Chapter 2

BasicPlasmaProperties

2.1 First Principles

2.1.1 Maxwell's Equations

In generaimagneticandelectric elds aredeterminedy Maxwell's equationscorrespondindgpoundary
conditionsandthe source(chagesandcurrents)distributions.

— (2.1)
—— (2.2)
— (2.3)
(2.4)
where and areelectricandmagneticelds.
, and . Sometimest is corvenientto

expresstheelectromagneticelds in termsof anelectricpotential andavectorpotential suchthat

which requiresto solve theelectromagneticeld equationdor the potentialsfor instancen theform

S _ (2.5)
S (2.6)

where and satisfythelLorentzgauge

15



CHAPTERZ2. BASIC PLASMA PROPERTIES 16

2.1.2 Lorentz Equations of Motion

In electromagnetields themotionof chagedparticless determinedy the elds throughtheequations
of motion

— (2.7)

L (2.8)

If theforcesareexternal,the correspondingquationof motionarecompleteandthe particlemotionis
often calledtestparticle motion. However, if the other particlescontribute to the force on a particular
particlethe forceshave to be evaluated. The electromagnetiéorcesin a plasmadependsn the chage
andcurrentdensitiesvhich aredeterminedy the collective particleinteraction:

with and

In a plasmathe numberof particlesin a physicalsystemis usuallyratherlarge. In additionthe over-

whelmingmajority of problemsdealwith the collective particlebehaior ratherthantheindividual one.
Discreteparticledynamicscanbeimportantin someareasof plasmaphysicsfor sufciently small ("mi-

croscopic’)lengthor time scales.Thecollective behaior is usuallywell describedn a uid approxima-
tion.

2.1.3 PlasmaPropertiesand Parameters

A plasmais a gasof chagedparticles,which consistsof free positive andnegative chage carriers. To
allow free motion of the particlesthe typical potentialenegy mustbe much smallerthenthe typical
kinetic enegy

More than99% of all know matterin the universeis in the plasmastate.

Magnetospherprovidesanideallaboratoryto examinecomplex processes a naturalplasmaby
in situ obsenations.
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Debye Shielding: Coulombpotentialof achage :

(2.9)
Testchage shieldedby otherchages:
—_— — (2.10)
with the Debyelengthde ned by
_ = — (2.11)
or — for temperatures , humberdensity , Boltzmannconstant
andelectronchage . This potentialis sometimesalledthe Yukava poten-
tial.
Exercise: Show thatthe Yukawva potentialsatis esthe Poissorequation
Exercise: Derive the Poissonequationfor the caseof a testchage in a plasma(Hint: First
demonstrat¢hatthe densityof species is seesection2.2;thenexpand
theexponentialundertheassumption ).
Exercise: Computethe netchage of the shieldingcloud.
Quasi-neutralityfor any physicallength otherwisebinaryinteractionshouldbe considered.

~0

Figure2.1: Sketchof theparticletrajectoriesandof the Debyeshieldingchagedistributionin thevicinity
of atestchage.
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PlasmaParameter: Thenumberof of particlesin a Debyesphereds — . The conditionthat
thekinetic enegy is muchsmallerthanthekinetic enegy yields

(2.12)

with  beingthe so-calledplasmaparameter

Exercise: Calculatethe electronthermalspeedDebyelength,andthe plasmaparametefor
(a) thetail magnetospheneith 10 K, 10 m
(b) theionospheravith 10 K, 10 m

Exercise: Canaplasmabemaintainedattemperaturesf 100K (Hint: Calculatethe densitylimit
usingthe plasmaparameteandexplain your result).

Exercise: While the dependencen temperatureseemsintuitively clear the density
dependencappear®ddbecausdower densitieaneanlessparticlesandlessshielding.Why does
the plasmaparametemmprove (increaseywith decreasinglensity?

PlasmaFrequency: Typical oscillationsin a plasmaare electronplasmaoscillationswith the fre-
queny

- (2.13)

Collisions: In partiallyionizedplasmathe collisiontime betweerelectronsandneutralsmustbe much
largerthentheinverseelectronplasmafrequeng

Thecollisionfrequeng in aplasmais givenby

2.2 Kinetic Equations

To describea plasmaonecansolve the coupledsystenof Maxwell's equationsandtheparticleequations
of motion However, thereare more ef cient methodsto solve the plasmadynamicsusingthe above
approximations.

The rst steptowarda uid descriptions theintroductionof aphaseuid with thephasespaceconsisting
of the setof ordinarycoordinateandvelocities . Theentireensembleof particlehas spatial
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Figure2.2: Magnetospheriplasmaparameters.

and velocity degreesof freedom.By integratingthe correspondindiouville equation(seestatistical
mechanicspver spatialcoordinateand coordinate®neobtainsthe Boltzmanrequation
for the so-calledsingleparticledistribution function

— — — (2.14)

In the caseof thermalequilibrium assumesocally a Maxwell distribution in velocity spaceandthe
collisiontermontherhsof 2.14vanishesEquation2.14isclearlya uid (adwection)equationthoughin

a 6 dimensionakpace.The Ihs canbe interpretedasthe total derivative of alongatrajectory
givenby the 6 dimensionalelocity — where istheLorentzforce.

In the magnetosphereollisionscanbe neglectedalmosteverywhereexceptfor theionosphergandon
ratherlong time scalein the plasmasphere).In the absencef collisionsthe total derivative alongthe
pathdeterminedy is

in analogyof theadwectionequation . Thisimpliesthatthevalueof isconsered
alongthis trajectoryin the six-dimensionaphasespace.This particularlymeanghatany maximumof
thedistributionremainsexactly the same.If in additiontheforceis conserative, the 6 dimensionalo w
is incompressiblethatmeanghatthe phasespacevolumeof a contourwith any constantvalueof is
conseredduringtheevolution asillustratedin Figure2.3.

The Vlasor equationsconsistof the collisionlessBoltzmanrequation2.14 complementedhy Maxwell's
equations The collision term on the rhs canconsidermary differentphysicalor chemicalprocesses.
Chemicalreactionsjonizationor recombinationfriction, diffusion,andenegy exchangecollisionsare
containedn thecollisionterm. Detailsdependon the correspondingrocesses.

Thedescriptionwith the singleparticledistribution function2.14andthe actualequationf motion2.7
and2.8arein mary respectequialent.In mathematicalermstheLorentzequation®f motionrepresent



CHAPTERZ2. BASIC PLASMA PROPERTIES 20

>

Figure2.3: lllustrationof the evolution of a collisionlessdistribution conservinghe areainsidecontours
of constant .

thecharacteristicsf thecollisionlessBoltzmannequation Eachdescriptiorhasits particularadvantages
anddisadwantages.

In the presencef constant®f motion (steadystate , Or ignorablecoordinatedirections,e.g.,
) ary functionof the constant®f motion for species with theHamiltonian
andthe generalizednomentum solvesthe collisionlessBoltzmann

equation.However, it still remaingo solve Maxwell's equationwhich will bedemonstratedh section?.
Thesolutionto plasmawavescanbefoundby linearizingthe Vlasov equations.

2.3 Derivation of the Fluid PlasmaEquations

Fluid equationsareprobablythe mostwidely usedequationdor the descriptionof inhomogeneouplas-
mas. While the phase uid which is governedby the Boltzmannequationrepresent& rst example,
mary applicationsdo not requirethe precisevelocity distribution at any pointin space.Ordinary uid
equationdor gasesandplasmascanbe obtainedfrom the Boltzmannequationor canbe derived using
propertiedik e the conserationof massmomentumandenegy of the uid.

2.3.1 De nitions
The equation®f ordinary uids andgasesaswell asthosefor magneto uids(plasmaskanbe obtained
from equation2.14in a systematiananner De ning the Oth, 1st,and2nd momentof the integral over
thedistributionfunction asmassdensity , uid bulk velocity , andpressurdéensor__
(2.15)
— (2.16)

(2.17)

Note that all quantitiesshouldcarry anindex for the particle specieswhich is omitted herefor conve-
nience.With thesede nitions onealsoobtainsnumberdensity , chagedensity
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, momentumdensity , currentdensity , andscalarpressurgthe isotropic
portion of the pressure) - _ wheretheindividual particlemass andchage areused.
The uid equationsarethendeterminedy the momentwf the Boltzmannequationj.e.,

To accountfor thecollisiontermin (2.14)we de ne

— (2.18)
— (2.19)
- . (2.20)

The preciseform of thesetermsdependson the particular propertiesof the systemsand will not be
speci edatthis point.

2.3.2 Fluid Moments

To provide anexamplefor the evaluationof the momentsof the Boltzmannequationdet us evaluatethe
Oth momentof theintegral.

The rst termof theequatiorbecomes

Thesecondermis

andthethird termis

Thetermsontherhs.in theabore equatiorare becaus¢he for for eachcomponent

andin because (seehomework for the Lorentzforce). Therefore
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The collision term of the Boltzmannequationreducedo  (seeequation2.18) suchthatin summary
the Oth momentof the Boltzmannequatiorreducego

S — (2.21)

This is the usualcontinuity equatiorfor the particlenumberdensitywith a sourcetermontheright side.
Multiplying (2.21)with the particlemassyieldsthe continuity equationfor massdensity

- (2.22)

The sourcetermdescribegproductionor annihilationof massfor instancehroughchemicalreactionsor
ionizationor recombinationlt is notedthat(2.22)is for onespeciesonly. In the caseof severalneutral
constituentor ion speciesa correspondingontinuity equationis obtainedfor eachspecies.The total
productionrateof masshasto be zero.

Similarto theOthmomenthe 1stmomentof theBoltzmannequatior| ]
and2ndmoment] - ] yield theequationgor the uid momentum(or
velocity) andenegy

— _ (2.23)
- (2.24)
with theheat ux - and istheratioof speci c heatsj.e.,
if agashas3 degreesof freedomfor motion. Notethat
As beforethe® uid” Lorentzforce requiresto solve thecorrespondingeld equations

(2.1)- (2.4).

ThelLorentzforce(or ary velocitydependenfiorcenow depend®nthebulk velocityandvelocityis
adependentariablein the uid equationgatherthananindependentariableasin the Boltzmann
equation.

The sourcetermsfor mass , momentum , andenegy dependon systempropertiesand
needto bespeci edthroughtheseor througha systematicollision operatorandthe corresponding
velocity integrals. The termsre ect massgeneratiorand annihilation , momentumexchange
throughfriction  , andenegy exchangecollisions . Thefrictionterm  for species canbe
expressedn termsof aneffective collision frequeny

The pressurdensoris often split into a scalarpressureanda viscoustensor__ _ _,with
- andtheviscoustensor__.
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Oftena kinematicviscosity — — — is usedontheright of the momentum
equatioryieldingaterm  _ -

Eliminationof — - in theenegy equation(with theaid of (2.22)and(2.23))yields

- - (2.25)

The uid equationsvithoutthesourceermsimply theconserationof thecorrespondingroperty(mass,
momentumandenegy). Considerthemassin agivenvolumede ned by

Thechangeof massn thevolumeis

where isthesurfaceof . In otherwordsthemassnthevolume change®nlyif thereisanonzero
density ux (velocity) acrosghe surfaceof thevolume. Similarly momentumandenegy areconsered.
However, for the enegy one hasto include momentumand enegy which is containedin the elds as
well.

Exercise: Determinetheintegral of the 1stordermomentfor the rst two termsin the Boltzmannequa-
tion.

Exercise: Derivethelstordermomentorcetermfor agravitationalforceandtheLorentzforce(velocity
dependent).

Exercise: Do thesamefor theenegy equation(i.e., multiply the Boltzmannequation(2.14)with -
andintegrate).

2.3.3 Typical Fluid Approximations

Equationg2.22)- (2.24)establisithetypical setof uid equationsvhich areusedin mary simulations
of uids andgasedik e weathersimulationsair o w aroundaircraftor cars,water o w in pipesor round
boats,andmary otherresearclandtechnicalapplications.Usingthe setof equationg2.22),(2.23),and
(2.25)we canderive mostequationgommonlyusedin uid simulations:

For aknown velocitypro le  andnosources it is sufcient to modelthe continuityequa-
tion for instanceto derive the evolution of densityof a gasor the concentratiorof dust,aerosols,
etc.in any mediumlik e air wateretc.:
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If the velocity pro le is incompressible the equationreducego the commonadwection
equation:

With thetotal dervative alongthe uid pathde nedas— — theadwectionequationis
For no sources , Noviscosity__ (scalampressureandgravitationalacceleratiorior

theforcetermoneobtainsEuler's equation:

With a kinematicviscosityincludedthe momentunmequationis known asthe Navier-Stokesequa-
tion:

Neglecting pressureand external force terms and assuminga simpli ed viscosity one obtains
Burger's equation:

Diffusion and heatconduction: A diffusion equationcan be obtainedfrom the continuity equa-
tion anda rede nition of the bulk velocity in the presencef several particle species.However,
the more straightforvard equationfor diffusionis obtainedfor heatconduction(i.e., diffusion of

temperature) Equation(2.25) canbe re-writtenin differentforms. De ning — yieldsan
equationfor theinternalenegy of agas.More commonlyusedis theidealgaslaw to
re-write the enegy equationinto anequationfor temperatureAssumingscalarpressuregonstant
density andaheat ux drivenby atemperaturgradient on obtains
Steadystateequationaregeneratedrom the above setsby assuming . For steadycondi-
tionthevelocityis oftendeterminedrom apotentialwhich canbescalarif the o w is assumedtro-
tational( ) orincompressibleo w is modeledsometimesy avectorpotential ).

Exercise: Usingthe continuityequationandthe statedassumptionslerive Euler's equation.
Exercise: Derive theequatiorfor heatconductiorwith the statedassumptions.
Exercise: Derive theheatconductionequationfor nonzerovelocity

Exercise: Derive the continuity equationrandmomentumequationfor irrotational o w.
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Exercise: Assumea scalarpressure, , and in the pressureequation(2.25). Considera
function anddetermine and suchthattheresultingequationfor assumes conser
vativeform, i.e., +

Exercise: Assumea scalarpressure, , and in the pressureequation(2.25). Considera
function anddetermine and suchthatthe resultingequationfor assumes total
deriative,i.e., + . For thisbecomeshe equatiorfor anentroyy function

becausentrofy is conseredfor adiabaticchanges.

2.4 Plasma(Two-) Fluid Equations

In the absencef ionizationandenepgy exchangecollisions,consideringa simpletwo componen{ion
andelectron)plasmaandassuminga quasi-neutraplasmaimplying ) oneobtainsthe so-called
two uid equationsWith quasi-neutralitythe continuity equations

S (2.26)

Momentumandenegy equationsareunchangedxceptfor neglectingthe collision terms.
— (2.27)

o - (2.28)

where  describedriction betweerthetwo componentandeffectively describegnelectricresistance.
Effectively one can expressthe friction termsas where s the colli-
sion frequeng for particlesof speciess to collide with particlesof species. Momentumandenegy
conseration (for a closedsystem)furtherimply

Speci cally for aneutralplasmaconsistingof electronsandoneion speciesheserelationsimply

Oftenit is alsoassumedthatthepressureés scalaror gyrotropic,i.e.,is differentparallelandperpendicular
to themagneticeld. Also the heatconductiontermis often ngglected. Furtheruseof theseequations
will bemadein sections3 and4.
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2.5 SingleFluid or MHD Equations

While considerablymuchsimplerthetwo uid equationcontainstill considerableompleity which is

notneededor mary plasmasystemsThusit is desirabldo formulateamoreappropriatesetof equations

whichis applicablefor large scalesystemsThis setof equationsarethe so-calledVIHD equationsWith
thetotal currentdensityis

We canalsode ne thetotal massdensityas , effective mass , andbulk
velocity or total massdensity ux as

with thesede nitions oneobtains

Exercise: Show thatthesede nitions yield

— (2.29)

With the above de nitions we cannow uniquelyexpress and intermsof and thegoalbeingto
derive equationsvhich substitutehetwo- uid equationgor momentun{2.27)andenepy (2.28)density
It is alsoassumedhatthepressuras scalarfor boththeelectronandtheion componentgventhoughthis
is not necessaryBy takingthesumof the momentumequationsandsubstituting and oneobtains:

— — - (2.30)

with . Note that the total momentumhasto be consered suchthat A

secondequationis requiredfor uniquenesgtherearetwo momentumequationdor thetwo uids). This

is obtainedoy multiplying theion equationwith andtheelectronequationwith andthesum
of themodi ed equations:

— — — — (2.31)

with the resistvity where s the collision frequeng betweenelectronsandions (or

neutrals). This equationis usuallytermedgeneralizeddhm's law. In the above equationthe rst term
on therhsis often calledthe inertiaterm becauset representhe electroninertiain this equation. The
secondermis theelectronpressurdorce andthethird termis the Hall term.

Note that thusfar therehasbeenno approximationin our derivation (exceptfor the pressuresotropy
which is not really required)suchthat the above form of Ohm's law is fully equialentto the two- uid
equations.



CHAPTERZ2. BASIC PLASMA PROPERTIES 27

Finally one cantake the sumof the electronandion pressureequationsandkeepthe electronpressure
equationunmodi ed to obtain

— - (2.32)

Note that the ohmic heatingterm is presentboth in the sum of the pressureequationsas well asin
the electronequation. Hereit is assumedhat For the MHD equationswve will now neglectthe terms
associateavith theelectronpressureandthe rst, secondandthird termontherhsof generalized®hm's
law. Summarizingthe equationsand complementinghemwith the non-relatvistic Maxwell equations
oneobtainsthe following setof equationgermedtheresistve MHD equations:

— (2.33)

— (2.34)
(2.35)

_ (2.36)
(2.37)
— (2.38)

In Maxwell'sequationghedisplacementurrenthasbeemeglectedby assuminghattherearenoelectro-
magnetiovavespropagatingatthe speedof light. Divergence is satis edthroughtheinitial condition
(shaw this) andquasi-neutralitysatis es Coulombs equation.The continuityandmomentumequations
areexact (exceptfor the pressurasotropy) andthe mainassumptiongsimpli cations) wentinto Ohm's
law andto somedegreeinto the total pressureequation(and the elimination of the electronpressure
equation). Theseassumptionganbe betterunderstoody examiningOhm's law (2.31)througha nor-
malizationor dimensionahnalysis.Theideal MHD equationsaregive by theabove setwith

Measuringall quantitiesin typical units, i.e., the magneticinduction in units of a typical magnetic
eld suchthat where is now of orderunity, we can examinethe coefcients of the
differenttermsin Ohm's law. Note that velocitiesshouldbe measuredn units of the Alfvén speed

—, time in units of Alfvén travel time , andlengthscalesin atypical scale
for gradientsin the system . Applying this scalingyields coefcients for the rst termon

therhsand . Theterms and arecalled
electronandion inertiascalegor electronandion skin depthbecaus@f the extinctionlengthof wavesin

amedium).Thusit is justi ed to neglectthesetermsif the gradientdn the systemareon a muchlarger
lengthscalethenthesenertiascales.

Exercise: Assumea plasmadensityof 1 cm , temperatur@quivalentto 1 keV, andamagneticeld of
20 nT which aretypical for the nearEarthmagnetotail. Determineelectronandion inertiascales.
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Assumethatquasi-neutralitys violatedin aspherewith theradiusof the electroninertialengthby
1% (e.g. 1% of theion chageis notcompensatebly electrons.If outsidewerea vacuumwhatis
theelectric eld outsidethe sphereVhatvelocity perpendiculato themagneticeld is required
by Ohm'slaw to generatanelectric eld magnitudesqualto thaton the surfaceof the sphere?

Exercise: For theplasmain the prior exercise determinghetemperaturén degreesKelvin. Determine
theenegy densityin kW hours/m andkW hours/ (1 km). For thesale of simplicity
assumehatthe plasmasheetis representetby a cylinder with 10 radiusand100 length.
How long could a power plant with an outputof 1000 MW operateon the enegy storedin the
plasma?

2.6 Propertiesof the Two-Fluid and MHD equations:

TheMHD equationsareavery commonlyusedplasmaapproximation.They consere massmomentum,
andenegy. As mentionedabove they arevalid on scaledargerthantheion inertiascale.lt is important
to notethatthe ideal MHD equationdo not have ary intrinsic physicallength scale. This implies for

instancea self-similarity in the sensethat the dynamicson small physicallength scalesis exactly the

sameasfor large scalesystemswith the only differencethatthe larger systemevolve slower. This can
beillustratedby normalizingthe equationdo a particularlength ~ which impliesthatthe typical time

scaleis (with — ). For asystemwhich is identicalexceptthatis is 10 times
largerthelengthscaleis andthetime scaleis . Thusa simplere-normalizatioryields exactly

thesamedynamics.

7

C(ty+dt)

Figure2.4: lllustrationof the frozen-incondition.

Ohm'slaw in theideal MHD equations impliesthatthemagneticux is frozeninto the
plasmamotion. This canbe seenfrom the following aguments.The magneticux throughthe surface
is thesurfaceintegral

with beingthe surfaceelemenif thecontour . Thecontourelementsnove with the uid velocity
. Thechangeof themagneticux fromtime do is
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wherethe rst term on the rhs representshe contribution from the changeof the shapeof andthe
secondermthe contributionfrom thechangeof . It followsthat

if the surfaceis moving with the uid . In otherwordsthe amountof magnetic ux through
ary givencrosssectionalareaof the MHD uid doesnot changein timeif this areawhich moveswith
the uid. Thefrozen-inconditioncanalsobe understoodn the following way. Two uid elementsare
alwaysconnectedby amagneticeld line if they wereconnectedtonetimeby a eld line (aline de ned
by thedirectionof themagneticeld atarny momentin time). In otherwordsa eld line canbeidenti ed
by uid plasmaelements.This propertyis sometime<alledline conseration. This requiresthatideal
Ohm'slaw applies,.e., electricalresistvity is zero.

fy

Figure2.5: Illustrationof line conseration

A morecompletdorm of Ohm'slaw shouldbeconsideredf gradientsonsmallerscalesxistin aplasma.
Sincetheion inertiascaleis by a factorof largerthanelectroninertia effectsthe rst termsto
considerarethe Hall term andthe electronpressurderm (notethatthe electronpressuras typically an
orderof magnitudesmallerthantheion pressuresuchthat contributionsfrom this termaresmall. It is
interestingto notethat

_ (2.39)

Comparingthis with generalizeddhm's law we canre-writethis negglectingthe electroninertiascaleas

— (2.40)

In otherwordsthe additionof the Hall termtransformsOhm’s law from in MHD into

. With thisform it is clearthatthe frozen-inconditionfor themagneticux appliesnow
to the electron uid (notethatonecanalsoincludea scalarelectronpressurdermin Ohm's law if the
densitydoesnotvary strongly).

Therewill be variousapplicationsusingthe uid andthe kinetic equations.Typical applicationscon-
siderwaves, discontinuitiesand shocks,instabilities, steadystatesolutions,and equilibrium solutions.
Particularlyfor thelasttopicit is importantto notethe following terminology
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Steadystate assumesime stationarysolutionswith nonzerovelocity, and

Equilibrium solutions assume and . Notethatfor kinetic systemghevelocityin phase
spaceis always nonzerofor physicalsystems. Also the electronvelocity is nonzeroin current
regions.

Electrostatic solutions assume . Thisimplies or . In thiscaseOhm's
law mustbereplacedoy the Poissorequation( ).

2.7 Tablesof PlasmaParameters

The rst tablegivessomefundamentatonstants:

| Property | Symbol| Sl | cgs |
Speedof light C 3 10 ms 3 10 ms
Boltzmannconstant k 1.38 10 JK 1.38eg K
Electronmass 9.1 10 kg 9.1 10 g
Protonmass 1836 1836
Elementarychage e 16 10 C 4.8 10 statcoulomb
Dielectricconstant 885 10 Fm -
Permeabilityof freespace 4 10 Hm -

Otherrelations:

Thefollowing tablepresentseveralbasicplasmafrequencieslengthscalesandvelocities:

| Property | Symbol |

Sl

| cgs |

Plasmdrequeny

Electrongyrofrequeng

Coulombcollisionfrequengy

Debyelength

Skin depth(electroninertia)

ElectronGyroradius

ElectronThermalvelocity

Alfvenspeed

Numberof particlesin a Debyesphere -
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Thecorrespondingon propertiesare

The following list provides numericalvaluesfor the variousplasmaparametersn a corvenientform.
Becauset is morecommonin the eld of magnetospheriphysicseverythingis measuredh cgsunitsin
thistable,i.e., incm , in Gauss,T in eV, and (ionsareprotons). Notethat1 T = 10
Gaussand1nT =10 Gauss.

Thelasttableis anoverview of typical plasmgpropertiesn the magnetosheath/manthe outermagne-
tosphere/tailandtheinnermagnetosphere(acceleratioajions.
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| | Mantle/SheatH OuterM'Sphere/Til | InnerM'Sphere/Accel R |

[cm ] 10[1-100] 1[0.01-5] 10 [0.1-10]
[nT] 20[5-100] 40[10-100] 10 [10 -10]
[eV] 50[10-10] 500( 10 [1-10]
[eV] 100[10-10] | 2 10 | ] 10 [1-10]

1.8 10 5.7 10 56 10
3.5 10 7.0 10 1.8 10
1.9 10 3.6 10 9.6 10
6.2 10 2.0 10 7.0 10
[m] 1.7 10 1.7 10 2.3 10
[m] 1.7 10 53 10 53 10
[m] 7.3 10 23 10 2.3 10
[m] 8.4 10 1.3 10 75 10
[m] 5.0 10 1.1 10 3.2 10

[m/sec] 3.0 10 9.4 10 1.3 10
[m/sec] 9.8 10 4.4 10 3.1 10
[m/sec] 1.4 10 8.7 10 2.18 10

19 10 19 10 54 10




