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ABSTRACT

Cassini was launched in October 1997. Since then it has performed four planetary 

swing-bys and collected hundreds of days of data in the solar wind. In this thesis we 

mainly use data from the Cassini Electron Spectrometer (ELS) to discuss low energy 

electron distributions observed from 1 to 7 AU, and during the Cassini swing-bys of 

Earth and Jupiter. A method to estimate the spacecraft potential and calculate 

electron density and temperature by examining one dimensional cuts through the 

electron distributions is first introduced. These data are used to introduce many 

equatorial regions o f the Earth’s magnetosphere as observed by ELS in August 1999. 

We discuss ELS measurements of the upstream solar wind, the Earth’s bow shock, 

magnetopause, day and nightside magnetosphere, radiation belts, low latitude 

boundary layer, and the plasmasheet. It is believed the encounter happened whilst 

reconnection was occurring at the nose of the magnetosphere, and hence we 

encountered an eroding magnetosphere with signatures o f two substorms during the 

outbound path. The Cassini crossing of the Earth’s bow shock is compared to 

statistical results gained during -40  crossings by Cassini o f Jupiter’s bow shock. We 

find that observations of the electron temperature jump are consistent with that 

observed at the Earth, suggesting that the same fundamental processes are involved 

at both systems. Cassini-ELS observations of solar wind electron temperature are 

then discussed in the context of previous work. Based on ELS data alone we find 

that the solar wind electron temperature decreases with increasing heliocentric 

distance and that this decrease is slightly faster than predicted by Parker/two fluid 

models, slower than expected for adiabatic expansion and toward the steeper end of 

the scale based on previous observations.
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CHAPTER 1. INTRODUCTION TO THE HELIOSPHERIC 
ENVIRONMENT

‘The Solar System’ by Aaron

1.1, The Sun

The Sun is an ordinary main sequence star at a relatively quiet stage of life. However 

due to Its proximity to Earth it has influenced most aspects of human evolution from fire 

to folklore. The Sun has been an object of scientific interest since antiquity, however 

the existence of the solar wind which pervades the entire solar system has only been 

known for a few tens of years and study of it is a vibrant area of research. The 

interaction of the solar wind with the Earth’s magnetosphere is manifest in many fields 

of physics; space physics, geophysics, atmospheric physics and plasma physics amongst 

others. With the advent of Earth orbiting and interplanetary spacecraft since the late 

1950’s It has become possible to make in situ measurements of this tenuous
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environment. This chapter aims to outline and describe a few features and constituents 

of the solar system, including the Sun, the solar wind, and some elements of the 

magnetic environments of the Earth and Jupiter.

The Sun is a massive ball o f compressed gas. It is 330,000 times the mass of the Earth 

and one solar radius is 109 times that o f the Earth. It is held together and compressed 

under its own gravitational attraction, with a surface gravity 27 times that of the Earth. 

Due to the resulting huge pressures, the average density of the constituent gases 

(principally hydrogen (90%) and helium (10%)) of the Sun is only 4 times less than the 

average density of the Earth. Because o f the very high temperatures found in the Sun’s 

interior the constituent gas is partially ionised. In astronomical terms the Sun is a very 

average star of spectral type G2 and magnitude 4.8. At a distance o f 150 x 10  ̂km from 

Earth, solar electromagnetic radiation takes ~8 minutes to reach the Earth, this distance, 

whilst huge, is only 215 solar radii. The Sun’s radiative energy output is -3.86 x 10̂  ̂

W. For comparison the largest power plants on Earth can produce around 5 x 10  ̂W, so 

the Sun puts out every second the same amount of energy as 5.8 x 10’° of those large 

power plants would in one year. The radiation emitted by the Sun amounts to -1  kW m" 

 ̂ at the Earth’s surface. A summary o f some properties o f our nearest star is given in 

Table 1.1.

ble 1.1. Vital statistics o f the Sun. [Priest, 1995'
Age 4.5 X 10  ̂Yrs
Mass 1 .99x10 '"  kg
Radius 696,000 km
Mean density 1.4 X 10"̂  kg m'^
Mean distance from Earth 1 AU = 1 5 0 x 1 0 '’ km
Radiation emitted (luminosity) 3.86 X 10"" W
Equatorial rotation period 26 days
Mass loss rate 10^ kg s‘‘
Effective blackbody temperature 5,785 K

Approximate composition 90% H, 10% He, 0.1% other elements 
(C ,N , 0 ......... )
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Temperatures and other properties vary with solar depth and the Sun can be considered 

to be made up of six major regions. Beginning at the centre, these regions are known 

as: the core\ the radiative zone; the convection zone; the photosphere; the 

chromosphere; and the extremely hot region known as the corona, this extends out to 

encompass the Earth and beyond and forms the solar wind. A schematic of solar 

structure is shown in Figure 1.1.

Corona
Chromosphere 

Ph ot o sp here 
Convection Zone

R adiative  
Zone

T = V 6x10^
 -, /

E nergy  
G e n e ra te d

i^.Core
^ R a d i a t i v e  O ittu a io n

5 * 1 0

eeoo
4 3 0 0C o n v e c tio n

Figure 1.1. Schematic o f the Sun’s layers. The symbols /oand T represent mass density (cm’̂ ) and 
temperature (K) [Priest, 1995].

The core makes up only approximately 2-3% of the Sun’s volume and yet all energy 

emitted from the Sun is generated by the thermonuclear reactions occurring there. The 

core plasma is very dense, about 160 times as dense as liquid water at Earth and is at a 

temperature of about 1.5 x 10  ̂ K. Under these conditions nuclear reactions between 

atomic hydrogen occur forming atomic helium and providing the Sun’s energy source. 

The radiation caused by these nuclear fusion reactions travels out of the core into the 

radiative zone. This region is so called because the radiation, which is generally high- 

energy gamma ray and X-ray photons, is absorbed by the dense gas of the interior only 

to be re-emitted shortly after. This process, known as the ‘random walk’, occurs again
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and again and energy can take millions o f years to leak out, were the radiation to come 

straight out it would take only 2 seconds. The radiative zone makes up approximately 

40% of the Sun’s volume, the plasma temperature has fallen by 1-2 million degrees by 

the end of the radiative zone and the density is approximately that of water.

The Sun’s internal temperature drops off rapidly with distance from the core, but the 

temperature gradient increases after the radiative zone and the outermost part o f the 

solar interior becomes convectively unstable when the temperature gradient exceeds a 

critical value. Matter at the bottom of the convection zone is sufficiently ‘cool’ (~ 2 x 

10  ̂ K) that some heavier ions can hold on to some of their electrons, this makes the 

plasma more opaque and so absorbs some of the radiation from the radiative zone. This 

traps heat which ultimately makes the fluid unstable and it starts to "boil" or convect. 

The material cools as it rises, becoming more dense and eventually flows back down to 

repeat the cycle. Energy is carried from the bottom o f the convection zone by this 

motion and it takes only a few days for the hot plasma to carry energy through this 

region. The plasma cools near the top o f the convection zone giving off energy to the 

surroundings. The turbulent convection zone makes up approximately 57% of the Sun’s 

volume.

Convective motion occurs in cells which can be imaged with high spatial resolution 

from ground-based telescopes such as the Swedish vacuum telescope on La Palma. An 

image which shows that the surface is covered uniformly with a granulated pattern 

outlining the convection cells is shown in Figure 1.2.



Chapter 1. The Heliospheric Environment 17

W

% .̂.c-

f  i .
f r  <  >■

V *

'  •»- ,
'■ 4

Figure 1.2. Granules on the Sun’s surface caused by convection cells. This image is of an active 
solar region near the centre of the solar disk and was taken on 13 May 2003. The image is at a 
wavelength of 430 nm, tick marks are 1000 km apart, it was taken at the Swedish 1-meter Vacuum Solar 
Telescope (SVST) on the island of La Palma by Tom Berger of the Lockheed Martin Solar and 
Astrophysics Laboratory, Palo Alto, California. Image courtesy of the Royal Swedish Academy of 
Sciences.

Above the convective zone the regions which make up the ‘solar atmosphere’ begin. 

First is the photosphere (literally ‘sphere of light’), this is a very thin, optically opaque 

skin about 500 km thick with a number density of 10̂  ̂ m'^, temperatures in this region 

vary with height from 9,000 K at the base, to 4,500 K at the top. Most of the Sun’s 

visible light is emitted from the photosphere. Distinctive features of the photosphere are 

sunspots, shown in Figure 1.3. These are large relatively cool regions with central 

temperatures of around 4,200 K. Monitoring of the number of sunspots provided the 

first evidence of the 11-year solar cycle and prompted the first suggestions of a link 

between solar activity and auroral activity at the Earth via energy transfer in what was 

termed the ‘solar wind’.
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Figure 1.3. Images of spots on the Sun’s surface. The image on the left shows the entire solar disc 
to show sunspot group size. ()n the right is a large field view (tick marks at 1000 km) of the same solar 
active region (NB flyout box is not to scale). Both were observed on 15 July 2002 by the Swedish 1- 
meter Solar Telescope (SST). Images courtesy of the Royal Swedish Academy of Sciences.

Above the photosphere lies the more transparent chromosphere (literally ‘sphere of 

colour’), so called because it can be seen as a narrow red layer during a total solar 

eclipse. This irregular layer is approximately 2,500 km thick and has a density of 10*̂  

m' .̂ The chromosphere is a highly active and complex solar region. It can be observed 

with special filters to detect the H-alpha line or the light emitted by ionised Calcium, Ca

II. Such observations have provided evidence of a wealth of features including bright 

regions which coincide with the edges of the dark sunspots of the photosphere. 

Counter-intuitively the temperature rises slowly through this region from about 6000 to 

20,000 degrees Kelvin with increasing radial distance, and at an altitude of 2-3 million 

metres suddenly increases to a few million degrees Kelvin. This region is called the 

corona, a dynamic region which has until recently been visible only during a total 

eclipse of the Sun. The corona is extremely hot and very tenuous with a number density 

of only -10^^ m'^.
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Figure 1.4. Examples o f the activity seen in the Sun’s atmosphere. To the left of the figure is an 
example of a solar flare (courtesy of National Optical Astronomy Observatories (NOAO)). Shown on the 
right IS a coronal mass ejection observed by the Large Angle and Spectrometric Coronograph (LASCO) 
27 February 2000, with the white circle indicating the disc of the visible Sun, (credits Joe Gurman, Simon 
Plunkett, Steele Hill, Stem Vidar Haugan).

As mentioned earlier the chromosphere and the corona are both dynamic regions, and a 

variety of visually stunning solar phenomena have been observed here. These include 

bnght ‘plages’ above sunspots, filaments, prominences, streamers, plumes, loops and 

coronal mass ejections, examples of some of which are shown in Figure 1.4. The solar 

atmosphere exists in a plasma state and all of the solar activity seen in the chromosphere 

and the corona is due to the interaction between the plasma and the solar magnetic field. 

The magnetic field can have several effects on the Sun’s atmospheric plasma. These 

effects include, channelling, heating, and accelerating of the plasma particles. The 

magnetic field can also support waves, create structures, and support instabilities within 

the plasma. Near the top of the chromosphere the plasma pressure becomes dominant 

over magnetic field pressure. Thus on large scales it is the plasma that dominates; the 

magnetic field is tied to the hot coronal plasma and as the plasma flows outwards from 

the Sun it drags the solar magnetic field with it. The solar corona stretches out into the 

solar system, extending out to the Earth’s orbit and beyond until it finally encounters the 

heliopause where the Sun’s atmosphere reaches pressure balance with the interstellar
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medium. Some properties of the expanding solar corona or ‘solar wind’ are discussed 

in the next section.

1.2. The Solar Wind

The suggestion that matter is streaming from the Sun into space was first made by 

Chapman and Ferraro in 1930 when they linked sharp increases in the geomagnetic field 

with the occurrence o f solar flares [Chapman and Ferraro; 1930; 1931; 1932]. They 

postulated that neutral streams o f ‘solar corpuscular radiation’ would be deflected by the 

Earth’s magnetic field causing the field to be compressed. Solar flares however, are not 

a permanent feature o f the Sun and as such the streams will not be permanent. The 

suggestion was revised in 1951 when Biermann, while studying comets, noticed that 

cometary tails were always pointed slightly outwards from the Sun in the direction of 

the Sun-comet line. Biermann suggested that there existed a permanent pressure 

emanating from the Sun via a stream of particles [Biermann, 1951; 1953; 1957] and by 

observing the small deviations in the plasma component of the comet tail’s direction 

estimated a solar wind speed in the range 400-1000 kms’'. Following this, Parker 

demonstrated theoretically that the corona is not in hydrostatic equilibrium and 

therefore expands continuously, with matter streaming out into space [Parker, 1958a]. 

He examined a simple, spherically symmetric, isothermal, collisionless model of the hot 

coronal plasma. He first considered the mass and momentum continuity equations. In 

this context the conservation of mass equation states that the mass flux through a 

spherical surface is constant. The conservation of momentum equation equates the 

momentum of the particle to the forces of pressure and gravity acting upon it (Equations

1.1 and 1.2 respectively).

47i^nv = constant (1.1)
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dv dP GM^mn
dr dr r ‘

m n v ^  = ~ ----------- —̂  (1.2)

where n is the plasma number density, m is particle mass, v is radial speed, r radial 

distance, P is pressure, G is the gravitational constant and Ms is the mass of the Sun. 

For a given coronal temperature Parker determined how the speed of the out-flowing 

plasma would change with distance:

2vf GM.
V -  —

V
(1.3)

dr r r^

and showed that there exists one static solution and four non-static solutions. The static

solution was rejected as it led to a critical pressure in the outer heliosphere which

greatly exceeds the pressure of the interstellar medium. Parker derived four non-static

solutions to Equation 1.3 which are shown graphically in Figure 1.5 by plotting the

solar wind speed normalised to the coronal sound speed, Vc (so the flow is supersonic

where this is greater than 1) against distance normalised critical radius, re,

GMm 
"  AkT '

Where G is the gravitational constant and M is the mass of the sun. The critical radius 

is the point at which the flow becomes supersonic and also where the outward pressure 

gradient becomes dominant over the gravitational forces.
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Clou. 4

Figure 1.5. The four solutions to Parker’s model for the solar wind.

Each of the classes of solutions described above fits a different set of boundary 

conditions at r  = where is the base of the corona, and r goes to infinity. The 

physical acceptability of these solutions depends on these boundary conditions. For 

example, both Class 3 and Class 4 solutions can be ruled out since they predict super

sonic flow at the base of the corona. This is not observed to be the case and is also 

inconsistent with a static solar photosphere. Class I and Class 2 solutions remain 

acceptable models for the solar corona since they both predict sub-sonic flow in this 

region. As r approaches infinity the Class I solution reaches a finite pressure, which 

would not be easy to match to the pressure of the interstellar medium. Parker correctly 

concluded (as confirmed by later observations) that the Class 2 solution was the 

appropriate model for solar coronal expansion. The solar wind starts at slow speed, 

accelerates through the critical radius and becomes supersonic. It was Parker [1958b] 

who first called this flow the solar wind and predicted that the coronal particles would 

arrive at the Earth with speeds of several hundred kilometres per second and density not 

above 30 cm'^.
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The existence of the solar wind was confirmed a few years later in the early 1960’s, 

principally through the continuous in situ observations provided by Mariner 2 

[Neugebauer and Snyder, 1962; Snyder et a l ,  1963] whilst en-route to Venus. These 

observations finally confirmed that the solar wind is a permanent feature of the solar 

system and provided evidence of the, on average, spiral configuration of its magnetic 

field. To date there have been many observations of the solar wind, some o f its 

properties as measured at 1 AU are shown in Table 1.2. In situ observations have 

confirmed that the solar wind is very similar in composition to the solar coronal 

atmosphere.

Table 1.2. Average properties o f the solar wind observed near the Earth’s orbit (1 AU) [from

Proton density 6.6 cm'^
Electron density 7.1 cm "
Hef^ density 0.25 cm "
Flow speed 450 km s '
Proton temperature 1.2x 10"K
Electron temperature 1.4x 10"K
Magnetic field 7 x 1 0 ^  T

As the solar wind flows out from the Sun it carries a remnant of the solar magnetic field 

that pervades interplanetary space. This magnetic field is referred to as the 

interplanetary magnetic field (IMF). Since the electrical conductivity of the solar wind 

is large the IMF is tied to the plasma, this concept is referred to as the ‘frozen-in flux 

theorem’ oïA ljvén  [1943].
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Figure 1.6. Illustration o f the garden hose effect shown in the ecliptic plane. [Holzer, 1979].

The solar wind has structure due to the rotation of the Sun. As the solar wind flows out 

radially from the Sun the feet of the field lines usually remain embedded on the Sun and 

the solar rotation gives the magnetic field a spiral form. This effect is more commonly 

referred to as the ‘garden hose effect’ for obvious visual reasons as illustrated in Figure

1.6. The effect of solar rotation on the expansion of the solar corona can be expressed 

mathematically if we consider a frame of reference rotating with the Sun. In the frame 

the source of the plasma and field lines remains fixed so that outflowing plasma with a 

radial velocity, Vr, now has an additional component, v^ in the direction of solar 

longitude, (f). The longitudinal velocity is then related to solar rotation speed, co, by: 

y^=-cor (1.4)

The magnetic field then has components given by:

B. V. -cor
B, v(r)

This leads to a differential equation for field lines near to the Sun:

rd(J) _ -C O  

dr v{r)

If we assume the radial expansion speed is constant this becomes:

(1.5)

(16)
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^  = - -  C7)d(j> Û)

Which has solution:

r = - — <l,+C (1.8)
CO

In this geometry we can use this to appreciate the evolution of a flux tube as it flows out 

from the solar surface. A cross-sectional area o f our flux tube at distance r has area 

proportional to and, assuming conservation of magnetic flux, the same flux must pass 

through this surface at any distance. We can then write down a relation for the radial 

field component, Br(r) at distance R.

(1.9)

Using this and equation 1.5 we can derive the longitudinal component of the magnetic 

field:

=  ( 1.10)
V V r

For a constant solar wind speed the field lines become more tightly wound as 

heliocentric distance increases. At the Earth’s orbit the interplanetary magnetic field 

lines, on average, lie at about 45 to the radial direction. At the orbit o f Jupiter, around 

5 AU, the field lines are more wound up at almost 90°.

The IMF has a direction that can point either inward or outward with respect to the Sun 

depending on which side of the heliospheric current sheet a stationary observer (near the 

solar equator) is on. The current sheet divides outward field, which is, for example, 

above the plane, from inward field below the plane, this changes with solar cycle and 

was first illustrated for an isothermal corona by Pneuman and Kopp [1971]. The
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apparent polarity reversals occur because the solar magnetic dipole is tilted from the 

Sun’s rotation axis and therefore the current sheet is tilted with respect to the ecliptic 

plane, thus a point on the ecliptic will be alternately above or below the current sheet 

during the -2 6  day period o f solar rotation as indicated in Figure 1.7.
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Figure 1.7. a) Sketch o f the plasma structure and magnetic field configuration expected near the 
solar equator, from Hundhausen, [1972]; b) sector structure o f the solar wind recorded in late 1963 
showing inward (-) and outward (+) IMF. [Wilcox and Ness, 1979].

This picture of the heliospheric current sheet explains why sectors are observed in the 

solar wind. More than the two sectors have been observed during one solar rotation, the 

size and number o f magnetic sectors observed being closely related to the structure of 

the solar corona. This is illustrated in Figure 1.7b which shows four sectors o f differing 

widths observed in the solar minimum year o f 1963 [Wilcox and Ness, 1979].

The existence of multiple magnetic sectors can be explained in terms o f undulations of 

the current sheet, similar to the skirt o f a pirouetting ballerina. This concept, proposed 

by Alfvén in 1977, is often described as the ‘ballerina model’ and is illustrated in Figure
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Figure 1.8. Illustration o f the ballerina model. M is the magnetic dipole axis and Q is the Sun’s 
rotation axis. [Smith, 1979].

Observations o f the IMF at high solar latitudes at solar minimum, far from the ecliptic 

plane, have noted, as expected, an almost complete disappearance o f the sector 

structure. The Ulysses spacecraft completed its first passes over the Sun’s north and 

south poles in its polar orbit during solar minimum. Figure 1.9 shows solar wind 

velocity and magnetic field magnitude as a function o f latitude and provides a good 

sense o f how the solar wind varies with latitude and coronal brightness as measured by 

the Solar and Heliospheric Observatory (SOHO).

These observations also provide some information about the amplitude o f the current 

sheet undulations. Greater activity on the Sun’s surface, such as solar flares and coronal 

mass ejections, leads to a more complicated solar field which in turn can lead to a more 

complicated solar wind sector structure and this leads to solar polarity reversal. 

Observations o f the Sun's dipolarity have shown that a change occurs every eleven years 

resulting in a 22-year solar cycle.



Chapter 1. The Heliospheric Environment 28

r L V S S F S /S W O O I 'S  
Los Ahi i i ius

( k m  s ‘ ‘ j

i

I Y S S K S / U V t . rn ( \ v s v / c .-;h  I

!..»« VIK « n iA <l inpcri i i l  (ol lcgi  

IMF
(ASro ( % iNHI )

Figure 1.9. Solar wind velocity and magnetic field variation with heho-latitude, McComas et al. 
[1998|.

1.3. Solar Wind Electrons

Solar wind electron distributions are composed o f two distinct populations; a low- 

energy core (or thermal) population and a higher-energy suprathermal tail referred to as 

the halo [e.g. Feldman et al., 1975]. Using experimental data within 1 AU, Scudder and 

Olbert [ 1979] show that the break point or transition energy. E t, between the core and 

halo populations scales with the core electron temperature, E, as Et -  7kTc. At 1 AU 

the break between the two components occurs at around 80 eV. The bulk o f electrons 

are at low energies in the core population and generally have a Maxwellian distribution, 

this is discussed in more detail in Chapter 3. The halo generally consists o f a diffuse, 

anisotropic component and sometimes a narrowly focussed beam component called the 

‘strahl’ which propagates along the magnetic field away from the Sun [Rosenbauer et
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a l, 1977]. Strahl tends to be most pronounced in the interior of magnetic sectors and to 

vanish near sector boundaries [e.g. Pillip et a l, 1987c]. Phillips et a l  [1989a, 1989b] 

demonstrate that the electron thermal anisotropy, T\/T± varies as a function of density 

with the most dense plasma being the most isotropic and that T|| varies more than T± at 

1 AU with distributions with the highest T\\ being the most anisotropic.

1.4. Global Modulation of the Solar Wind

In addition to the overall structure of the solar corona and solar wind already discussed, 

the advent of in situ solar wind measurements and remote sensing of the corona has led 

to an increased appreciation of both the spatial and temporal complexity o f the solar 

wind. In the next two sections we discuss these aspects of the relatively static solar 

wind. Beginning with a pattern of solar wind variations which are repeated, as seen by a 

spacecraft, every 27 days (the apparent solar rotation rate), and following with a 

discussion of faster transient observations due to coronal mass ejection (CME) events.

As pointed out in Figures 1.7-1.8 there exist sectors within the solar wind due to the tilt 

of the solar dipole and solar rotation. Large systematic changes have been found to 

occur in connection with passage of these magnetic sectors or polarity features. If the 

configuration of the solar corona is stable (usually around solar minimum), a pattern of 

interaction regions is repeated each time the Sun rotates, these are called corotating 

interaction regions (CIRs) and have spiral shapes which can wrap many times around 

the Sun.

It was first observed by instruments on board the Mariner 2 spacecraft that the solar 

wind tends to be slower (300-400 kms'’) near sector boundaries, with plasma density
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increasing and velocity rising to up to 700 kms*' partway through the sector then 

declining slowly until the next sector boundary. These observations are consistent with 

a spatial dependence o f outer coronal speed with solar latitude. Outflowing plasma 

velocity is slower at the equator and increases at higher latitudes. When the global solar 

magnetic field is fairly uniform and the magnetic axis is at a significant angle from the 

rotation axis these regions o f differing plasma conditions sweep over stationary 

spacecraft in turn as the field lines propagate.

Straom

Figure 1.10. Schematic illustration o f a fast stream interacting with a slow stream [Hundhausen, 
1972].

The apparent related density increase can be explained by an appreciation of the frozen 

in condition and solar rotation: the shape of the spiral field lines depends on solar wind 

speed, with the spiral more tightly wound for slow solar wind. Since the solar wind is a 

highly conductive collisionless plasma, the plasma parcels on different magnetic field 

lines cannot interpenetrate. When the faster stream catches up to the slower stream 

ahead a compression region is formed. Conversely as the faster stream speeds away 

from the following slow solar wind a rarefaction region is formed. Faster plasma is
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compressed by interaction with the slower stream ahead resulting in the higher densities 

observed, this is illustrated in Figure 1.10.

Close to the Sun periods of high speed solar wind act like a pressure pulse in the solar 

wind, the slow wind ahead is accelerated by a forward propagating pressure wave and 

the fast wind decelerated by a reverse wave, that is, a wave which is propagating out 

with the solar wind but is moving sunward in the solar wind rest frame. As the solar 

wind becomes increasingly supersonic with increasing distance, pressure gradient forces 

at the edges of the areas of high pressure are unable to resist the steepening. A shock 

front is formed where the steepening is stopped by the irreversible conversion of flow 

energy to thermal energy or pressure.

Figure 1.11 shows pressure and speed profiles for a simple one-dimensional gas in a 

dynamic simulation of an evolving interaction region, adapted from Hundhausen 

[1973]. In this a pulse with an increasing then decreasing flow speed has been followed 

as it propagates into a steady background solar wind. The pressure pulse starts to 

steepen (t = 50 hours and t = 100 hours). By t = 150 hours the forward/reverse 

propagating pressure waves can be seen. After t = 200 hours the waves have developed 

into shocks, indicated by sharp discontinuities in both pressure and speed. This happens 

when the speed difference between the pressure waves is faster than the magnetosonic 

wave speed. The region between the shocks contains processed solar wind plasma of 

intermediate speed and a stream interface which is the contact boundary between what 

were initially the fast and slow streams. Within 1 AU most CIRs do not have shocks 

associated with them. Beyond 2 AU most CIRs have been observed to have 

forward/reverse shock pairs, with the forward shock propagating away from the Sun,
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and the reverse shock propagating towards the Sun while also being carried out with the 

flowing solar wind. The original stream structure has mostly merged beyond 5 AU so 

that ‘the memory o f the original source conditions have largely been erased’ [Burlaga, 

1983].
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Figure 1.11. Pressure and speed profiles for a simple one-dimensional gas in a dynamic simulation 
of an evolving interaction region, adapted from Hundhausen [1972].
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1.5. Coronal Mass Ejections and Interplanetary Shocks

Go-rotating interaction regions and their associated shocks are not the only transient 

phenomena in the solar wind. Some of the most dramatic events observed at the Sun 

and in interplanetary space are associated with relatively small areas o f the solar disc. 

Areas of the Sun’s surface, usually associated with sunspots, can erupt suddenly, 

spewing solar material and magnetic field explosively into the solar wind, these events 

are known as coronal mass ejections (CMEs). Although the Sun's corona has been 

observed during total eclipses of the Sun for thousands of years, the existence o f CMEs 

was not recognised until the space age. The earliest evidence o f these dynamical events 

came from observations made with a coronagraph on the 7th Orbiting Solar Observatory 

(OSO 7) from 1971 to 1973 {Tousey^ 1973; Brueckner, 1974].

A CME is a dramatic event. A huge bubble o f plasma (lO'^-lO’  ̂ kg) and embedded 

magnetic flux is ejected from the solar corona [Gosling et a l,  1974] over a period of 

hours. They often propagate ahead of an erupting prominence or flare, but have been 

observed in the apparent absence of either of these things. They represent the opening 

up of previously closed coronal magnetic field lines into interplanetary space. CMEs 

result from sudden release of energy from previously stable magnetic field structure and 

are an effective and explosive way for the Sun to release magnetic flux.

The basic situation is illustrated in Figure 1.12. A dense, fast, magnetized loop or cloud 

of plasma is ejected from the Sun, moving like a piston into the pre-existing solar wind 

and creating a compression region bounded by a forward shock and often a reverse 

shock as the entire structure expands within the ‘ambient’ solar wind.
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Figure 1.12. Schematic of a coronal mass ejection in the form of a magnetic cloud with a shock 
propagating ahead of it. Figure from http://www.physicsweb.org.

The frequency of CME events varies with the sunspot cycle. At solar minimum there is 

approximately one CME per week. Near solar maximum as many as 3 to 5 CMEs per 

day are observed. The travelling magnetic flux and plasma associated with this outflow 

into the solar wind is referred to as an interplanetary coronal mass ejection (ICME).

At times counter-streaming halo electrons are observed m an ICME, indicating a closed 

magnetic field topology in which the electrons are mirroring along a flux tube which has 

both ends connected to the Sun [Montgomery’ et al, 1974]. Observations of counter

streaming electrons have been identified as one of the best indicators o f an ICME 

[Gosling et ai, 1987]. In addition to counter-streaming electrons, ICMEs are often 

characterised by low proton and electron temperatures [Gosling et a l, 1974, 

Montgomery et al, 1974], an enhanced helium abundance [Borrini et a l, 1982] and a 

strong low vanance magnetic field magnitude [Burlaga and King, 1979]. In reality 

observations o f each CME and ICME are unique and do not necessarily display all of 

the above characteristics. It is not known if this is due to real differences or due to a 

single spacecraft only seeing some parts of any given ICME.

http://www.physicsweb.org
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Magnetic clouds are a subset of ICMEs and make up between one third and one half o f 

all observed ICMEs {Gosling, 1990; Cane et a l, 1997]. They are characterised by a 

low proton temperature, high magnetic field magnitude with a smooth rotation o f the 

magnetic field direction indicative of a flux rope geometry, and a higher alpha to proton 

ratio [Burlaga et a l, 1981].

Aside from observations o f counter-streaming halo electrons, the behaviour of electrons 

in ICMEs has not been fully specified. In the same way that some events show a low 

proton temperature, some observations have shown a reduced electron temperature, as 

reported for individual events [e.g. Montgomery et a l, 1974] and in statistical studies 

[e.g. Gosling et a l, 1987]. However, like other characteristics, this is not always 

observed to be the case, and in fact some ICMEs are observed to have elevated electron 

temperatures [e.g. Gosling, 1990; Richardson et a l, 1997]. It has also been observed 

that the ratio of the halo electron density to the density of the core solar wind electrons 

is elevated in some magnetic clouds. Several observations have reported elevated 

electron/proton temperature ratios in CMEs and magnetic clouds [e.g. Richardson et a l, 

1997; Osherovich and Burlaga, 1997]. More details o f ICME observations are 

discussed in Chapter 5.

An ICME often has high internal pressure and as a result will expand in all directions as 

it propagates. The typical dimensions o f the expanding ICME beyond a few solar radii 

are currently almost completely unknown since there has seldom been an opportunity to 

simultaneously sample any given ICME at different radial, latitudinal and longitudinal 

heliospheric distances. Also, in the event of apparently related observations, it is
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difficult to have confidence they are linked to the same source event due to the wealth 

o f transient events which can exist in the solar wind.

ICMEs often propagate in the solar wind at speeds far greater than the ambient solar 

wind speed, causing compression of the solar wind ahead o f them, and sometimes a 

rarefaction region in their wake. If the ICME velocity in the solar wind frame exceeds 

the fast magnetosonic wave speed then these compression/rarefaction regions will 

steepen into a shock wave ahead of, or trailing, the ICME. Work by Russell and 

Mulligan [2002] discuss the shape of the ICME by noting that the standoff shock 

distance is determined by the shape o f the object, and in particular by its radius of 

curvature. They suggest the ICMEs they studied are significantly oval in cross section 

and may be as much as four times as wide as they are thick, see Figure 1.13. 

Comparisons of the Cassini data set with this model will make part of our future work.

■Vsw

S u n CM E ICME

Figure 1.13. Schematic of the radial and azimuthal expansion of an ICME in the plane perpendicular 
to the axial field o f the rope. Near the Sun the CME has a circular cross section but the spreading of the 
solar wind flow lines stretches the ICME. From Russell and Mulligan [2002].

In a statistical study on the geoeffectiveness of Earth-directed coronal mass ejections 

from March 1997 to December 2000 Wang et a i [2002] reported 52 Earthward, or halo, 

CME events during the year 2000. The Cassini-Jupiter flyby occurred near to solar 

maximum and, consequently, several clear transient events passed over the spacecraft 

during the Jupiter approach phase.
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In the same vein as studies o f general solar wind evolution, many studies o f ICMEs 

have assumed that the expansion of the electron fluid within a magnetic cloud can be 

described by a polytropic relationship between pressure and density P a  ov 

equivalently for an ideal gas, T a  Where P, n and T  are the plasma pressure, 

density and temperature respectively and x  is the polytropic index describing how the 

plasma expands [e.g. Osherovich et al. 1993b, 1998, 1999b; Osherovich and Burlaga, 

1997; sutler and Burlaga, 1998]. These studies found an anticorrelation between 

electron density and temperature which they interpret as being indicative of a poly tropic 

index % < 1, so, unlike a simple gas, temperature would increase as the cloud expands. 

Theoretical work by Osherovich et al. [1993a] supported these observations, suggesting 

that for the cloud to expand the polytropic index must be less than one.

However the observed anti-correlation between T  and n has also been observed in non 

magnetic cloud ICMEs [Hammond et a l, 1996] and in the ambient solar wind [Phillips 

and Gosling, 1990] and has been interpreted by Gosling et al. [1999] as being due to the 

presence of structure in the ICME and the plasma’s tendency to achieve local pressure 

balance as it evolves outward from the Sun. The results of Gosling et al. [1999] 

indicate that the requirement o f the polytropic index x < 1 for magnetic cloud expansion 

is physically unrealistic.

The controversy goes on in the interpretation o f Hammond et al. [1996], who suggest 

that the negative correlation between Tc and «c is not a measure of the polytropic index 

there. They instead suggest that the negative correlation results from the fact that the 

core temperature cools more within dense solar wind plasma than within rarefied
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plasma, as there are more Coulomb collisions in more dense plasma and so is not 

necessarily related to expansion.

Skoug et al. [2000] report on data gathered during an almost radial alignment o f ACE 

and Ulysses (1 and 5.4 AU respectively). This represents one of few observations in the 

solar wind by radially aligned spacecraft, and, to our knowledge, the first to report on 

the evolution of electron parameters. In keeping with previous results they found that 

the core and halo electron temperatures were moderately anti-correlated with electron 

density. They observe this to be the case both within the magnetic cloud and in the 

ambient solar wind and therefore conclude that this is not a unique feature of magnetic 

clouds. However they do report that the gradient of anti-correlation is different in the 

cloud and the ambient solar wind, although the results from a single event are not 

sufficient to determine whether there is a systematic variation in slope between 

magnetic clouds and non-cloud solar wind, or between 1 and 5.4 AU.

Skoug et al. [2000] also find that the core («c) and halo («/,) densities covary with 

distance with the ratio Yih/ric very nearly the same at both spacecraft with values between 

0.02 and 0.05. They conclude that, in contrast to the conclusion of Sutler and Burlaga 

[1998], nh/uc is not enhanced within the cloud. They find that enhanced halo/core 

densities are observed at lower densities in both the cloud and the ambient solar wind 

and conclude therefore that this not a unique feature of magnetic clouds.
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1.6. The Geomagnetic Environment

The solar wind approaches the Earth at supersonic speeds and encounters the Earth’s 

magnetic field. The result o f this is the formation of a shock wave known as the ‘bow 

shock’. The thickness and location of the bow shock is variable depending on the speed 

and pressure o f the solar wind and the orientation of the IMF, at the Earth it is typically 

15-20 Re upstream of the Earth. The thickness of the shock layer at Earth is typically 

between 100 and 1000 km thick, on the order of a proton gyroradius [Schwartz, 1985]. 

This thickness is very small compared to the mean free path of collisions of the solar 

wind particles, which is o f order of 1 AU. The shock therefore is considered to be a 

collisionless shock as collisional coupling is absent. The incident velocity o f the solar 

wind is typically around 450 km s '\  and is reduced to about 250 km s '’ once through the 

bow shock. The lost plasma kinetic energy is dissipated into thermal and magnetic 

energy causing the temperature of the solar wind particles to be increased by a factor of 

five to ten across the bow shock. This temperature increase is accompanied by a 

compression o f the IMF magnetic field lines.

The region downstream of the bow shock is known as the magnetosheath. As the solar 

wind plasma and the IMF are frozen-in, the shocked solar wind cannot intrude directly 

into the geomagnetic field. Instead the solar wind is deflected by the Earth’s field, 

which in the process becomes confined to a region surrounding the Earth called the 

magnetosphere. A schematic o f the Earth’s magnetosphere showing some o f the main 

regions and boundaries found there is shown in Figure 1.14.
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Figure 1.14. Schematic o f the geomagnetic environment [Kelley, 1989].

Under the solar wind’s pressure, the geomagnetic field becomes distorted, suffering 

compression on the dayside and stretching on the nightside, forming a cocoon-like 

region known as the magnetosphere. The dayside magnetosphere is compressed and 

confined to a distance o f about 10-15 Re, whilst on the nightside it is stretched out into a 

long structure called the ‘magnetotail’. To a first approximation the Earth’s magnetic 

field can be treated as a dipolar field, which is a good approximation within about 4 Re. 

At distances greater than 4 Re, the approximation breaks down as the geomagnetic field 

increasingly deviates from the dipole configuration under the influence o f the solar 

wind. A current sheet called the ‘magnetopause’ marks the boundary between the 

magnetosheath and the magnetosphere [e.g. Hughes, 1995].

Under certain conditions, the frozen-in condition that keeps the IMF and the 

geomagnetic field as two topologically separate regions breaks down allowing some of 

the solar wind energy to enter the magnetosphere system. This is evident from the 

dynamic behaviour o f the magnetosphere and the ionosphere in response to variations in
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the solar wind magnetic field. The dominant process responsible for this coupling is 

‘magnetic reconnection’. If reconnection is not occurring the magnetosphere is said to 

be ‘closed’. Under closed conditions solar wind plasma can still enter the 

magnetosphere system in reduced quantities by a viscous- like interaction. The cusps 

are the only points that connect the Earth’s surface to the magnetopause and all the field 

from the magnetopause converges to these two regions. Spacecraft observations in the 

cusp regions have established that particles found in the cusp have characteristics 

identical to particles found in the magnetosheath plasma.

On the nightside o f the magnetosphere the magnetotail stretches out far beyond the 

lunar orbit. The magnetotail is at least 200 long and may be thousands of Re long 

[e.g. Nishida et al. 1995]. Jupiter’s magnetotail, for instance, was observed by the 

Voyager spacecraft to sometimes stretch all the way to Saturn, that is for a distance ~5 

AU [Kurth et al. 1981]. The width of the tail varies depending on the IMF conditions. 

Generally, at a distance o f 10 Re from the Earth, the radius of the tail is about 18 Re. 

Further down the tail at distances of about 140 Re the radius is typically about 27 Re. 

The direction of the magnetic field lines contained in the tail are roughly parallel to the 

Sun-Earth line, with the field lines in the northern lobe pointing towards the Earth and 

those in the southern lobe pointing away from the Earth. The two lobes of the 

magnetotail consist o f open field lines and are characterised by electrons and ions of 

energy less than 5 keV. A current sheet known as the magnetotail current sheet 

separates the northern and southern lobes. Trapped between these lobes are sheets of 

plasma with energies ranging between 100 eV and 10 keV, and a particle density of 

about O.I-l cm'^. During magnetically quiet times the plasma is composed mainly of 

ions which have their origins in the solar wind. During magnetically active times the
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inner boundary of the plasma sheet moves earthward with the composition changing to 

include ions originating in the ionosphere. Between the plasma sheet and the tail 

lobes is a boundary region called the ‘plasma sheet boundary layer’ (PSBL) [e.g. 

Cravens, 1997].

1.7. The Planet Jupiter

‘Jupiter commands superlatives’ [Fazakerley, 1991]. With a radius (Rj) of 71,492 km 

and a mass of 1.9 x 10^  ̂kg Jupiter is by far the largest and most massive planet in the 

solar system. Rotating once every 9.83 hours it has the greatest angular momentum of 

any solar planet. Jupiter has the largest magnetic moment of the solar system planets, 

1.6 X 10^° Tm^ compared to 8 x lO'^ Tm^ at Earth. Its magnetosphere, if visible, would 

appear larger than the Sun in the sky. The immense gravitational pressure at the core of 

Jupiter causes heating in the interior to about 20,000 K, thus it is exothermal, radiating 

more energy than it receives. Radio emissions from Jupiter were first noticed in 1955, 

they are emitted from near Jupiter's magnetic poles. Jupiter's radio emissions are caused 

by high speed streams of magnetized plasma flowing downward into Jupiter's polar 

regions, a process known as the "cyclotron maser mechanism" [e.g. Carr and Desch, 

1976]. This radiation is most strong at radio wavelengths making Jupiter as observed 

from Earth, the second strongest radio source in the universe. Jupiter is of similar 

composition to the Sun, it is however at least 80 times too light to become even the 

most feeble red dwarf star. [Statistics from Walker and Russell, 1995].

1.7.1 The Jovian Magnetosphere
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The nightside o f the magnetosphere is dragged out by the incident solar wind into a tail 

o f magnetic field lines which can extend as far as the orbit o f Saturn, [Lepping and 

Ness, 1983]. Figure 1.15 gives some idea o f the relative scale o f Jupiter in comparison 

to the other magnetised planets

Mercury E ar t h

J u p i t e rS a t u rn U r a n u s
N e p t u n e

S u n

Figure 1.15. Comparison o f the sizes o f planetary magnetospheres, Russell and Walker {\995'\

The huge size o f the Jovian magnetosphere is due to the planet’s strong magnetic field 

(averaging 0.4 mT at the equatorial cloud tops) and the reduced solar wind dynamic 

pressure, Pdyn, at 5 AU, which is given by Pdyn = nmpv\ and so we might expect it to be 

25 times less than at Earth. During the Cassini swing-by of Jupiter late 2000 n and v 

were on average 0.08 cm'^ and 380 km s'  ̂ respectively, this gives Pdyn ~ 20 pPa. For 

the Earth the relevant average values are 7 cm'^ and 450 km s'  ̂ [Hundhausen, 1995] 

giving a total dynamic pressure at Earth o f 2.4 nPa which is over 100 times greater.
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1.7.2 Observations of the Jovian Bow Shock

Prior to the recent Cassini-Jupiter swing-by, six missions had visited Jupiter, these are 

summarised in Table 1.3. Pioneer 10 made the first of several bow shock crossings at 

Jupiter at 96 Rj upstream of the planet on November 26, 1973 [Intriligator and Wolfe, 

1976]. In 1979, Voyager 1 observed a highly fluctuating magnetosphere with five bow 

shock crossings on its inbound leg; the first encounter occurring at an upstream distance 

of only 86 Rj. Voyager 2 observed the boundary several times from a first crossing at a 

distance of 99 Rj [Lepping et a l, 1981b]. Several weeks later Voyager 2 made four 

encounters with Jupiter’s distant tail from 6000 to 7500 Rj [Goldstein et al., 1985].

Table 1.3. Summary o f spacecraft which have visited Jupiter to date.

Spacecraft Launch/end of mission Closest Approach to 
Jupiter (date)

Status

Pioneer 10 02-M ar-1972/3 1-Mar-1997 130,354 km 
(03-Dec-1973)

Heading into Interstellar 
Space

Pioneer 11 05-Apr-1973/30-Sep-1995 43,000 km 
(02-Dec-1974)

Mission ended. Contact Lost 
November 1995

Voyager 1 05-Sep-1977 / present 349,000 km 
(05-Mar-1979)

Interstellar Mission in 
Progress

Voyager 2 20-Aug-1977 / present 722,000 km 
(09-Jul-1979)

Interstellar Mission in 
Progress

Ulysses 06-0ct-1990 / present 450,000 km 
(08-Feb-1992)

Multi-latitude Solar orbiter

Galileo
orbiter

18-Oct-1989/22-Sep-2003 214,600 km 
(07-Dec-1995)

Mission ended

Galileo
Probe

07-Dec-1995 (57 minutes o f  
data)

n/a 22 bar level Mission ended

Cassini 15-Oct-1997 /  present 9,700,000 km 
(30-Dec-2000)

En route to Saturn

Data source http://solarsystem.nasa.gov/missions/jup_missns/

In February 1992 Ulysses observed a single inbound bow shock crossing at 113 Rj 

[Smith et a l,  1993]. This bow shock was estimated to have a thickness of 1 Rj and a 

speed of 100 kms '. Average solar wind parameters at the time of this bow shock were 

derived from the Ulysses solar wind analyser to be density less than 0.2 cm‘̂  and 

temperature quite high at around 17 eV [Bame et a l, 1992]. Around two weeks after its

http://solarsystem.nasa.gov/missions/jup_missns/
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inbound encounter Ulysses crossed for the first time into the dusk side o f the Jovian 

magnetosheath making multiple bow shock crossings over the course of two days 

during its outbound path over a radial distance o f 109-149 Rj.

I I I I I I I I I I I I I I | - | - |  T T T I - I  I T I

MP BS
★  ☆  Galileo 

O Ulysses
A A Voyager 1 
T V Voyager 2 

□ Pioneer 10
♦  O Pioneer 11

XjSM ("j)
200

Figure 1.16. Locations o f the Jovian bow shock (BS, open symbols) and magnetopause (MP, solid 
symbols) observed by Galileo {Kivelson et a i,  1997], Ulysses [Bame et al., 1992], Voyager 1 and 2 
[Lepping et a i,  1981b] and Pioneers 10 and 11 [Intriligator and Wolfe, 1976] in Jupiter-centred magnetic 
coordinates (JSM). From Huddleston et al. [1998].

In November 1995, the Galileo spacecraft observed multiple bow shock crossings at 

upstream distances between 130 and 215 [Huddleston et al, 1998]. At a distance of 

130 R j and local time -0500 MLT, the magnitude of the magnetic field was observed to 

increase from -1 .2  to 3 nT, at 155 Rj the transition was from 0.8 to 2.2 [values derived 

from Figure 2, Huddleston et al.\ [1998]. Bow shock and magnetopause locations 

observed by these spacecraft are shown in Figure 1.16.

During a gravity assist manoeuvre at Jupiter, in late 2000, Cassini became the seventh 

spacecraft to visit Jupiter, crossing the Jovian bow shock at least 54 times between 28 

December 2000, 0420 UT and 04 April 2001, 1248 UT. Clear bow shock transitions
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were observed from [94.6, 103.4, -0.166] to [-766.5, 618.4, -11.7] Rj in Jovian solar 

ecliptic (JSE) coordinates, this is a Jupiter centred coordinate system with x  along the 

Sun/planet line and z  aligned with the elicptic pole. Cassini has provided the first 

measurements o f the Jovian dusk flank between 150 and 1000 Rj and one o f few 

examples o f observations o f bow shock crossings in the distant tail at any planet.

1.8. Preview of Further Chapters

This Chapter has provided an overall description o f the heliospheric environment and 

defined some o f the regions and phenomena found there. This section outlines the 

Chapters which make up the rest of this thesis. In Chapter 2 the Cassini mission 

history, motivation, goals and instrumentation are briefly introduced. Chapter 3 

describes the method we have used to derive density and temperature moments for the 

Cassini electron spectrometer (ELS) dataset. These will then be used to discuss Cassini 

observations in the heliospheric environment.

The Cassini Earth swing-by in August 1999 provided observations o f the terrestrial bow 

shock and magnetosheath and a rapid flyby of the equatorial region of the terrestrial 

magnetosphere down to an altitude of less than 1200 km, these observations are 

presented in Chapter 4. Observations in the solar wind between Earth and Jupiter and 

beyond are then discussed in Chapter 5. We use Cassini-ELS data to add to the wealth 

o f literature on the evolution of core electron temperature in the solar wind. At the end 

of 2000/ beginning o f 2001 Cassini made at least 54 crossings of shock boundaries as it 

flew by the giant magnetosphere of Jupiter. These observations are analysed in Chapter 

7. We discuss the difference between the Jovian bow shock and the terrestrial and 

interplanetary shocks. By careful analysis o f solar wind and magnetosheath plasma
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parameters we explore if there exists any correlation of plasma transitions with 

changing distance from Jupiter and solar wind Mach numbers. In the final chapter we 

summarise these results discussing how they add to the current body of knowledge.
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CHAPTER 2. OVERVIEW OF CASSINI MISSION, 
INSTRUMENTATION AND DATA SET

Cassini through the clouds. The successful launch of Cassini aboard a Titan IVB/Centaur 
occurred at 4:43 a.m. EDT, October 15, 1997.
Image captured from a video o f the launch. Courtesy NASA/.IPL.

2.1. Overview of the Cassini Spacecraft and Mission

The Cassini spacecraft was launched on a Titan IVB/Centaur launch vehicle from Cape 

Canaveral, Florida, on October 15 1997. The spacecraft was the culmination o f many 

years’ technological development involving international collaborations between 

NASA, and the European and Italian space agencies along with several European 

academic and industnal partners. The mission is named after the seventeenth century 

French-Italian astronomer Jean Dominique Cassini, who left Italy to assist in the design 

and construction of the Observatoire de Paris in 1669. He remained in Paris as the
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director of the observatory, a position that remained in the Cassini family for four 

generations. Cassini had a prolific scientific career including diverse astronomical and 

engineering projects. Between 1671 and 1684 he discovered four Moons of Saturn 

(lapetus, Rhea, Tethys and Dione). In 1675 he discovered the main division of Saturn's 

ring, and correctly speculated on the rings physical constitution being a collection of 

small debris.

The European Space Agency (ESA) Titan probe is named in honour of the Dutch 

scientist Christiaan Huygens. Huygens discovered Titan in 1655; this was followed in 

1659 by his announcement that the strange Saturn "moons" seen by Galileo in 1610 

were actually a ring system surrounding the planet. Huygens was also famous for his 

invention o f the pendulum clock, the first accurate timekeeping device. It is fitting that 

this mission honours these two exceptional scientists.

The Cassini spacecraft is a large and complex robotic spacecraft. The Cassini orbiter 

weighs 2150 kg, with 3132 kg of propellants on board at launch plus the 350 kg 

Huygens probe it was the heaviest spacecraft launched since the Russian Phobos 

satellites and Mars-96 to Mars. It is around the size o f a bus, at 6.8 m tall by 4 m wide, 

and the largest, heaviest and most expensive spacecraft to have flown to the outer 

planets. Figure 2.1 shows a schematic of the spacecraft and illustrates the fields o f view 

o f the electron spectrometer (ELS), the ion mass spectrometer (IMS) and the ion beam 

spectrometer (IBS). ELS is capable of measuring energies in the range 0.6 cV < E  <26 

keV, and samples 56 % of a full spherical field of view in approximately 208 seconds.
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Figure 2.1. Cassini schematic showing fields o f view from the ion beam spectrometer, IBS, the ion 
mass spectrometer, IMS and ELS. The view direction o f ELS anode 8 is at the top o f the diagram toward 
the high gain antenna. From Young et al. [1998].

Cassini’s four-year mission at Saturn will explore the planet’s atmosphere and interior 

as well as its system of rings, magnetosphere, icy satellites and also the moon Titan with 

the Huygens probe. In addition to Cassini’s primary mission, for much o f the journey 

so far some instruments on the spacecraft have been taking measurements of the solar 

wind and the interplanetary magnetic field.
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Figure 2.2. Timeline o f significant encounters during Cassini’ voyage to Saturn.
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Data have been gathered during encounters with the plasma environments of Venus, 

Earth and Jupiter. Figure 2.2 shows an overview of the spacecraft trajectory. By the 

time Cassini arrives at Saturn the spacecraft will have travelled about 22 astronomical 

units.

The Cassini orbiter and Huygens probe include a variety o f instruments as part of the 

total analysis package, see Table 2.1 for a list o f the eighteen instruments onboard, this 

is reproduced from the NASA-Cassini website. This thesis mainly exploits data from 

three Cassini instruments: the low energy Electron Spectrometer (ELS); the Ion Beam 

Spectrometer (IBS) (both of which are part o f the Cassini Plasma Spectrometer (CAPS) 

experiment) and the Flux-Gate Magnetometer, FGM.
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Suite Instrument Purpose
Optical Remote Sensing
Composite Infrared 
Spectrometer (CIRS)

Measure infrared emission from atmospheres, rings, and surfaces over 
wavelengths from 7 to 1000 micrometers (1400 to 10 cm-1) to determine 
their composition and temperatures.

Imaging Science Subsystems 
(ISS)

Wide and narrow angle (60 and 6 microradians) cameras to make 
observations o f  atmosphere, rings, satellites and surface features.

Ultraviolet Imaging 
Spectrograph (UVIS)

Measure ultraviolet light reflected or emitted from atmospheres, rings, and 
surfaces over wavelengths from 55.8 to 190 nanometres to determine their 
compositions, distribution, aerosol content, and temperatures.

Visual and Infrared Mapping 
Spectrometer (VIMS)

Measure reflected and emitted radiation from atmospheres, rings, and 
surfaces over wavelengths from 0.35 to 5.1 micrometers to determine their 
compositions, temperatures, and structures.

Microwave Remote Sensing
Cassini Radar (RADAR) Identify if and where water exists on Titan and map Titan surface. Map 

surfaces o f satellites.
Radio Science Subsystem 
(RSS)

Search for gravitational waves. Study solar corona and general relativity 
when Cassini is behind the Sun. Improve Satumian mass estimates. Study 
ring structure. Study Saturn and Titan atmospheres and ionospheres.

Fields, Particles, and Waves
Cassini Plasma Spectrometer 
(CAPS)

In situ measurements o f  the flux o f ions as a function o f  mass per charge, 
and the flux o f  ions and electrons as a function o f energy per charge and 
angle o f arrival relative to CAPS.

Cosmic Dust Analyser (CDA) Observe particulate matter in the Satumian system, to investigate the 
physical, chemical, and dynamical properties o f these particles, and to study 
their interactions with the rings, icy satellites, and magnetosphere o f  Saturn.

Ion and Neutral Mass 
Spectrometer (INMS)

Measure positive ion and neutral species composition and structure in the 
upper atmosphere o f Titan and magnetosphere o f  Saturn, and to measure the 
positive ion and neutral environments o f Saturn's icy satellites and rings.

Dual Technique 
Magnetometer (MAG)

Determine the planetary magnetic fields and the dynamic interactions in the 
planetary environment.

Magnetospheric Imaging 
Instrument (MIMI)

Measure the composition, charge state and energy distribution o f energetic 
ions and electrons, detect fast neutral species and conduct remote imaging o f  
the Saturn's magnetosphere.

Radio & Plasma Wave 
Science (RPWS)

Measure the electric and magnetic fields and electron density and 
temperature in the interplanetary medium and planetary magnetospheres.

Huygens Probe
Aerosol Collector Pyrolyser 
(ACP)

Collect aerosol particles at different altitudes. Heat in preparation for 
analysis by GCMS.

Descent Imager and Spectral 
Radiometer (DISR)

Test the radiative balance o f  Titan’ atmosphere. Find size and density o f  
suspended aerosols. Provide visible and infrared images.

Doppler Wind Experiment 
(DWE)

Stabilize the probe relay link. Deduce atmospheric conditions from probe 
motion and Doppler effects.

Gas Chromatograph and Mass 
Spectrometer (GCMS)

Identify various atmospheric and surface constituents. Analyse samples 
from ACP.

Huygens Atmospheric 
Structure Instrument (HASI)

Deduce atmospheric density, winds and surface waves (if  land on liquid) 
from probe motion. Construct thermal and conductivity profile o f  
atmosphere. Search for electromagnetic wave activity. Calculate 
conductivity and permittivity o f surface.

Surface Science Package 
(SSP)

Test roughness and hardness o f surface. If liquid obtain density, 
temperature, refractive index, thermal conductivity, heat capacity, and 
electrical permittivity.
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2.2. Cassini Electron Spectrometer Principles of Operation

The Electron Spectrometer (ELS) is a ‘hemispherical top hat electrostatic analyser’. 

The top half of the instrument basically consists of two conductive hemispheres of 

slightly different radius. These are mounted concentrically such that there is a small 

gap between the two conductors. The range of energy that electrons are allowed to have 

in order to pass between the hemispheres without colliding with the walls is selected by 

varying the electric field in the gap. Electrons that make it though the concentric 

hemispheres enter a chevron pair of micro-channel plates (MCP). The MCPs consist of 

thousands of glass-lined pores. A schematic of the basic set-up is shown in Figure 2.3.

 ► Baffle
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Figure 2.3. Schematic of a hemispherical electrostatic analyser. Diagram created by Rob Wilson o f the 
Cluster operations team.

As an energy-selected electron enters an MCP pore, it strikes the glass walls of the MCP 

and causes further electrons to be emitted from the MCP surface. These bounce down 

the walls of the MCP creating progressively more electrons, thus the single electron is
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multiplied and emerges as a cloud of ~ 2 x 10  ̂ electrons that are emitted at the base of 

the MCP. These electrons strike the surface of an anode mounted below the MCPs. 

The anode simply collects charge. As the surface of the anode becomes negatively 

charged a potential difference is formed. A minimum threshold of -0 .4  million 

electrons must strike the anode in order for one count to be registered in the detector 

electronics. No matter how much larger than this threshold value the resultant electron 

cloud is, just one count will be registered. The number o f particles in the resultant 

electron cloud from the MCP walls is therefore minimised by controlling the voltage on 

the MCP. We need to accelerate the electrons sufficiently that enough will get to the 

detector and register as a count, but not so much that the anode saturates ‘wasting’ 

electrons from the MCP and reducing its effective lifespan. This is achieved by 

adjusting the ‘gain’. The gain is a measure of the number of electrons coming out of the 

MCP for the number going in at the top, this value is adjusted from the ground.

ELS samples over 0.6 eV to 27 keV in 63 energy bins, which are listed in Table 2.2, 

there are actually 64 steps, o f which one is a fly-back step and so not included in the 

data. It takes 31.25 ms to sample each energy bin o f which 25% is deadtime, as the 

electrostatic analyser settles to the next voltage setting. The time spent sampling one 

energy level is therefore -23 ms, and to complete one full energy sweep takes (64 x 

31.25 ms) = 2 seconds. ELS is made up of eight anodes each 5° x 20° giving a total 

field o f view of 160° (see Figure 2.1). Since Cassini is not a spinning spacecraft ELS 

(and the rest o f the CAPS instruments) are mounted on an actuator to afford them as 

broad a view as possible. In the originally proposed design, these instruments were on a 

platform situated away from the spacecraft which would provide 270° coverage, but this 

was not possible due to a descope of the spacecraft early in the process (Coates et a l,
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1992). The actuating platform (ACT) moves at approximately 1° per second in the 

spacecraft’s x-y plane to a limit of ±104° with 0° along the spacecraft’s negative y-axis. 

With the actuator functioning at maximum sweep the ELS has a field of view of 160° x 

208° (56% of full sky coverage) which is sampled once every 208 seconds. During the 

Earth encounter the sweep was limited to ± 60° with a period of 2 minutes. The 

actuator range varied through both the cruise phase and the Jupiter encounter and was 

fixed at 0° for prolonged periods in the solar wind.

In this analysis we have used the geometric factor found by simulation [Linder et a i ,  

1998] and an assumed MCP efficiency o f 50% giving total geometric factor, G = 

8.5x10''* cm^ sr (eV/eV) per 20° anode. This is calculated as

G = dAdA^dL-dE = 8.5xlO-^m'sri^y^y), (2 . 1)

where dA is the effective area of the sensor (m^), dAz is the effective angular width of 

the sensor in 1-D (radians), dL is the effective angular width of the sensor in the 

orthogonal direction (radians) and dE  is the width of the energy aperture (passband, 

AE/E) [Young et al. 1997]. This value for the geometric factor may change slightly 

when the ELS calibration is finished and could be different for each anode. Recent 

analysis has confirmed a geometric factor, at 100 eV and for anode 5, of 7.5x10''* cm^ sr 

(eV/eV) [D. Linder, private communication]; the data have not yet been reprocessed to 

reflect this since we do not yet have a complete set o f geometric factor for all energies. 

The value derived for 100 eV is very near to the nominal geometric factor quoted and it 

is anticipated that future calibration will not affect the conclusions of this work. The 

energy response of the sensor is as listed in the energy sweep tables given by Young et 

al. [2003] and shown below.
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Table 2.2. ELS 64-step Sweep Table.

Step
N um ber

Voltage / 
V

Energy
/e V

Step
N um ber

Voltage / 
V

Energy / 
eV

0 4,200 26,040 30 44.32 274.8
1 4,200 26,040 31 37.90 235.0
2 3,585 22,227 32 32.41 200.9
3 3,063 18,991 33 27.69 171.7
4 2,622 16,256 34 23.69 146.9
5 2,238 13,876 35 20.18 125.1
6 1,914 11,867 36 17.32 107.4
7 1,636 10,143 37 14.80 91.76
8 1,399 8,674 38 12.61 78.18
9 1,196 7,415 39 10.83 67.15
10 1,022 6,336 40 9.27 57.45
11 873.5 5,416 41 7.90 49.00
12 746.8 4,630 42 6.74 41.81
13 638.0 3,956 43 5.78 35.84
14 545.7 3,383 44 4.92 30.49
15 466.1 2,890 45 4.25 26.34
16 398.6 2,471 46 3.58 22.21
17 340.7 2,112 47 3.11 19.26
18 291.2 1,805 48 2.63 16.33
19 249.0 1,544 49 2.26 13.98
20 212.7 1,319 50 1.88 11.64
21 181.9 1,128 51 1.60 9.89
22 155.5 964.1 52 1.41 8.72
23 132.9 824.0 53 1.22 7.56
24 113.6 704.3 54 1.03 6.39
25 97.07 601.8 55 0.84 5.23
26 83.03 514.8 56 0.75 4.64
27 70.87 439.4 57 0.66 4.06
28 60.63 375.9 58 0.56 3.48
29 51.86 321.5 59 0.47 2.90

60 0.37 2.32
61 0.28 1.74
62 0.19 1.16
63 0.09 0.58

When viewing ELS data on count rate-versus-energy spectrograms (see later), the 

energies are plotted simultaneously. In order to effectively process the data it is



Chapter 2. Cassini Mission and Instrumentation 57

important to understand its format. One scan over the 63 energies is one sweep (2 

seconds), and 16 sweeps make up what is referred to as one ‘A-cycle’ (31.5 seconds). 

The iteration in the data array for full resolution mode (16 kbs'’) is shown in Table 2.3. 

Table 2.3. ELS process o f  operation. Each datum is a four dimensional array structured as:

A cycle no Anode no Energy level Sweep no
0 All 0 0
0 All 1 0

0 -> All 62 0
0 M--- All 0 1

:
0 All 62 15
1 All 0 0
;

End of data file

The instruments on board Cassini share a limited telemetry bandwidth. Because of 

constraints due to computing and downlink via the high gain antenna, it is not possible 

to have all instruments operating at high data rate at the same time. The ELS operates 

in different modes with greater or less resolution according to the science objectives of 

the various instruments in the different plasma regimes and observing programmes. 

When ELS is operating in anything below the top resolution of CAPS (16 kbs’’) the data 

is averaged over time or energy (or both) on board the spacecraft.

In addition to the electron energy spectra, we also receive actuator position at 8-second 

resolution, i.e. 4 actuator positions per 32-second cycle. This directional information in 

combination with magnetic field measurements enables us to plot electron pitch angles 

and to analyse inhomogeneities in the surrounding plasma. Since the ELS fan actuates 

to a possible ± 104°, the ELS line-of-sight is close enough to the spacecraft surface that 

it is obscured by some o f the other instruments at parts of the sweep. A schematic of
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this obscuration is shown in Figure 2.4 and will be discussed in more detail in the 

context of Earth observations in Chapter 3.

-90°

-60°

-30°

+30°

k60°

+ 90°

1 | r  1 1 1 1 1 ' ' 1 ' : 1.......

-
HGA -------------- 1

FPP -

1,

y
^  - IMS FOV 

BOUNDARY '"T>
-

f  LEMMS
-

- + + i -

s/c-x S/C-Y S/C +x

VHUYGENS
PROBE
MOUNT

RTG 
<  SHIELD

-

- t h r u s t e r , 
7 1  T  . i . i ^ r ' 1  . . . .  i„ .._ 1 1 1 __L _

+90° + 60° +30° 0° -30° -60° -90“

AZIMUTH

Figure 2.4. Cassini-IMS field o f view showing how various instruments obscure the sensor apertures as 
a function of anode (elevation) and actuator angle (azimuth).

2.3. The Cassini Ion Beam Spectrometer

The ion beam spectrometer is a crossed electrostatic analyser with three fields of view 

and directional information provided by actuator motion. Energy spectra are again 

taken by stepping the analyser potential through a set of spaced values. Three apertures, 

each defining a field of view of 1.5 degrees by 1.5 degrees, spaced 30 degrees apart, 

allow particles to enter the analyser. Particles are focused into three chaneltrons 

opposite each of the entrance apertures. The charge per event is then multiplied in the 

same way as for the ELS sensor in order that it be detected at an anode at the end of the 

chaneltron. Amplifiers/discriminators then amplify the electron pulses collected by the 

anodes and send the signals to the data processing unit.
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Full details of the principles of operation of the CAPS sensors were described by Young 

et al. [1998], Coates et al, [1992] and Linder et a l  [1998].

2.4. Cassini Dual Technique Magnetometer (MAG)

The Cassini magnetometer (MAG) makes measurements of the strength and direction of 

the magnetic fields in the vicinity of Cassini. The instrument is comprised of a 

Vector/Scalar Helium Magnetometer (V/SHM) and a Flux Gate Magnetometer (FGM). 

These are mounted at the end of, and halfway down an eleven-metre boom (deployed 

just prior to the Earth swing-by) so as to be beyond the influence of any adverse 

spacecraft effects.

Each sensor uses different physical principles to measure three orthogonal components 

o f the magnetic field vector. This provides redundancy and aids data calibration since 

results from the two sensors can be easily compared. In addition the V/SHM can 

operate in a scalar mode as the Scalar Helium Magnetometer, SHM, in which it can 

very accurately measure the magnitude of the magnetic field.

Magnetic field data from the FGM used in this thesis were supplied by Imperial 

College. The FGM can operate over four different ranges: ±40, 400, 10000 or 44000 

nT, with a resolution of 0.0049, 0.048, 1.2 and 5.4 nT respectively. Full details of the 

magnetometer principles o f operation were given by Dougherty et al. [2004].
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CHAPTER 3. A METHOD TO DERIVE DENSITY AND 
TEMPERATURE VALUES AND ASSOCIATED 
ERRORS

A disastrous error occurred on 22 October 1895 when an express train 
arriving at Gare Montparnasse in Paris from Normandy failed to stop in 
the station as had been planned.
Picture Credit: Compagnie de l'Ouest.

3.1. Introduction to Spacecraft/Plasma Interaction

Any conducting surface in plasma will attain a potential relative to its surroundings such 

that the sum of currents towards the surface is equal to zero. Since the thermal motion 

of electrons is much faster than for ions, this potential will reach values up to the 

thermal energy of the populations within the ambient plasma even in the case of a cold 

dense plasma like that of the Earth’s plasmasphere. The potential of the spacecraft will
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also be significantly different in sunlight and darkness due to the contribution of the 

photoelectrons created by the UV-radiation of the sun. This effect, together with the 

complex shape of the Cassini spacecraft and its orientation during much of the early 

cruise period, are complicating factors when interpreting the low energy plasma 

measurements.

As long as the spacecraft is in sunlight UV-radiation induces a photoelectron current 

from any illuminated surface on the satellite. Consequently, the spacecraft is 

surrounded by a cloud of photoelectrons. The minimum energy of these emitted 

electrons is determined by the ‘work function’ o f the illuminated material. If there are 

more photoelectrons flowing off the spacecraft than there are flowing onto it from the 

solar wind then the spacecraft will charge positively. In this case photoelectrons with 

energy less than the magnitude of the spacecrafts positive charge (spacecraft potential) 

will be unable to escape the attraction of the spacecraft and will return to the surface, 

and possibly enter the ELS sensor. Similarly ‘real’ solar wind electrons flowing toward 

the spacecraft will be accelerated by the energy equivalent to the spacecraft potential. 

Consequently, in the ELS data there are no photoelectrons at energies higher than the 

spacecraft potential, these have escaped into space; and no solar wind electrons with 

energy below the spacecraft potential, since they have gained energy equal to the 

spacecraft potential. There is then a cut off energy between the photoelectrons and the 

core solar wind electrons and this provides the premise for removal of photoelectrons 

and compensation for the spacecraft potential discussed later.

In the absence of UV radiation striking the spacecraft, such as in eclipse, or, more 

complicatedly, where parts of the spacecraft are in the shadow of other instruments, the
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surface may charge negatively, since there are still electrons flowing onto the surface, 

but none flowing from it. It is possible this happened during the brief eclipse period 

during the Cassini Earth swing-by. Also, during the early part of the Cassini cruise 

period (out to 1.2 AU) when the main antenna was used as a solar shield, effectively 

eclipsing the majority of the Cassini instruments. If there is no conducting connection 

to the antenna in this orientation the antenna would become positively charged relative 

to the plasma. Simultaneously, the remainder of the satellite may become negatively 

charged due to the lack of UV-radiation and the greater mobility of the electrons. This 

leads to a potential difference between these two parts and the spacecraft behaves like a 

giant electric dipole moving through the plasma. It is not known if this was the case for 

Cassini at the time of writing.

3.2. Introduction to Density and Temperature Derivation

Methods to calculate density and temperature from electron instruments on spinning 

spacecraft involve integrating over approximately the full sky in order to perform 

‘moment’ calculations, of which density and temperature are the first and second order 

moments. However due to a descope in the mission budget early in the planning phase 

(discussed earlier) ELS has a maximum field of view of 56% of the sky. ELS 

operations are working on filling in the full distributions from the available 

measurements assuming gyrotropy, however in the mean time a simpler method which 

assumes a form of the core electron distribution, which can be related to the density and 

temperature, has been adopted. Calculations of density and temperature given here rely 

on fitting a standard isotropic Maxwellian to the data (with photoelectrons removed, see
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later) and relating the peak energy to density and temperature. The equation for a 

standard isotropic Maxwellian electron velocity distribution is:

/  = (3.1)
2)±T )  \ k T ,

[e.g. Parks, 1991] where n is the electron number density, m is mass (in this case 

electron mass), k  is Boltzmann’s constant, and Tis the temperature of the distribution.

There is a close relationship between the phase space density, / ,  o f a distribution and 

differential number flux. Particle flux across a surface is given by the number density 

times the velocity component normal to the surface. Considering a velocity interval dv 

coming from a solid angle dOX\\Q number density o f particles with velocity v in a phase 

space volume element is dn = fv^dvdQ. Multiplying by v gives the differential flux of 

particles with velocity v:

N  dE dP2=jv^dvdn (3.2)

Since the energy interval dE = mvdv the relationship between the differential number 

flux becomes:

N  = f -  (3.3)
m

This enables preliminary calculation of density and temperature values by relating the 

countrate observed by ELS to differential number flux {N), and in turn finding an 

equivalent expression for the Maxwellian in terms o f countrate {R^\

2E
= (3.4)

m

Rc = NGE, (3.5)
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Where G is the geometric factor as defined in Equation 2.1 and we have rewritten 

equation 3.3 in terms of particle energy to form equation 3.4. Substituting equations 

(3.1) and (3.4) into equation (3.5) gives:

= n

which rearranges to give:

2nG
yfm iTïkT

,2 . - EE  exp
kT

we now define a new variable C as:

(3.6)

(3.7)

which simplifies equation (3.5) to

^ - E
R^ = CE exp

kT

(3.8)

(3.9)

At the peak count rate of the Maxwellian the gradient is zero, i.e. the derivative of 

counts with respect to energy is zero. Differentiating 3.9 gives:

dR. f - E  
= exp

dE kT

r
2 C E -

V

CE
kT

(3.10)

setting this equal to zero, noting that (-E/kT) cannot be zero, and rearranging for E  we 

find:

Epeak -  2^7’ , 

substituting for this in Equation (3.6) we find:

^ - 2 k T \A k T

(3.11)

R = n
m

27ikT J exp
kT J G2kT

m
(3.12)
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exp(-2)(2tr)'^2(2Ar)'G
m

ff = exp(-2)(2tr)^«.

Rearranging this for n we find an expression for the electron density of the population in 

terms of the observed peak in the electron countrate and the derived electron 

temperature:

These equations relate ELS countrate directly to density and temperature. It is 

necessary to include an adjustment to take into account the spacecraft potential, which 

must be subtracted from the observed peak energy prior to performing the fit. Since 

counts are directly proportional to differential energy flux, a measure o f the flux of 

energy passing through a surface, e V 's f ’m'^, in accordance with Liouville’s theorem 

we transform the data to phase space density prior to performing the energy shift. For 

example, if we were to shift DBF to a higher energy we would be saying the energy 

flow was the same, and thus at that higher energy there would be less particles. Phase 

space density is actually the density in six dimensional phase space, includes the 

position of the volume and the velocity o f the enclosed particles. Shifting the energy of 

a PSD spectrum keeps the phase space density of the population the same. PSD is 

related to the observed countrate (s ') and energy (J) by:

PSD = ^ ^  (3.14)
2GE^

and has units m'^s^.

Two methods were used in deriving the density and temperature from the Cassini data 

set. This is appropriate due the difference in the interaction and overlap with
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photoelectrons between electron populations as seen in the shocked/unshocked solar 

wind. These two cases are discussed below:

3.3. Deriving Moments in the Shocked Solar Wind

In this case the heated, assumed (to first order) Maxwellian, distribution of core solar 

wind electrons is quite distinct from the photoelectron population. Figure 3.1 shows a 

typical counts vs. energy distribution inside the Jovian magnetosheath with a standard 

Maxwellian overplotted on the core solar wind population. It can be seen that the fit is 

not very good; this is in part because the population is accelerated through the 

spacecraft potential (8.9 eV in this case) thus the temperature as derived from the peak 

energy is higher corresponding to a broader Maxwellian distribution as seen.
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Figure 3.1. Core solar wind electrons are not well modelled by a Maxwellian distribution.

The data in the sheath are transformed into phase space density, the spacecraft potential 

calculated and subtracted then transformed back to counts resulting in the distribution 

shown in Figure 3.2.
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Figure 3.2. Potential corrected core solar wind electrons are better fit as a Maxwellian distribution.

The Maxwellian fit to the curve is improved up to -140 eV, this random sample has a 

chi square goodness of fit of 0.31, which should be rejected at the 0.05 significance 

level, however if we limit the test to near the peak of the distribution we have a 

significance of 0.94. The higher energy counts are assumed to be part of the halo or 

strahl solar wind population which can often be modelled as an exponential. Future 

studies will look at this population. For the purposes of current studies we perform a 

significance test 6 bins either side of the peak in the distribution, in this way we are able 

to derive density and temperature moments with high significance (here we use a typical 

significance level of 0.10) at best every 2 seconds. As we assume the electrons have a 

Maxwellian distribution this is a fair method and produces in the first instance a quick 

and automatic method to reject a fit if the significance falls below 0.10. Were the 

higher energy tail included in significance testing many data points would be 

unreasonably rejected due to the overlapping higher energy population, leaving an 

artificially sparse dataset. The current method incorporates a spacecraft potential which
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is determined by finding the first minima after 4 eV. The core solar wind electron 

energy range to fit over is then between the spacecraft potential and 100 eV. Errors due 

to the energy range chosen are insignificant in the case where the peak is sufficiently 

broad; this is always the case in the ELS observations o f the Jovian magnetosheath. 

Errors due to fluctuating spacecraft potential have been calculated, it is found that the 

spacecraft potential is low compared to the peak energy (about a factor of ten less), 

taking various data samples during different times and spacecraft events it was 

intimated that the spacecraft potential would not be further from the nominal value 

chosen by more than 1.7 eV. Taking the example shown in Figure 3.1 a spacecraft 

potential o f +/- 1.7 eV would have resulted in a temperature of 412,513 to 392,803 K, 

(35.6 to 33.9 eV) and a density range 0.12425 to 0.12733 cm'^, errors of 0.05% and 

0.024% respectively. In addition to these errors there are errors associated with the 

calibration o f the ELS sensors, as discussed in Chapter 2 this study uses a nominal 

geometric factor and sensor efficiency as published in the Cassini CAPS instrument 

paper [Young et a i,  2003]. These values are quite conservative and are not expected to 

change significantly.

Small corrections are included in cases where it is believed we experience (1) non- 

Maxwell ian populations or (2) very high spacecraft potentials. Density and temperature 

values are not shown for case (1), this seldom occurs in the shocked sheath-type plasma, 

although non-maxwell ian flat top distributions are occasionally observed immediately 

inbound of a shock. In case (2) spacecraft potential is (exhaustively) corrected for by 

hand, thus we have high confidence in the results despite the fluctuating spacecraft 

electron sheath.
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3.4. Deriving Moments in the ‘Quiet’ Solar Wind

Deriving moments in the ‘quiet’ solar wind is more problematic since the core solar 

wind electron energies are very low in this region and are often difficult to distinguish 

from electrons of spacecraft origin. Figure 3.3 shows a few typical examples of counts 

versus energy from ELS, in the quiet solar wind upstream of Jupiter. These are for a 

central anode and actuator angle around 0°. This shows that variable nature of the 

photoelectron distribution (first peak) compared with the fairly stable core solar wind 

distribution.
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Figure 3.3. Examples o f counts versus energy data in the ‘quiet’ solar wind for a central anode and 
within 10° of zero actuator angle.

We first explore if it is possible to use the simple Maxwellian fit to explore the 

properties of the photoelectron distribution.
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Figure 3.4. Showing photoelectrons modelled as a Maxwellian distribution.

It is clear that the photoelectron population is not typically well modelled by a 

Maxwellian distribution. However in order to derive the properties of the core solar 

wind distribution it is not necessary to subtract the poorly fitting Maxwellian 

photoelectron distribution since in theory the tail o f the photoelectron distribution (with 

energy > will escape a retarding spacecraft potential and not be detected at the ELS 

sensor. The purpose is to remove the accelerating potential from the solar wind 

electrons, we therefore remove all counts below the potential and shift by the energy 

equivalent to the spacecraft potential in phase space density. We then attempt to model 

the remaining population as a Maxwellian distribution.
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Figure 3.5. A shifted Maxwellian distribution fitted to the remaining electrons after the assumed 
Maxwellian photoelectron population has been removed.

Figure 3.5 shows that the shifted core solar wind population is quite well represented by 

a Maxwellian curve, within 85% confidence in this case.

These procedures have been used to derive electron density and temperature values on 

the entire Cassini dataset to date. Results are rejected in cases in which the spacecraft 

potential cannot be identified. The end dataset can be filtered on various goodness of fit 

criteria:

• Chi square goodness of fit on the entire curve

• Kilmogorov-Smirnoff (KS) goodness of fit to the entire curve

• KS test on 5 points either side o f the peak o f the curve

It has been found that the test which gives sensible results without losing too much data 

is the KS test to points Just near the peak in the curve, this is because lack o f data at low 

energy and higher counts, likely due to separate distributions (e.g. halo electrons), cause
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criteria based on fitting to the full curve to unrealistically reject the majority of 

datapoints.

We do not observe the dip in energy which we are using as our proxy for to be at the 

same energy as a function of anode or actuator angle. Since all anodes measure 

simultaneously this cannot be simply a temporal effect and suggests that the spacecraft 

potential is not spherically symmetric.

3.5 Summary

In this section a method to correct for spacecraft potential and derive density and 

temperature in the solar wind from simple one dimensional electron energy spectra has 

been described. In solar wind plasma which has been energised by interplanetary 

shocks or at planetary bow shocks the spacecraft potential and photoelectrons can be 

accounted for reliably and a method to do this systematically was developed. For the 

case of the unshocked solar wind it was found that methods developed to systematically 

identify the spacecraft potential were unreliable. To derive moments in the solar wind 

each spectrum was initially analysed individually. Values for electron density and 

temperature in the unshocked solar wind reported in Chapter 7 of this thesis are those 

derived in this way. Computational improvements (particularly in systematic error 

identification and categorisation) to the labour intensive method described here have 

been developed in conjunction with Lin Gilbert of the Cassini-ELS operations team 

with quite promising results; time series plots shown in this thesis are those found by 

this more systematic method. The underlying theory is unchanged the only differences 

are that the dip is found automatically by looking for gradient changes in counts versus 

energy spectra. A technique to derive 3-D moments by extending the observed electron
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distributions by assuming gyrotropy is being developed by Gethyn Lewis of the Cassini- 

ELS operations team. These are complicated by obscuration of the ELS field of view 

which will be discussed briefly later in the context of the solar wind observed 

immediately upstream of the Earth.
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CHAPTER 4. A N A LY SIS OF EA R TH  SW IN G -B Y  E L E C T R O N  

S P E C T R O M E T E R  O BSERV ATIO NS

The Earth photographed from space by Apollo 17 astronauts 
returning from the last manned mission to the moon in 1972.

4.1 Introduction

Cassini flew by the Earth on August 18, 1999 at a speed with respect to the Earth o f 9.1 

R e  per hour (16.1 km s'^), where R e  is the radius o f the Earth, ~ 6378 km. The purpose 

o f the Earth swing-by was to perform a gravitational assist manoeuvre to provide the 

spacecraft with sufficient energy to continue its journey to Saturn. The Earth swing-by 

provided Cassini with an additional velocity o f 3 .1 Re per hour with respect to the Sun.
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The Cassini Earth Swing-By (BSD) was the fastest ever traversal of the Earth's 

magnetosphere, thus providing a unique snapshot o f the Earth’s plasma environment in 

just a few hours. Cassini’s trajectory traversed the near-subsolar bow shock, 

magnetopause, magnetosheath, the near Earth magnetosphere and the magnetotail. 

Finally, 27 days later, Cassini traversed a region in which we might expect to encounter 

the Earth’s extended tail if present.

Many spacecraft have flown in the Earth’s magnetosphere and taken measurements of 

the fields and particles found there. It is the greater understanding provided by these 

and other ground-based instruments that made Earth's relatively well understood 

magnetosphere an excellent area in which to calibrate Cassini’s instruments. Figure 4.1 

shows a projection in the ecliptic plane of the Cassini trajectory from 22:00 UT August 

17 to 12:40 UT August 18, 1999. Arrows have been added to give a sense of the 

orientation of the ELS fan of anodes with respect to the Sun. The centre (zero degrees) 

of the actuating fan of ELS was along the positive y  GSE direction until 06:45 UT 18 

August 1999 after which a spacecraft roll took the centre of actuation along positive z 

GSE. Magnetopause surfaces described by Sibeck et al. [1991] and Shue et al. [1997] 

which will be discussed later, are also shown.

As discussed in Chapter 3, Cassini-ELS is subject to effects of spacecraft-plasma 

interactions due to its mounting and limited field of view, along with the large and 

complex nature o f the spacecraft itself. Cassini observations o f expected features in the 

Earth’s magnetosphere are invaluable in quantifying these effects and determining the 

best way to proceed with analysis of ELS data.
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The Cassini/Earth encounter occurred at a far higher speed than that of typical orbiting 

spacecraft. The ESB therefore represents a particularly exciting data set in that the 

entire Earth’s magnetosphere was traversed in less than 9 hours, sampling many of the 

regions discussed later at timescales at which they might be considered pseudo- 

stationary. Such a snapshot has only previously been achieved by two interplanetary 

spacecraft. The first was the Giotto swing-by on 2 July 1990 at a speed of 6.3 kms’' and 

closest approach geocentric distance of 29,100 km [Glassmeier et al., 1991; Morley, 

1984], this provided magnetometer and energetic particle data but no plasma data. The 

swing-by provided Giotto with a gravity assist enabling a close encounter with the 

comet Grigg-Skjellerup just over 2 years later [Grensemann and Schwehm, 1993]. 

Galileo also performed two Earth swing-bys in 1990 and 1992 [D'Amario et a l, 1992], 

to facilitate its journey to Jupiter, both at a speed o f approximately 14 kms ' with closest 

approaches to Earth at distances o f 1000 and 300 km respectively. During the Galileo 

ESBs several instruments including magnetometer and plasma instruments collected 

data. Summaries of the results from Galileo and other space and ground based 

observations for the 1990 swing-by are given by Kivelson et a l [1993]. They describe 

observations of the bow shock, magnetopause, and tail, including observations during 

substorms.
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Figure 4.1. Cassini trajector>' in the x-y GSE co-ordinate plane showing a model for expected magnetopause shape 
and position based on models by Sibeck et al. [1991] and Shue el al. [1997] and the positions of magnetopause 
crossings as observed by ELS.

Although the Cassini instrument teams were looking forward to calibrating their 

instruments in the relatively well understood vicinity of our planet, the encounter took 

place during a period of enhanced solar activity and while the magnetosphere was in a 

state of flux. Observations included an eroding magnetosphere and ‘beam-like’ plasma 

distributions in the inner radiation belt and plasma sheet. Two substorms and several 

magnetopause crossings during Cassini’s traversal of the Earth’s tail indicate changes in 

the magnetotail and transverse tail motion in the solar wind. Details of a broad 

observing programme including Cassini magnetometer and ground based observations 

of the substorms are given by Khan et al. [2001] and more detailed study of Cassini 

Plasma Spectrometer (CAPS) observations of counter streaming electrons in the 

dawnside lobe of the magnetotail during the second substorm by Abel et al. [2001].

This chapter presents an overview of the observations made by the Cassini Electron 

Spectrometer (ELS) during the Earth encounter. Electron populations in the regions
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observed are described, along with the location of magnetospheric boundaries and 

preliminary values o f density and temperature of various electron populations are 

presented.

4.2 Overview of Results

During the ESB phase, ELS began taking data in the solar wind, at 13:30 UT August 17, 

1999, about 65 Re upstream from Earth. After spending almost 9 hours in the 

magnetosphere and covering an absolute spatial extent of 82 Re Cassini left the Earth’s 

magnetosphere for the last time at 10:48 UT August 18. General solar wind conditions 

from 18:00 UT August 17 -1 8 :0 0  UT August 18 are summarised in Figure 4.2 based on 

observations from the Atmospheric Composition Explorer laboratory at L I .
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Figure 4.2. Twenty four hours of solar wind data from 18:00 UT August 17 1999 from the ACE 
spacecraft. The 16 second resolution magnetic field data was provided courtesy o f N. Ness at Bartol 
Research institute, and 64 second resolution plasma data courtesy o f D.J. McComas at SWRI. The plots 
were generated using the CDAWeb tool.
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These data show a high speed (700 kms'*) stream of low density proton plasma (~2 

cm'^) overtaking a slower stream, with onset of the leading edge o f the faster stream 

observed at -00:15 UT August 18. The magnetic field magnitude, <| 5| >, varied 

between about 6.5 and 9.5 nT. Bz GSE was highly variable, fluctuating between 5 and -  

7 nT with several prolonged (tens of minutes) periods of negative Bz which can lead to 

extended periods of dayside reconnection which may contribute to substorm activity. 

Table 4.1 summarises the times and radial positions o f Cassini when the spacecraft 

crossed various magnetospheric boundaries. A potential deep tail crossing 27 days later 

on September 14 1999 at around 6000 Re downtail has been examined by various 

instrument teams and is discussed briefly below.

Table 4.1. Summary o f observation times as determined from CAPS-ELS data along with corresponding

Boundary Time (UT) Position (Re from Earth)

Inbound Bow Shock 01:51:27 15.18

Magnetopause 02:25:40 9.88

LLBL (outer edge) 02:27:04 9.73

LLBL (inner edge) 02:28:50 9.38

Inbound Plasmapause 03:06:00 4.20

Outbound Plasmapause 03:50:40 ±I minute 3.70

Lobe (inbound) 07:27:09 36.71

Lobe (outbound) 07:35:00 37.90

Outbound Magnetopause 09:02:40 51.17

Inbound Magnetopause (2) 09:14:07 52.90

Boundary Layer 10:25:00 60.60

Outbound Magnetopause (2) 10:47:40 67.05

A number of plots with which the various areas sampled by Cassini will be 

subsequently analysed are shown in Figures 4.3-4.6. An electron energy-time 

spectrogram for 6 hours of the Earth swing-by is shown in Figure 4.3, labelled to show 

the main boundaries and regions observed. The %-axis is time from midnight to 06:00 

August 18, the y-axis shows the energy of the detected electrons in eV and the colour
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scale indicates counts on anode 5 (a central anode) per accumulation interval, with data 

gaps indicated by the white areas. Modulation in the data with a 4 minute period is due 

to actuator motion. The period 00.00 to 06:00 August 18 1999, for all 8 anodes is 

shown in Figure 4.4 and the period 06:00 to 12:00 is shown in Figure 4.5. It can be 

seen that the data are affected by anode and by actuator position. We register fewer 

counts at positive actuator angles (in the direction of the Huygens probe mounted on the 

spacecraft) and generally fewer counts with decreasing anode number (sampling anti- 

sunward). This will be discussed in more detail as we descnbe the observations.
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Figure 4.3. Six hour spectrogram o f  ELS data from 0000 -  0600 UT August 18 1999 for anode 5. Energy vs. time 
with counts per accumulation tim e (23.4 ms) indicated by the colour scale.
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Figure 4.4. Six hour spectrogram of ELS data from 00:00 -  06:00 UT August 18 1999 for all 8 anodes.
Energy vs. time with counts per accumulation time (23.4 ms) indicated by the colour scale.
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Cassini CAPS ELS colour bar and Anode 1 -8 for 1999 day 230, hour 6 to end
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Figure 4.5. Six hour spectrogram of ELS data from 06:00 -  12:00 UT August 18 1999 for all 8 anodes.
Energy vs. time with counts per accumulation time (23.4 ms) indicated by the colour scale.
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To investigate how the observed electrons are aligned relative to the magnetic field 

Figures 4.6 & 4.7 are spectrograms, made up of 63 horizontal bands, separated by white 

lines. These show pitch angle distributions for each of the 63 energy channels, for 

twelve hours o f the flyby from 00:00 to 06:00 and 06:00 to 12:00 on 18 August 1999. 

Axes are energy (keV) vs. time (hrs) and the colours indicate the differential energy flux 

(proportional to countrate using nominal geometric factor) as indicated in the key. Data 

are averaged over all anodes and four 32 second A cycles. Pitch angles were calculated 

using 1 minute resolution magnetic field measurements provided by the Cassini MAG 

team. The plot shows 30 six degree pitch angle bins per row. Within each row, 0° pitch 

angle is at the bottom and 180° is at the top. Pitch angles not covered by ELS are 

shown in black. See Abel et al. [2001] for more information on the construction of the 

pitch angle distribution.
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Figure 4.6. 6 hour plot o f ELS data 00:00 -  06:00 UT August 18 1999 split into the 63 energy ehannels 
showing pitch angles from 0° to 180° (bottom to top) for each channel, the colour scale indicates the electron 
differential energy flux, grey shaded areas are those for which we did not have pitch angle coverage.
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Figure 4.7. Same format as Figure 4.5, ELS data from 06:00 to 12:00 UT August 18 1999. 

We now describe the data region by region:
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4.3 Solar wind

Upstream of the Earth, Cassini collected almost 9.5 hours of solar wind data over a 

distance of 85 Rk (from 16:30 August 17 to 01:51 August 18 with the actuator 

beginning to move at 19:30 August 17). Electrons were seen up to 800 eV during this 

time interval. There were three distinct populations present: photoelectrons at count 

rates up to 1200 per accumulation interval with energies ranging from 0.5 -  14 eV; core 

solar wind electrons at energies from 9 -  110 eV; and halo electrons at low (<50 per 

acc. time) counts typically with energy from 70 -  800 eV. An example of the counts 

observed on the ELS anodes in the solar wind is shown in Figure 4.8.

Anode number 1-8
100001

II
i P_e haloi
I core

0.010 1.000

Figure 4.8. Example of counts vs. energy distributions observed over the 8 anodes in the solar wind 
upstream of the Earth’s bow shock. NB. Anode 1 (black trace) is the farthest from the Cassini High Gain 
Antenna and so was approximately anti-sun facing during the ESB.

These observed populations were similar to those discussed by Feldman et al. [1975] 

where the solar wind is descnbed to be well modelled by a bimaxwellian core and halo 

distnbution accelerated through the spacecraft potential [Scime et a l, 1994]. Spacecraft 

potential is determined by a balance of currents caused by the ambient solar wind 

plasma, photoelectrons, and secondary electrons from the spacecraft [Garrett, 1981]. 

The potential can be seen in most of the ELS ESB data at energies between 0.5 eV and 

over 10 eV in some regions. In the example shown in Figure 4.8 the spacecraft
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potential was at approximately 5 eV. A population of photoelectrons is evident at all 

energies below the spacecraft potential. Methods to compensate for the spacecraft 

potential and to remove photoelectrons were discussed in Chapter 3.

Core solar wind electrons are subsonic and it is often assumed that, to first order, they 

are isotropic in the spacecraft frame o f reference. In the case of the ELS we expect this 

to be complicated by the limited field of view and obscuration by other instruments as 

was shown in Figure 2.3. As mentioned earlier. Figure 2.3 reflects the field o f view 

from the IMS sensor which looks in the same direction as ELS and is mounted about 10 

cm further in toward the spacecraft body than ELS. The difference in the field o f view 

from the two sensors is negligible {Dave Linder and Frank Crary, private 

communication, 2002], with ELS suffering marginally less obscuration than IMS.

Figure 4.9 shows six plots of the anode look direction (elevation) versus actuator half 

sweep (azimuth) for 6 energies from 1.7 to 107.3 eV. A reproduction of Figure 2.3, 

with a dashed line added to show the approximate location of the Huygens probe added, 

is shown on the figure for convenience.

At this time Cassini was oriented such that the high gain antenna (HGA) was toward the 

sun. In this orientation all o f the instruments should be in the shade, with anodes 8 and 

I most and least sunfacing respectively.



Chapter 4. Cassini/Earth Swing-bv 89

1

2

3

4

5

6

7

8

1.74 eV 8 72eV

cn
CD"O

- 1 5 0 -1 0 0  - 5 0  0 50 100 150
Azimuth (degrees)

-1 5 0  100 50 0 50 100 150
Azimuth (degrees)

13.98 eV 19.26 eV

CD
CD

cn
CD

X »

100

50

0

- 5 0

-100
- 1 5 0 - 1 0 0  - 5 0  0 50 100

Azimuth (d e g r e e s )

cnD
X )

150

- 5 0  

-100
- 1 5 0 - 1 0 0  - 5 0  0 50 100

Azimuth ( d e g r e e s )
150

cn
CDx>

CD

LU

35 83 eV

- 5 0  

-100
- 1 5 0 - 1 0 0  - 5 0  0 50 100

Azimuth ( d e g r e e s )
150

107.30 eV
100

U)
CD<U 50CJi
CD

X )

c
o
o>
CD

LU

- 5 0
m m

-100
- 1 5 0 - 1 0 0  - 5 0  0 50 100

Azimuth (d e g r e e s )
150

Figure 4.9. Anode look direction (elevation) versus actuator angle (azimuth) lor six energies taken for 
one actuator half sweep in the solar wind beginning at 00:22 UT 18 August 1999. The observed counts at 
each energy have been normalised to run from 0-255 so as to facilitate comparisons across the energies.
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Starting with the top left comer of the ELS field of view (FOV) shown at the top of 

Figure 4.9 we see that the presence of the RTGs might be expected to directly affect 

measurements from anode 1 and (less so) those from anode 2 beyond about -40 degrees. 

In fact, the first panel of Figure 4.9 shows that there is an enhancement in counts 

evident in anode 2 from approximately 0 to -60 degrees at low energies, and for the full 

actuator range sampled (± 60 degrees) at higher energies. The adjacent anodes 1 and 3 

see enhancements in a more limited actuator range from about -60 to -30 degrees, as 

does anode 4 at higher energies. This suggests that the something in the direction of the 

RTGs is a source of electrons at all energies up to at least 100 eV.

At the opposite end of the ELS FOV there is a reduction in counts towards positive 

actuator angles on anode 8. This is consistent with the location of the high gain antenna 

(HGA). The apparent reduction in counts is evident on anode 8 at all energies except 

around 10 eV where there is an apparent enhancement in the same region. It is possible 

that regions in the FOV act such as to prevent electrons entering the ELS sensor and 

also as a source of electrons, either photoelectrons or secondaries, and that the relative 

source/sink contributions are energy dependent.

The presence of the LEMMS and field and particles pallet (FPP) may be expected to 

affect the view from anodes 6, 7 and 8 at negative actuator angles beyond -10 degrees. 

While this region is often quite inhomogeneous it is not apparently consistently 

enhanced or reduced with respect to the surrounding areas.

Considering these initial analyses of the field o f view obscurations, we have selected to 

use energy spectra from anode 5 to derive density and temperature parameters by the 

method described Chapter 3. Since this anode is expected to be the least affected by
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instruments directly in its field of view and the observations seem to be consistent with 

this assumption. Values are derived for all actuator angles to preserve time resolution, 

selection of certain actuator/azimuth ranges can then be applied as appropriate to the 

study. Future plans for the ELS dataset are to model the partial distribution and 

calculate three dimensional moments and so it is vital that we have a thorough 

understanding of the nature of the ELS-FOV. Therefore investigations o f the field of 

view from ELS as a function of energy and of the orientation of the spacecraft are 

ongoing.

We find that average density and temperature values for the core solar wind population 

in this region are 4.6 cm'^ and 1.2x10^ K (10.3 eV). Values for solar wind density and 

temperature found by this method are shown in the first half of Figure 4.10 which 

covers both solar wind and magnetosheath periods. Values for the core solar wind 

population measured at ACE on 17 August 16:30-24:00 UT were electron density o f 4.3 

cm'^ and electron temperature of 1.56x10^ K (13.45 eV) [R. Skoug, private 

communication]. Since these values are long time averages we have not included a lag 

time from ACE to Earth. Geotail was also in a fortuitous upstream position at this time 

and measured an average density of 3.5 an'^ and an ion temperature o f -1.4x10^ K (12.1 

eV). So the values for density and temperature as computed from Cassini data are 

similar to those measured by other spacecraft at 1 AU and thus lend confidence in the 

algorithm used to derive them.
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Figure 4.10. Solar wind and magnetosheath parameters 18 August 1999. From the top the panels are: an 
energ>' vs. time spectrogram with differential energy flux indicated by the colours; electron density (m' )̂; 
electron temperature (eV); spacecraft potential (eV), actuator angle (degrees) and magnetic field 
magnitude (nT). The bow shock was observed at 01:51 IJT (1.83 hours)



Chapter 4. Cassini/Earth Swing-bv___________________________________  93

4.4 Bow Shock

Cassini passed through the thin boundary of the near-subsolar bow shock a single time 

at 01:51 UT August 18. The shock was observed by ELS as an almost instantaneous 

boundary at GSE coordinates (14.90, 3.18, 0.54) Re. Across this boundary there was a 

large jump in electron temperature from 1.2x10^ K (10.4 eV) in the solar wind to 

6.0x10^ K (51.7 eV) in the magnetosheath (Figure 4.10). We observed the distance 

from the bow shock encounter to the magnetopause to be 5.3 Re assuming stationary 

conditions which rely primarily on dynamic pressure and Alfven Mach number in the 

solar wind which, according to ACE, were fairly steady over this interval. For high 

Mach numbers (~ 5-6) the stand-off position of the shock is expected to approximately 

obey the gas dynamics based postulate of Spreiter et al. [1966] in that the ratio of bow 

shock to magnetopause position radially from the centre of the Earth is equal to (1.1 x 

p jp d  + 1), where pu and pd refer to electron mass densities upstream and downstream of 

the shock respectively and the factor 1.1 is shape dependent. Cassini trajectory was 

almost radially along the Sun-Earth line (approximately 8 degrees off in the duskward 

direction). Based on density values given in Figure 4.8, this equation predicts the ratio 

to be 1.55. From Table 4.1 we observe the bow shock at 15.18 Re and the 

magnetopause at 9.88 Re which corresponds to a ratio of 1.53.

There are two characteristic length scales for the bow shock, the foot width and the 

ramp width, which depend upon the ion gyroradius (or Larmor radius) and the ion 

inertial length [e.g. Schwartz, 1985] respectively.

Gyroradius : pc = mv± /qB  (4.1)

Inertial length: Li = c/cOpi, w \\qvq\ ct)pi= (riie^/ (4.2)
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As mentioned earlier Cassini was oriented during the Earth flyby so as to shield the 

instruments from solar radiation, thus the spacecraft did not have favourable pointing to 

measure solar wind velocity. Lagged solar wind velocity from the ACE spacecraft 

indicate an upstream velocity of -570 kms'*. The magnetic field strength was -8  nT, 

for an ion density (assuming «, = of 4.6 cm'^ we find approximate values of the ion 

gyroradius and inertial lengths to be 743 km and 106 km respectively. For a quasi

perpendicular shock (as was the case during the ESB) we would not expect to see any 

upstream electrons. However, electron populations observed upstream of the bow 

shock from about 01:40 UT onwards indicate evidence of the electron foreshock, 

implying that the field conditions may have changed during Cassini approach such that 

the bowshock went from being quasi-parallel to quasi-perpendicular. Magnetic field 

data from MAG indicated little significant change in this time, although it did coincide 

with a slight and fluctuating general increase, from -0  to -5  nT of the 6% GSE 

component of the magnetic field from -01:39 UT.

4.5 Magnetosheath

The magnetosheath was observed to have an apparent width of 5.3 R e, and the passage 

from the bow shock to the magnetopause took only -35  minutes. While both the bow 

shock and the magnetopause can move very rapidly in response to upstream changes, 

this is closer to a snapshot o f the bow shock/magnetopause configuration than can be 

obtained with orbiting spacecraft. At the bow shock, the solar wind core population, as 

can be seen in Figures 4.3 and 4.4, was increased in energy from around 20 eV to 110 

eV, a typical energy for magnetosheath electrons, and the integrated number of counts 

observed in one ELS accumulation cycle more than doubled. Photoelectron counts also
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increased and were observed to be concentrated at slightly lower energy than in the 

solar wind proper. Also photoelectrons in the range 1.5 -  10 eV became concentrated 

towards 180° pitch angle through the shock, see Figure 4.6.

The decrease in photoelectron energy is likely due to a change in the current balance on 

the spacecraft. As the spacecraft enters the higher density magnetosheath plasma there 

are more ‘real’ electrons flowing onto the spacecraft. Simultaneously, since the level of 

photoemission is a function of the amount of solar radiation striking the spacecraft and 

the spacecraft orientation (neither of which change through the shock), the flux of 

photoelectrons leaving the spacecraft remains unchanged. The net effect of this is to 

cause the spacecraft potential to become increasingly less positive, i.e. the ratio of 

fluxes of electrons leaving/arriving at the spacecraft reduces. This leads to a lower 

spacecraft potential after it passes through the shock [Garrett, 1981] and is very 

commonly seen on other spacecraft, e.g. ISEE, Cluster.

.\node number 1-1

0.001

Figure 4.11. Same format as Figure 4.8 showmg a typical magnetosheath electron distribution for all 8 
of the RLS anodes

Figure 4.11 shows an example of the electron distributions observed by the eight ELS 

anodes in the magnetosheath. The black and yellow lines represent anodes 1 and 8, 

these were anti-sun and sun-facing (toward HGA) respectively. Electrons detected at 

these anodes clearly do not follow the general trend observed at the internal anodes. It
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is possible that these anodes are observing secondary electrons in addition to the more 

omnidirectional photoelectrons as they view electrons closer to the spacecraft body.

The method for density and temperature calculation described in Chapter 3 can be used 

to analyse the shocked solar wind electrons in the magnetosheath. Data for this region 

are shown from 01:50 UT in Figure 4.10. We observe significant variations due to 

actuator motion through this plasma. This may either be due to different spacecraft- 

plasma interactions or due to anisotropy o f the electrons in this region, which may be 

related to wave activity. This would be surprising as the temperature anisotropy of 

electrons in the magnetosheath is usually small [Phan et a l, 1994]. Density was 

observed to be in the range 5 - 1 0  cm'^. Similarly, the measured temperature showed 

strong variation, ranging from 4x10^ -  7x10^ K (34 -  60 eV) and was observed to 

decrease as Cassini travelled more deeply into the sheath.

4.6 Magnetopause

The inbound magnetopause was observed at 02:26 UT at a radial distance from the 

Earth of 9.88 Re- To explain the observed position o f the near-subsolar magnetopause 

boundary during the Cassini swing-by, effects of the IMF have to be considered. We 

observed an eroding magnetopause, retreating Earthward because IMF Bz < 0 and so 

reconnection is likely occuring at the subsolar point. The boundary traversal was seen 

to take about 1.5 minutes (Figure 4.3, although it is more visible in higher resolution 

plots, not shown here) which corresponds to a width of about 956 ± 32 km, assuming 

that the boundary was stationary. This is at the upper end of typical observations of a 

few hundred to a thousand kilometres [Berchem and Russell, 1982]. A boundary
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retreating back to the planet (as we summise may have been the case) would lead to an 

over-estimating of its scale, likely accounting for some discrepancy. The maximum 

energy of observed photoelectrons increased slightly in energy at this boundary, 

indicating a change in the spacecraft potential. At this boundary Cassini entered the 

region of space dominated by Earth’s magnetic field and, following the short LLBL 

crossing (see below), ceased to observe magnetosheath-like plasma. A good 

approximation for the expected position of the magnetopause can be calculated by 

balancing the magnetic pressure inside the magnetosphere with the total (particle plus 

magnetic field) pressure in the magnetosheath [e.g. Hughes, 1995]. For the observed 

conditions this results in an expected position of 9.92 Re. The general shape and 

position of the magnetopause was calculated using models from Sibeck et al. [1991] for 

solar wind parameters of 3 cm'^, 580 kms ' and pressure of 1.83 nPa. A model 

neglecting the prevailing magnetic conditions suggests a subsolar magnetopause 

position of 11.2 R e , a discrepancy of 1.4 R e. This is in the right sense (observed 

position < predicted position) and the discrepancy is most likely due to the southward 

IMF conditions, 8% of ~ -4 nT, eroding the magnetopause surface through reconnection. 

By including the magnetic field in the manner described by Sibeck et a l ,  we find an 

expected position of 9.7 Re which compares well to the observed position of 9.88 Re-

A plot o f the magnetopause based on the model by Sibeck et al. is shown in Figure 4.1; 

positions of two Cassini magnetopause crossings are also shown. This model is a good 

one to use for comparison with the observed position of the ingoing near-subsolar 

magnetopause crossing, but less reliable for fitting observations on the flanks since it 

assumes an elliptical form for the magnetopause and thus cannot account for a 

continuously flaring magnetotail. The same analysis has been compared with the model 

given by Shue et a l [1997], a plot of this model is also shown in Figure 4.1. It can be
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seen that the second, outbound, magnetopause crossing agrees well with the 

magnetopause location predicted by this model.

4.7 Low Latitude Boundary Layer

First identified as a distinct region by Hones et al. [1972], this region contains electrons 

of both magnetospheric and magnetosheath ongin [Eastman et a l,  1976]. It was 

evident in the ELS data by the appearance of the high-energy magnetospheric plasma 

just after the magnetopause from 02:26:12 ± 30 seconds to 02:28:20 ± 16 seconds UT 

(as identified by analysis of 1 minute resolution magnetic field data and 32 second 

resolution ELS data respectively). Figure 4.12. The spatial extent was thus between 

1410 and 3405 km. As Cassini’s speed was significantly higher than crossings by 

previous spacecraft, this represents a near instantaneous determination of the extent of 

this region, rather than an inference.
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Figure 4.12. ELS counts versus energy spectrogram and MAG Bx data from 02:10 to 02:42 UT 18 
August 1999
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Observations by I SEE 1 and 2 of the movement and spatial extent of the boundary layer 

for low Alfven Mach number (~3) and strongly northward IMF are given by Le et al. 

[1994]. These indicate a typical ELBE thickness of 4430 km, depending on where the 

spacecraft crosses the magnetopause and on solar wind conditions. So the boundary 

layer as observed by Cassini was thinner than for the conditions during northward IMF.

4.8 Dayside Magnetosphere

Our first observations o f the Earth’s magnetosphere (Figure 4.4) showed three distinct 

electron populations. Photoelectrons were observed at energies below 8 eV. A low 

energy (< 30 eV) electron population was also observed. Eow energy particle 

populations are commonly seen in the warm outer plasmasphere, observations of low 

energy electrons were concurrent with observations of low energy ions by the ion mass 

spectrometer. Also low-density, high-energy plasma sheet electrons were observed 

above ~1 keV.

4.9 Radiation belts

When Cassini was at around 6 Re from Earth increasing electron count rates were 

observed at all energies due to penetrating radiation from the radiation belts. With the 

aluminium shielding on the EES instrument (at least 1.6 mm) we expect to detect counts 

in all energy bins due to penetrating radiation from electrons above a threshold energy 

of -0 .8  MeV (ECSS, 1997). These electrons would have been measured directly by the
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Magnetospheric Imaging Instrument (MIMI) Low Energy Magnetospheric Measurment 

System (LEMMS) which measures ions and electrons with energy from 20 keV to -130 

MeV sensor but these data are not available at the time of writing.

J - n
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Figure 4.13. Flux versus altitude plot comparing ELS observations of radiation belts to AE-8 max model 
for > O.SMeV electrons. Results from the model are indicated by the red line and ELS data of the inner 
and outer radiation belts during the inbound and outbound leg are shown as green and black lines 
respectively.
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Figure 4.13 shows flux versus altitude of the inbound and outbound radiation belts 

observations by ELS compared to fluxes predicted for a threshold energy of 0.8 MeV by 

the AE-8 max model [Vette, 1991]. The model is shown by the red line with the green 

and black lines indicating inbound and outbound ELS radiation belt data respectively. 

To calculate the flux we simply converted counts per accumulation interval to counts 

per second, as one anode is approximately 1 cm^; the values have been averaged over all 

energies above 30 eV (to avoid photoelectrons) and over all anodes. Table 4.3 shows a 

comparison of the model and the two passes for peak flux and the altitude at which this 

flux is observed.

Table 4.3. Comparison o f the AE-8 max model predictions to Cassini observations o f the radiation belts 

Inner Belts

AE-8 max model Inbound data Outbound data

Peak Flux (cm V ') 1.1*10* 1.05*10" 1.01*10"

Altitude at peak flux (km) 3600 4600 4600

Outer Belts

Peak Flux (cm 'V ) 5*10* 1.1*10" 1.44*10"

Altitude at peak flux (km) 21200 27400 27400

The results show that the altitude of the radiation belts as observed by Cassini were 

about 22% higher than that predicted by the AE-8 max model and fluxes a factor of 

approximately 100 lower. The lower fluxes observed may be due to a combination of 

the shielding geometry from the spacecraft and by CAPS, and efficiency of the ELS. 

Data from approximately 1800 CRRES radiation belt crossings show that on average 

the position of the radiation belts agrees with the above model and that the positions as 

observed by Cassini occur about 10% of the time [N. P.Meredith, private 

communication, 2001].
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4.10 Plasmapause

The plasmasphere contains relatively dense, cold plasma, typically at around 1 eV and 

over 1000 cm'^ depending on radial position from the Earth [e.g. Kivelson and Russell, 

1995]. The plasmapause was encountered at 4.2 Re around 14 MET on the inbound leg 

and 3.7 Re around local magnetic midnight on the outbound leg and is most easily 

identified from the IMS ion data. This difference, the plasmapause being crossed much 

further out in the afternoon sector than in the night sector, is well established [Grigauz 

and Bezrukikh, 1976] and is consistent with a tear shaped plasmasphere model 

[Gallagher et a l ,  1995] having a bulge in the afternoon sector. However, both 

boundaries seem to have been encountered at higher altitudes compared to earlier 

measurements made during disturbed conditions. The Kp index at this time was 4+ 

increasing to 5-. Based on previous observations [e.g. Carpenter and Anderson, 1992] 

we would have expected to observe the inbound plasmapause at a smaller radial 

distance, around 3.8 Re. This discrepancy is likely due to less erosion occurring during 

our observations than might normally be observed during similarly disturbed conditions.

In addition to asymmetry in the dayside/nightside plasmapause position, an asymmetry 

was also observed between inbound and outbound legs with higher counts at low 

energies on the inbound leg than on the outbound leg.
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4.11 Eclipse

In the plasmasphere Cassini was eclipsed by the Earth from 03:26 to 03:49 UT. Here 

the low energy photoelectrons vanish due to lack o f sunlight on any part of the 

spacecraft, and spacecraft potential was consequently negative in this region. This 

explains the low countrates observed during the outbound plasmasphere crossings. 

Closest approach occurred during eclipse at 03:28 UT, with the spacecraft at an altitude 

of 1171 km above the Pacific Ocean.

4.12 Plasma sheet

At 03:50 UT Cassini came out of eclipse and entered the plasma sheet. The inner edge 

of the nightside outer radiation belt was coincident with the plasmapause/plasmasheet 

boundary. Here we saw high-energy particles with a range in energy from 100 eV to 

energies above those measured by ELS (> 26 keV). This boundary was observed for 

about 10 minutes with electrons initially spread over all energies gradually separating 

into two populations, one of electrons over 1 keV and at lower energies, the 

photoelectron population. A similar method to that used in the solar wind was used here 

to calculate density and temperature numbers for this region, as shown in Figure 4.14. 

Average values over 36 minutes from -7-20 Re, were found to be: density 0.2 cm'^ and 

temperature 2.8x10^ K (2.4 keV) and were observed to decrease as we move further 

downtail. These values compare well to those found by other spacecraft, e.g. Lui et a l 

[1987] quote typical values of density and temperature for the central plasma sheet of 

0.5 cm'^ and 5xlO^K (4.3 keV).
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Figure 4.14. Electron density and temperature as measured at each of the ELS anodes in the 
plasmasheet, the bottom panel shows the actuator angle.

At lower energies ( 1 5 - 4 0  eV) we observed a ‘beam like’ structure with a count rate of 

up to 3000 per accumulation time. This appeared to be riding above the photoelectrons 

with a temporal (spatial) extent o f -40 minutes (5 R e) from 04; 10-04:40 UT (from GSE 

co-ordinates [-6.5, -1.69, -0.23] R e to [-10.66, -3.74, -0.36] Re). An example of this 

population is shown in Figure 4.15.
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Figure 4.15. Same format as Figures 4.8 and 4.11, showing a beamlike distribution in the plasmasheet.
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The population displayed strong dependence on actuator motion and anode. Strongest 

evidence of the 'beam' was on central anodes, negative actuator angles and low pitch 

angles. The two candidates for the source of these electrons are (1) a real plasma effect 

and (2) a spacecraft associated population We now examine these two possibilities.

It was thought that these electrons could be a lower energy form of the field-aligned 

electron events seen by CRRES {Abel, 1999] and AMPTE [Klimipar et a l, 1988]. 

These events have been linked to substorms. In general this was an active day with high 

solar wind speeds and southward turning IMF, Polar UVI auroral images show that 

there was low activity during this particular hour with fairly large substorms just before 

and after. During this period the magnetic field configuration went from a Bz 

dominated dipolar-like structure to a weaker more extended tail-like configuration, as 

shown in Figure 4.16.

Plot o f  M agnetic Field D ata I*  aug 1999 0400-0500 in GSE

120

Beam

I

Minutes after 0400
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Figure 4.16. Magnetic field data provided by the Cassini Magnetometer team. Shows Bx, By, B̂  and 
Bmag (dT) in GSE coordinates for 18 August 1999, 0400-0500 UT.
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At this time ELS was not sampling in the fully field-aligned directions but covered pitch 

angles between 25 - 167°. The ‘beam’ was clearly seen on anodes 3-6 at all pitch 

angles less than 70°. Later in the hour these anodes no longer measured the lowest pitch 

angles and yet we still saw evidence of the beam suggesting we were simply not looking 

in the right direction to detect the population on these anodes. This implied that the 

population was still present and that it should be present on the external anodes (1 & 8) 

since at this time they measured the most field aligned directions. However there was 

no evidence of the beam on these anodes.

It is possible that this was a highly non-gyrotropic distribution. However, we would not 

expect such a non-gyrotropic population to be stable over such a long period as waves 

grow easily with the strong anisotropy and act to destabilise the population. It is 

perhaps more likely that this was a gyrotropic population the full extent of which was 

obscured in some way. The bounce period of these electrons was small compared to the 

duration of the beam so with a real, spatially extended population we might have 

expected to see mirroring electrons, which were not observed, lending credibility to the 

idea that the population had a source on the spacecraft. However it is hard to see how 

electrons with a gyroradius of 530 metres (at 70° pitchangle) produced on the spacecraft 

with an energy greater than the spacecraft potential could manifest themselves as 

observed, and therefore the source remains unknown.

4.13 Substorms

As Cassini passed down the Earth's tail we observed the signatures of two substorm 

events, these are discussed in more detail by Khan et al. [2001]. Evidence of the first 

substorm was not very clear in the ELS data and Cassini appeared to remain in the
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plasma sheet for most of the substorm. Cassini’s initial entry into the plasma sheet was 

at -04:00, geosynchronous satellite 1989-046 also suddenly entered the plasmasheet at 

04:00 UT at -17  LT, which is coincidental with the start of the growth phase o f the first 

substorm. These two observations suggest that the onset of the growth phase was 

marked by a sudden increase in the global sunward convection strength, bringing the 

plasma sheet more deeply into the near-Earth region as is discussed by Hones et al. 

[1979].

A period of high-energy non-MaxweIlian plasma with a lower flux than that of the 

surrounding plasma was observed from -05:48 -  05:52 UT. This was probably 

indicative of a brief excursion into the plasma sheet boundary layer during the 

intensification of the substorm. The main timings for the first substorm, which have 

been confirmed by data from Polar UVI, ground magnetometer data and Cassini AKR 

data, are given by Khan et al. [2001] as; growth phase from -04:00 to 05:11 UT; initial 

expansion 05:11 to 05:32 UT; intensification 05:32 to 05:55 UT; and recovery 05:55 to 

06:35 UT.

Timings for the second substorm were: growth phase -06:45 to 07:33 UT, initial 

expansion 07:33 to 07:48 UT, intensification 07:48 to 08:10 UT, recovery 08:10 to 

09:00 UT [Khan et. al., 2001]. The onset of the second substorm was indicated in the 

electron plasma data by an absence of plasma sheet electrons implying that the plasma 

sheet thinned due to the substorm causing Cassini to move out into the lobes. We 

observed the disappearance of the plasma sheet during the growth phase o f the substorm 

from 07:27:09 -  07:35:00 UT. While in the plasma sheet we saw predominantly 

Earthward flowing plasma. Evidence o f this can be seen on Figure 4.7 as enhanced 

counts peaked at zero degree pitch angle between 100 and 10,000 eV from 06:00 to
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08:00 UT. The positive Bx shown in Figure 4.17 indicates that the field was oriented 

towards the Earth (northern tail).
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Figure 4.17. Two second magnetic field data for 06:00-12:00 UT, 19 August 1999.

At about 07:30 the effect of a substorm occurred [Khan et al., 2001] causing the plasma 

sheet to thin and Cassini to enter the northern lobe, as evidenced by the positive Bx 

component. While in the lobe we saw evidence of bi-directional electrons from 20 to 90 

eV, identified by green stripes at the top and bottom of each band in Figure 4.6. At 

energies above 90 eV the electrons are seen travelling Earthward only. Above 300 eV 

no significant electron flux is observed. After ~10 minutes, Cassini returns to the 

plasmasheet where we again observe predominantly earthward moving electrons. These 

observations are discussed in more detail by Abel et al. [2001]. Before and after the 

lobe ELS observed non-Maxwellian high energy plasma, which may be the plasma
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sheet boundary layer (consisting of a mixture of lobe and plasma sheet plasma), from 

07:16:39 -  07:27:00 UT and 07:35:09 - 07:35:41 UT.
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Figure 4.18. Example o f counts versus energy spectra in the plasmasheet, lobe and boundary layer. 

After onset the plasma sheet was observed for a final time from -07:36 to 07:59 UT.

4.14 Nightside magnetopause crossings

Cassini briefly moved from the lobe into the magnetosheath at 09:02:40 UT, as was 

evident in the electron data mainly by the appearance of the characteristic core solar 

wind electron population, which could be seen preferentially on the internal anodes 

between 10.5 and 105 eV (Figure 4.7). Figure 4.7 shows that ELS pitch angle coverage 

was decreased during this period indicating a rotation in the magnetic field alignment, 

which is also indicative of a magnetopause crossing. Either side of the clear 

magnetopause crossing we saw evidence of high energy plasma sheet or plasma sheet 

boundary layer particles, and the flow direction of 15 to 70 eV electrons reversed from 

approximately Earthward to approximately tailward as can be seen in Figure 4.6. The 

spacecraft spent only 12 minutes in this region before returning to the lobe, until a final 

magnetopause crossing at 10:47:40 UT.
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4.15 Deep tail crossing?

The Cassini trajectory crossed the location where we might expect to see the aberrated 

Earth's deep tail at about 6000 Re. Evidence of the presence of Earth type plasma might 

be cool low density plasma including particles of magnetospheric origin such as singly 

ionised oxygen. Alternatively we might see plasmoids travelling out into the solar wind 

as a result of substorms {Hones, 1979] which may be manifest as bipolar magnetic field 

structures and the presence of bidirectional electrons with duration around 15 minutes 

(2-3 R e). Signatures of these observations have been looked for in data from a variety 

of Cassini instruments [private communications during Leicester workshop, 2000] and 

the 10 hour period from 12:00 -  22:00 UT September 14 was identified as potentially 

showing signatures of these events. Figure 4.19 shows an energy time spectrogram of 

ELS data along with electron density and temperature values for this period from anode 

8 (the most sunfacing anode).
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Figure 4.19. Energy vs. time spectrogram of electron dilYerential energy Ilux (DEF), electron density and 
temperature values from 12:00 to 22:00 14 September 1999.

We observed enhancements in mid-range energies (50 to >100eV) from 14:50 to 19:40 

UT September 14. This is concurrent with observations of radial fields (negative x 

dominant) by the magnetometer (MAG) and changes in Radio and Plasma Wave 

Science (RPWS) readings with a suppression of higher frequencies (2 Hz). Also the 

Magnetospheric Imaging Instrument Charge-Mass-Energy Spectrometer 

(MIMI/CHEMS) observations suggest that observations indicating the presence of 0 +  

lons [I^gg et a l,  2001], wiiich would have been a good indicator of the presence of 

plasma originating in the Earth’s magnetosphere, were most likely due to cross 

contamination of the instrument channels due to high fluxes of ions. A shock 

consistent with the timing of these observations was observed upstream of the Earth by 

ACE and so it is currently inconclusive as to whether this was a deep tail encounter or 

observations of disturbed solar wind due to the passage of an interplanetary shock.
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4.16 Summary and Conclusions

During the Earth swing-by Cassini sampled many regions of the Earth's magnetosphere, 

each of which represent active areas of research in our field. A fast swing-by, such as 

that of Cassini, is invaluable in putting these different regions into context and 

providing a near instantaneous view of the processes in our magnetosphere sampled by 

the same instruments. It has also provided a vital opportunity to analyse how some well 

known aspects of the Earth’s magnetosphere were observed by the Cassini instruments. 

Providing insights to the best way to procédé with future studies, in particular factors 

peculiar to the CAPS unique mounting and limited field o f view.

The bow shock was observed to be an almost instantaneous boundary at an absolute 

upstream distance of 15.18 Re GSE. Prior to the bow shock crossing upstream 

observations by ACE and GEOTAIL suggest a fairly fast upstream solar wind speed of 

570 km s’'. There was some evidence of the electron foreshock prior to the boundary, 

suggesting solar wind conditions had changed during Cassini’s approach such that the 

shock geometry changed from quasi-parallel to quasi-perpendicular. The ratio o f the 

positions of the bow shock to the magnetopause boundary was observed to be 1.53, this 

compared well to expectations based gas dynamics which predict a ratio o f 1.55. Large 

modulation in the data at the actuator frequency in this region is possibly evidence of an 

anisotropic electron population, although more in depth analyses of the ELS field of 

view are necessary to explore this further.
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The magnetopause boundary was observed to be a very sharp boundary at 9.88 Re with 

an inferred extent o f -956 km (assuming it was stationary). An eroding magnetosphere 

due to negative IMF Bz was invoked to explain its observed location which compared 

well to expectations based on models by Sibeck et al. [1991] and the Shue et al. [1997]. 

The later outbound magnetopause crossing was further in than predicted by the Sibeck 

model, and compares well to the location predicted by Shue et al.. The plasmapause 

was observed on both the dayside and the nightside and was crossed much further out in 

the afternoon sector than in the night sector which is consistent with a tear shaped 

plasmasphere models having a bulge in the afternoon sector, however both crossings are 

further out than might be expected during disturbed conditions. Cassini also observed 

the radiation belts on the day and nightside, these were evident in the ELS data as 

penetrating radiation. Given the amount of aluminium shielding present on the CAPS 

instrument we expect that the ELS instrument is sensitive to penetrating radiation due to 

electrons with energy above 0.8 MeV. We compared the observed penetrating radiation 

to the AE8-max model with reasonable results. The observed lower flux may be due to 

the shielding geometry and/or by the efficiency of the sensor or that the flux in the 

radiation belts on the day was different from average situation. Future work will 

compare these results to observations made by MIMI-LEMMS during the flyby.

In the Earth’s plasmasheet there was evidence of the effects of two substorms which 

occurred during the swingby. Also in the plasma sheet region we observed an 

approximately 25 eV electron 'beam' with a duration of -40  minutes (-5  Re) which 

appeared to be propagating Earthwards and may be linked to substorm injection, we 

were unable to determine if it this was a real or spacecraft effect since it appeared to be 

modulated by the photoelectron population. Other regions clearly seen during the
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swingby include the dayside magnetosphere, low latitude boundary layer and northern 

lobe.

The Earth flyby has shown that Cassini can measure electrons in the range 0.6 - 26,000 

eV, producing a dataset which is consistent with the expected picture o f the Earth’s 

magnetosphere. We have explored how the limited field of view and motion of the 

actuator affects the results. Future work, including comparisons of our data with the 

MIMI-LEMMS sensor which has a spin axis perpendicular to that of CAPS-ELS, will 

certainly provide vital further insight into the response to penetrating radiation. For 

pitchangle studies it is necessary to use the full range of actuator to get as much 

information as possible about the electron trajectories. However for preliminary 

derivations of density and temperature we will use an internal anode and limit the field 

of view to be around zero degrees (pointing away from the spacecraft) where possible. 

The time and energy resolution of the ELS sensor have made good measurements of the 

absolute plasma transition at boundaries such as the bow shock and magnetopause and 

most areas of the Earth’s magnetosphere can be unambiguously identified from the ELS 

data set alone.
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CHAPTER 5. CASSINI OBSERVATIONS IN THE
INTERPLANETARY MEDIUM

Hubble Space Telescope image of a bow shock ahead of a young star, LL O i,  in the Great Nebula in 
Orion. The image is a composite representing oxygen, mtrogen, and hydrogen emissions observed in 
February 1995.
Image Credit: NASA and the Hubble Heritage Team (STScl/AURA)
Acknowledgment: C. R. O'Dell (Vanderbilt University)

5.1. Introduction

As has been discussed in Chapter 1 solar wind electrons are composed of two distinct 

components; a low-energy core (or thermal) population and a higher-energy 

suprathermal tail referred to as the halo. The core component typically constitutes about 

95% of solar wind density. In this chapter we discuss the variation in temperature and 

density of the solar wind core electron component with heliospheric distance. We
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review the body of knowledge to date and discuss how results from ELS data add to the 

picture of solar wind evolution.

A summary of the times and radial distances Cassini-ELS was switched on and 

collecting science data during the cruise period up until February 2003 are given in 

Table 5.1. There had been plans for CAPS to be switched on during the Venus swingby 

in 1998, unfortunately a new software upload caused an error and the instrument went 

into safe mode until the next software upload, just prior to the Earth flyby. Therefore 

we do not have solar wind data inside 1 AU.

Table 5.1. Summary o f  times ELS was collecting science data from 1999-2003, start and stop distances 
are absolute radial distance from the Sun.*

Turn On Turn Off

Time Date (DOY) Time Date (DOY) Start distance (AU) Stop distance (AU)

12:00 04 Jan 1999 (004) 05:00 10 Jan 1999 (010) 1.560 1.551

13:30 17 Aug 1999 (229) 18:00 24 Aug 1999 (236) 1.007 1.069

23:45 12 Sep 1999 (255) 22:15 14 Sep 1999 (257) 1.257 1.277

21:15 17 Sep 2000 (261) 02:00 08 Feb 2003 (039) 4.413 8.101

*Data gaps a few to tens o f days duration are not listed.

Cassini’s interplanetary trajectory in the ecliptic plane is shown in Figure 5.1. Marked 

on this plot are intervals during which Cassini was approaching the Sun-Earth line at the 

end of 2000 and 2001. Since the Cassini spacecraft is almost exactly in the ecliptic 

plane, we postulate that Cassini is sampling the same parcel of plasma that passed over 

the Earth. It has proved difficult to have confidence in the accuracy of this assumption 

and so continued studies of plasma observations in the vicinity of Earth and at various 

points during Cassini’s tour will form part o f future work.
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Figure 5.1. Plot showing the trajectories o f the Piarth, .lupiter and Cassini in the ecliptic plane. Their 
locations at various points of interest discussed later are indicated by circles, pink for 18 November 2000; 
red for 7 December 2000; green for 7 December 2001; the blue circle on the Cassini trajectory' indicates 
where Cassini first began taking science data.

5.2. Evolution of Solar Wind Density and Temperature

Since the solar wind is variable both spatially and temporally, interpretation of 

observations of the systematic variation of core solar wind electron parameters with 

radial distance from the Sim, and any corresponding polytropic laws has proved 

difficult Results to date have only been in partial agreement and are summarised in this 

section.
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In general work in this area has focussed on finding a power law dependence of

temperature, T, with radial distance from the Sun, R, o f the form:

T= A R ^. (5.1)

Given temperature and distance at two points, Tj, T2 and Ri, R2, the polytrope a  is then

given by:

The earliest measurements of solar wind variation were made by the Mariner 10 

spacecraft from 1973-1975. Mariner 10 pioneered the gravity assist manoeuvre to 

facilitate flybys of Mercury and Venus and en-route made measurements of solar wind 

plasma between 0.45 and 0.85 AU (one astronomical unit, AU, is -1.5x10^ km). 

Results showed a decrease in the solar wind core (thermal) electron temperature (Tg) 

with radial distance from the Sun as Tg oc R'^^  ̂ [Ogilvie and Scudder, 1978]. A 

similar radial relationship, with Tg oc  ̂ was found by Sittler et al. [1981] 

reporting on solar wind data collected by Voyager 2 between 1.36 and 2.25 AU. By 

combining the Mariner 10 and Voyager 2 plasma analyser data sets from 0.45 to 4.76 

AU, Sittler and Scudder [1980] found a similar polytropic relationship with Tg oc .

One of the first studies to differentiate between ‘types’ of solar wind was by Feldman et 

a l  [1979]. They found a relatively steep decrease in electron temperature in high-speed 

solar wind streams between 0.47 with 0.62 AU with a power law dependence of Tg oc R' 

In the same study Feldman et a l found, perhaps surprisingly, that the high-speed 

solar wind actually gets hotter between 0.62 and 1.00 AU, with core electron 

temperature increasing as One of the studies covering the most vast distances

was made by Richardson et a l [1995]. Using IMP 8 and Voyager 2 data, at 1 and 40
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AU respectively, they report Te decreasing as R -0.49 ± 0.01 McComas et a l [1992]

showed that the best fit power law for the core temperature, derived from Ulysses data 

from 1.15 to 3.76 AU, is R'^'^ and that the core electron density drops with increasing 

radial distance as R'^ as expected for constant velocity spherical expansion, and as 

discussed in Chapter 1. This was also reported to be the case by Bougeret et al. [1992] 

for proton density between 0.3 and 1 AU based on Helios 1 and 2 data between 0.3 and 

1 AU. Gazis and Lazarus [1982] reported that Tg obeyed the same power law of R'^'^, 

this result was found using Voyager 1 and 2 data between 1 and 10 AU.

Pillip et al. [1990] reported observations just prior to solar minimum with Helios 1 and 

(primarily) Helios 2, covering the distance range 0.3 to 1 AU, indicated varying power 

laws with values between R'^'^ and The Pillip et a l  study separated observations 

‘roughly between four types of solar wind structure’. These were: noncompressed low- 

and intermediate-speed solar wind outside sector boundaries; sector boundaries; 

compression regions; and high-speed streams. Results for the four cases are 

summarised in Table 5.2.

Table 5.2. Summary o f power law indices for electron temperature from from Pillip et al. [1990].

Solar wind type Power law index, a .

Low speed streams -0.84

Sector boundaries -0.70

Compression regions -0.605 ± 0.025

High speed streams 0.56 ±0.08

Previous work had not differentiated between low speed streams/sector boundaries or 

compression regions. The Pillip et al. result for high-speed streams, with the solar wind
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temperature Increasing with distance, is almost the same as that found between 0.62 and

1.00 AU by Feldman et a l [1978b].

Despite four decades of study, theoretical models do not quantitatively describe the 

observed radial profile o f solar wind electron temperature. As part of a one-fluid model 

of the solar wind Parker [1963] described a steady state expansion of thermally driven 

electron-proton plasma flowing out of the hot solar corona with Tg a  Two-fluid

models have also been used to take into account the different electron and ion 

temperatures and bulk velocities observed at 1 AU in the solar wind {Sturrock & Hartle, 

1966; Hartle & Sturrock, 1968; Cuperman & Harten, 1970, 1971; Hartle & Barnes, 

1970; Wolff et al., 1971]. In general these models find similar results, with a 

temperature fall off with distance between R'^'^ and R'^ ̂ , depending on proton thermal 

conductivity and energy exchange rate. For adiabatic cooling we expect a reduction of - 

Te as R'^ While if we expect the solar wind to behave as an isothermal gas the 

temperature would show no dependence on R, which Hoang et a l  [1992] show to be the 

case from 1 to 4 AU based on observations by the Ulysses unified radio and plasma 

receiver (URAP).

5.3. Cassini-ELS Observations of the Solar Wind

Values measured by ELS for all the times listed in Table 1 have been daily averaged to 

produce a manageable dataset covering from 1.0 to 1.5 AU and 4.4 to 8.1 AU. Plasma 

measurements during the Earth swing-by in August 1999 and the Jupiter flyby in 

December 2000/January 2001 have been removed but the dataset does include all solar 

wind measurements made between these times, including high speed streams, transient 

events etc.. Figure 5.2 summarises the resultant raw data.
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Figure 5.2. Solar wind electron density (cm'^) and temperature (eV) versus heliocentric distance (AU). 
Data have been daily averaged.

There is a considerable amount of scatter in the data, particularly in the temperature. In 

the next section we present two methods employed to remove scatter from the time 

series and to search for any underlying correlation. In the first case we will compute a 

line of best fit to the raw data. By subtracting this line of best fit from the raw data it is 

a simple matter to compute the mean and standard deviation of the resultant (hopefully 

roughly flat) dataset. We remove data points which lie more than two standard 

deviations from the mean. The data is then multiplied by the line of best fit and 

correlation explored. The final method to search for significant tendency for the two 

time series to covary is to apply a box car average to the raw data and again a 

correlation is computed.
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5.4. Analysis of Solar Wind Measurements: Full Dataset

We have 847 daily average measurements of the electron density {rie) and temperature 

{Tg) enabling us to perform a comprehensive statistical study. Figure 5.3 shows four 

plots which illustrate the method followed to determine if there exists any correlation 

between core electron temperature, Tg, and absolute heliocentric distance, R. The raw 

data are shown in Figure 5.3a. We have selected to use the Pearson product-moment 

correlation test which assumes that the data are approximately normally distributed. We 

first test to see if this is the case for the raw data by plotting a histogram of the 

distribution of the data points as a function of Tg (Figure 5.3b). Here the data is seen to 

be non-Gaussian and so cannot be used in this form. We observe that the distribution 

appears exponential and so endeavour to make a more Gaussian data product by taking 

the natural logarithm of Tg. A histogram of this transformed data is shown in Figure 

5.3d, the overplotted Gaussian is accepted at the 90% level, so we can then use the 

Pearson test to compute the correlation and note whether the correlation is accepted at a 

user defined cut-off (we are testing at the 90% and 95% level). If the Gaussian fit and 

the correlation are accepted at 90/95%, then there is a significant tendency that there 

exists a linear relationship between log(T^) and log(R) and we go on to analyse the 

gradient of the dependence. We use linear regression to find the line of best fit through 

the data; this is overplotted on Figure 5.3c.

Following this method means that we simply fit a straight line (of the form y  = mx +c, 

where m is the gradient of the line and c the intercept on the y-axis) to the transformed 

data. The equation of this line and the acceptance level(s) are shown in the bottom left 

comer of Figure 5.3. The r-value on plot c) is the correlation value. This is a measure 

of linear association, and so tells us how nearly a scatterplot follows a straight line. A
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positive(negative) value of r corresponds to an upward(downward) slope through the 

scatterplot. The higher the value of r, the tighter the data values will cluster around the 

linear fit. The square of the correlation value is the variance, -0.462^ = 0.21. This 

indicates that 21% of the variability can be explained by the straight-line relationship. 

The significance tells us whether we might observe the linear value relationship by 

chance. This is related to r and the number of degrees of freedom, which in this study is 

the number of data points minus one, 846 in this case.
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Figure 5.3. Illustration of correlation method for electron temperature vs. absolute sun-centred distance 
(see text for details).

Whether the relationship is accepted at the 90 or 95% level is indicated by the 

correlation in the bottom left of Figure 5.3. The 95% significance found in this case 

shows that we would only expect to get such a result by chance 5% of the time.

This result, with only 21% of the variance being explained by the correlation is due to 

the high amount of scatter in the raw data. Figure 5.4a shows the raw data with the line 

of best fit of:
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Loge(re) = -1.12 Loge(T^) + 3.27

found above subtracted from the dataset. Figure 5.4b shows the raw data with this line 

o f best fit removed.
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Figure 5.4. Loge(7),) vs. Loge(r) with the line of best fit overplotted (5.4a) and removed (5.4b). The
dotted lines in 5.4b are two standard deviations from the mean of the raw dataset.

The dotted lines on 5.4b indicate two standard deviations above and below the mean of 

the shifted dataset; points which lie outside o f these limits are removed and the 

correlation tests repeated. Results for this case are shown in Figure 5.5.
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Figure 5.5. Same format as Figure 5.3 showing raw data with datapoints more than two standard 
deviations o f the mean removed. Standard deviation was found by shifting the raw data by the fit found 
by linear regression and computing the mean and standard deviation of the resultant dataset.

By following this method we find a slightly shallower fall off o f electron temperature 

with distance of:
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Loge(Z;) = -0.98 LogeiR) + 2.92 

with 25 % of the variability being explained by this relationship.

The final technique we employ to remove scatter from the data and test for correlation is 

to apply a box car average to the raw dataset. To avoid edge effects we create a 

continuous dataset, monotonically increasing in distance with missing data filled with 

‘not a number’ flags. We choose a box car window of 15 days, in the event that the 

averaging window includes missing data the next nearest data point is used, if the next 

data point is outside the averaging window the data are copied from the original array 

with no smoothing. The most marked effect of this is that no smoothing is applied to 

data inside 4 AU due to the sparcity of data points. The results from this approach are 

shown in Figure 5.6.
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Figure 5.6. Same fomiat as Figures 5.3 and 5.5 showing electron temperature vs. distance. In this case 
T  has been averaged using a boxcar average with a window size of 15.

In this case the equation of the line of best fit was:

Loge(7;) = -0.80 Loge(^) + 2.55 

with 56% of the scatter explained by the linear line of best fit.
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The same method has been applied to electron density, rie, versus heliocentric distance, 

R, the results of which are shown in Figures 5.7 and 5.8. Results of removing data 

points more than two standard deviations from the mean are not shown as the result 

differed negligibly from that shown using raw data.
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Figure 5.7. Same format as Figure 5.3 showing unflltered electron density vs. distance.
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We find, in both cases, the fall off in electron density is consistent with that expected by 

simple spherical expansion, where we would expect to observe Te oc K^'^.

This study would benefit from having more data points inside 4 AU; if we neglect the 

values around 1 AU we would possibly find a slightly different result. Also one 

necessary effect o f having results from a single instrument is that the data set was 

compiled over several months. It will be interesting and beneficial to the study to 

compare this result values from spacecraft in the vicinity o f the Earth such as ACE, 

WIND, or Cluster to avoid time aliasing. However as an initial study it is helpful to 

have data points at a variety of heliocentric distances as measured by the same 

instrument.

5.5. Measurements in the ‘Quiet’ Solar Wind

For most of the cruise period Cassini did not have favourable pointing to measure solar 

wind speed using the ion sensors, also, at the time of writing, there is not systematic 

access to the magnetic field data, this data currently only being available to us during 

and around the planetary swing-bys. With this in mind we have used the ELS data 

alone to endeavour to identify periods of ‘quiet’ solar wind so as to compare our data 

with that reported by Fillip et al. [1990] for the case of ‘noncompressed low and 

intermediate speed solar wind outside sector boundaries’. It is important to note in the 

absence of solar wind velocity data for these times we cannot be sure to avoid high 

speed streams o f undisturbed, low density and temperature, plasma. We have however 

been careful to exclude periods of enhanced plasma density which should preclude 

sector boundaries and ICME events. In identifying periods of ‘quiet’ solar wind the 

ELS spectrograms of raw counts and plots of density and temperature were searched by 

eye. This is a relatively laborious process and more robust ways of differentiating 

between ‘types’ of solar wind are being sought.
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Table 5.3. Summary of density and temperature values at various radial distances in the ‘quiet’ solar 
wind, the errors reflect the maximum/minimum observed values in the twenty-four hour period.

Date Radial

distance

(AU)

Electron 

density (cc‘‘)

Electron

temperature

(eV)

logl
a .  =

log l %

logl
(X r  —

logl

18-Aug-1999 5.1 ±0.3 13 .5±2

13-Sep-1999 1.26 6.0 ± 2 9.8 ±2.25 0.70 +0.26/-0.25 -1.38 ±0.30/-0.43

05-Jan-1999 1.56 2.0 ± 0.2 6.7 ±0 .7 -5.14±0.16/-0.15 -1.78 +0.70/-0.50

02-0ct-2000 4.5 0.3 ±0.11 5.4 ±0 .9 -1.79 ±0.10/-0.90 -0.21 ±0.057-0.07

18-Dec-2000 4.94 0.14 ±0.04 2.35 ± 0.35 -8.17 ±4.907-3.35 -8.92 ±0.237-0.16

24-Mar-2001 5.5 0.22  ± 0.01 3.41 ±0.16 4.21 ±3.137-2.34 ±3.47 ±1.057-0.87

03-Jul-2001 0.26 ±0.19 3.0 ±0.8 1.92 ±0.537-0.5 -1.47 ±2.197-3.01

28-Oct-2001 6^3 0.21 ± 0.1 2.65 ± 1.45 -2.52 ±15.507-6.48 -1.47 ±2.367-5.70

22-Feb-2002* 0.24 2.7 .92 ±0.707-0.67 ±0.27

* 5 data points, negligible scatter.

Table 5.3 shows the average density and temperature measured in one 24-hour period 

approximately every 0.5 AU where data was available and where the solar wind was not 

obviously disturbed by interplanetary shock events or plasma density enhancements. 

Errors shown reflect the maximum and minimum values of density and temperature 

observed during the sampling period. The polytropic index, a , quoted in the last two 

columns reflects the slope found between neighbouring points for electron density and 

temperature respectively. These results are shown graphically in Figure 5.9.
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Figure 5.9. Plots o f electron density and temperature in the ‘quiet’ solar wind. Data points are every 
0.5 AU (or to the nearest period of undisturbed solar wind) where data was available.
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This time we have a sparse data set with only 9 datapoints approximately every 0.5 AU 

between 1.0 and 7 AU, so the statistical method adopted above is not appropriate. A 

simple linear regression has been used to plot a line of best fit to the data. These are 

shown of Figures 5.10a and 5.10b.
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Figure 5.10. Electron density and temperature values approximately every 0.5 AU in the ‘quiet’ 
solar wind, a line representing the best-fit power law is overplotted (dashed lines).
The resultant power law dependence of electron temperature in the ‘quiet’ solar wind is

similar to that found from the entire dataset, the polytropic values, a  = -0.80 and -0.77

respectively. This result is illustrated, along with results from other observations and

models, in Figure 5.11.

From 1 to 7 AU we find the electron density in the ‘quiet’ solar wind reduces as 

He a  For simple spherical expansion we would expect to find rig a  R'^^. When

the entire data set was considered we found that the density decrease with distance was 

almost exactly that predicted for a spherically expanding solar wind.
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5.6. Summary and Conclusions

A summary of all results for the change in core electron temperature with heliocentric 

distance discussed above is displayed graphically in Figure 5.11. The top panel shows 

core electron temperature plotted against distance from the Sun relevant to each 

observation and given the appropriate start temperature (where this was quoted). 

Theoretical results are also plotted, given a start temperature o f 20 eV at 1 AU and 

extrapolated out to 5 AU. In the bottom panel all the results have been given the same, 

average start temperature of 15 eV at 1 AU and the predicted variation o f temperature 

out to 10 AU is plotted. All plots are shown as linear plots and it should be noted that 

this does not reflect the gradients of dependence found, it does however make graphical 

representation of the results on a single plot more easily interpreted and gives the 

correct sense of the magnitude of temperature change with distance.

In general results from ELS solar wind measurements are consistent with observations 

to date, and are at the steeper end of the range. All the observations which show a 

decrease in temperature with distance show that the gradient o f cooling lies somewhere 

between the values predicted by one and two fluid solar wind models and adiabatic 

cooling. Ignoring the two cases where the temperature was observed to increase with 

distance, together these studies find an average fall off o f temperature with distance of 

p̂ o.67 \yith ELS results indicating a slightly steeper than average decrease with 

Te oc shown as a lilac line on Figure 5.11.
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Figure 5.11. Figure comparing results o f studies to date for the power law dependence of solar wind 
temperature with radial distance from the Sun. The top panel shows a summary of results from various 
spacecraft and at the appropriate radial distances, (only part of the Voyager 2 data to 40 AU is shown). 
The bottom panel shows the results for the various polytrope laws when given the same arbitrary start 
temperature at 1 AU. References to the results from theory and other data sets are given in the text.

The average polytropic relationship inferred from Cassini-ELS data for non-compressed 

solar wind was:

T ^ A R rO.77 (5.4)
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slightly less steep than the power law relationship with a  = -0.84 observed by Pillip et 

al. [1990] for the case of non-compressed low and intermediate speed solar wind 

outside sector boundaries. The Pillip et al. study showed that the undisturbed solar 

wind was observed to cool slightly more rapidly than other types of solar wind. In our 

case we find only a slight difference between the power law gradient of the quiet solar 

wind as compared to the entire dataset. These results suggest that the solar wind is not 

an adiabatically expanding gas in that the temperature fall off with distance is less rapid 

than that of an adiabatic fluid. This implies there is some additional energy transfer 

occurring, conduction or heating.

Results from ELS measurements of solar wind density in the entire data set (including 

all types of solar wind) show that the gradient o f density reduction with distance was 

almost exactly proportional to 1/i?^^ as expected for spherical expansion. When the data 

set were filtered to show only days where the plasma was not enhanced we find show 

that the electron density decrease is slightly slower than expected for spherical 

expansion, with a  = -1.85. Assuming a systematic error of -10  %, this is not 

sufficiently slow to conclude that these results are inconsistent with a spherically 

expanding solar wind.
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CHAPTER 6. CORRELATION OF PLASMA AND MAGNETIC FIELD 
TRANSITIONS WITH DISTANCE AND WITH SOLAR 
WIND MACH NUMBERS DOWN THE DUSK FLANK 
OF THE JOVIAN BOW SHOCK

True colour image of Jupiter taken by the Cassini Imaging Science Subsystem composed of three images 
taken m the blue, green and red regions of the spectrum. The images were taken from a distance of 77.6 
million kilometres (48.2 million miles) on 8 October 2000. Credit: NASA/.TPL/University of Arizona.

6.1 Introduction

Cassini was the seventh spacecraft to encounter the Jovian magnetosphere and 

magnetosheath. In this Chapter we analyse observations of the Jovian bow shock made 

by the Cassini electron spectrometer (ELS), ion beam spectrometer (IBS) and 

magnetometer (MAG) at the end of 2000/beginning of 2001. Electron density, 

temperature, magnetic field magnitude and ion speeds are presented and statistical 

techniques employed to explore if the change in these parameters across the bow shock 

scales with distance from Jupiter and/or solar wind Mach number.
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The Jovian bow shock can move rapidly in response to solar wind velocity and pressure 

variation. A summary of some previous observations of this boundary is given here. 

The first spacecraft to visit Jupiter was Pioneer 10 in the early 1970s. Pioneer 10 

observed the Jovian bow shock several times with the first crossings at 96 Rj upstream 

of the planet (1 Rj is the radius of Jupiter, -71,492 km) on November 26, 1973 

[Intriligator and Wolfe, 1976]. In 1979 Jupiter played host to its second man made 

visitor. Voyager 1, which encountered a highly fluctuating magnetosphere with five 

bow shock crossings on its inbound leg; the first encounter occurring at an upstream 

distance o f only 86 Rj. Soon after. Voyager 2 observed the boundary several times 

from a first crossing at a distance of 99 Rj [Lepping et a l, 1981b]. Several weeks later 

Voyager 2 made four encounters with Jupiter’s distant tail between 6000 and 7500 Rj 

{Goldstein et al., 1985]. The location of these encounters was shown on Figure 1.16.

It would be over ten years before another mission visited Jupiter. Whilst performing a 

gravity assist manoeuvre in February 1992, Ulysses made measurements in the vicinity 

of the giant planet for over two weeks. Ulysses observed a relatively stable, inflated 

magnetosphere. A single inbound bow shock crossing was detected at 113 Rj [Smith et 

a l,  1993]. Around two weeks after its inbound encounter with Jupiter, Ulysses crossed 

into the duskside of the Jovian magnetosheath, making multiple bow shock crossings 

over the course of two days during its outbound path, over a radial distance of 109-149 

R j [Smith et a l, 1993]. Six years and three planetary flybys after its launch in 1989, the 

Galileo spacecraft finally arrived in orbit at Jupiter in November 1995. Galileo’s first 

observations of Jupiter’s bow shock included multiple crossings of the boundary at 

upstream distances between 130 and 215 Ry [Kivelson et a l, 1997]. Galileo remained in 

orbit about Jupiter until September 2003.
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During a gravity assist manoeuvre at Jupiter in late 2000, Cassini crossed the Jovian 

bow shock at least 54 times between 28 Dec 2000, 04:20 UT and 15 Mar 2001, 12:48 

UT. Clear bow shock transitions were observed at locations from [94.6, 103.4, -0.166] 

to [-766.5, 618.4, -11.7] Rj in Jovian solar ecliptic (JSE) coordinates. Cassini took the 

first measurements of the dusk flank of Jupiter’s bow shock between 150 and 1000 Rj. 

Szego et al. [2003] presented the first details o f five of the Cassini bow shock 

encounters. They show that the Cassini bow shock observations are consistent with 

previous work showing the high variability of the location o f the Jovian bow shock.

If we expect that the Jovian bow shock displays the same physics as observed at the 

Earth’s bow shock then we might expect the temperature, density and (more 

complicatedly) the magnetic field strength in the planet’s magnetosheath to decrease as 

Cassini encounters the more distant tail o f the planet [e.g. Spreiter et a l, 1966; Peredo 

et a i ,  1995]. This might lead us to observe a reduced ‘jum p’ in these quantities across 

the more distant bow shock surface. Similarly, if the location of the shock is defined by 

the fast magnetosonic wave, then by assuming the heating and plasma and magnetic 

field compression can be used as a proxy for ‘shock strength’, we might expect to find 

these parameters scale with the magnetosonic Mach number. We might also expect to 

find that the temperature jump across the shock scales with the energy lost across the 

boundary, as was shown to be the case at Earth by Thomsen et a l  [1987], based on 

observations made by the I SEE satellites. We will explore this in this Chapter by using 

statistical techniques to test for correlation between upstream and downstream electron 

density, temperature, magnetic field and ion speed. We explore the transition of these 

parameters with distance from Jupiter, solar wind Mach numbers and the reduction in
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the square of the ion velocity (which we use as a proxy for the amount of energy 

dissipated across the shock).

In addition to the statistical analysis we use the model of Joy et a l, [2002] to discuss the 

upstream solar wind pressure observed by Cassini compared to that predicted by this 

model and show some examples of bow shock surfaces appropriate to the observed 

solar wind pressure compared to the observed location of the bow shock.

6.2 Data Set

Shock crossings have been studied where the CAPS-ELS was operating at 8 to 32 

second time resolution, over the energy range 0.6 qW < E < 26 keV, and the spatial 

range -60° < 6<  60° and 0° < ^ <  20°, where ^and ^are  the actuator and anode angle. 

In a spacecraft coordinate system having the z-axis aligned with the high gain antenna, 

zero actuator angle is along the spacecraft y-axis and anode angle is orthogonal to the jc- 

y  plane, this coordinate system was illustrated in Figure 2.1. O f the eight anodes in the 

ELS fan o f detectors this study uses a central anode since analysis, given in Chapter 3, 

suggests observations from this look direction are least affected by spacecraft effects.

Ion speeds were provided by the CAPS ion beam spectrometer team. These were 

derived by using the ion energy at the point o f maximum counts as a proxy for plasma 

speed, (E=mv^/2) [M. Thomsen, private communication]. Magnetic field data used is at 

24-second time resolution in RTN coordinates. This system has the 7?-axis from the Sun 

to the spacecraft and N  along the Sun’s spin axis, with Cassini very close to Jupiter, 

these coordinates are virtually the same as Jupiter Solar Ecliptic (JSE) coordinates.
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Several important caveats are noted before proceeding. CAPS did not operate at full 

resolution (2 second) during the Jupiter swing-by (JSB). The best available resolution 

for the electron and ion data was 8 second. This is not fast enough to guarantee a non

aliased representation of all plasma distributions through the shock. Scale sizes in the 

vicinity of the bow shock are related to the ion inertial length and gyroradius, we 

estimate these to be 1,000-20,000 km, which would be crossed by Cassini in tens of 

seconds to a few minutes (assuming they are stationary). We therefore expect that some 

of the measurements may be time aliased and small-scale structures (<100 km) will be 

missed entirely. With this in mind we calculate average values of electron density and 

temperature and calculate standard deviations using a rolling mean range which covers 

12 data points up/downstream of the shock for the plasma data and 16 for the magnetic 

field data (~6 minutes) to establish the upstream and downstream conditions. We 

present only those values with the least standard deviation, within the sampling 

window, and so those with the least fluctuation, at least at the time scale sampled. The 

distance from the shock for which parameters are presented therefore varies slightly 

depending on up/downstream conditions in each case.

6.3 Observations

In this section we introduce the location and timing of Cassini’s encounters with the 

Jovian bow shock and magnetopause. Table 6.1 provides a listing of bow shock and 

magnetopause crossings compiled in collaboration at a meeting shortly after the 

Cassini-Jupiter swing-by. The list was compiled by comparing the observations from 

the Magnetosphere and Plasma Science (MAPS) investigations on Cassini. These
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include (1) the Cassini Dual Technique Magnetometer (MAG); (2) the Cassini Plasma 

Science (CAPS); (3) the Magnetospheric Imaging Instrument (MIMI) described by 

Kaiser et al. [2004] which provides measurements o f electrons in the energy range from 

15 keV to 10 MeV and ions from 3 keV to 100 MeV; and (4) the Radio and Plasma 

Wave Science (RPWS) investigation described by Gurnett et al. [2004] which provides 

spectral information on the electric component of waves from 1 Hz to 16 MHz and on 

the magnetic component of waves from 1 Hz to 12 kHz.

In addition to the bow shock and magnetopause crossings, Table 6.1 also includes a 

number of likely interplanetary shocks. The latter are included since these have already 

been discussed in the literature as having profound effects on the shape and size of the 

magnetosphere and their interactions with the magnetosphere resulting in 

magnetospheric dynamics [e.g. Gurnett et al., 2002]. Furthermore, there is some 

uncertainty in the identification of some of the shocks as to whether they are, indeed, 

bow shocks or interplanetary shocks. For each bow shock, we have indicated whether it 

is an inbound or outbound shock and which instruments’ data contributed to the 

identification of the shock. Not all instruments observe all the boundaries for a number 

of reasons. There were a number of significant gaps in the data from some or all of the 

instruments. The plasma instrument was often not oriented properly to observe solar 

wind ions or anti-sunward magnetosheath flows because the spacecraft was oriented for 

remote sensing observations of Jupiter or its moons. And, sometimes one or more of 

the shock signatures were simply too subtle to be unambiguously identified, especially 

far down the flank of the shock where the shock strength is sometimes weaker. There 

are two bow shock crossings listed in the table for which there are no direct 

observations due to data gaps. For these, there is clear evidence in the data that the
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spacecraft moved from the magnetosheath into the solar wind (or vice versa) based on 

observations on either side of the data gap. For each boundary listed in the table, the 

location o f Cassini is given in a Jovicentric solar ecliptic coordinate system with x  to the 

sun, z  perpendicular to Jupiter’s orbit (northward) and y  is third component of the right- 

handed orthogonal system. This system is analogous to the geocentric solar ecliptic 

system often used at Earth.

Table 6.1. Location and timings o f Cassini crossings o f the Jovian bow shock, magnetopause and likely

Boundary Year Day Time Instruments X (R j) Y (R j) Z (R j) R (R J)
IP Shock 2000 349 17:10 C 249.0 7.8 1.9 249.1
IP Shock 2000 354 15:12 C,MA 193.6 42.5 1.2 198.2
Shock - In 2000 363 4:19 C,MA,MI,R 94.7 103.4 -0.2 140.2
Shock - Out 2000 364 12:33 C,MI,R 78.7 112.8 -0.4 137.5
Shock - In 2000 364 21:41 C,MI,R 74.1 115.4 -0.4 137.2
Shock - Out 2000 365 22:12 C,MA,MI,R 61.9 122.4 -0.6 137.2
Shock - In 2000 366 9:59 C,MA,MI,R 56.0 125.7 -0.7 137.6
Shock - Out 2000 366 12:19 C,MA,MI,R 54.8 126.4 -0.7 137.8
Shock - In 2001 2 20:22 C,MA,MI,R 26.7 141.9 -1.1 144.4
Shock - Out 2001 3 1:20 C,MA,MI,R 24.2 143.3 -1.1 145.3
Shock - In 2001 3 16:30 MA,MI,R 16.5 147.4 -1.2 148.3
M'pause - In 2001 9 12:50 C,R -53.7 184.2 -2.1 191.9
M'pause - Out 2001 9 21:15 C,MA,R -57.9 186.3 -2.1 195.1
M'pause - In 2001 10 6:55 C,MA,R -62.7 188.8 -2.2 199.0
M'pause - Out 2001 10 15:08 R -66.7 190.9 -2.2 202.3
M'pause -In 2001 10 15:30 R -66.9 191.0 -2.2 202.4
M'pause - Out 2001 10 20:35 C,MA,MI,R -69.4 192.3 -2.3 204.5
Shock - Out 2001 12 14:17 C,MA,R -90.0 202.9 -2.5 222.0
Shock - In 2001 14 2:11 C,MA,R -107.6 212.0 -2.7 237.8
Shock - Out 2001 15 5:29 C,MA,R -120.9 218.9 -2.9 250.1
IP Shock 2001 15 11:40 C -123.9 220.5 -2.9 252.9
Shock - In 2001 16 17:20 C,MA,R -138.3 228.0 -3.1 266.7
Shock - Out 2001 16 17:40 C,MA,R -138.5 228.1 -3.1 266.9
Shock - In 2001 16 17:55 C,MA,R -138.6 228.2 -3.1 267.0
Shock - Out 2001 16 21:20 C,MA,R -140.2 229.0 -3.1 268.6

Shock - In 2001 17
08:00-
20:00 data gap -148.3 233.3 -3.2 276.4

Shock - Out 2001 18 6:35 C,MA,R -156.3 237.5 -3.3 284.3
IP/Shock - In? 2001 18 23:50 C,MA -164.6 241.9 -3.4 292.6
Shock - Out? 2001 27 14:30 C,MA,R -262.9 295.0 -4.7 395.2
IP/Shock - In? 2001 28 10:20 C,MA,R -272.3 300.1 -4.8 405.2
Shock - Out 2001 29 2:00 MA,R -279.6 304.2 -4.9 413.2
Shock - In 2001 30 10:33 C,R -294.8 312.8 -5.1 429.9
Shock - Out 2001 33 13:24 MA -329.7 332.6 -5.5 468.3
Shock - In 2001 35 9:38 MA -350.1 344.4 -5.8 491.2
Shock - Out 2001 36 22:30 MA -367.1 354.3 -6.0 510.3
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IP/Shock - In? 2001 38 9:30 C,R -383.2 363.8 -6.2 528.4
Shock - Out 2001 41 12:00 MA,R -417.2 384.2 -6.6 567.2
Shock - In 2001 41 14:05 C,MA,R -418.2 384.8 -6.6 568.3
Shock - Out 2001 41 18:45 C,MA,R -420.3 386.1 -6.7 570.7
Shock - In 2001 42 4:40 C,MA,R -424.8 388.8 -6.7 575.9
Shock - Out 2001 45 14:14 C,MA,R -461.8 411.5 -7.2 618.6
IP/Shock - In? 2001 46 1:00 C,MA -466.7 414.5 -7.2 624.2
Shock - Out 2001 46 9:08 C,MA,R -470.3 416.8 -7.3 628.5
Shock - In 2001 46 23:10 C,MA,R -476.7 420.7 -7.4 635.8
Shock - Out 2001 51 8:15 C,MA,R -523.8 450.6 -8.0 691.0
Shock - In 2001 55 14:25 C,MA,MI,R -569.2 480.2 -8.6 744.8
Shock - Out 2001 55 16:30 C,MA,MI,R -570.1 480.9 -8.6 745.9

Shock - In? 2001 56
4:30-
6:30 data Rap -575.8 484.7 -8.7 752.7

Shock - out 2001 57 14:30 C -590.4 494.4 -8.8 770.1
Shock - in 2001 57 23:55 C,R -594.6 497.1 -8.9 775.1
Shock - out 2001 58 8:00 C,MA -598.1 499.5 -8.9 779.3
IP/Shock - In ? 2001 58 10:50 C,MA,R -599.4 500.4 -9.0 780.8
IP Shock 2001 58 11:00 C -599.4 500.4 -9.0 780.9
Shock - In? 2001 58 13:00 C -600.3 501.0 -9.0 782.0
Shock -Out 2001 61 14:50 C,R -632.7 523.0 -9.4 820.9
Shock-In? 2001 62 10:30 C -641.3 528.9 -9.5 831.3
Shock-Out? 2001 62 11:50 C -641.9 529.3 -9.5 832.0
Shock-In 2001 67 19:30 C,R -697.3 568.2 -10.2 899.5
Shock-Out 2001 69 12:20 C,MI,R -714.9 580.8 -10.5 921.2
IP/Shock-In? 2001 74 12:45 C,R -766.5 618.4 -11.2 985.0
IP/Shock-In? 2001 94 20:50 C -970.5 778.7 -13.9 1244.4
C: CAPS; MI: MIM ; MA: MAG; R: RPWS

A few o f the bow shock identifications are marked with question marks to indicate 

some uncertainty as to the identification as a bow shock versus an interplanetary shock. 

In most of these cases the crossings are inbound bow shocks in which the plasma 

electrons show an increase in temperature but ion data suggest an increase in speed. 

One example is the crossing at 23:50 SCET on January 18 (day 018), 2001. While we 

do not fully understand the behaviour of the plasma flow, an examination of the plasma 

wave data (specifically the low-frequency cutoff of very low frequency radio emissions 

[Kaiser et al., in press] shows that the electron density in the medium following this 

boundary is extremely low (of the order of a few tenths cm-3 or less) until January 27. 

Given that there are clear bow shock crossings both before and after this interval, it 

would be unreasonable to expect such low densities at the spacecraft without also
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expecting the magnetosphere to be inflated, hence the bow shock location to be 

extended beyond the location of the spacecraft. In fact, other examples of these 

questionable crossings on days 038 (09:30) and 058 (10:50) are also followed by 

extended periods o f very low electron densities. Another interval, beginning with an 

inbound bow shock on day 46 (23:10) and ending with an outbound shock on day 051 

also shows an extended low-density region similar to the three other periods mentioned 

above. Hence, we believe that the shocks on days 018, 038, and 058 are, indeed, 

inbound bow shocks preceding extended periods o f very low solar wind pressure. Other 

events indicated to be interplanetary shocks have not been included in the subsequent 

analysis.

A summary of the location o f the bow shock crossings which were observed by all the 

MAPS instruments is shown on Figure 6.1. In this figure we also plot the expected 

locations of the bow shock (BS) calculated from the magnetohydrodynamic model of 

Joy et al. (2002) for solar wind pressures of 0.18 nPa, 0.0061 nPa, and 0.068 nPa 

respectively (corresponding to the maximum, minimum and average pressures observed 

by CAPS). This model is not expected to accurately reflect the location of the tail BS 

beyond a distance of 150 Rj, but we have extended the traces here to a give some sense 

of how the boundary location may vary downtail. Inbound and outbound bow shocks 

are marked for the cases where Cassini was oriented such that we were sampling the 

sunward direction on at least part of the actuator sweep and therefore have ion speed 

along with ELS and MAG data.
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Figure 6.1. The Cassini bow shock encounters (marked as red/blue crosses for inbound/outbound 
crossings respectively). Overplotted are bow shock traces appropriate to solar wind pressure of 0.02, 0.02 
and 0.18 nPa (dotted, dashed and solid lines respectively) from the model by Joy et al. [2002]. Bow 
shock crosses are shown for cases in which we had full CAJ^S and MAG data coverage.

In addition to the bow shock encounters Table 6.1 also catalogues two periods on 

January 9 and 10 when Cassini was within the Jovian magnetosphere. These periods 

occurred when Cassini was some 200 Rj from Jupiter at a local time of about 19 hours, 

just tail ward of the dusk terminator. Based on an empincal model of the Jovian 

magnetopause by Joy et al. [2002], the magnetosphere was highly inflated, lying well 

beyond its 90th percentile position. The first penod had a duration of about eight hours 

on January 9, 2001 beginning just after midday. The second period lasted for about 

thirteen and a half hours beginning at about 06:55 spacecraft event time (SCET) on 

January 10. The spacecraft briefly exited the magnetopause during this interval for 

about 20 minutes beginning at about 15:10 SCET. However, the most remarkable 

aspect of the magnetopause encounters on January 10 was that the final outbound 

crossing into the magnetosheath at 20:35 SCET was within about 17 minutes of the time 

Galileo crossed the magnetopause at a distance of some 100 RJ generally sunward of 

the location of Cassini [Kurth et al., 2002]. Using these nearly simultaneous
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magnetopause crossings and empirical models of the magnetopause {Joy et al., 2002], 

Kurth et al. concluded that Galileo and Cassini had caught the Jovian magnetopause in 

the act of compressing in response to an increase in solar wind pressure.

6.4 Example of one Cassini Observation of a Jovian Bow Shock 
Crossing

Cassini first encountered the Jovian bow shock at 04:20 UT, 28 December 2000 (DOY 

363) during seemingly quiet solar wind conditions. Cassini encountered a greatly 

inflated magnetosphere with the shock front out at an absolute Jovi-centric distance of 

140 Rj. This was comparable to the location of the first BS observed by Ulysses (113 

Rj) that was estimated to have a width of 1 Rj and a speed of 100 km s'\ Average solar 

wind parameters upstream of that bow shock crossing were derived from the Ulysses 

solar wind analyser to be a density less than 0.2 cm'^ and temperature -17  eV [Bame et 

a l, 1992]. In this section we describe Cassini’s first observation of the Jovian bow 

shock in order to illustrate that the ELS and MAG are capable of making good 

observations of this boundary.

Immediately prior to the first Cassini bow shock crossing on 28 December 2000 the 

density and temperature in the upstream solar wind were low compared to those 

observed during the Ulysses inbound leg. ELS observations indicate a solar wind 

density just below 0.05 electrons per cm* ,̂ and temperature less than 2.5 eV. The 

upstream interplanetary magnetic field was around 0.35 nT and displayed small-scale 

fluctuations. The ion experiment did not have favourable pointing to measure the solar 

wind speed immediately upstream of the shock; however, measurements over previous 

days indicate this was generally between 330 and 500 kms'% typically changing
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gradually over a period of days, but with a few large-scale rapid fluctuations. At a fairly 

average solar wind speed of 400 kms'* the solar wind would take ~16 days to travel 

from 1 AU to Jupiter and so we explored the solar wind speed as measured by ACE at 1 

AU around 16 days prior to the first bow shock crossing. The bulk solar wind speed 

measured at ACE on 12 December 2000 reduced over the twenty-four hour period from 

540 kms'^ to 420 kms'% an average speed of 480 kms'V An error of ± 50 kms'* is 

included m the solar wind speed m an attempt to reflect uncertainty in solar wind speed. 

The corresponding solar wind dynamic pressure (nmv^) was then around 8.87 ± 0.9 pPa. 

The first bow shock crossing position compares well to the position predicted by the Joy 

et al. model for this solar wind pressure.
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Figure 6.2. Panels a) and b) are of the same format. The top panel shows an energy vs. time 
spectrogram of ELS data, with counts indicated by the colour bar, for the fiist Cassini crossing of the 
.lovian bow shock, the bottom panel shows the magnetic field components for the same period. Time is in 
fractions of an hour from 03:48 to 04:50 UT for panel a) and zoomed in (04:15 to 04:25) to show the 
shock structure in panel b).

Figure 6.2 shows the first Jovian bow shock as observed by the ELS and MAG 

instruments. It was observed to have an analogous overall signature to that observed by 

the same instruments at the Earth’s bow shock during the Earth swing-by, August 1999 

[Abel el al. 2001, Rymer el al., 2001]. The core solar wind peak energy increased 

across the shock, indicating a jump m electron temperature, Tg. Photoelectrons were 

confined to lower energies downstream of the shock, indicating a change in current
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balance between the spacecraft and the ambient plasma across the shock due to the 

hotter, denser magnetosheath plasma. The crossing appears wider than was the case at 

Earth. This is as expected since the scale of these boundaries are related to the ion 

gyroradius and inertial length, both of which typically increase with distance from the 

Sun in the expanding solar wind. During the Cassini ESB the foot and ramp widths 

were approximately 780 and 100 km respectively. During Cassini’s first crossing of the 

Jovian bow shock, the upstream electron density was -0.05 cm'^ and the magnetic field 

magnitude was -3  nT. Assuming an ion speed, v/, of 450 kms'% and that this was all 

perpendicular to the field, v, = vi, we estimate that the proton gyroradius {mv±/qB) in 

the upstream solar wind was -15000 km and, assuming = Mg, upstream ions had an 

inertial length {c/copi) o f -1020 km. By consideration o f magnetic field data at the time 

o f the first Cassini crossing of the Jovian bow shock we estimate the ramp to have had a 

temporal extent of 75 ± 24 seconds, given Cassini’s speed with respect to Jupiter of 5.8 

kms'' and assuming a stationary shock surface, this corresponds to a width of between 

575 and 295 km, a little less than half the expected length scale. There was no clear 

signature of a foot region in the data.

A rough estimate of shock speed for the first shock crossing was calculated using 

conservation of mass, assuming that the change in velocity was parallel to the shock 

normal this can be expressed by:

^ shock
" d  ^

n , - n  \  a u J
A v ' h  (6.1)

and suggests an expanding shock front with speed of -50  kms’’. Assuming the shock 

was propagating directly over the spacecraft, the shock speed was then -44  kms ' 

(observed speed = actual speed -  Cassini speed). At this rate a shock ramp of order
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1,000 km would have passed over the Cassini spacecraft in 23 seconds, at least half the 

time it was observed for, a foot region of around 15,000 km would pass Cassini in ~ 340 

seconds.

The main reason for discrepancies in these scales are: lack of ion data in the upstream 

region; in addition to our (almost entirely arbitrary) choice for solar wind speed we 

further assume that all the velocity is directed parallel to the shock normal and 

perpendicular to the magnetic field; we assume that the ion density is equal to the 

electron density (an assumption which is usually valid in the ambient solar wind, but 

may not be the case if the area were populated by particles related to the Jovian 

foreshock, for example); lastly, identification of the extent of the shock ramp from 

examination of magnetic data is subjective.

In 26 of the Jupiter shock observations we have ion speed values upstream in addition to 

ELS and MAG data. In future studies it should be possible to include ion velocity 

vectors and densities in this type o f analysis. It is, however, interesting to note to what 

extent we can make a reasonable study of the bow shock scales even in the absence of 

these values.

6.5 Methodology

At planetary bow shocks the Mach numbers are typically quite high. The fast 

magnetosonic Mach number at Jupiter is typically >5 [Russell et al. 1990], that is, the 

solar wind flow speed is at least 5 times greater than the fastest wave speed.
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Preliminary results indicate that the fast magnetosonic Mach number {Mc^ derived from 

Cassini observations at Jupiter varies between 4.5 and 17 and the Alfven Mach number 

{Ma) from 3.7 to 17. The electron temperature jump was the most marked transition in 

every case with an average increase o f 9 eV, a factor o f ~4; density and magnetic field 

increases are slightly less strong, both on average approximately doubling through the 

shock. To explore shock strength we analyse the amount o f electron compression and 

heating, and the magnetic field increase across the shock. In this section we describe 

the statistical method that will be used to explore whether these parameters scale with 

distance from Jupiter, Alfven Mach number, magnetosonic Mach number, and/or bulk 

energy dissipated across the shock.

Before beginning with a description o f the analysis we first detail how we have chosen 

to quantify the ‘shock jum p’. It is conventional to discuss shock jump characteristics in 

terms of the ratio of the down to upstream values. However it has been suggested by 

Thomsen et a l  [1987] that a more instructive sense o f electron heating can be obtained 

by considering the difference between downstream and upstream temperature (A7^). 

With this in mind, in exploring the factors that determine shock strength and testing 

what parameters this scales with, we have considered in every case both the difference 

and the ratio o f electron temperature, electron density and magnetic field transition. For 

succinctness the ratio of down to upstream parameters, e.g. Te(down) /  Te(up), is 

henceforth referred to as rjTe,

ATe = Td-Tu 7jTe = Td/Tu. (6.2)

The simple method adopted to test for correlation between the various parameters is the 

same as that used in Chapter 5, it is illustrated again here in the context of these new 

data sets by presenting two case studies. In the first we examine the relationship
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between the change in electron temperature (A7^) with absolute Jovi-centric distance (r). 

The various points at which the correlation might be rejected are discussed. We find 

that there exists a correlation between these two parameters and go on to analyse the 

gradient o f the covariance and discuss the level of confidence we have in the result. A 

case study of a rejected correlation (ATg versus Alfven Mach number) is then shown for 

comparison.

6.5.1 Case study 1: Electron temperature transition versus distance

Here we use a similar method to that used in Chapter 5 but repeat the discussion here 

for completeness in this context. In the A7  ̂array there are 40 elements, so this is one of 

the largest samples. Figure 6.3 shows four plots which illustrate the method followed to 

determine if there exists any correlation between the absolute electron temperature jump 

through the bow shock with absolute Jovi-centric distance, r.

The raw data is shown in Figure 6.3a. To test if there exists any underlying relationship 

between these two parameters we have again selected to use the Pearson product- 

moment correlation test. We check whether the dataset is normally distributed by 

plotting a histogram of the distribution of the data points as a function of A7  ̂ (Figure 

6.3b); for normally distributed data this should result in a Gaussian type curve. Here the 

data is seen to be non-Gaussian and so cannot be used in this form. We observe that the 

distribution appears more exponential and so endeavour to make a more Gaussian data 

product by taking the natural logarithm of A7 .̂ A histogram of this transformed data is 

shown in Figure 6.3d. The overplotted Gaussian is accepted at the 90% level, so we can 

then use the Pearson test to compute correlation and note whether this is accepted at a 

user defined cut-off (we are testing at the 90% and 95% level). If the Gaussian fit and
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the correlation are accepted at 90/95%, then there is a significant tendency that there 

exists a linear relationship between log(A7^) and log(r) and we go on to analyse the 

gradient of the dependence. We use linear regression to find the line of best fit through 

the data; this is overplotted on Figure 6.3c. For information, the line of best fit is also 

overplotted on the raw data in Figure 6.3a.
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Figure 6.3. Illustration of correlation method for electron temperature difference vs. absolute distance 
from Jupiter (see text for details).

Following this method means that we simply fit a straight line (of the form = mx +c, 

where m is the gradient of the line and c the intercept on the y-axis) to the transformed 

data. The equation of this line and the acceptance level(s) are shown in the bottom left 

corner of Figure 6.3. The r-value on plot c) is the correlation value. As before, the 

square of the correlation value is the variance, -0.61^ = 0.37. This tells us that in this 

case 37% of the variability can be explained by the straight-line relationship. The 

significance tells us whether we might observe the linear value relationship by chance.
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This is related to r and the number of degrees of freedom, which in this study is the 

number of data points minus one, 39 in this case. Initial tests were performed at 90% 

significance, however some results were found to correlate at better than 95%, whether 

the relationship is accepted at the 90 or 95% level are indicated by the correlation in the 

bottom left of Figure 6.3. The 95% significance found in this case shows that we would 

only expect to get such a result by chance 5% of the time.

6.5.2 Case Study 2: Rejected correlation: Temperature ratio vs. Alfven Mach 
number

If the location of the shock is related to the Alfven speed (for example in a parallel 

shock where the Alfven and magnetosonic wave speeds are equal) then we might expect 

to see a relationship between Alfven speed and shock strength. Here we test for 

correlation between Alfven number and the ratio of down to upstream temperature. 

Figure 6.4 is the same format as Figure 6.3, it can be seen that the exponential transform 

has failed to make the data more Gaussian so the Pearson test results cannot be used.
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Figure 6.4. Same format as Figure 6.3 for electron temperature ratio vs. Alfven Mach number.

This rejected correlation therefore does not prove conclusively that there is no 

correlation between these parameters, simply that the original data was not 

exponentially distributed and perhaps a different transformation would be appropriate. 

Several other techniques were used and no correlation was found. We reject the 

hypothesis that the two series are related if a Gaussian fit to the transformed data and/or 

the correlation level are rejected at the 90% level.

6.6 Results

In this section we test for a linear association between the logarithmic transforms of a 

variety of parameters and each of distance from Jupiter, solar wind magnetosonic (Mes) 

and Alfven (M a) Mach numbers derived from CAPS and MAG data. Results for the 

parameters, which were found to have a significant tendency to vary with distance or
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Mach number, are summarised in Table 6.2. In exploring scaling with distance, we 

examine both absolute distance from Jupiter (r) and distance up from the Sun-Jupiter 

line (y), which we refer to as ‘axial distance’, these are illustrated on Figure 6.1.

Table 6.2.
series

Summary of results where there exists a significant relationship between the two

Parameter Absolute Jovi-centric 
Distance (r) Rj

Axial Distance
(y) Rj

Alfven Mach 
Number (M a)

Magnetosonic Mach 
Number (M„)

Tu TjOcr'('"° Reject Reject Reject

Tu Reject Reject Reject T„ OC M „

AT, ATcOcr'°^^ A T ,ocy-'^^ A T .k Ma """ A T .o cM „ " "

t]T , TlTeOCr-®'* n T ,ocy-«"7 Reject n T . x M , / ®

Bu Bd OC Reject Reject Reject

AB Reject Reject AB OC ABocMcs"'^*

There was no correlation found for riu, An, rjn, Bu, or rjB with distance or solar wind 

Mach number. The following plots show results with significant correlation:
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Figure 6.5. Plots (a) to (!) show parameters for which it was found that there was a significant tendency 
(above 90%) that there exists an underlying relationship between the two series.

6.7 Interpretation

6.7.1 Tem perature transition and solar wind Mach num ber

The distance between the shock front and the magnetopause boundary is defined by the 

fastest wave speed, or communication speed, in the plasma, since this wave will travel 

the furthest upstream from the magnetopause. The fastest wave speed depends on the 

orientation o f the shock front with respect to the upstream magnetic field; for quasi

perpendicular conditions the magnetosonic wave is the fastest communication speed; 

for parallel shocks the appropriate communication speed is the Alfven or magnetosonic 

wave (whichever is the faster) [e.g. Bittencourt, 1986]. Panels d) and g) of Figure 6.5 

show that both A7̂  and ijTe are organised by increasing magnetosonic Mach number, 

with 17% and 45% of the scatter explained by the linear fit respectively. The observed
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relationship between temperature transition and magnetosonic Mach number suggests 

that the majority of observations occurred during quasi-perpendicular conditions.

This analysis suggests that A7  ̂ is approximately proportional to magnetosonic Mach 

number, ATg a  M cs'^\ Figure 6.5d, while rjTe seems to increase more rapidly with 

increasing Mes, TjTe ocMcs’ Figure 6.5g. This is because the upstream temperature is 

observed to have a significant tendency to reduce with increasing Mach number, oc 

Mcs*̂ ^*, Figure 6.51. For values of the order observed a unit reduction of Tu for a fixed 

Id will have a more marked effect on the ratio than on the difference in the two 

parameters, e.g. for fixed 7^ = 15 eV and = 4 eV, then ATg = 11 eV and rjTe = 3.75, 

but if = 3 eV, then ATg = 12 eV and rjTe = 5: a difference of 11% and 33% 

respectively. This illustrates that one must be careful to consider how covariance or 

variance of both or one of the time series can affect interpretation.

In the next section we use the Spreiter et al. [1966] model to compare our observations 

of pTe and solar wind Mach number with those expected for the total temperature 

transition ratio from their gas-dynamic model for the Earth’s magnetosphere.

6.7.2 Temperature transition and distance

The temperature transition decreases with distance from the planet, with ATg roughly 

inversely proportional to distances r and y, ATg a  and respectively. Figure 

6.5a and 6.5b. While the upstream temperature does not correlate with distance, the 

downstream temperature correlates with absolute distance from Jupiter, r, at the 95% 

level as shown in Figure 6.5J and is observed to decrease as
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Td a  (6.3)

Our results for rfT versus axial distance y  were compared to results from gas-dynamical 

modelling at the Earth’s bow shock given in Spreiter et a i  [1966]. The results of 

Spreiter et al. were normalised to the bow shock standoff distance at Earth so that this 

distance is one. Their results extend from about +10 to -10 Earth radii, so do not extend 

downtail as far as the Cassini observations we are comparing. The following 

expressions for temperature ratio versus axial distance, y, have been derived from 

Figures 7 and 11 of Spreiter et al. [1966]. For a solar wind Mach number of 8 and 

specific heat ratios, y, of 5/3 and 2, using their data we infer the temperature ratio is 

approximately inversely proportional to axial distance y:

rjT a y  for y = 5/3 (6.4)

rjT a  y  for y=  2 (6.5)

ELS observations show that t]Te reduces downtail, and that the observed gradient:

rjTe a  y  (6.6)

is within 15% of that inferred from the Spreiter model for y o i l .

[NB. y  is the ratio of specific heats, often referred to as the polytropic index. The value 

of y  depends on the number o f degrees o f freedom of the medium, N, with

y  = (N+2)/N.]
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6.7.3 Comparison of bow shock location and pressures with the Joy et al. model

To compare the results o f Spreiter et al. [1966] with CAPS observations we gave our 

observations o f bow shock location a standardised reference frame by using the model 

0 Ï  Joy et al. [2002]. Figure 6.6 shows 26 panels with a bow shock surface generated by 

this model for the pressure observed by CAPS. We note that although the Joy model is 

not intended to be extended past 150 Rj, the observed and predicted locations agree 

quite well out to over 600 Rj.
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Figure 6.6. 26 of the Cassini bow shock crossings with a model bow shock surface of Joy et al., [2002] 
overplotted appropriate to the observed upstream pressure. In these plots a cross indicates an inbound 
bow shock crossing and an asterix indicates an outbound bow shock crossing.

To normalise the distance to the bow shock we use an iterative technique to find the 

pressure that would be predicted by the model for the observed shock location. We use 

the Joy et al. bow shock model to calculate the appropriate bow shock stand off distance 

for every crossing of the bow shock and then divide our measurements by this value.
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This is achieved by using equation (1) o f Joy et a l:

2 = + 5a: + Cx^ + Dy + Ey^ + Fxy (6.7)

Assuming that Cassini’s trajectory was equatorial (the actual trajectory was within 10 Rj 

of this) we set z = 0 and rearrange for); giving:

— i^Fx + Z)) i  -J(^Fx + — 4E(^A + Bx + Cx^^
T = — --------- — ------- ^ --------    (6.8)

where the constants A-F are all functions of pressure and x y  z slvq the position in 

equatorial coordinates. The equation is solved iteratively to find an input pressure with 

the observed x-y position as a solution. This pressure is then input into equation (1) of 

the Joy et a l  model to generate the appropriate bow shock surface. The standoff 

position is found and the data set is normalised by dividing by this value, so that for 

each crossing the bow shock standoff distance is 1. The results are shown in Figure 

6.7a. Observed solar wind dynamic pressure (assuming rie = n,) and pressure derived 

from the model for the observed location are shown in Figure 6.7b. We see that the 

observed pressure is fairly flat after -150 Rj and the model generally over-estimates the 

pressure out to -400 Rj, and under-estimates it beyond this point. As mentioned earlier 

Joy et a l  recommend that their model not be extended past 150 Rj, nor be used to 

predict solar wind conditions, nonetheless, in the absence of any more appropriate 

model, it is interesting to present these general trends. Cassini observations seem to 

suggest that a model that includes more flaring o f the general bow shock surface with 

distance may reflect the actual situation more accurately.
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Figure 6.7. Panel a) shows the bow shock locations as observed by Cassini normalised to a standoff 
distance of one, to check the consistency of the results. Panel b) shows CAPS observations o f the 
variation in solar wind pressure with distance downtail (triangles) compared to the values derived from 
the Joy et al. model appropriate to the same x-y coordinate.

6.7.4 Predicted vs. observed solar wind Mach num ber

Spreiter et al. calculate pT  using the expression:

(6.9)

We investigate this relationship with the method detailed previously. For constant Me 

and Y the appropriate parameters to plot as logarithmically transformed raw data are:

ln(r|7^-7) vs. ln(7-T|v ) (6 . 10)

( y - l ) M ^
The expected gradient, m, is then, m = \ , and the intercept, c = ln[   ] . Figure

6.8 shows the relationship between { r \Te - l )  and (/-rjv ) for our dataset.
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We find the constant c to be 8.415, corresponding to the intercept on the logarithmic 

plot shown in Figure 6.8, of /a?(8.415) = 2.13. Substituting this value for c we find the 

Mach number corresponding to this result using:

[2x8.415

( r -1 )
(6.1 n

This corresponds to Moo of 5.02 for / =  5/3 and Moo of 4.10 for / =  2. This is somewhat 

lower than the average magnetosonic Mach number observed of -12. Russell et a i, 

[1990] show that we expect the magnetosonic Mach number at Jupiter to be ~9 

compared to typical values of -6  at Earth. We find that the gradient of the line is 0.810, 

within 20% of the expected gradient of 1, and the correlation is accepted at the 90% 

level.
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Several reasons for the differences in our observations to those predicted by Spreiter et 

a l model immediately present themselves: the model was created to reflect the situation 

at the Earth’s bow shock which sits closer to the magnetopause in terms of absolute 

distance than is the case at Jupiter; we are discussing greatly further distances down the 

flank than those dealt with in the Spreiter model; the Spreiter model discusses the total 

temperature transition while data presented here are for the electron temperature 

transition only and the ratio of electron to ion temperature transition is not expected to 

be constant.

6.7.5 Comparison of transition parameters with bulk energy dissipated

Thomsen et al. [1987] note that the only upstream parameters which correlate well with 

the electron heating observed by ISEE 1 and 2 at Earth are the upstream solar wind flow 

speed and quantities derived from it. The square of the difference of up to downstream 

velocity can be used as a measure for the bulk energy dissipated through the shock (A£ 

a  Av^. Figure 6.9 shows parameters which are found to scale with Av  ̂ for the Cassini 

data set.
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Figure 6.9. ELS data from the Jupiter bow shock displayed in a similar way to Thomsen et al. [1987] 
Figure 4. Temperature difference and temperature, density and magnetic field ratios as a function of the 
decrease in the square of the bulk flow speed (a measure of bulk flow energy dissipated by the shock). 
On panel a, the plus sign is the result from a crossing o f the Earth’s bow shock November 7, 1977 
[Scudder el a i ,  1986a], the asterisk corresponds to values observed at the Jovian bow shock by Voyager 
[Scudder el a i ,  1981]. The equation of the line for untransformed data and the correlation values are 
shown in the top left of each plot. Data shown are those which are found to correlate with greater than 
90% confidence.

Figure 6.9 panels a)-d) show results of parameters for which it was found there was a 

significant tendency that some part of the scatter can be described by a linear 

relationship between the logarithmically transformed time series. Panel (a) shows the 

increase in electron temperature as a function of the decrease in the square of the bulk 

flow speed. In general values for both temperature jump and energy dissipation 

reported here are lower than those found by Thomsen et al. from ISEE 1 and ISEE 2. 

Data points of an observation at Earth in November 1977 and at Jupiter by Voyager 

reported by Scudder et al. [1981], are shown as a plus and an asterix on Figure 6.9a. It 

can be seen that these data points lie very close to the observed trend. The temperature 

Jump increases with increased energy dissipation at a significance level of 95%. This
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shows that these quantities have the same general relationship as that observed at the 

Earth’s bow shock, which is as expected if both shocks are formed in the same way and 

supports the hopeful assumption that this would be the case for all planetary bow 

shocks. This also supports the conclusions o f Thomsen et al. (1987) in that this is 

consistent with a heating process which is dominated by the cross shock potential jump 

as proposed by Feldman et al. [1982, 1983a] and thoroughly documented by Scudder et 

al. [1986c]. This was also shown to be case by Schwartz et al. [1988]. In addition 

Schwartz et al. showed that the amount of heating in the electrons varies with Mach 

number. At low Mach, subcritical shocks number electrons attained about 50% of the 

total heating whilst 10% or less of the total heat available at fast magnetosonic shocks 

went to electron heating. We also observe a relationship between the ratios of 

temperature, density and magnetic field transition with the bulk energy dissipated, with 

a general tendency for these values to also increase as the bulk energy dissipated 

increases.

6.8 Sum m ary and Conclusions

Results of electron temperature and density transition in the distant tail of the Jovian 

bow shock are presented. The shock is observed as a clear transition with a distinct 

change in the character of the observed plasma in every case. Observations extend from 

absolute Jovi-centric distances of 140 to -800 Rj. We find in three cases the velocity 

through the shock increases and suggest that further analysis may prove that these were 

in fact interplanetary shocks. These three are not included in the analysis.
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We find that both the difference and ratio of electron temperature transition have a 

significant tendency to increase with increasing magnetosonic Mach number. This 

suggests that the magnetosonic wave is the appropriate communication speed to 

consider for the majority o f the observed shock crossings.

Temperature, density and field magnitude jump are observed to decrease with distance 

downtail. This is shown to be consistent with models of planetary bow shocks [e.g. 

Spreiter et al., 1966], which show that the plasma in the magnetosheath accelerates, and 

becomes less confined and cooler before finally merging back into the solar wind. We 

observe that the electron temperature jump is the most marked transition in every case 

with an average increase of 9 eV, a factor of ~4, while density and magnetic field 

increases are slightly less strong, both of which on average approximately double 

through the shock.

We use the model of Joy et al. [2002] to compare the observed bow shock locations and 

pressures with those predicted by the model. We note that this model is not expected to 

accurately reflect the bow shock location beyond 150 Rj or to be used to predict solar 

wind conditions. However, the predicted bow shock locations for the observed pressure 

compare fairly well with the model out to over 600 Rj.

Pressures predicted by the model have also been presented and we find that the model 

has a tendency to over-estimate pressure before -400 Rj and under-estimate it beyond 

this. So there exists fairly close agreement with observed bow shock location and 

pressure with the predicted bow shock location from the model for the observed solar 

wind pressure (at worst within 20%). However we find the pressure required as an
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input to the model in order to achieve the observed bow shock location varies 

appreciably (up to 50%). This suggests that a relatively large change in pressure is 

necessary to change the bow shock location a small amount. We suggest that a model 

which covers the large distances observed should include increased flaring of the 

general bow shock surface with distance. It is hoped that this will be of use in future 

models and are communicating with the Joy et al. modellers with this in mind.

We use the Joy et al. [2002] model to normalise our dataset to a fixed bow shock 

standoff distance and compare our results to those of Spreiter et al. [1966]. We find 

that our results for temperature transition ratio are within 15% of those inferred from the 

Spreiter model with a polytropic index of 2. ELS observations suggest a slightly slower 

temperature transition decrease with distance than predicted by this model. We also use 

the Spreiter model to predict the expected solar wind Mach number for the observed 

temperature and velocity-squared ratios, we find the expected values are -50%  lower 

than the average magnetosonic Mach number observed.

The difference in electron temperature is observed to be proportional to the difference 

of the squares of the up/downstream velocity with 95% significance. This is compared 

to observations at Earth by the ISEE satellites reported by Thomsen et al. [1987]. We 

find that, in general, the temperature jump and bulk energy dissipated are slightly lower 

than observed at Earth. We compare our observations with two independent 

observations (one at Earth and one at Jupiter) and find that these two data points lie very 

close to the trend line predicted from our derivations. The gradient and amount of 

heating observed are consistent with an electron heating process which is dominated by 

the macroscopic cross-shock electrostatic potential. We observe that the bulk energy
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dissipated also scales with; the transition ratio o f electron temperature; electron density; 

and magnetic field. As with the temperature difference, these parameters also tend to 

increase with increasing bulk energy dissipated. This was not observed to be the case at 

Earth. Part of future work will be to endeavour to compile a larger statistical base of 

shock transitions including bow shocks of the Earth, Jupiter, and Saturn along with 

interplanetary shock events.
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CHAPTER 7. SUMMARY AND CONCLUSIONS

conclusion is“A
Simply the place  

where som eone g o t  
tired o f  thinking.” 

/^ rth u r  ̂ lo c k

Courtesy of: http://mvw.starland.com/sf-sc/sfX)3/SF03_Slides.html. A 
reproduction suggesting that ‘a conclusion is the place where a person 
began  to think’ is under construction.

In this thesis the nature of electrons in the energy range from 0.6 eV up to 26,000 eV as 

detected by the Cassini ELS sensor have been presented in the context of previous 

results and in relation to complementary datasets. Three main areas of research have 

been explored. These are:

■ Cassini observations of the near equatorial region of the Earth’s magnetosphere 

from around 13:00 local time on the day side, to its final exit from the 

magnetosphere at 02:30, on the nightside, local time at a distance of 70 Re downtail.

■ ELS observations of the evolution of the core electron temperature and density in 

the solar wind from 1-7 AU.

■ Electron, proton and magnetic field transition across the bow shock of the dusk 

flank of the Jovian magnetosphere from 140 Rj to -800 Rj.

http://mvw.starland.com/sf-sc/sfX)3/SF03_Slides.html
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All of these areas of research rely on the accurate determination o f electron density and 

temperature values as derived from count versus energy spectra detected at the ELS 

sensor. Determination of these parameters is strongly affected by the presence and 

variability of the asymmetric spacecraft potential sheath. In Chapter 3 a method to 

compensate for the spacecraft potential and to derive density and temperature from two 

dimensional energy-counts spectra was introduced. Analysis of the solar wind 

immediately upstream of the Earth has enabled accurate determination of electron 

parameters despite the effects of the ELS sensor mounting and obscuration in parts of 

its’ field of view. From this we concluded that it was better to use an anode near the 

centre of the detecting fan and to limit actuator angles considered to around zero 

degrees (looking straight out from the spacecraft) where possible, i.e. where the 

sacrifice in time resolution was tolerable.

Armed with improved appreciation of the observations made by the ELS sensor it was 

then possible to derive density and temperature values in any plasma regime which 

could be modelled, to a first approximation, as Maxwellian distributions. This includes 

the core electron component of the solar wind, the shock heated plasma in planetary 

magnetosheaths and the plasma sheet of the Earth.

At the Earth we have exploited the fast nature of the Cassini swingby and, by assuming 

to first order that we can consider areas of the magnetosphere to be stationary on the 

timescales for which they were observed, we have discussed the extent of several well 

studied regions. The relative positions of the bow shock and magnetopause boundaries 

were found to compare well with that expected from gas dynamic theory. The width of 

the magnetopause boundary itself was at the upper end of previous estimates. Since it is
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well known that these boundaries can move rapidly in response to solar wind changes 

we suggest that the boundary was moving inwards due to erosion of magnetic field in 

the negative Bz solar wind, leading to an over-estimation of its scale. The location of 

the magnetopause at 9.88 Re was found to compare well with a model which includes 

the effect of a fairly strong southward IMF. We were pleased to note that a second 

fairly deep tail (-70 Re) outbound crossing of the magnetopause also compared well to 

model predictions.

The determination of the extent of the low latitude boundary layer at Earth showed that 

it was thinner at the time of the Earth flyby than is usually observed during northward 

IMF. As reconnection occurs at the nose the field lines and associated plasma are 

convected down tail and so the ELBE is depleted in an analogous way to the 

magnetopause boundary. We can conclude therefore that EES observations of a thinner 

EEBE are consistent with the idea that reconnection of solar and terrestrial magnetic 

field lines occurred during the Cassini ESB.

The Cassini team at MSSE developed and improved existing software to enable 

automated derivation of electron density and temperature based on the one dimensional 

method described in Chapter 3. It was then possible to look at long timescale evolution 

of these parameters in the interplanetary medium. There is a huge amount of work 

existing in this field, particularly on the evolution of electron temperature. As the solar 

wind expands we expect that it cools and becomes more diffuse; the quantification of 

this has been the subject of several previous studies with electron instruments. By 

looking at electron data alone we endeavoured to perform two studies of the core 

electron component, one considering all solar wind ‘types’ and another where we
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endeavoured to identify periods of ‘quiet’ solar wind. It was found that the density 

reduction with distance was slightly slower in the quiet solar wind and was almost 

exactly as predicted for spherical expansion when the whole dataset was considered. 

Our results for the reduction in core electron temperature with distance are consistent 

with previous results with a reduction toward the steeper end of previous results. This is 

in between what is expected for Parker/two fluid models and adiabatic cooling.

The evolution of the solar wind necessarily leads to Jupiter being embedded in a cooler 

less dense solar wind with a higher plasma beta than is the case at Earth. The trajectory 

of Cassini skimmed the edge of the Jovian environment and facilitated the compilation 

of a set of 54 bow shock crossings, as observed by the same instrument, in a previously 

unexplored region of the Jovian magnetosphere. In Chapter 6 we used experience 

gained in the vicinity of the Earth and in interplanetary space to calculate the plasma 

transition from the upstream to downstream region across the bow shock of Jupiter and 

explored how these transitions scale with the change in bulk flow velocity, magnetic 

field increase and/or solar wind Mach numbers. We compared these results to previous 

work. A main finding was that the electron jump (AT = Td~ Tu) observed at Jupiter’s 

bow shock scales with the reduction in bulk flow velocity (Av*̂  = Vu -  v / )  in an 

analogous way as has been observed at the Earth’s bow shock.

Figure 7.1 is a reproduction of this result. In this figure we have added the electron 

temperature transition as observed during Cassini’s first crossing of the Earth’s bow 

shock (dashed lines).
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Figure 7.1. Temperature difference as a function of the decrease in the square o f the bulk flow speed (a 
measure of bulk flow energy dissipated by the shock). The plus sign is the result from a crossing o f the 
Earth’s bow shock November 7, 1977 [Scudder et a i,  1986a]. the asterisk corresponds to values observed 
at the Jovian bow shock by Voyager [Scudder et a i,  1981]. After Thomsen et al. [1987] Fig. 4. Data 
were found to be correlated with greater than 90% confidence.

ELS found that AT at the inbound Earth’s bow shock was 69 eV, so loge(A7) = 4.23, 

reading off from Figure 4.9 this would correspond to a loge(Av^) of 13.1. Given the 

lagged solar wind speed of 570 km s*' and so based on analysis of bow shock 

temperature and velocity transition, we infer a magnetosheath velocity of 406 km s'". 

This is unlikely a reliable value since it is based on observations at the duskside of 

Jupiter, we present it here for interest, and it will form the basis of a future study using a 

much larger set of shock crossing at Earth, Jupiter, interplanetary space and (hopefully) 

Saturn.

At Jupiter we selected to normalise our observations of bow shock location by using a 

model by Joy et al. [2002]. Through the modellers careful reporting and private 

communications we are aware that this model is not intended to be extended beyond 

-150 Rj, nor to be used to predict solar wind parameters as it has been presented in this 

thesis. However no more suitable model exists at this time. So we go on to use the 

model to infer a solar wind dynamic pressure for the observed bow shock locations. It
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was found that the predicted solar wind dynamic pressure differs from the observed 

solar wind pressure with an over-estimate before -400 Rj and an under-estimate beyond 

this distance downtail. This indicates that a higher degree of flaring o f the bow shock 

surface may be appropriate in future models.

The main reason for using the Joy model to compare bow shock locations to solar wind 

pressure was to give our observations a normalised point of reference. This facilitated 

comparisons to the Spreiter et al. [1966] model for plasma transport around a 

magnetosphere. We found that our results for the temperature transition ratio across the 

Jovian bow shock are within 15% of those inferred from the Spreiter et al. model.

The conclusions presented here illustrate that we have had a reasonable measure of 

success in the analysis of ELS data at Earth in the solar wind and at Jupiter. We have 

found some interesting new results which aid both our understanding of space plasmas 

and our techniques of data analysis. Also shown, however, is a wealth of work still to 

be done. This will be discussed in the following Chapter.
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CHAPTER 8. FUTURE WORK

Insert picture here.

Image captured from the first manned mission to Saturn.

In this chapter we revisit the areas of research presented in this thesis with a view to 

highlighting possible improvements and suggesting research paths which it is felt would 

form a natural progression to the work presented here.

In Chapter 4 details of data collected by the Cassini-CAPS instruments during the Earth 

swing-by in August 1999 were presented with supporting MAG data. During this 

encounter many regions of the Earth’s equatorial magnetosphere were sampled, all of 

which are discussed, in more or less detail, in this thesis. In future it will be interesting 

to explore the plasma properties observed at Earth in the context o f subsequent 

observations made by Cassini at Jupiter and at Saturn. A result appropriate to Cassini’s 

observation of the Earth’s bow shock, in the context of analysis performed at the Jovian 

bow shock, has been shown in Chapter 7. This analysis could be improved by using
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other Cassini data sets along with the wealth of bow shock observations made by Earth 

orbiting spacecraft and by Galileo at Jupiter. It is possible that by carefully combining 

these data our understanding of the plasma transition at this boundary could be greatly 

improved.

Many studies indicate that a wealth of plasma waves, field organised features and flat- 

topped electron phase space density distributions exist in the magnetosheath at Earth. 

Further analysis of Cassini observations of the Earth’s magnetosheath will facilitate 

comparisons with previous work. These, combined with data collected in the 

magneto sheaths of Jupiter and Saturn and interplanetary shock events, will be important 

in quantifying the fundamental properties of the collisionless shock transition in 

different magnetospheres and in the expanding solar wind.

Our analysis of Cassini-ELS observations in the radiation belts at Earth indicate that the 

level of penetrating radiation observed in this region was approximately a factor of a 

hundred less than expected, based on our current understanding of the shielding around 

the ELS sensor. Further exploration of these observations utilising data from the 

Cassini-LEMMS sensor for cross calibration, both at Earth and in the vicinity of Jupiter, 

should add to our understanding of how the ELS instrument is affected by the presence 

o f high energy particles.

The data collected within the short eclipse period during the Earth swing-by could be 

further analysed to add to our understanding of charging effects at Cassini in the 

absence of UV radiation at the spacecraft. This will be important in Cassini’s tour of 

Saturn as the spacecraft will occasionally be eclipsed by both the planet and its moons.
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Our understanding of the effects of this on our low energy electron measurements 

would be improved by further study of data collected in the relatively well understood 

magnetosphere of the Earth.

Following the Earth encounter we presented data from Cassini-ELS collected in 

interplanetary space. One improvement immediately presents itself, in that we could 

perform an analogous study to that performed by Pillip et al, [1990] by combining our 

observations with those made by other Cassini instruments to carefully differentiate 

further between different types of solar wind. Also future work will hopefully improve 

our determination of electron density and temperature in the increasingly cold and 

tenuous solar wind since, at present, distributions which are not well modelled as a 

Maxwellian distribution are rejected, resulting in a fairly sparse data set. This analysis 

could also be extended to include data collected between 7 AU and Saturn.

We then described statistical analysis of the plasma and magnetic field transition 

observed during Cassini’s next planetary swing-by; Cassini made a quite distant flyby at 

the dusk side of Jupiter at the end of 2000/beginning of 2001. In this section many 

aspects of the bow shock crossings were discussed and compared. This was undertaken 

as an exploratory study, with a view of quantifying some aspects of the shock transition 

as observed by Cassini. This could be improved by performing a more focussed study, 

concentrating on, in particular, the comparison with previous work by Thomsen et a l  

[1987] using data from the Earth orbiting ISEE satellites. This aspect of the Jupiter 

analysis seemed to give positive results and it will be interesting to see these two data 

sets plotted together and to further explore the implications of the result. In general, it is 

anticipated that by combining these data sets, and by adding data from the Satumian
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bow shock as observed by the same instrument, we would be able to immediately 

comment on the historically controversial suggestion that the transition of the shock as 

observed at the Earth and the outer planets is fundamentally different.
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