thechangeof themagnetic�ux from time
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wherethe �rst term on the rhs representsthe contribution from the changeof the shapeof
0

andthe
secondtermthecontribution from thechangeof

�

. It follows that�

?��

�

�

�  

if the surfaceis moving with the �uid
�

�

�

�

. In otherwordsthe amountof magnetic�ux through
any givencrosssectionalareaof theMHD �uid doesnot changein time if this areawhich moveswith
the �uid. Thefrozen-inconditioncanalsobeunderstoodin the following way. Two �uid elementsare
alwaysconnectedby amagnetic�eld line if they wereconnectedatonetimeby a�eld line (aline de�ned
by thedirectionof themagnetic�eld atany momentin time). In otherwordsa�eld line canbeidenti�ed
by �uid plasmaelements.This propertyis sometimescalledline conservation. This requiresthat ideal
Ohm's law applies,i.e.,electricalresistivity is zero.

t0

t1

f1

f2f1

f2

Figure2.5: Illustrationof line conservation

A morecompleteform of Ohm'slaw shouldbeconsideredif gradientsonsmallerscalesexist in aplasma.
Sincethe ion inertiascaleis by a factorof

�

) �

O

)"�

larger thanelectroninertiaeffectsthe �rst termsto
consideraretheHall termandtheelectronpressureterm(notethat theelectronpressureis typically an
orderof magnitudesmallerthanthe ion pressuresuchthat contributionsfrom this termaresmall. It is
interestingto notethat
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� (2.39)

Comparingthiswith generalizedOhm's law wecanre-writethisneglectingtheelectroninertiascaleas
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(2.40)

In otherwordstheadditionof theHall termtransformsOhm's law from
� �

�


 � �! 

in MHD into
�M�

�

� 
7� �  

. With this form it is clearthatthefrozen-inconditionfor themagnetic�ux appliesnow
to theelectron�uid (notethatonecanalsoincludea scalarelectronpressureterm in Ohm's law if the
densitydoesnotvarystrongly).

Therewill be variousapplicationsusingthe �uid andthe kinetic equations.Typical applicationscon-
siderwaves,discontinuitiesandshocks,instabilities,steadystatesolutions,andequilibrium solutions.
Particularlyfor thelasttopic it is importantto notethefollowing terminology.
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Steadystate assumestimestationarysolutionswith nonzerovelocity,
�

O

���

�Q 

and
���

�Q 

.

Equilibrium solutions assume
�

O

���

�  

and
�

�  

. Notethatfor kineticsystemsthevelocity in phase
spaceis always nonzerofor physicalsystems.Also the electronvelocity is nonzeroin current
regions.

Electrostatic solutions assume
�

�

O

���

�  

. This implies
��
�� �  

or
� ��� �

' . In this caseOhm's
law mustbereplacedby thePoissonequation(

�����Q�  

).

2.7 Tablesof PlasmaParameters

The�rst tablegivessomefundamentalconstants:

Property Symbol SI cgs
Speedof light c 3




10
'

m s
-�.

3



10
.

�

m s
-�.

Boltzmannconstant k 1.38



10
-

�

�

JK
-�.

1.38erg K
-�.

Electronmass
) �

9.1
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-

�

.

kg 9.1
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-

�

'

g
Protonmass

) �

1836
)"�

1836
)"�

Elementarycharge e 1.6



10
-�./.

C 4.8



10
-�.

�

statcoulomb
Dielectricconstant �6� 8.85
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-�.

� F m
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-
Permeabilityof freespace

�

� 4
: 


10
-#<

H m
-�.

-
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Thefollowing tablepresentsseveralbasicplasmafrequencies,lengthscalesandvelocities:

Property Symbol SI cgs

Plasmafrequency � �
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�

� 3




�

� 3




�

�

Coulombcollision frequency �

� � ���

�

���

�

2��

3

� �

�

���

�

���

�

2��

3

� �

�

Debyelength



�

�
��� � �

�

�
�

!

.$#

�

�
� �

���

�

�
�

!

.$#

�
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Thecorrespondingion propertiesare
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The following list providesnumericalvaluesfor the variousplasmaparametersin a convenientform.
Becauseit is morecommonin the�eld of magnetosphericphysicseverythingis measuredin cgsunitsin
this table,i.e.,

�

in cm
-

�

,
�

in Gauss,T in eV, and � �

�
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(ionsareprotons).Note that1 T = 10
�

Gaussand1 nT =10
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Thelasttableis anoverview of typicalplasmapropertiesin themagnetosheath/mantle,theoutermagne-
tosphere/tail,andtheinnermagnetosphere(acceleration)regions.
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Mantle/Sheath OuterM'Sphere/Tail InnerM'Sphere/Accel.R

�

[cm
-

�

] 10 [1-100] 1 [0.01-5] 10� [0.1-10
�

]
�

[nT] 20 [5-100] 40 [10-100] 10
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[10

�

-10
�

]
4%�
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�
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�
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�
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]
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