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1. Herefollowsa setof qualitativequestions,eachof which shouldbeansweredin perhaps5–15linesof text,
possiblyanequationor two andmaybea figure.

(a) Whatis anionosphere?(1 p)

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

(c) Whatis theheliopause?(1 p)

(d) Why don’t satellitesjust fall down to theground?(1 p)

(e) What is the aurora? What doesit look like, and why? What is the altitude of the visible auroral
emissions?Doesit have any associationto geomagneticsubstorms?Doesit have anything to do with
thesolarcycle?(2 p)

(f) Whatis thesolaractivity cycle?How long is it, whathappenson thesunduringit, whateffectsdoesit
haveon theEarth?(2 p)

(g) Describethenon-relativistic motionof a chargedparticlein a dipolemagneticfield. Threecharacter-
istic periodicitiesareassociatedwith this motion.Whicharethey andwhy do they occur?(2 p)

2. Thetotal masslaunchedby arocketcanbewritten���������	��
�����
where

� �
is thepayloadthatweactuallywantto put into orbit,

� 

is thefuel and

� �
is thestructuralmass,

i.e. themassof therocket itself.

(a) Why is it at all goodto dividea rocket into severalstages?(1 p)

(b) Show thatdividing therocket into two stagesgivesanadditional ���� ������������� � � ���! #" $ � %'&)(% &+*), %.-$ � %'&)(%0/ * , % &1* , % -
ascomparedto usingthesamefuel andstructuremassin onesinglestage.(2 p)

(c) For a rocket launchwith
� � �2��35476

and
� � �2��3 $ 6

, how muchdoes ��� increaseby dividing a
rocket into two identicalstages,while still keepingthe total massconstant?Assumethat the ratio of
fuel to structuremassis thesamefor eachstageandalsofor theone-stagerocketyoucompareto. The
answershouldbegivenin percentof theone-stage��� . (1 p)

Weassumethattherocketsburnveryquickly, sothattheterm 8:9 �;�=<>� in therocketequationcanbeneglected.

3. In Figure 1, you find datameasuredby one of the Clusterspacecraftfrom December2000. The small
sketchesat right in thefigureshow theorbit of Clusterduringtheperiodplotted,with a plussigndenoting
the startof the time interval. The Earth is at the origin, the ecliptical planeis the ?A@ -plane,andthe Sun
is far away in the

� ? direction. The figure alsoshows predictedpositionsof the bow shockandof the
magnetopause.
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Figure1: Datafrom oneof theClusterspacecraftorbitingtheEarth.Plotdescriptionsfrom topdown: (1) Magnetic
field strengthB . (2) Bulk flow speed(not thermalspeed)of ions. (3) Spacecraftpotential– pleaseignore. (4)
Ion energy distribution. Dark shadingmeansmany ionsat a particularenergy, light thattherearefew. Theenergy
given is the total kinetic energy of eachion detectedby the instrument,dueto bulk flow aswell as to thermal
motion. (5) Electronenergy distribution (plottedin thesameway asthe ions). (6) and(7) wave spectra– please
ignore. 2



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

(b) Eachboundaryseparatestwo regionsof space.Whatregionsareseparatedby thebow shock,andwhat
regionsareseparatedby themagnetopause?(Statethenamesof theregionsinvolved)(1 p)

(c) The predictionthuswasthat Clustershouldnot crossany of the two boundariesduring this time in-
terval. In reality, thedatashows thatClustercrossedoneof theseboundariesseveraltimesduringthis
time period(or, rather, that this boundarypassedClusterseveral times),while Clusterdid not seethe
otherboundaryat all. Mark theboundarycrossingswith arrows in plot (2) from above. (I think there
arefivecrossings– do youagree?)(1 p)

(d) Which boundarydid Clusterencounter– thebow shockor themagnetopause?Motivateyour answer
by describinghow the datain eachof panels(1), (2), (4) and(5), numberedfrom top down, support
yourconclusion.(2 p).

4. (a) Consider1 keV ionsandelectronswith pitch-angle90C in theequatorialplaneat a distanceof 3.9RD
and20.3RD from the centerof the planetSaturn.This correspondsto the distancesto the icy moon
Enceladus,which is suspectedto expel lots of water, andthe largemoonTitan, with its denseatmo-
sphere,respectively. How long time doesit take for thechargedparticlementionedabove to drift one
completeorbit aroundSaturn?Themagneticfield of Saturnmayherebeconsideredto beadipolefield
with aamagneticfield strengthof 21 E T nearthecloudysurfaceat theequator. (RD = 60330km is the
radiusof Saturn.)(3 p)

(b) How doesthedrift velocity compareto theco-rotationalvelocity enforcedby the rotationof Saturn?
Thereis still a ring currentthatdeveloparoundSaturnbetweenabout8 RD and16 RD accordingto the
Voyager1 and2 magneticfield measurements.How is thispossible?Adoptameandrift velocityvalue
at 10 RD , assumethe particledensityis 0.1 cmFHG of the 1 keV particlepopulationswithin theentire
region. Derive thetotal currentflowing throughthis region. Assumetheregioncanbeconsideredasa
rectangularcrosssectionwith 5 RD thickness(seepicture).Saturns’spinperiodis 10 h 14 mins. (2 p)

5. Theicy JupitermoonEuropahasaverythin atmosphereof oxygen(OI andO), createdmostlyby sputtering
of the surfaceice by energetic particlesfrom the magnetosphereof Jupiter. Modelsbasedon this source
predictsa surfacepressureof some0.01- 1 E bar. Somebelieve thatoutgassingfrom anunder-ice Europa-
worldwideoceancouldalsocontributeto this thin atmospherein which caseits surfacepressurewould be
muchhigher.

The Galileo spacecraftarrived to the Jupitersystema coupleof yearsagoto investigatethe issuecloser,
amongmany othertasks.TheonboardHFplasmawaveinstrumentestimatedtheplasmadensityto 100cmFJG
above the backgroundmagnetosphericdensity (essentiallyby deriving the density from the plasmafre-
quency) at a distanceof 0.4 RKML from the frozenicy sunlit surfaceof the moon(RKNL = 1565km is the
radiusof Europa).TheoverexcitedandfamousscientistFrankSplashrushesinto your office andscreams
EUREKA, I KNOW THE PRESSUREAT THE SURFACEOFEUROPA! Hesaysthathehasjustconjured
up, by his masterfulscientificintuition, that the photoionizationrateof atomicoxygenduring the Galileo
measurementsnearEuropacanbe estimatedto 0.1 m FHG sFPO . Unfortunately, he stumblesover a chair and
diesbeforehetells youmore!

(a) A note on oneof his papersrevealsthat the importantchemicalreactionsfor the formation of the
ionophereof Europaare:

O + hQ�R O
,

+ eF (photoionization)
O
,

+ OI�R O
,I + O (chargeexchange)

O
,I + eF R O + O (recombination)

wherethetwo lastreactionshave reactionratesof 10F�OTS mG /sand10FPOUG mG /s respectively. Calculate
the local (wherethe spacecraftwas)equilibrium molecularoxygendensity(OI ) assumingquasineu-
trality. (3 p)

(b) Assumefurthermorethat diffusive equilibrium exist throughoutthe whole atmosphereof Europa,
which thereforecanbe consideredasan exosphere,with a constanttemperatureof 100 K (freezing
cold!). Thegascanbe assumedideal. The surfacegravity accelerationis about1.3 m/sI andcanbe
considerednot to changesignificantlywith altitude.Calculatethesurfacemolecularoxygenpressure.
Find out what the late Prof. Splashdiscoveredandgive a commenton if it is likely that outgassing
of liquid wateroccurson Europa. [If you didn’t manageto calculatethe OI densityin the problem
above, thenassumea valueof 10V m FJG (which is not necessarilythecorrectanswerto thepreceding
problem).](3 p)
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Space Physics Formulas:
Complement to Physics Handbook

Chargedensityin plasmawith chargeparticlespeciesW :X �ZY\[Z] [_^N[
Currentdensity: ` � Y\[ ] [ ^ [�aPb
Dipolemagneticfield: c �>d�egf � �ih B�jlknm jdo Gqp�rtsuMvxw\y f � sf yUz " f5{
Dipolefield lines: d 3 ygz " I f � v;w " yU|=}
Magneticfield energy densityandpressure:~�� �	� � � B Ir E j
Equationof motionof neutralgas: X���� a� 9 ��h��q��� w7|g�A�;�M�>w5�_vx�=y
Equationof motionof gasof chargedparticles:� ^ � a� 9 � ^ ] �)� � a� c � h�q��� w5|g�t�=�M�>w���v;�=y
MHD equationof motion: X\� � a� 9 � ` � c h����� w7|��t�;�M�>w5�_vx��y
Equationof continuity: � ^� 9 ����� � ^ a � ����h��
Equationof statefor idealgas: ��� ^����
Conditionfor ”frozen-in” magneticfield: � � a� c ��6
Ohm’s law: ` ���� �t� �t� 6h �t� �t� 66 6 �M�

 ¡ ��2¢�£6¢l�
 ¡

Cyclotronfrequency (gyrofrequency): ¤�¥ �§¦ ¥ 3 � r�¨ � � $r�¨ ] B�
Magneticmomentof chargedparticlegyratingin magneticfield:E � $r � � I£ 3 B
Magneticforceon magneticdipole: © � ��h E � B
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Drift motiondueto generalforce
©

: a�ª � © � c] B I
Pitchangle: |_« "�¬ � � £ 3 � �
Electrostaticpotentialfrom charge

�
in a plasma: �)d � � �® ¨�¯ j.° FH±_²�³=´d

Debyelength: µA¶ �¸· ¯ j �¹�^ ° IPlasmafrequency: ¤ �l�§¦M��3 � r�¨ � � $r�¨lº ^ ° I¯ j � �
Rocket thrust: � � ����» �» 9
Specificimpulse: ¼ �>���¾½ � » 9��
 �;��¿ 8 � � � 3 8
Therocketequation: �À� �Áh 8:9 �;�=<>� � � �  #" k $ � � 
 �;��¿��Â ��Ã=Ä ¥ ¿ � o
Emittedthermalradiationpower: Å � �ÇÆ �PÈ � �0É
Absorbedsolarradiationpower: ÅNÊ � ¬ È Ê ¼ < ÊgË
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