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Pleasewrite your name on all papersandonthefirst pageyour address, e-mail andphone number aswell.
Time: 1000- 1500
Allowedtools: MathematicdHandbook PhysicsHandbook enclosedormulasheet.

1. Herefollows a setof qualitative questionseachof which shouldbe answeredn perhap$—15lines of text,
possiblyanequationor two andmaybea figure.

(a) Whatis anionosphere?1 p)

(b) Whatis a"frozen-in” magnetidield? (1 p)

(c) Whatis theheliopause?1 p)

(d) Why don't satellitegust fall down to theground?(1 p)

(e) What is the aurora? What doesit look like, andwhy? What is the altitude of the visible auroral
emissionsoesit have ary associatiorio geomagnetisubstormsDoesit have anything to do with
thesolarcycle?(2 p)

() Whatis thesolaractiity cycle?How longis it, whathappen®nthe sunduringit, whateffectsdoesit
have ontheEarth?(2 p)

(g) Describethe non-relatvistic motion of a chagedparticlein a dipole magneticfield. Threecharacter
istic periodicitiesareassociatedvith this motion. Which arethey andwhy do they occur?(2 p)
2. Thetotal masdaunchedoy arocket canbewritten

M = mp + mg + my

wherem,, is the payloadthatwe actuallywantto putinto orbit, ms is thefuel andm; is the structuraimass,
i.e. themassof therocketitself.

(a) Why isit atall goodto divide arocketinto severalstages?1 p)
(b) Shaw thatdividing therocketinto two stagegjivesanadditionalAv

1 + mof

mos+mp
1 _ m2f
Mmis+mas+myp

(A'U)bonus =7 In

ascomparedo usingthe samefuel andstructuremassn onesinglestage.(2 p)

(c) For arocketlaunchwith m, = M /50 andms = M /10, how muchdoesAv increasedy dividing a
rocket into two identical stageswhile still keepingthe total massconstant?Assumethat the ratio of
fuel to structuremassis the samefor eachstageandalsofor the one-stageocketyou compareto. The
answershouldbegivenin percentof theone-stage\v. (1 p)

Weassumehattherocketsburnvery quickly, sothatthetermgtyy.r, in therocketequatiorcanbeneglected.

3. In Figure 1, you find datameasuredy one of the Clusterspacecraffrom December2000. The small
sketchesatright in the figure show the orbit of Clusterduringthe periodplotted,with a plus sign denoting
the startof the time interval. The Earthis at the origin, the ecliptical planeis the zy-plane,andthe Sun
is far away in the +2 direction. The figure also shavs predictedpositionsof the bow shockand of the
magnetopause.
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Figurel: Datafrom oneof theClusterspacecraforbitingtheEarth. Plotdescriptiongrom top down: (1) Magnetic
field strengthB. (2) Bulk flow speed(not thermalspeed)of ions. (3) Spacecrafpotential— pleaseignore. (4)

lon enegy distribution. Dark shadingmeansmary ionsata particularenegy, light thattherearefew. Theenegy

givenis the total kinetic enegy of eachion detectedby the instrument,dueto bulk flow aswell asto thermal
motion. (5) Electronenengy distribution (plottedin the %ameway astheions). (6) and(7) wave spectra— please
ignore.



(a) Which of the curvesin the small plots at right is the bow shock— the grey (left) or the black (right)
cune?(1p)

(b) Eachboundaryseparatetvo regionsof space Whatregionsareseparatethy thebow shock,andwhat
regionsareseparatedby the magnetopause(Btatethe namesof theregionsinvolved) (1 p)

(c) The predictionthuswasthat Clustershouldnot crossary of the two boundariesduring this time in-
tenal. In reality, the datashaws that Clustercrossedneof theseboundarieseveraltimesduring this
time period(or, rather thatthis boundarypassedClusterseveraltimes),while Clusterdid not seethe
otherboundaryat all. Mark the boundarycrossingswith arrowvsin plot (2) from above. (I think there
arefive crossings-doyou agree?)1 p)

(d) Which boundarydid Clusterencounter the bow shockor the magnetopauseRIlotivateyour answer
by describinghow the datain eachof panels(1), (2), (4) and(5), numberedrom top down, support
your conclusion(2 p).

4. (@) Considerl keV ionsandelectronswith pitch-angle9(° in the equatorialplaneat a distanceof 3.9 Rg
and20.3Rg from the centerof the planetSaturn. This correspondso the distancedo theicy moon
Enceladuswhich is suspectedo expel lots of water andthe large moon Titan, with its denseatmo-
sphererespectiely. How long time doesit take for the chagedparticlementionedabove to drift one
completeorbit aroundSaturn?Themagnetidield of Saturnmayherebeconsideredo beadipolefield
with aamagnetidield strengthof 21 u T nearthe cloudysurfaceatthe equator (Rg = 60330km is the
radiusof Saturn.)(3 p)

(b) How doesthe drift velocity compareto the co-rotationalvelocity enforcedby the rotationof Saturn?
Thereis still aring currentthatdeveloparoundSaturnbetweerabout8 Rs and16 Rs accordingto the
Voyagerl and2 magnetidield measurementsdow is this possible?Adopta meandrift velocity value
at 10 Rg, assumehe particledensityis 0.1 cm—2 of the 1 keV particle populationswithin the entire
region. Derive thetotal currentflowing throughthis region. Assumethe region canbe consideredsa
rectangulacrosssectionwith 5 Rg thicknesgseepicture). Saturns’spin periodis 10 h 14 mins. (2 p)

5. Theicy JupitermoonEuropahasaverythin atmospheref oxygen(Os andO), creatednostlyby sputtering
of the surfaceice by enepetic particlesfrom the magnetospheref Jupiter Modelsbasedon this source
predictsa surfacepressureof some0.01- 1 ubar Somebelieve thatoutgassingrom anunderice Europa-
worldwide oceancould alsocontritute to this thin atmospherén which caseits surfacepressuravould be
muchhigher

The Galileo spacecrafarrived to the Jupitersystema coupleof yearsagoto investigatethe issuecloser
amongmary othertasks.TheonboarcdHF plasmawvaveinstrumenestimatedheplasmadensityto 100cm—3
above the backgroundmagnetosphericlensity (essentiallyby deriving the density from the plasmafre-
gueny) at a distanceof 0.4 Rg,, from the frozenicy sunlit surfaceof the moon (Rg,, = 1565km is the
radiusof Europa). The overexcited andfamousscientistFrank Splashrushesinto your office andscreams
EUREKA, | KNOW THE PRESSUREAT THE SURFACE OF EUROPA! He saysthathe hasjust conjured
up, by his masterfulscientificintuition, thatthe photoionizatiornrate of atomicoxygenduring the Galileo
measurementsearEuropacanbe estimatedo 0.1 m=3s~!. Unfortunately he stumblesover a chair and
diesbeforehetells you more!

(&) A noteon oneof his papersrevealsthat the importantchemicalreactionsfor the formation of the
ionophereof Europaare:

O+hv— Ot +e-  (photoionization)
Ot+ 0, — Of +O (chageexchange)
Of +e- - 0+0 (recombination)

wherethetwo lastreactionshave reactionratesof 1018 m3/sand10~!2 m3/srespectiely. Calculate
the local (wherethe spacecraftvas) equilibrium molecularoxygendensity(O2) assumingjuasineu-
trality. (3 p)

(b) Assumefurthermorethat diffusive equilibrium exist throughoutthe whole atmosphereof Europa,
which thereforecanbe consideredas an exospherewith a constantemperatureof 100K (freezing
cold!). The gascanbe assumeddeal. The surfacegravity acceleratioris about1.3 m/s? andcanbe
consideredhot to changesignificantlywith altitude. Calculatethe surfacemolecularoxygenpressure.
Find out what the late Prof. Splashdiscoreredand give a commenton if it is likely that outgassing
of liquid wateroccurson Europa. [If you didn't manageto calculatethe O, densityin the problem
above, thenassumea valueof 10° m—2 (which is not necessarilyhe correctanswerto the preceding
problem).](3 p)



Space Physics Formulas:
Complement to Physics Handbook

Chagedensityin plasmawith chageparticlespecies:
p= Z qsTs

Currentdensity:

i= Z gsMsVs
s

Dipole magnetidield:

3
B(r,0) = — By (%) (2fcos€ + ésine)

Dipolefield lines:
r/sin? @ = const.
Magneticfield enegy densityandpressure:

B2
TP

Equationof motionof neutralgas:

pmd—: = —Vp + other forces

Equationof motion of gasof chagedpatrticles:

mn‘fl—: = ng(E + v x B) — Vp + other forces

MHD equationof motion:
d
pmd—: = j x B — Vp + other forces

Equationof continuity:

%‘FV'(TLV):Q—L
Equationof statefor idealgas:
p=nKT
Conditionfor "frozen-in” magnetidield:
E+vxB=0

Ohm’s law:

op OoH 0 EJ_
j = —0H Op 0 0
0 0 U” E”

Cyclotronfrequengy (gyrofrequeng):

fo = wef(2m) = -

2T m

Magneticmomentof chagedparticlegyratingin magnetidield:
1 .
p=gmvi/B

Magneticforce on magnetiadipole:
FB = —MVB



Drift motiondueto generaforceF:

Pitchangle:
tana = vy /|

Electrostatigpotentialfrom chage@ in aplasma:

Q e—T//\D
&(r) =
(r) dmeg T
Debyelength:
KT
Ao =/ 2=
ne
Plasmdrequeng:
1 ne2
= o) = —
fo = wp/(2m) 27\ come
Rocletthrust:
T=vw d_m
Tt
Specificimpulse:
JTdt
I, = =
5P Meueld e/g

Therocket equation:

m
Av = —gtburn + Ve In (1 + ﬁ)
Myehicle

Emittedthermalradiationpower:
P, =coAT*

Absorbedsolarradiationpower:
P, = aA,lag



