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Abstract

This thesis uses Hs" spectroscopic observations of the Jovian ionosphere to characterise
the physical conditions and dynamical processes within the aurorae. Five nights of
observations were made using the CSHELL spectrometer on the NASA Infrared
Telescope Facility, Mauna Kea, Hawaii. The spectrometer was set to a wavelength of
3.953 microns, sensitive to the H;* molecular ion, a key component of the Jovian
ionosphere. This provided an unprecedented level of detail on the processes within the

Jovian Hs" aurora.

The first astronomical detection of the Hs* (2v2(0) — Vv,) R(3,4%) hotband allowed the
detailed calculation of the variations in vibrational temperatures across the auroral region,
and from this the further calculation of column density and total emission. The data was
obtained under conditions where the Jovian ionosphere was hotter than previously
reported, by about 100°K to 200°K. The correspondence between emission intensity and
column density proves that H;" intensity is a strong indicator of the location of energy
deposition. The further correspondence between total emission and H;" intensity shows
that H3* is a stabilising agent within the Jovian aurorae. Thus, energy deposition is
balanced by H;" cooling, which explains the lack of correlation observed between

temperature and H;* emission.

The CSHELL spectrometer produced spectra sensitive to Doppler shifts of as little as 300
m/s. A new observational technique was derived using a combination of spectroscopy
and imaging, to take account of instrumental effects caused by spatial variations in the
Hs* emission. Thus, a method of obtaining ion wind speeds from the Doppler shifting of
H;" emission lines is produced. It shows the existence of a regular electrojet around the
main auroral oval, with speeds in the line-of-sight of around a few hundred m/s to 1 km/s,

as well as a complex pattern of winds within the polar cap region.
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Chapter 1 : Introduction

1.1 Jupiter

Jupiter is the fifth planet from the Sun, orbiting at 778,330,000 km (5.20 AU). With a
mass of 1.90x10?” kilograms, it is by far the largest, more than twice as massive as all the
other planets combined. Jupiter also rotates every 9hr 55min, faster than any other planet.
It has a composition close to that of the primordial Solar Nebular, about 90% hydrogen
and 10% helium (75/25% by mass), with only traces of methane, water and ammonia.
The pressure in its centre is so great that, above a rock core, solid hydrogen exists,
capable of producing a self-sustaining dynamo as in the Earth’s iron core, and the

combination of the huge mass and fast rotation produces a huge magnetic moment.

The magnetic field of Jupiter has a dipolar strength 10,000 times as strong as the Earth’s.
This deflects the solar wind around the planet, forming a huge cavity, a magnetosphere, in
the wind. Within the magnetosphere, Io throws out huge amounts of material that
becomes quickly ionised, forming an equatorial sheet of plasma away from the planet. It
is effects from the interaction between this plasmasheet and the upper atmosphere of

Jupiter that are to be studied in this thesis.

The precipitation of electrons and ions from the plasmasheet are responsible for the
formation of highly energetic aurora in the Jovian ionosphere. Amongst other things, this
energy produces the ion H;*, which can be observed in the infrared, and used as an
indicator of temperature, heat loss and dynamics. This thesis is a detailed study of the
variation in these parameters across the auroral region, studying with unprecedented
detail the effects of the magnetosphere-ionosphere interaction, as well as the effects on

the coincident neutral atmosphere.
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1.1.1 Jovian interior

Our knowledge of the interior of Jupiter is highly indirect and likely to remain so for
some time. Jupiter probably has a core of rocky material amounting to something like 10-
15ME.

Above the core lies the main bulk of the planet in the form of liquid metallic hydrogen,
only possible at pressures exceeding 4 million bars, and consisting of ionised protons and
electrons. This is electrically conducting and acts as a thermal convection-driven
dynamo, the source of Jupiter's magnetic field (Acuifia et al., 1983). This layer probably

also contains some helium and traces of various “ices”.

The outermost layer is composed primarily of molecular hydrogen and helium, with trace
amounts of water, carbon dioxide, methane and other simple molecules. Three distinct
layers of clouds are believed to exist, consisting of ammonia ice, ammonium hydrosulfide

and a mixture of ice and water.

1.1.2 Jovian atmosphere

Jupiter has no surface, since it is entirely gaseous, so the 1 bar level is taken as a

“reference point” referred to as the Jovian “surface”.

The atmosphere extends above the 1 bar “surface”, in regions classified with the same
names as the Earth, which are determined by the temperature profile. From the 170°K
surface, the troposphere sees a drop in temperature until the 110°K tropopause at 0.1 bar.
The temperature then increases throughout the stratosphere, levelling out to ~170°K at the
1 mbar stratopause. The temperature remains constant in the mesosphere up to the 1ubar

mesopause, which is conventionally defined as the base of the thermosphere (Hunten,
1976).

The homosphere is a distinct region of the atmosphere, coincident with those regions
described above where complete vertical mixing yields a near-homogeneous composition.
The homopause, at 1-2ubar marks the ceiling of the homosphere, and above this level

vertical mixing does not occur. This results in the an upper atmosphere that consists
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solely of H and He, as the trace elements found lower in the atmosphere have settled out
(Festou et al., 1981).

The ionosphere is the region of the upper atmosphere, coincident mostly with the
thermosphere, which contains a significant proportion of ions and free electrons. This, as
the name implies, extends across the entire Jovian globe, but densities of charged
particles vary considerably within this region. Below the ionosphere, the ionisation rate
is lower than the ion-electron collision rate, keeping the charged particle population to a

minimum.

The ionosphere is linked to the surrounding space along magnetic field lines. This means
that the location of a field line on the “surface”, as it passes through the ionosphere, can
be matched with the location of that same field line as it crosses the equatorial plane in
the magnetosphere. Features in the ionosphere are thus “mapped” to a distance beyond

the planet, measured in Jovian radii.

If the Jovian magnetic field were perfectly dipolar, with the magnetic field and rotational
axes coinciding, footprints of equipotential field lines would trace a circle of constant
latitude. But the offset of Jupiter’s dipolar field, and the need for higher order terms,
means that an “oval” is effectively the location of an equipotential magnetic field line
plotted at all longitudes on the planet; “footprint” is the location of a field line at specific

point.

1.1.3 Jovian magnetosphere

Solar wind

The huge variation in pressure between the outer layers of the Sun and the surrounding
interstellar space creates a pressure difference so great that it causes a flow of solar
plasma to stream away from the Sun in all directions. This stream of protons and
electrons travels with an average velocity of ~400 km/s, and carries with it a remnant of
the solar magnetic field that dominates interplanetary space. The polarity of this field

“switches” every few hours, and large systematic variations in the solar wind speed also
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warm o torus at 5.6R;. The warm torus surrounds the orbit of Io, extending beyond the

inner magnetosphere out to 7.5 R;.

These tori are created by the volcanic moon Io. The highly volcanic nature of the moon,
powered by tidal interaction with Jupiter, means its atmosphere is continually resupplied
with gases. These are quickly ionised and injected into the inner magnetosphere at a rate
estimated to be at least 10° kg/s (Pilcher and Morgan, 1985), compared to the mass-
loading rate of ~0.2 kg/s that the Earth receives from the solar wind and its own

ionosphere.

The Io plasma torus feeds a “plasmasheet” in the middle magnetosphere, producing an
outward flow of current from Io. A flow in the form of a “plasma ribbon” extends inward
from Io, and is associated with field-aligned currents (“Ribbon currents”) that connect
latitudes below the main aurora in the Jovian ionosphere with the cold plasma torus in the

magnetosphere (Morgan et al., 1994; Rego et al., 1999; and see Figure 1-2).

The middle magnetosphere

The magnetic field in this region is dominated by currents (ring current; current sheet)
carried in the corotating plasmasheet (plasmadisc; magnetodisc) extending out from lo. It
begins at the orbit of Io (5.9R;) and extends out to the region where the corotation of the
plasmasheet breaks down completely, between 50-60R;. The general dipolar form of the
magnetic field is maintained in this region, except close to the equatorial plane, where the

radial components of the ring current stretch the field lines outwards.

The current sheet is tilted with respect to the rotational equator, resulting in a 10-hour

periodic “rocking” of the sheet.

Currents flowing outwards through the sheet are part of a circuit that maintains the
corotation of the plasmasheet with the magnetic field. The system described in this
thesis, an extension of the Hill current system (Hill, 1979) is shown in Figure 1-2. The
currents that flow through the plasmasheet flow along field aligned (Birkeland) currents,
and close within the largely meridional Pedersen currents in the ionosphere. The region

of corotation, starting at the orbit of Io and ending as corotation begins to break down,

23



"%

%

%



1979), with the most substantial field-aligned currents occurring between 20-30R;
(Dougherty et al., 1993).

The outer magnetosphere

Beyond the corotating plasmasheet, the magnetosphere becomes highly distorted due to
the solar wind. The general form of the magnetosphere is a teardrop that extends 100R;
upstream (the “sunwards side”), 200R; transverse to the solar wind, and as far as Saturn’s
orbit downstream (the “magnetotail”), but it shows large spatial and temporal variation as

a direct response to changing wind pressure.

The magnetic field of the outer magnetosphere is, in the equatorial region, predominately
in the dipolar direction, but the overriding characteristic of the field is its disturbed nature,

most likely as the result of the dynamic behaviour of the plasma contained within it.

On the sunward side of the magnetosphere, the magnetopause boundary layer is located at
the bow shock, separating the internal field from the magnetic field carried with the
charged particles in the solar wind. Within the Earth’s magnetosphere, this region is
marked by viscous interaction with the solar wind, where “open” magnetic field lines link
the solar wind directly to the Earth’s polar caps, though no field-aligned currents have
been detected over the Jovian poles (Dougherty et al., 1993).

The Jovian magnetotail extends far into interplanetary space, out as far as the orbit of
Saturn, some 4.3AU, so that the solar wind takes over 200 minutes to pass around the
magnetosphere. The reconnection of magnetic field lines previously open to the solar
wind allows material to escape from the closed magnetospheric system, and flow down
the magnetotail and into the solar wind. This provides a loss process for material

originally injected into the magnetosphere at Io.

Modelling the Jovian magnetosphere

Jupiter’s magnetosphere can be represented, to a first order, by an offset tilted dipole
model; but this is inaccurate, as the contributions from higher order magnetic multipoles
are non-negligible. In order to properly model the magnetic field, it is necessary to

incorporate higher order components, which in previous models, such as Os and Os

25



(Acuiia and Ness, 1976; Connerney, 1992), were produced from spacecraft
measurements. However, tying these measurements to the surface has proved difficult, as
they are confined to the spacecraft flyby trajectory, are generally obtained at considerable
distance from the planet, and span a small range of planetocentric latitudes and

longitudes. As a result, the models obtained are non-unique and incomplete.

The discovery of a distinct emission feature at the foot of the Io flux tube (Connerney et
al., 1993) provided a means to resolve some of these uncertainties. The feature traces a
path around each magnetic pole, providing an unambiguous reference on Jupiter’s surface
through which magnetic field lines with an equatorial crossing distance of 5.9R; must

pass, providing a one-to-one mapping between the ionosphere and magnetosphere.

Using the footprint of the Io flux tube (IFT) as a constraint to the magnetic field model
provides a “ground truth” to the spacecraft measurements. The VIP4 model (Connemney
et al., 1998) combines Voyager 1 and Pioneer 11 magnetometer observations with the
IFT footprint imaging to produce a dual model consisting of a fourth order internal
planetary magnetic field with an explicit model of the plasmasheet. It can be used to
represent the magnetic field from the surface throughout the inner magnetosphere, and

out to ~30R}, and is especially effective in the polar regions, in which the aurorae lie.

1.1.4 Jovian aurorae

The aurorae on Jupiter consist of emission from a broad span of spectral lines and bands
covering a wide range of wavelengths. These emissions are primarily due to a two-step
process in which energetic particles (ions and electrons) precipitate into the upper
atmosphere, colliding with neutral atoms and molecules, and in part converting their
kinetic energy into energy stored in the chemically excited states of the particles. These
chemically excited states then relax, and thus emit at a wavelength determined by the
energy transitions in the relaxation process. The aurorae are thus a direct indicator of the

effects of energetic particle precipitation from the magnetosphere into the atmosphere.
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This results in the particle being “bounced” between two mirror points, as shown in
Figure 1-3. However, when the kinetic energy of the particle is increased or the magnetic
field strength decreases to a point where the mirror point enters the ionosphere, the
particle can collide with the atmosphere and break this perpetual loop. This precipitation
can produce visible effects on Jupiter where the mirror points lie very close to the
ionosphere, so that as the particles drift around the planet (the third motion, above) into a
region of lower magnetic field strength, the depth they can penetrate increases enough to

extend into the atmosphere.

Auroral emission

The energy of the precipitating charged particle determines the depth to which it can
penetrate into the atmosphere, and the energy it imparts determines the type of emission
that ionised molecules will result in. The energy of impacting charged particles covers a
wide range, and auroral emissions have now been detected from Jupiter at a full range of

wavelengths, from X-rays to radio waves.

High energy X-ray emissions have been detected in the auroral region, caused by highly
ionised S and O ions (Waite er al., 1994). Nearly stripped of electrons while
precipitating, these are either directly excited or charge exchanged into an excited state
through further collisions, to emit an X-ray photon on decay back to the ground state.
The precipitation occurs with energies in excess of 300 KeV nucleon” from 8-12 R; in
the magnetosphere (Cravens et al., 1995), and are deposited well below the methane

homopause (Horanyi et al., 1988).

The molecular and atomic hydrogen in the Jovian atmosphere is collisionally excited by
energetic electron impact to a greater extent than by heavy ions (Trafton et al., 1998).
The Jovian UV emissions result from the radiative de-excitation of this hydrogen, leading

to H, Lyman and Werner bands, and the H Lyman o line.

The timescale between collisional excitation and radiative de-excitation is relatively small
compared with other auroral processes, and thus UV emission is considered to be the
indicator of the location of particle precipitation flux, produced by a “pump and dump”

method. The associated temperatures of this emission are ~25000°K, so UV emission is
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not representative of the thermospheric temperature. The bulk of the auroral emission is
produced near the methane homopause (Harris et al., 1996), though the depth of
penetration depends both on initial energy and the angular distribution of incoming
particles (Prangé et al., 1995).

The Voyager spacecraft tentatively identified a visible wavelength aurora, but it was the
Galileo satellite that first properly imaged the Jovian night-side aurora (Ingersoll et al.,
1998). It has an apparent width of <200 km in some cases, and was located at ~10pbar,

beneath the homopause.

Infrared auroral emissions have been detected on Jupiter from a variety of molecular
species. Extensive hydrocarbon emissions have been studied (Caldwell et al., 1980;
Caldwell et al., 1983; Kim et al., 1985), as well as quadropole H; transitions (Trafton ez
al., 1989) and H3" ro-vibrational (rotational-vibrational) transitions like those used in this

thesis.

Hydrocarbon aurora provide a direct probe of the ~10ubar region, and exhibit features
(“hot spots™) of enhanced emission and increased temperature (Livengood et al., 1993).
The most notable of these is fixed at 150°-180° longitude and 60° latitude in the north.
The quadropole transitions are caused by the rotational-vibrational relaxation of H,.
These have only been used marginally in Jovian auroral observations, and provides a
method of deriving the auroral temperatures, albeit relatively inaccurately (Kim et al.,
1990).

The study of the Hs* aurora began with the discovery by Drossart et al. (1989) and
Trafton et al. (1989), of the 2v; overtone band at ~2um. Further successful observations
were made of the fundamental v, band emission at ~4pum (Oka and Geballe, 1990; Miller
et al., 1990), which were used to better understand the temperature of the ionosphere.
These studies showed that the H;* emissions were highly variable in brightness and

derived temperature.

Not long after these initial results, the first images of the H;" aurora were made (Kim et
al., 1992; Baron et al., 1991), using the 4um emissions. Further studies concentrated on
expanding the number of H3" lines detected (Drossart et al., 1993), locating the Io flux
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tube (Connerney et al., 1993), and making a comprehensive study of the H3* morphology
(Satoh et al., 1996) and physical conditions both in the aurora and on the body of the
planet (Ballester et al., 1994; Lam et al., 1997; Miller et al., 1997a). H;* emissions were
also used to monitor the comet Shoemaker-Levy 9 (SL-9) collision with Jupiter, both
during and after the impacts. A chronological history of the effects of the SL-9 collision
is given by Miller et al. (1997b).

The use of Hs* emission has now become an established technique for probing the
physical conditions of the Jovian auroral regions. With excitation temperatures
equivalent to ~750°K (4um) and ~1000°K (3um), Hs" wavelengths sample the range of
ionospheric/thermospheric temperatures very effectively. This thesis builds on the
extensive studies previously made, improving upon spectroscopic studies of temperature
and column density structure (Lam et al., 1997; Miller et al., 1997a), energy balance
(Rego et al., 2000) and dynamics of the auroral region (Rego et al., 1999a), and providing
comparative data for imaging studies (Satoh et al., 1996; Satoh and Connerney, 1999).

Decametric radio emissions (~10m wavelength) have considerable temporal and
frequency structure within them, associated with instabilities in the plasma in the inner
radiation belt, and with instabilities in field-aligned currents connecting Io to the
ionosphere (Zarka, 1998). The presence of the magnetosphere was first revealed through
radio emission, and the study of the magnetosphere continues to use radio waves

extensively.

Auroral morphology

As stated above, UV emissions are the best indicator of the location of particle
precipitation into the ionosphere. In addition, recent UV observations, made with the
Faint Object Camera (FOC), the Wide Field and Planetary Camera (WFPC), and most
recently the Space Telescope Imaging Spectrograph (STIS) onboard the Hubble Space
Telescope (HST), allow a previously unparalleled level of spatial resolution.

H;" observations also provide a detailed view of the morphology of the auroral region
(Satoh et al., 1996), and also an extensive understanding of the physical conditions within
the aurorae. The basic morphology of the Hs;" aurora is similar to that of the UV
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been observed equatorward of the main ovals (Clarke et al., 1996), as well as possible

analogous footprints associated with Europa and Ganymede.

Analysis of the HST/WFPC2 images has been used to attempt to better locate the auroral
main oval, which has recently been linked to a region within the magnetosphere greater
than 12R; (Clarke et al., 1996) and between 9-15R; (Grodent et al., 1997). However,
uncertainties with the magnetic field model used to get these values means that this value

does not contradict previously used values of 30R; (Gérard et al., 1994a).

lonospheric models

There have been many successful attempts to model the Jovian ionosphere and aurorae
(e.g., Gross and Rasool, 1964; Atreya and Donahue, 1976; Waite et al., 1983; McConnell
and Majeed, 1987; Kim et al., 1992). These models are, however, all restricted to one
(vertical) dimension, so the effects of horizontal dynamical mixing on the energy balance

and chemistry of the atmosphere cannot be reproduced.

The Jovian Ionosphere Model (known as JIM; Achilleos et al., 1998) is the first time-
dependent, three-dimensional, fully-coupled model for the thermosphere and ionosphere
of Jupiter. Initial studies using the model have shown its strong potential as a companion
to observational work, providing information including wind speeds, ionisation levels,
temperature and neutral composition, with future publications extending this role further

(Achilleos et al., submitted).

1.2 The H;* Molecule

H;" was first discovered in 1911, using an early form of mass spectroscopy (Thomson,
1912). The existence of the Hs" line was questioned, however, until a series of electronic
structure calculations were made in the 1930s, which proved the stability of the now-
accepted triangular structure (Hirschfelder, 1938).

By the early 1970s, Hs* was predicted to play a very important role in interstellar
chemistry, initiating the chains of chemical reactions that produce the wide variety of

species seen within the dense clouds in the interstellar medium (Herbst and Klemperer,
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1973; Suzuki, 1979). Because of this, the initial celestial searches for H3* were made in
the interstellar medium, but such a detection eluded observers for years. The first
astronomical detection of a Hs" spectrum was made unwittingly in an object and at a
wavelength no one had thought to look in, by observations designed to detect another

molecule.

In late 1987, Trafton et al. observed the H, S(1) quadropole transition in Jupiter’s auroral
region, using a grating spectrometer at the McDonald observatory. Along with the
expected emission at 2.121m, they also observed a strong unidentified emission feature
at 2.093um, as well as other weaker emissions. Drossart et al. (1989) also studied the H,
transitions, but at higher resolution. They, too, detected unexpected strong emission lines
around the H; line, and after a month of international discussion with ab initio spectrum
modellers and laboratory spectroscopists, it was identified as the 2v; (2) — 0 band of Hs".
This initial detection opened up a decade of investigations using this fundamental ion as a

probe of the physical and chemical conditions in the Jovian upper atmosphere.

Beyond Jupiter, H3* has since been detected on both Uranus (Trafton et al., 1993) and
Saturn (Gaballe et al., 1993), although no detection has been made for Neptune. The first
detection of Hs" outside the solar system was made in the remnants of the supernova
SN1987a in 1992 (Miller et al., 1992), and it was not until 1996 that the detection of
interstellar H;* was finally made (Geballe and Oka, 1996).

1.2.1 The H5' lifecycle

H;" is formed in the Jovian atmosphere through a fast chain reaction process beginning
with ionisation. H," is created within the Jovian ionosphere by two separate processes.
Lower concentrations of H," are created globally by solar EUV radiation ionising

molecular hydrogen:

H,+hv—>H; +e
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Large amounts of H," are formed in the high latitude aurora, through the ionisation of
molecular hydrogen by energetic electrons, which precipitate into the atmosphere along

magnetic field lines:
H, +e*>H; +e+e
The H," ion is then rapidly converted to H;* by the strongly exothermic reaction:
H; +H, >H; +H

H;" is, in most conditions, a highly reactive molecule, and is used in the modelling of

interstellar species as a powerful protonating agent through the reaction:
H; +X=HX" +H,

However, in the upper atmosphere of Jupiter, where only H and He occur above the
homopause, such reactions cannot take place (since He has a lower proton affinity than
Hy). As a result, the lifetime of the H;* molecule is directly controlled by dissociative

recombination:

H; +e  >H,+H
—-H+H+H

The rate that this reaction occurs at is controlled by the electron density at the particular

altitude of the Jovian atmosphere in question, and the recombination rate constant

K}(H3+)Z
7, (1)) = (e Ixx, H))

At the O.1pbar region of the aurora, where the H;* density reaches a maximum, the
electron density [e’] peaks at values of the order 10° cm®; the measurements of Leu e al.
(1973) yield a recombination rate constant x{H;") = 2.3x107cm’s!, so the minimum

molecular lifetime of H3* 7,(H3") is of the order 10s (Achilleos et al., 1998).
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1.2.2 H3* spectroscopy

H;" is the simplest and most stable polyatomic molecule. In equilibrium the three protons
form an equilateral triangle, though this structure is considered to be highly “floppy”
(Sutcliffe and Tennyson, 1986), resulting in a highly complex spectral signature.

Observational spectroscopy relies on the coupled rotational and vibrational transitions of
a molecule in the infrared: H;* has no permanent dipole, thus there is no pure rotational

spectrum; excited electronic states are unstable, so there is no UV/visible spectrum.

YANVAVAN

\vz/

Figure 1-5: The motions involved in the H,;* vibrational modes, v; and v,

Vi

H;* has two vibrational modes: a symmetric “breathing” mode, v;, and an infrared active
bending mode, v, (Figure 1-5). Because its equilateral triangle shape provides no dipole,
H;* does not have a pure rotational spectrum, but it does have ro-vibrational (rotational-
vibrational) modes caused through the dipole created with the varying position of atoms

by vibration.

Figure 1-6, based on a figure in Tennyson and Miller (1994), shows the fundamental (v;)
and overtone (2v;) levels of the bending mode, resulting in fundamental, overtone and
“hot” (2v, <> V,) bands in emission. For clarity only a few rotational levels have been

shown on the diagram and the splitting of the rotational levels has been neglected.

Transitions involving states with rotational angular momentum, J, up to 9 have actually
been observed on Jupiter. In laboratory work, there have been over 600 spectral lines
assigned from the fundamental, overtone and hot bands, and ab initio calculations of the
predicted spectrum of Hs* have produced a line list that contains in excess of three

million transitions (Neale et al., 1996).
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seem morphologically analogous, and a direct correlation is generally assumed (Satoh et
al., 1996). Using an emission source model, Satoh and Connerney (1999) have
delineated the regions of H3* emission from 3.43um images taken using with a 0.148

arcsec per pixel resolution.

They divide the Jovian upper latitudinal region into five major zones, based on the
equipotential magnetic field strength footprints taken from the VIP4 model, and a

separate emission spot from the footprint of Io (Connerney et al., 1998):

1. The Io footprint, a distinct emission feature at the foot of the Io Flux Tube, located
where the magnetic field lines thread the satellite, at an orbital distance of 5.9R;,

intersect with the Jovian ionosphere.

2. A region between the 6R; and 8R; ovals, representing emissions originating near or
just beyond Io’s orbit. This region contains only weak emission (~10% of the total

auroral emission) except for that directly associated with the Io flux tube.

3. A region between 8R; and 12R;, potentially including Europa emission sources,
containing a significant amount of emission. The peak emission in this region occurs
at Ay;~215° in the north, and is explained as resulting from relatively slow pitch angle
scattering of drifting electrons, which impact with the ionosphere when the path of
their drift traverses the location where the magnetic field weakens significantly, the
“windscreen wiper” effect. This zone accounts for ~20% of the total auroral

emission.

4. A region between 12R; and 30R;, which contains the main auroral emission, assumed
to be coincident with the main UV auroral oval. The peak emission occurs at
Am~260° in the north, corresponding to the minimum surface field magnitude in the

VIP4 model. This zone accounts for ~25% of the total auroral emission.

5. A region poleward of the 30R; oval, known as the polar cap. This region is filled with
weak emission and contains significant levels of local-time enhancements to the
emission levels. This enhancement is modelled with a “Yin-and-Yang” shape, with

the polar cap split into two regions of equal area:
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a. Local-time enhancement in the dusk-side cap; this feature has a terrestrial
analogue attributed to the enhanced Joule heating of the Earth’s ionosphere (Rees
and Fuller-Rowell, 1991);

b. Background polar-cap emission in the dawn-side cap.

These regions appear to be analogous with the bright and dark polar regions seen

within the UV observations.

At latitudes below this complex auroral emission region, mid-to-low latitude Hj"
emission also exists (Miller et al., 1997a). It is likely that this is caused by particle
precipitation from regions of space inside the orbit of Io, extending down to the planet,
and not H3* transport away from the poles, which has been ruled out by modelling

(Achilleos et al., submitted).

Daily variations in the overall H;* auroral brightness may correlate with variations in the
solar wind ram pressure (Baron ef al., 1996). This correlation is caused by the increased
magnetic field strength within the magnetosphere caused by the compression by increased
ram pressure, allowing an increase in pitch angle scattering. This is the currently the

only, albeit indirect, linking of the Jovian auroral processes with the solar wind.

1.3.3 lonospheric temperature

The temperature of H3* can be calculated by ratioing the emission intensities from two or
more separate excitation levels. Rotational temperatures are calculated using spectra of
different rotational energies from the same vibrational manifold, and vibrational

temperatures using spectra that originate from or between separate vibrational manifolds.

This measured temperature is specific to H3*, unless H3* can be shown to be thermalised
with the surrounding neutral atmosphere, in which case the measured temperature is
comparable to the kinetic temperature. The assumption of thermalisation is made
regularly in the literature, as it is necessary to produce calculations of column density and

total emission, but Kim et al. (1992) questioned this basic assumption.

39



Local thermal equilibrium

In the model of Kim et al. (1992), high Einstein coefficients associated with (Av,)
transitions of H;* are shown to result in the radiative depopulation of vibrationally excited
(v2 > 0) levels being comparable with timescales for collisional population from the

ground or (v;, v, = 0) state.

This comparison is defined clearly in Rego et al. (2000). The rate of emission is given by
the Einstein coefficient, Aj;, which for the fundamental Hy* (vo=1) Q(1,0") line is 129s",
so the average radiation lifetime is ~7.8x10°3 s, compared with the value of 7,(H3") of ~10s
already noted.

However, the key consideration beyond this is that collisions capable of exciting a H;*
molecule from its ground state to the emitting (v2=1) level occur at a reasonable rate

compared with the radiation lifetime.

We assume the mechanism for efficient H3* collisional excitation (“proton hopping”) as:
H; +H, -> H, +H;"

where the fraction of H, molecules with enough energy to cause this excitation is given

by:
.
ex

From this, the average collisional excitation rate at the altitude of highest H;" density can

be calculated by factoring the “proton hopping” rate (10°cm’s™), the fraction of collisions
that produce an excitation into the (v,=1) level (0.05), and the molecular density of H,
(2.4x10"3cm™). This results in a collision rate of ~1.2x10%!, which provides an average
collisional excitation time of 8.3x10™s. This is only a factor of 10 shorter than the
radiation lifetime and results in a radiative depopulation, predicted by Kim et al. to result
in an overpopulation of the ground state by a factor of ~10. There is, however, almost

full thermalisation within rotational levels of any individual vibrational manifold, because
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the lack of a permanent dipole makes radiative transitions involving only a changed

rotational state very slow (~10%), leaving time for collisional thermalisation.

The relative overpopulation of energy states also occurs to some extent at higher
vibrational manifolds, so that the same factor that leads to the depopulation of (v, = 1,2,3
etc.) with respect to the ground state would also lead to a depopulation of H3™ (v, = 2,3,4
etc.) with respect to (v2 = 1). However, Kim et al. emphasise that the fractional
populations of (v, = 1) and (v, = 2) are only slightly smaller than those of a Boltzmann
distribution.

In a direct attempt to address this issue, Miller et al. (1990) observed (v — 0) and
(2v2(I=2) — 0) spectra of the Jovian northern aurora in quick succession. They came to
the conclusion that ro-vibrational temperatures derived from within individual vibrational
manifolds and vibrational temperatures derived by ratioing between two separate levels
could not be distinguished beyond the threshold of observational noise. They proposed
that H;" was at least in “quasi-thermal equilibrium”, so that even though the ground-state
might be overpopulated, the vibrationally excited levels can be considered to be
populated as might be expected from a Boltzmann distribution at the given rotational (and
thus kinetic) temperature.

This assumption of quasi-thermal equilibrium means that H;" is thermalised with the
predominantly H, neutral atmosphere, making it possible to use effective vibrational
temperatures to calculate both kinetic temperatures and the total column densities from

observations.

However, the assumption made should be considered in the context of its potential
relation to true local thermal equilibrium. If radiative depopulation leads to a significant
non-Boltzmann fractional population of (v2 = 1) and (v, = 2), then the (v2 = 1) level will
be appreciably overpopulated, just as the ground state is. This will lead to a calculated
effective vibrational temperature that under-estimates the kinetic temperature of the

atmosphere.
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1.3.4 Column density

Given the assumption of quasi-thermal equilibrium discussed above, the calculated
temperature can be used to produce a value for the column density, the density within a
column of material down through the atmosphere along the line-of-sight. This is
calculated by using the temperature to determine the emission from a single molecule of

H;", and using this with the intensity of the spectrum to calculate the line-of-sight density.

1.3.5 Total emission

Lam et al. (1997) found that temperature and column density were 99% anticorrelated for
any given observed spectrum, giving a range of uncertainty taken as a pair that exceed
that attributable to the individual parameters. By assuming local thermal equilibrium,

they were able to combine the two parameters into one, the total emission of Hi* - E(HY.

Total emission of Hy" is defined as the emission from all the possible transitions of Hs",
calculated by finding the total emission per molecule for the given temperature (using a
previously calculated function from the literature), assuming local thermal equilibrium
(LTE), and multiplying it by the corresponding column density. The total emission is a
useful parameter in its own right, providing the total power output attributable to Hj",
showing regions of cooling clearly and thus giving insights into the energy balance in the

Jovian ionosphere and thermosphere.

1.3.6 Previous measurements of the physical conditions

Previously observed measurements of the different H;* parameters discussed above are
shown in Table 1-1. The temperature of the H;" auroral emission has been recorded in
observations ever since the first detection of the ion by Drossart et al. (1989). The
temperatures appear to vary considerably across all those recorded, ranging between 600-
1100°K in the aurora regions. The column density appears to vary between 1-10x10'®
m?, though the variation does not appear to be controlled greatly by the corresponding
temperatures. The total emission is a relatively new parameter to be measured, but the

recordings so far made suggests it varies between 1-4x10°Wm>.
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Table 1-1: Previous measurements of Hs;* parameters, shown where applicable for the northern

aurora only

Publication Temperature | Column Density | Total Emission

°K) (x10**m?) (Wm?)
Drossart et al. (1989) 1099 (£100) 6-10* -—-
Oka and Geballe (1990) 670 (£100) 1.1-117
Miller et al. (1990) 1100 (£100)
Maillard ef al. (1990) 830(150); -t

850(x110)

Kim et al. (1992) 950 (£100) --- ---
Miller et al. (1991) 1020; 810 Varied ---
Ballester et al. (1994) 680-900 11.5 ---
Miller et al. (1995) 800-1000 ~10
Lam et al. (1997) 779-909 1.21-3.96° 0.0013-0.0026°
Miller et al. (1997a) 822 5.42 0.0037

* Predicted column density; a value of 1.39 (10.13)x10"m™ was measured for the 2v,(l=2) vibrational
state

' This assumes an equivalent vibrational temperature; a value of 0.1-1.0x10"*m was measured for v,=1
level

* Measured values of 1.16-2.36(10.14)x10'“m™ were made in the north for the upper state of the v, band
¥ Value before line-of-sight correction

1.3.7 Energy balance in the ionosphere

The temperatures recorded in the Jovian ionosphere are far beyond the expected
temperatures from solar flux energy input, which should produce a temperature no higher
than 200-300°K (Atreya et al., 1979). Non-auroral temperatures, which vary between
700°K and 950°K (de Bergh et al., 1992; Miller et al., 1997a) are several hundred degrees
higher than expected from the solar influx to the ionosphere thermosphere of just
60uWm? (Atreya, 1986). Waite et al. (1983) proposed that energy from the auroral
regions might be transported to lower latitudes by thermospheric winds, but the energy

source to power these winds is still not unambiguously identified.

Proposed sources for the missing energy source that causes this heating include energetic
particle precipitation, acceleration of photoelectrons, gravity waves and large-scale
energy transport (e.g., Atreya et al., 1979; Prangé, 1986; Hunten and Dessler, 1977; and
Sommeria, 1995). Of these mechanisms, only energy transportation appears to explain
the main features of the Jovian thermospheric structure in a self-consistent way (Waite et
al., 1983; Clarke et al., 1991).
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1.3.8 Dynamics of the Jovian aurorae

The “Outer Hill current system” associated with the breakdown in corotation described
above (1.1.3 The middle magnetosphere) results in large-scale meridional Pedersen
currents flowing through the auroral regions of the ionosphere, approximately coincident
with Jupiter’s bright auroral ovals. This meridional potential difference projected across
the ionosphere interacts with the near-vertical planetary magnetic field to produce an oval
aligned E x B Hall drift, which causes both ions and electrons to flow in an anti-

corotational direction - the auroral “electrojet” (Figure 1-2).

Indirect evidence of the electrojet

Prangé et al. (1997) detected an asymmetry in their Lya line profiles, with differences in
intensity between blue and red peaks, which they argue may be indicative of Doppler

motions of up to a few kilometres per second along the line-of-sight.

The effects of a supersonic electrojet have been modelled by Sommeria et al. (1995) to
explain both the permanent “bulge” in Lyo emission fixed at Ag ~100°, and the
planetwide excess in temperature in the Jovian upper atmosphere (see above). For the
collisional acceleration process to transport material and energy to the equator, the
electrojet velocity is required to be ~20 km/s, considerably above the speed of sound at
the 0.1pbar level, where Voung ~3 km/s.

The presence of mid-to-low latitude Hs" emission has been suggested as evidence of such
a transport of energy from the aurora to lower latitudes (Miller et al., 1997a), with
transport to the equator possible if Hs" is carried up the nanobar region, where the low
electron densities produce 7(Hs") ~10%. (Mid-to-low latitude precipitation was also
suggested as an alternative source of the Hs* emission, and is preferred in recent

modelling (Achilleos et al., submitted).)

Direct evidence of the electrojet

Rego et al. (1999) observed an “auroral event” using the CSHELL spectrometer on the
IRFT on Mauna Kea, on August 6, 1997 (see 2.1 The CSHELL Instrument, for details



of the spectrograph). This 20-30 minute fortuitous event resulted in the first ever
measurement of Doppler-shifted Hs" in the Jovian ionosphere. Using the slit aligned
along the rotational axis of the planet, the H3" latitudinal intensity profiles showed a
“double peak” structure. The outer peak was red-shifted, and the inner peak slightly blue-
shifted. For the period that the two-peaked structure was present, the poleward peak was
seen to be red-shifted relative to the equatorward peak by -2.5 +0.2 km/s.

These observations were shown to be consistent with H3* ions flowing in a clockwise,
anti-corotational, direction along the ~30R; auroral ovals in both hemispheres. This is
consistent with an E x B Hall drift forcing an ion wind around the planet along
equipotential magnetic field strength. This ion wind is the first direct evidence for a
Jovian auroral electrojet. The term electrojet applies to electric current, so the detection
of an ion wind cannot directly be equated with an electrojet. The E x B Hall drift that
forms the electrojet causes the electrons and ions to flow in the same direction, which in

theory results in zero net current.

However, the terrestrial auroral electrojet is commonly ascribed to a Hall current
(Bostrom, 1964), with the electrons undergoing an E X B drift and the ions being
constrained by collisions with the neutral atmosphere. JIM (Achilleos et al., submitted)
shows that collisions between the ions and neutral molecules in the upper atmosphere are
slowing, yet not halting, the flow of the ions around the magnetic pole. The velocity
difference between ions and electrons equates to an electric current, and thus an electrojet
does occur; the ion drift follows the same path as this electron drift, at a slower relative
velocity, allowing a H;* Doppler shift to be detected with respect to the rest frame of

Jupiter.

The only other evidence for H3* Doppler shifting from Jupiter currently made is a tenuous
detection of 2 km/s retrograde winds made on the Jupiter north and south-eastern limb
(Maillard et al., 1999). This was made with an estimated accuracy of 1 km/s, but the

work was only presented at conference, and remains unpublished in the literature.
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1.4 The Aims of this Study

The focus of this study is to investigate the role that H;* plays in controlling the
conditions of the Jovian atmosphere above the homopause. This involves the energy
balance not only of the ionosphere, but also of the surrounding thermosphere, as well as
conditions within the magnetosphere, to which the ionosphere is connected. The
measurement of a variety of interconnected parameters enables us to put forward an
integrated analysis, and the methods by which they are collated gives rise to an

unprecedented level of detail.

The use of IR images has provided a powerful technique to investigate the morphology of
the H3* aurora. The greater sensitivity that spectroscopy provides can be used to extend
the general forms seen in images to more accurate measurements of the different emission

strengths of different regions.

Investigations into the temperature structure of Hy" on Jupiter have previously focused on
the general variation with latitude and longitude, looking at non-auroral contributions as
well as the auroral ionosphere. However, previous to this study, a detailed high spatial

resolution study of the variation within the auroral region itself has not been attempted.

In addition to this, studies looking at spatial variation in temperature have used rotational
temperatures, which, while providing a temperature measurement that can be clearly
defined as being in LTE, and thus corresponding directly with the kinetic temperature,
provide a poorer sensitivity to the measurement, compared to the effective vibrational

temperature used in this study.

Improvements in temperature calculation are extended to the column density and total
emission calculation. Column density will be used to test the assumption of
correspondence between H;* emission and H;* production (which reflects energy
deposition). It will also, through the higher spatial resolution, provide a more accurate
determination of the true column density of narrow auroral features, which may have
been smoothed out with the lower spatial resolution used in previous studies. The total

emission will provide an accurate measure of the Hs3* cooling over the auroral region.
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The measurement of Doppler shifts across the auroral region provides an unprecedented
direct measure of the dynamics of the ionosphere. This allows the direct dynamical link
between the ionosphere and magnetosphere to be analysed for the first time. It also
shows how the indirect probing of some magnetospheric regions that have undergone no
previous measurements may be attempted. By comparision with modelling studies, the
measurement of the dynamics of the ionosphere allows extrapolation through to the
underlying thermosphere, providing essential information in the understanding of the

energy balance of the upper atmosphere of Jupiter.

Since we make use of observations across a total of five nights, our data can also be
presented in the context of an extended time frame. The observations provide examples
of Jupiter at all rotational positions, allowing us to choose the best viewing angles as

required.
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Chapter 2 : Observations,
Reduction and Data Analysis

The observations made for this thesis were obtained using the NASA InfraRed Telescope
Facility (IRTF) on Mauna Kea, Hawaii, between the nights of 7th September and 11th
September 1998. The IRTF is a 3.0-meter infrared telescope, which we used with the
CSHELL spectrograph to produce a spectral data set that provides a detailed examination

of the Jovian aurora across a wide range of Jovian configurations.

Using this data, it is possible to produce information about the physical conditions in the
Jovian ionosphere and thermosphere, to study the role of H;" in maintaining an energy
balance in the upper atmosphere, and derive new insights into the dynamic interaction

between the Jovian magnetosphere and ionosphere.

2.1 The CSHELL Instrument

CSHELL is a long-slit high-resolution spectrograph, using an echelle grating with
narrow-band circular variable filters that isolate a single order within a spectral range of
1-5um. It has a single 256x256 SBRC InSb charge-couple device (CCD) sensitive
between 1.08-5.60um, which results in a detector array output of 256 spectral by 160
spatial pixels. Its slit is 30" (arcsec) in length, with discrete slit widths of 0.5", 1.0", 1.5",
2.0" and 4.0", which can achieve resolving powers up to 42000, or 7 km/s. The spatial
resolution allows 0.2” per pixel, equivalent to 575 km at the equator of Jupiter for the
observations described here, although the area within a pixel increases dramatically

towards the limbs.
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CSHELL also has a direct imaging mode in which a plane mirror substitutes for the
grating and provides an image of the 30" field-of-view on the infrared array, with a
spatial resolution of 0.2” per square pixel. Further technical information on the design
and performance of CSHELL is beyond the remit of this thesis, but can be found in the
literature (Greene et al., 1993; Tokunaga et al., 1990; and the CSHELL user’s manual).

2.1.1 Instrument design overview

Figure 2-1 and Figure 2-2 are taken from the CSHELL manual, and show the light path
through the instrument. The incoming beam from the IRTF is intercepted by the input
lens, forming an image of the focal plane at the slit while forming an image of the pupil at
the secondary mirror of the collimator. Alignment with the optical axis of the telescope is
achieved by translating and rotating the input lens and the first flat mirror together as a

unit.

A dichroic mirror, a special type of interference filter, reflects the IR to the slit while
permitting the visible light to be viewed with a visible CCD camera (not shown). This
allows the telescope to acquire and guide by the object being viewed, with a visible light
counterpart. The infrared light is then separated into the specific order required by the
Circular Variable Filter wheels (a CVF is an interference filter, where the thickness of the
interference layer varies along an arc); individual filters allow through only one order

onto the IR array.

After the filter wheels, the beam passes through an off-axis collimator designed to
produce a collimated beam, a beam of photons aligned in a single direction. A "direct
imaging mirror", shown in Figure 2-2, can be inserted into the beam, sending the beam
back to the collimator, to form an image of the focal plane at the IR array. The telescope
focal plane can thus be viewed directly in the IR, and the slit positioned before a spectral

image is taken. It is also possible to record an image of the field if desired.

The light travels through the echelle grating or, if in direct imaging mode, a second flat
mirror placed in front of the grating. It is then directed via a third and fourth flat mirror
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Labelling convention within this thesis

Throughout this thesis, Jupiter’s reference frame is defined by the Central Meridian
Longitude (CML), which is defined as the position of noon on the planet in System III

(magnetic) co-ordinates.

The x and y directions referred to within this thesis are defined to correspond with the

array as shown here.
For spectral images:

The wavelength variation is in the x-direction, increasing from blue to red with the value

of x;
X, =\

The spatial variation is in the y-direction, moving from east on the sky to west on the sky

with increasing values of y;
Y., = Distance (E —W)
For images:

The x-direction is aligned with the rotational axis of Jupiter, with increasing values of x

corresponding to position down the planet, north to south;
X, =Distance (N - 5)

The y-direction is identical to that of the spectral images, with increasing values of y

moving from east to west on the sky;

¥, = Distance (E -W)
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If a light source is anisotropic across the slit width, the apparent position of the peak
intensity will be shifted from the true position. While this effect is not greatly important
in most data analysis, when looking at Doppler shifts associated with the aurorae, the
variations caused by the anisotropy in the slit will significantly alter the peak intensity
position (Figure 2-3). This variation occurs in the very regions where true velocity

variations are predicted to be strongest, across the electrojet.

True CSHELL resolution

Recent reports by the CSHELL technicians suggest that, although the stated resolving
power of the instrument is 43000 with a 0.5” slit, there are indications that the maximum
resolution achievable with CSHELL has degraded substantially from the nominal value.
Resolutions of 20000-30000 have been estimated, which amounts to a broadening of 1-2
pixels over the expected value of 2.5 pixels. Such a decrease in resolution effectively
causes a 0.5” slit to perform as it were significantly wider, between 0.7-1.0”. It is not

currently known what has caused this degradation of resolution.

However, the problem was first reported to the scientific community in January 2000, a
year and a half after the observations discussed in this thesis were made. It is thus
plausible that the problem did not exist at the time of observations and, when the
resolution was tested on our data, there appeared to be no degradation in quality. The
work presented here thus assumes that there is negligible effect on the resolution of our

measurements because of this effect.

Positioning of the Direct Imaging Mirror

The CSHELL technicians have reported that the Direct Imaging Mirror has experienced
problems with its limit switches, which control the positioning of the mirror. As a result,
the mirror may not come back to exactly the same position in the beam if it is moved out,
causing the slit to appear in a different column on the array each time the mirror is

replaced.

The technicians recommend that observers using the smallest slit width, and those who

require precise information about the location of the slit on their targets, should image the
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slit with the DI Mirror in the beam before each observation. This imaging is included in

each sequence of spectra (see Figure 2-6 and Figure 2-10).

2.2 Observations

CSHELL was used to collect the entire data set used in this thesis. The data was collected
over a period of the five nights of 7™-11" September 1998. Each night of observations
followed a predetermined sequence of collection, which was adapted and improved as the

evenings progressed.

The H3* (v2 = 0) Q(1,0) fundamental line located at 3.953um or 2529.72cm’ was used
for the observations. This wavelength is in the L’ window for terrestrial atmospheric
transmission. It is one of the strongest emission lines of H;" at 1000°K, and also lies
within a region of methane absorption, centred on 3.43um. Thus stratospheric Jovian

methane effectively reduces the reflected solar and deeper Jovian emission to zero.

The original objective for these observations was to locate, characterise and measure the
variations in Doppler shifts from the Jovian auroral region. The first detection of these
shifts (Rego et al., 1999) clearly originated from an “auroral event”, which may have
lasted only 20 minutes. The implications of this original detection for ionospheric and
magnetospheric conditions were profound. Further investigations were required to
produce a better understanding of the dynamics within the aurora. Our observations were
made to provide a detection of these Doppler shifts under more “normal” conditions, and

produce continuous observations of the dynamic effects seen over an extended period.

However, during the observations taken on the first night, it became clear that in addition
to the fundamental H;* line there appeared to be a secondary spectral line located at
3.949um, which matched the 3.953um line in spatial morphology. Further investigation
discussed below showed this to be a hotband of H;*, which was subsequently used to
provide detailed information on the temperature and column density in the Jovian auroral

region.
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2.2.1 Definition of the terms used in data recording

Nodding of the instrument

At the wavelengths used in this thesis, the Earth’s sky emits considerably more radiation
than the object of interest. In order to remove “sky emission” properly, the observations
of the object (the “A” frame) require an additional frame consisting of a second exposure
of the sky alone (the “B” frame). This is made with an equivalent exposure, with the
telescope “nodded” by about 1’ (arcmin) off the object. By setting the telescope into
“A/B mode”, a sky B frame can be taken automatically. It should be noted that this takes

twice as long to observe as using the telescope in A-only mode.

Exposure styles

To produce the spectral image, CSHELL allows three variable observation parameters,
and the style of exposure used is given by the code time/coadds/cycles. This should be

read right to left to distinguish what the observation consists of.

Cycles is used in the CSHELL macros (see Appendix C : Examples of Programming
Code) to allow repeated observations to occur consecutively. If this value is set above 1,

the instrument will repeat the observation, and record the result in a separate file.

An individual observation can consist of a single or a set of coadded exposures on the
object. Coadds are taken consecutively and added together once the observation is
completed, before the file is saved. Nodding of the instrument is performed at the end of

a sequence of coadds on the object.

The exposure time is the recording time of each part of the coadd and copies of the
observation, given in seconds. Coadd and copies are often set to 1, so that time is the
total time of exposure. When nodding is used, time describes the exposure time for the

object and sky frames individually.

Airmass

Airmass () is a measure of the amount of the Earth’s atmosphere through which the light

from an observation passes. This assumes flat-plane atmosphere, and is defined as:
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final calibration combined these with arc lamp, sky line and star spectra to understand the
full instrumental effects seen in collected data.

1. Early evening set-up observations

The initial step of each night’s observation began before the sun had set. A sequence of arc
lamp lines was collected, along with supporting darks (spectral images taken with no source

and a closed shutier) to remove bad pixels and dark current.

The main use for these in the work of this thesis was to provide calibration for wavelength
dispersion and non-linearity on the array. The echelle grating is fixed for the night at the
optimum position to align the 3.953um line of H;* with the centre of the array. The lamp
lines are observed through a higher order filter than is required by the H;" lines, so their
position on the array appears as a forced wavelength centred around the wavelength

corresponding to the grating chosen.

Four Krypton lines were chosen for their position on the wavelength direction of the array, to
allow coverage over the majority of the array. On the discovery of the hotband that will be
described in 2.4 Secondary Line in the Spectra, an additional argon line was added to
provide reasonable calibration on the far left (blue) of the array. All the arc line observations

were made using a 0.5” slit. The apparent wavelength position of all the lamp lines are shown

in Figure 2-5.
Table 2-1: The macro for observations of the lamp lines
Arc Lamp Exposure time (s) | Actual Wavelength | Apparent Wavelength
Krypton 40 1.5373 3.95389
120 1.4957 3.955297
(double line) 40 1.7852 3.951964/ 3.951971
500 1.3835 3.953331
Argon 500 1.84328 394783 &
(double line) 3.949886/3.950019

Once the lamp line spectral images were recorded, the celestial observations could begin. All
subsequent data taken was of astronomical objects and, by changing only the filter used, the
echelle grating could be kept in its original position throughout the night.
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