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1. Herefollowsasetof qualitativequestions,eachof whichshouldbeansweredin perhaps5–15linesof text, possibly
anequationor two andmaybea figure.

(a) Whatis gyromotion?(1 p)

(b) Whatis thesolarwind? (1 p)

(c) The solar wind plasmahasa temperatureof typically 10 eV, i.e. around100 000
�
C – so why doesn’t an

interplanetaryspacecraftimmediatelymeltor burn to ashes?(1 p)

(d) What is themeaningof theconcept”frozen-in magneticfield”, andin whatcircumstancesis it appliccable?
(1 p)

(e) Draw a graphof the electronnumberdensity ��� in the Earth’s ionosphereasa function of altitude
�

from
groundlevel up to the topsideionosphere.Explain why ����� ��� looks like you have drawn. (The absolute
numericalvaluesof ��� arenot soimportant,but youshouldhavereasonablevalueson the

�
axis.) (2 p)

(f) Whichof thefollowing bodiescanbeexpectedto haveanionosphere:

i. Venus
ii. theMoon
iii. theMilk y Way galaxy
iv. theWind satellite(orbiting theEarthwell outsideEarth’smagnetosphere)

Motivateyouranswerin eachcase.It is thewayyou think andreasonthatis important– awell motivatedbut
wronganswermaybeaccepted,while ashort”yes” or ”no” answercertainlywill not. (2 p)

(g) Draw a large (usea separatepaper)andclear sketchof theEarth’smagnetosphere,indicating:

i. Representativegeomagneticfield lines,with direction
ii. Representativesolarwind flow lines,with direction
iii. Thebow shock
iv. Themagnetopause
v. TheVanAllen radiationbelts

(2 p)

2. The Clusterspacecrafthave recentlydetectedelectronswith energiesbetween100 eV and1 keV just insidethe
frontlobe magnetopauseof Earth at a distanceof about12 Earth radii from Earth’s center. The electronswere
observedwhenthespacecraftwereabout	�
 � abovethe(magnetic)equatorialplane( �����
 � ).

(a) Adopt a dipole field approximationand calculatethe magneticfield strengthat the Clusterlocation. The
magneticfield strengthat thesurfaceof Earthneartheequatoris about	�
�� T. (1 p)

(b) The electronsare found only for pitch angleswithin ����
 � aroundthe geomagneticfield directionandare
counterstreaming(i.e. streamingin bothdirectionswith respectto thegeomagneticfield direction). At what
magneticfield strengthswill theseelectronsmirror? At whataltitudesabove theEarthsurfacedoesthemir-
roring takeplace?Theradiusof theEarthis 6370km. (3 p)
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Figure1: Idealizedgeometryof therelevantpartof thegeomagnetictail.

3. Considerthefollowing modelof themagneticfield in thecentralpartof thegeomagnetictail:� ��� �  �� ���! #"%$& ')(+* �!, " $&.-0/2143�5�3768 / 6 ' �!,:9 ( 9;, " $& ')(+< ,
where  " �� nT, , �=>
�
�
 km andthecoordinatesaredefinedasin Figure1.

(a) Calculatethecurrentdensity? ��� � andthemagneticforcedensity? �@� �BA � ��� � (magnitudesanddirectionsas
functionsof position).Also calculatetheir numericalvaluesat ( C
 . (3 p)

(b) Now considerwhat happensif an instability appearsin the region �!, *EDF* , , � ��
 , *HGI* �J
 , ,�!, *K(L* , so that the resistivity in this region includesdrastically. Insteadof flowing throughthis region
asbefore,the currentnow insteadclosesthroughfield alignedcurrentsandthe ionosphere.How strong(in
unitsof amp̀eres)will thesefield-alignedcurrentsbe?Is thisexamplerelevantfor any phenomenonin Earth’s
magnetosphere?(3 p)

4. Eachof the four Clusterspacecraft,orbiting the Earth with apogeecloseto 20 Earth radii, is approximatelya
cylinder of radius1.5 m andheight1 m, with the symmetryaxis perpendicularto the directionof the sun. The
mantleareasare coveredwith solar panels,while the top and bottom sidesare mainly coveredwith a thermal
blanket. Estimatethe equilibrium temperature(in

�
C) of the satellites,assumingperfect thermalconductivity

within thespacecraftandusingdatafrom Table1. Also assumeall onboardelectricalsystemsareturnedoff. (3 p)

Absorption Emission
coefficient coefficient

Solarpanels 0.80 0.90
Thermalblanket 0.20 0.90

Table1: Somethermalmaterialproperties.

5. (a) Whenlaunchinga spacecraftinto circular orbit at altitude
�

above the ground,the rocket mustdo work to
increasethe gravitational potentialenergy by someamount M:N aswell as to acquirethe kinetic energy O
correspondingto thisorbit. Deriveanexpressionfor theratio M+N�P�O asafunctionof

�
. In whatcircumstances

canoneneglecteither M+N or O ? (3 p)

(b) Providing a spacecraftwith a magnetosphereof its own, by usinganonboardelectromagnet(possiblysuper-
conducting),is a suggestedmethodfor solarwind sailing. Estimatethe dipole moment(in units of A Qm8 )
neededto provide a force balancingthe solargravitation at Earthorbit for a 20 kg microsatellite. Typical
parametersfor thesolarwind canbetakento be � � �R cm5�- and ST;UV
�
 km/s. (3 p)

(c) Is theresultin (b) importantin practice?Is it necessarythat WYX�Z\[ ] < W_^ if onewantsto usethis techniqueto
travel outwardthroughthesolarsystem?Explainyouranswer. (1 p)
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Space Physics Formulas:
Complement to Physics Handbook

Chargedensityin plasmawith chargeparticlespecies̀ :a cbVdce d � d
Currentdensity: ?f bVd e d � dhg�i
Dipole magneticfield: � �@j�' � �  �! �"�kml "jon -#p = $�_qsrVt �#u $� twvyx ��z
Dipole field lines: j P t\vyx 8 �� q{r�x|tw}�~
Magneticfield energy densityandpressure: �B� �� �   8=�� "
Equationof motionof neutralgas: a��:� g���  ��� ��u r>}\�|�{�_�@r��7qs��t
Equationof motionof gasof chargedparticles:���!� g���  � e ��� u g A � � �o� ��u r�}\�����_�@r��hq{��t
MHD equationof motion: a � � g��� �? A � �o� ��u r>}h���{�_�@r��7qs�Jt
Equationof continuity: � �� � u � Q �@� g � �� ���
Equationof statefor idealgas: �� � O��
Conditionfor ”frozen-in” magneticfield: � u g A � C

Ohm’s law: ?f��� ��� ��� 
� ��� ��� 

 
 �_�

�  ��I¡�¢
¡��
� 

Conductivities: �|�  £�¤� po¥V¦¨§ª©\§¥ 1¦¨§¬« © 1§ u ¥�¦®¯©¯¥ 1¦® « © 1 z�|�  £�¤� p ¥ 1¦¨§¥ 1¦¨§ « © 1§ � ¥ 1¦®¥ 1¦® « © 1 z�_�  �±° 8 p³²´ § © § u ²´  ©  z
Cyclotronfrequency (gyrofrequency): µ·¶ ¹¸ ¶ P � =�º �  �=�º e  �
Magneticmomentof chargedparticlegyratingin magneticfield:�. �= � S 8¢ P  
Magneticforceon magneticdipole: » �  � � �T 
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Drift motiondueto generalforce
»

: g±¼  » A �e  8
Pitchangle: }7½>xB¾ ¹S ¢ P�S �
Electrostaticpotentialfrom charge � in a plasma:¿ ��j �  �U�º±À " ° 5�Á7ÂhÃ�Äj
Debyelength: Å|Æ ÈÇ À " OL��±° 8
Plasmafrequency: µ·É ¹¸ É P � =�º �  �=�º�Ê �±° 8À " ���
Rocket thrust: �C;S �0Ë �Ë �
Specificimpulse: Ì X É ³Í � Ë ��ÏÎÑÐ � ]ÓÒ CS � P Ò
Therocketequation: MÔS: � Ò �ÖÕ Ð�×@Ø u�S ��Ù x k �mu � ÎªÐ � ]��Ú �ÖÛ [ ¶ ] � n
Emittedthermalradiationpower: Ü � ÞÝ ��ß � �!à
Absorbedsolarradiationpower: Ü Z  ¾ ß Z Ì × Z\á
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