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Solutions

1. Herefollows a setof qualitative questionseachof which shouldbeansweredn
perhaps—15linesof text, possiblyanequationor two andmaybeafigure.

(&) Whatmakesplasmaphysicssomuchmorecomplicatedhanthephysicsof
aneutralgas?(1p)

(b) Whatis themeaningof the concept'frozen-inmagnetidield”, andin what
circumstancess it appliccable?1 p)

(c) Nameatleasttwo planetsn the solarsystemgexceptthe Earth,thatshould
have magnetospheresl p)

(d) You have probablyheardthat”in spacethereare no sounds,asthereis
nothingfor soundwavesto propagatén”. Well, now whenyou know that
"empty space’is notempty whatdoyouthink? Are theresoundsn space?
Intelligent discussioris moreimportantherethanexactly right or wrong.
(1p)

(e) Whatis the solarcorona?Whatis (in sciencen generalandin this course
in particular)regardedasthe mostimportantunsohed problemregarding
thecorona?2 p)

() An argumentsometimedeardgoesasthis: "It isimpossibleto gainenegy
without usingary fuel by so-calledgravity assistmanouvresjn which a



(@

spacecrafflies by closeto a planet.As gravity is a conserative force,the
speedof the spacecrafts the samewhengoing away from the planetas
whencomingin towardsit. Thusgravity assistis impossiblé€’ Still grav-

ity assistobviously works, without ary active propulsionfrom rocket en-
ginesor solarsails or anything, asshavn by mary interplanetaryspace-
craft. How? (2 p)

Draw alarge (useaseparat@aper)andclear sketchof the Earths magne-
tosphereindicating:
i. Representate geomagnetidield lines,with direction
ii. Representate solarwind flow lines,with direction
iii. Thebow shock
iv. Themagnetopause
v. Theplasmasphere

(2p)

Solution:

@)

(b)

(©

(d)

(e)

The particlesconstitutingthe plasma,or at leasta significantfraction of
them,areelectricallychaged,andthey maythusinteractthroughelectric
andmagnetidields. In atrue plasmatheindividual particle-particlanter-
actionsare unimportant,but the collective effects of the motion of mary
particlescreateelectromagnetidields which in their turn governthe mo-
tion of the particles.Thisis whatmakesplasmaphysicscomplicated- and
fun!

"Frozen-in” refersto the fact that the magneticflux is tied to the plasma
motion, so thatit is possibleto treatthe magneticfield lines as physical
objectsmuchlik e stringsof well-boiledspaghettin jelly. Theconceptan
only beappliedfor long time scale{muchabove the gyroperiod)andlong

spatialscalegmuchlongerthanthe gyroradius).

Clearcasesthegiants(Jupiter Saturn,Uranus Neptune).Lessclearcase:
Mercury (it is so small that it at times probablydoesnot go outsidethe
planetsurfaceon the dayside). Even lessclear case: Mars (having very
weakandinhomogeneouspatchy”, magnetidield of its own).

The spaceplasmahasa pressureandthussupportsound-like waves. The
propertiesof thesewavesare complicatedby the electricinteractionsbe-
tweenthe plasmaparticlesandthuschangedrom ordinary soundwaves,
but they still have pressurevariationsandshouldthusin principle be audi-
ble to a sufiiciently sensitive ear

The solarcoronais the uppermostayerof the solaratmospheréif you do
not considerthe solarwind asa part of that atmosphere)usually consid-
eredto stretchout tensof solarradii from the sun. The mostremarkable



featureof the coronais its high temperaturemillions of K, while the un-
derlyingchromospherandphotospherdave temperatureseveralorderof
magnitudedower. The mysterysoughtin the problemtext is the heating
of thecoronato thesehightemperaturesyhichis still unknown (atleastin
its details).

(H In the frameof referenceof the planet,the enegy of the spacecrafts in-
deedconsered. However, asthe planetitself is moving aroundthe sun,a
spacecraftanindeedgain(or loose)enegy whenpassingheplanet.Total
enegy is of coursepresered,the planetchangingts motionimperceptibly
in responséo theweakgravitational pull of the spacecraft.

(@)

2. It would be very interestingto senda spacecrafto do measurementsf the
plasmaandtheelectromagnetifieldsin thesolarcoronafor instanceor solving
theprobleml hopeyou have mentionedn the solutionto Problemle. However,
goingsocloseto thesunposessignificanttechnicalproblems above all thermal
problems.Oneof the ideasof how to keepcoolis to build a conicalspacecraft
with thetop of the conetowardthe sun. Assumingno internaldissipationof en-
ergy, derive an expressiorfor the equilibriumtemperatur@asa function of cone
top (half-)angleanddistanceto the sunfor sucha spacecraftWhattop angles
would beneededatadistanceof 40 solarradii from the sunin orderto getdown
to temperature®f 400°C and50°C, respectiely, if the surfacepropertiesare
a = 0.56 ande = 0.37 (correspondingo e.g.unpolishedsteel)?Thetotal solar
luminosityis 3.9 - 1026 W, andthe solarradiusis 696 000 km. (4 p)

Solution:

In equilibrium,the sunlightradiationpower absorbedy the spacecratft,
P, = Ayal;ag, 1)

mustbe equalto the emittedthermalradiationpower,

P, = AcecT*, 2)
sothat »
(e Aa Trad
T=[-== . 3
(6 Ae o ) ®)

Thefirstfractionin theparenthesig givenby theconstantprovidedin theprob-
lem. To find the arearatio 4, / A, we first notethatfrom the sun,the spacecraft
lookslike acircle of someradiusr: thusthe absorbtiorareais

A, = mr?. 4)



To sun

Figurel: Geometryof the conicalspacecraft.

TheemissionareaA, is thefull areaof the spacecrafti.e. of the coneincluding
its bottom. With a circularradiusr andatop half-angleg (Figurel), theheight

of theconeis
h=r/tan ¢,

sothatits mantleareais
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Thetotal emissve areawe getby addingthis to the bottomarea,sothat

1
Ago=mr? (1 )
mr ( +sin¢)

Hencethearearatioin (3) is

A, 1

A, 1+

sin ¢

. / 1 ; 2
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(6)

(7)

(8)

To getthe lastunknovn parametein equation(3), the solarradiationintensity
atdistanceR from the sun,we divide thetotal power of the sunby theareaof a

sphereof radiusR, i.e.
Pra.d

4T R2"

Ira.d =

(9)



Putting(8) and(9) into (3), we get
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€el+
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(10)

To find the anglesneededo keepthe spacecrafat the statedtemperaturesye

solve equation(10) for sin ¢, getting

sin ¢ =

1

47ocR2T% —

aPrag 1’

(11

Stefan-Boltzmanrs constants is a tablevalue,andall othernumericalvalues
areprovidedin thetext. For 7' = 400°C = 673 K, we geta top half-angle
of 14°, which may be possibleto build, but this temperaturéds too high for
normal electronics. On the other hand, the more comfortabletemperatureof
T = 50°C = 323 K gives0.6°, whichis quiteanunreasonablparrov geometry
for a spacecraft.One may considerputting a conical parasollon somebooms
protrudingfrom the spacecraftso that the parasollcanbe several hundred®°C

without hurtingthe spacecratft.

3. (a) Derive anexpressiorfor the electronnumberdensityn, in anionosphere

asafunctionof altitudeh above thegroundassuminghat:

e theneutralgashasthesamaemperaturandcompositioronall heights
while its numberdensityvariesasn, (h) = ngexp(—h/H), where
H = KT/(mg), m is the meanmolecularmassandny is the atmo-
sphericnumberdensityat the ground,

e theintensity I of theionizing radiationincreasesvith altitudeasde-
terminedby dI = on,(h)I(h)dh,

e ionizationandrecombinatiorbalancegachother, sothata;n, (h)I(h) =

arn2(h).

Here,o, a; anda, areconstantsK is Boltzmanns constantandg is the

acceleratiorof gravity (assumeaonstantvith altitude).(4 p)

(b) Derive an expressionfor the altitude of the maximumelectrondensityin

(a) only dependingn the constantd?, o andnyg. (2 p)

Solution:

4. Consideranauroralelectron(enegy in the 10 keV range)at somepoint above

theauroralzone.



(a) Shaw, for instanceby usinganadiabatidnvariant,thatthe particleis mov-
ing onthesurfaceof amagnetidlux tube(whichmeanghatyou shallshov
thatthetotal magnetidlux insidethe particlegyroorbitis constant)(2 p)

(b) Derive the conditionon the magneticfield strengthglocally anddown in
the atmosphere)hat must be satisfiedfor the particleto reachthe atmo-
spherebeforeit is mirrored. (2 p)

Solution:

5. Thetotal masdaunchedy arocket canbewritten
M =mp +ms +mg

wherem,, is the payloadthatwe actuallywantto putinto orbit, me is the fuel
andmy is thestructuralmassj.e. the massof therocketitself.

(a) Why is it at all goodto divide a rocket into several stages?Describein
words.(1p)

(b) Shaw thatdividing therocketinto two stagesgjivesanadditionalAv

1 + maf

Mas+mMp
1 mof
Mmis+mas+mp

(Av)bonus = v In

ascomparedo usingthe samefuel andstructuremassin onesinglestage.
3p)

(c) Consideraone-stageocketlaunchwith m, = 0.02 M andms = 0.1 M.
For the samepayload how muchdoesAw increaseby dividing the rocket
into two identicalstagesAssumethattheratio of fuel to structuremassis
the samefor eachstageandalsofor the one-stageocket you compareto.
Theanswershouldbe givenin percentof theone-stage\v. (2 p)

We assumethat the rockets burn very quickly, so that the term gtpy,n in the
rocket equationcanbe neglected.

Solution:



