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ABSTRACT

The properties and dynamics of gas and plasma clouds within the solar 
wind and in the magnetosphere may be determined by studying the 
motion and evolution of these clouds in the appropriate region. These 
clouds may occur naturally, as in the case of cometary atmospheres, 
or they may be generated by injection of suitable tracer materials 
from rockets or satellites.

Optical observations of the resulting distributions of ions and 
neutrals, under all of the above conditions, have been performed 
using an Imaging Photon Detector, in conjunction with a set of 
narrow-band interference filters. Line of sight velocity maps of the 
ions and neutrals have been obtained using a Doppler Imaging System, 
consisting fundamentally of a Fabry-Perot etalon coupled to an 
Imaging Photon Detector.

The spatial distributions of the neutral cometary species CN and C2 

have been monitored over a wide range of heliocentric distances to 
yield important information on possible production and destruction 
mechanisms.

The study of cometary plasmas is characterized by the fact that 
cometary ions, in particular C0+ and H20+ , can be used as tracers for 
the dynamical processes taking place. The large-scale and near
nucleus images of the ion coma and tail of the comets Giacobini- 
Zinner and Hailey are compared and contrasted with each other and 
with the spacecraft results.

Imaging and Doppler Imaging Systems have been used to observe several 
artificially injected plasma clouds in both the magnetosphere and the 
near space environment. When released in the magnetosphere, the 
migrating ions trace out the distant field and provide direct 
evidence of the topology of the field. In the near space environment, 
the interaction of the plasma with the solar wind resembles in many 
respects the processes occurring in the plasma tails of comets.
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from TMF. The comet was 1.38 AU from the Sun and 
0.70 AU from the Earth.
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Figure 5.1b This image shows the appearance of the CN coma of comet 
Hailey, post-perihelion, on 2 May 1986 at 21:39 UT.
This image was taken with the 300 mm Nikon camera lens 
from La Palma. The comet was 1.65 AU from the Sun and 
0.83 AU from the Earth.

Figure 5.lc This image shows the appearance of the CN coma of comet 
Bradfield, post-perihelion, on 22 December 1987 at 
02:37 UT. This image was taken with the 300 mm Nikon 
camera lens from TMF. The comet was 1.19 AU from the 
Sun and 0.86 AU from the Earth.

Figure 5.Id This image shows the appearance of the CN coma of comet 
Borrelly, close to perihelion, on 22 December 1987 at 
07:28 UT. This image was taken with the 300 mm Nikon 
camera lens from TMF. The comet was 1.36 AU from the 
Sun and 0.52 AU from the Earth.

Figure 5.2a The large-scale CN profile of comet Hailey taken with 
the 300 mm Nikon camera lens from TMF on 
8 December 1985 at 03:26 UT. A daughter scale length of 
1.25 x 10^ km is deduced from this profile.

Figure 5.2b The large-scale CN profile of comet Hailey taken with 
the 300 mm Nikon camera lens from La Palma on 
2 May 1986 at 21:39 UT. A daughter scale length of
1.3 x 10^ km is deduced from this profile.

Figure 5.2c The large-scale CN profile of comet Bradfield taken 
with the 300 mm Nikon camera lens from TMF on 
22 December 1987 at 02:37 UT. A daughter scale length 
of 0.7 x 10^ km is deduced from this profile.

Figure 5.2d The large-scale CN profile of comet Borrelly taken with 
the 300 mm Nikon camera lens from the TMF on 
22 December 1987 at 07:28 UT. A daughter scale length

Cof 0.75 x 10 km is deduced from this profile.
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Figure 5.3a This image shows the near-nucleus appearance of the CN 
coma of comet Hailey, post-perihelion, on 22 March 1986 
at 11:48 UT. This image was taken with the 
16" telescope at TMF. The comet was 1.02 AU from the 
Sun and 0.76 AU from the Earth.

Figure 5.3b This image shows the inner CN coma of comet Wilson, 
pre-perihelion, on 4 November 1986 at 02:33 UT. This 
image was taken on the 24" telescope at TMF. The comet 
was 2.66 AU from the Sun and 2.64 AU from the Earth.

Figure 5.3c This image shows the inner CN coma of comet Bradfield, 
post-perihelion, on 19 December 1987 at 02:18 UT. This 
image was taken on the 24" telescope at TMF. The comet 
was 1.16 AU from the Sun and 0.85 AU from the Earth.

Figure 5.3d This image shows the inner CN coma of comet Borrelly, 
close to perihelion, on 19 December 1987 at 05:43 UT. 
This image was taken with the 24" telescope at TMF.
The comet was 1.36 AU from the Sun and 0.51 AU from the 
Earth.

Figure 5.4a The near-nucleus CN profile of comet Hailey taken with
the 24" telescope at TMF on 22 March 1986 at 11:48 UT.
A parent scale length of 22,000 km is deduced from 
this profile.

Figure 5.4b The near-nucleus CN profile of comet Wilson taken with
the 24" telescope at TMF on 4 November 1986
at 02:33 UT. A parent scale length of 95,000 km is 
deduced from this profile.

Figure 5.4c The near-nucleus CN profile of comet Bradfield taken 
with the 24" telescope at TMF on 19 December 1987 
at 02:18 UT. A parent scale length of 42,000 km is 
deduced from this profile.
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Figure

Figure

Figure

Figure

Figure

Figure

Figure

.4d The near-nucleus CN profile of comet Borrelly taken 
with the 24" telescope at TMF on 19 December 1987 
at 05:43 UT. A parent scale length of 55,000 km is 
deduced from this profile.

.5a This image shows the near-nucleus appearance of the C2 

coma of comet Hailey, post-perihelion, on 18 March 1986 
at 12:00 UT. This image was taken with the 
24" telescope at TMF. The comet was 0.96 AU from the 
Sun and 0.86 AU from the Earth.

.5b This image shows the inner C2 coma of comet Hailey,
post-perihelion, on 6 May 1986 at 00:00 UT. This image 
was taken with the JKT at La Palma. The comet was 
1.70 AU from the Sun and 0.95 AU from the Earth.

.5c This image shows the inner C2 coma of comet Bradfield, 
post-perihelion, on 21 December 1987 at 02:19 UT. This 
image was taken with the 24" telescope at TMF. The 
comet was 1.18 AU from the Sun and 0.86 AU from the 
Earth.

.5d This image shows the inner C2 coma of comet Borrelly, 
close to perihelion, on 21 December 1987 at 06: 10 UT. 
This image was taken with the 24" telescope at TMF.
The comet was 1.32 AU from the Sun and 0.52 AU from the 
Earth.

,6a The near-nucleus C2 profile of comet Hailey taken with 
the 24" telescope at TMF on 18 March 1986 at 12:00 UT.
A parent scale length of 46,000 km is deduced from this 
profile.

.6b The near-nucleus C2 profile of comet Hailey taken with 
the 1 m JKT at La Palma on 6 May 1986 at 00:00 UT.
A parent scale length of 35,000 km is deduced from this 
profile.
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Figure 5.6c

Figure 5.6d

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 6.1

Figure 6.2

Figure 6.3

The near-nucleus C2 profile of comet Bradfield taken 
with the 24" telescope at TMF on 21 December 1987
at 02:19 UT. A parent scale length of 20,000 km is
deduced from this profile.

The near-nucleus C2 profile of comet Borrelly taken 
with the 24" telescope at TMF on 21 December 1987
at 06:10 UT. This profile is anomalous in that no fit
is obtained.

The heliocentric variation of the CN daughter scale 
length as found by all authors.

The heliocentric variation of the CN parent scale 
length as found by all authors.

The heliocentric variation of the C2 parent scale 
length as found by all authors.

C2 profiles of the comets Hailey, Bradfield and 
Borrelly scaled to R = 1 AU and delta = 1 AU to 
highlight the anomalous behaviour of C2 in Borrelly.

CHAPTER 6

The near-nucleus image of comet Giacobini-Zinner in 
the emission of 0(^D) at 630.0 nm, taken with the 
JKT at La Palma on 1 September 1985 at 03:38 UT.

The near-nucleus 0(^D) Doppler image of comet 
Giacobini-Zinner taken with the JKT at La Palma 
on 2 September 1985 at 03:37 UT. The comet was 1.03 AU 
from the Sun and 0.47 AU from the Earth.

Two 45° sector profiles through the Doppler image 
shown in Figure 6.2. The red trace is the profile 
through the comet signal and the green trace is the 
profile in the opposite direction (used to estimate the 
sky background).
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Figure 6

Figure 6

Figure 6

Figure 6

Figure

Figure

Figure

Figure

Figure

Figure

.4 Two 45° sector profiles through the Doppler image
of Figure 6.2 after correction for sky background. The 
magenta trace is the 0(^D) profile and the cyan trace 
is the NH2 contamination.

.5 An example fit to the 0(^D) profile of figure 6.1
using the parameter set 1.

.6 An example fit to the 0(^D) profile of figure 6.1
using the parameter set 2.

.7a Computer generated test comet image having a profile 
varying inversely with projected distance 
(count - 5,000/R).

>.7b Computer generated test spiral at 10% main signal of 
figure 6.7a.

>.7c Computer generated test comet image with test spiral,
formed by adding the images in figures 6.7a and 6.7b.

5.7d The result of applying the ring-masking technique to
the image of figure 6.7c. The global radial profile has 
been removed and the spiral recovered.

5.8a The test comet with spiral of figure 6.7c with Poisson 
noise added. The spiral is still just visible in the 
image.

5.8b The result of applying the ring-masking technique to
the image of figure 6.8a. The spiral is again recovered 
although not as dramatically as in figure 6.7d.

6.8c A test comet with profile varying as 500/R and spiral 
at 10% with Poisson noise. The spiral is now not 
visible. It has been drowned in the noise.
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Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

.8d The result of applying the ring masking technique to 
the image of figure 6.8c. The spiral is clearly not 
recovered.

.9a The test comet of figure 6.6c smoothed three times with 
a five-point spline.

,9b The result of applying the ring-masking technique to 
figure 6.9a. The spiral has still not been recovered.

.9c The test comet of figure 6.8c smoothed with a heavy 
Fourier filter.

.9d The result of applying the ring-masking technique to
figure 6.9c. The spiral has just been recovered though 
other spurious features are also apparent.

.10 The results of applying the ring-masking technique to
four different, near-nucleus, CN images of comet Hailey 
taken with the VHSIS in March 1986.

».ll The results of applying the ring-masking technique to
two different, near-nucleus, C2 images and two 
different, near-nucleus, C0+ images of comet Hailey 
taken with the VHSIS in March 1986.

i.12 The results of applying the ring-masking technique to 
four different, near-nucleus, H 2 0 + images of comet 
Hailey taken with the VHSIS in March 1986.

>.13 The results of applying the ring-masking technique to 
four different, near-nucleus, dust images of comet 
Hailey taken with the VHSIS in March 1986.
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Figure 7

Figure 7

Figure 7

Figure 7

Figure 7

Figure

Figure

Figure

CHAPTER 7

.1 Schematic of the ICE encounter with comet Giacobini
-Zinner, taken from von Rosenvinge et al. [1986], 
indicating the times different regions were crossed.

.2 Flyby geometry of the six Hailey spacecraft at
encounter, taken from Reinhardt [1987a] and showing the 
flyby dates, phase angles and speeds.

.3 Schematic of the Vega encounters with comet Hailey,
taken from Gringauz et al. [1986], showing the plasma 
environment.

.4 The plasma flow vectors obtained during the encounter
of Suisei with comet Hailey, taken from Mukai et al. 
[1986].

.5 Schematic of the Giotto encounter with comet Hailey,
taken from Neubauer et al. [1986] and showing the 
cometary plasma environment.

'.6 Schematic representation of the global morphology of
the solar wind interaction with a well-developed 
cometary atmosphere, taken from Mendis [1987].

r.7a A near-nucleus image of comet Giacobini-Zinner taken
near to perihelion in the light of the H 2 0 + molecule at 
580 nm. This image was taken with the JKT at La Palma 
on 30 August 1985 at 05:17 UT. The comet was 1.03 AU 
from the Sun and 0.47 AU from the Earth.

1.7b A near-nucleus image of comet Giacobini-Zinner taken
near to perihelion in the light of the H 2 0 + molecule at 
700 nm. This image was taken with the JKT at La Palma 
on 31 August 1985 at 03:36 UT. The comet was 1.03 AU 
from the Sun and 0.47 AU from the Earth.
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Figure 7.7c A near-nucleus image of comet Giacobini-Zinner taken
near to perihelion in the light of the C0+ molecule at 
426 nm. This image was taken with the JKT at La Palma 
on 3 September 1985 at 05:46 UT. The comet was 1.03 AU 
from the Sun and 0.47 AU from the Earth.

Figure 1.76. A large-scale image of comet Giacobini-Zinner taken
near to perihelion in the light of the molecule at
700 nm. This image was taken with the Meade 8" portable 
telescope at La Palma on 11 September 1985 at 05:15 UT. 
The comet was 1.03 AU from the Sun and 0.47 AU from the 
Earth.

Figure 7.8 A line profile of the image shown in figure 7.7a
along the sun-comet vector and passing through the 
centre of the comet.

Figure 7.9 Maximum and minimum sunward profiles taken from the 
image of figure 7.7a with power law fits.

Figure 7.10 Maximum and minimum tailward profiles taken from the 
image of figure 7.7a with power law fits.

Figure 7.11a A near-nucleus image of comet Hailey taken post
perihelion in the light of the C0+ molecule at 402 nm. 
This image was taken with the 24" telescope at TMF on 
5 March 1986 at 13:04 UT. The comet was 0.77 AU from 
the Sun and 1.18 AU from the Earth.

Figure 7.11b A near-nucleus image of comet Hailey taken post
perihelion in the light of the C0+ molecule at 402 nm. 
This image was taken with the 24" telescope at TMF on 
6 March 1986 at 12:39 UT. The comet was 0.77 AU from 
the Sun and 1.18 AU from the Earth.
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Figure

Figure

Figure

Figure

Figure

Figure

Figure

.11c A near-nucleus image of comet Hailey taken post
perihelion in the light of the C0+ molecule at 402 nm. 
This image was taken with the 24" telescope at TMF on 
6 March 1986 at 13:01 UT. The comet was 0.77 AU from 
the Sun and 1.18 AU from the Earth. The comet head has 
been offset to show the tail rays.

.lid A near-nucleus image of comet Hailey taken post
perihelion in the light of the ^ 0 *  molecule at 580 nm. 
This image was taken with the 24" telescope at TMF on 
13 March 1986 at 12:36 UT. The comet was 0.88 AU from 
the Sun and 0.99 AU from the Earth.

.12 A line profile of the 0̂"*" image shown in figure 7. lid 
along the sun-comet vector and passing through the 
centre of the comet.

.13 Maximum and minimum sunward profiles taken from the 
image of figure 7.lid with power law fits.

.14 Maximum and minimum tailward profiles taken from the 
image of figure 7.lid with power law fits.

.15a A large-scale image of comet Hailey taken pre-
perihelion in the light of the C0+ molecule at 402 nm. 
This image was taken with a 300 mm Nikon camera lens 
from TMF on 13 December 1985 at 04:09 UT. The comet was 
1.30 AU from the Sun and 0.79 AU from the Earth.

r.15b A large-scale image of comet Hailey taken post
perihelion in the light of the C0+ molecule at 402 nm. 
This image was taken with a 180 mm Nikon camera lens 
from TMF on 9 March 1986 at 12:22 UT. The comet was 
0.84 AU from the Sun and 1.08 AU from the Earth.
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Figure 7.15c A large-scale image of comet Hailey taken post
perihelion in the light of the ^ 0 * molecule at 620 nm.
This image was taken with a 300 mm Nikon camera lens 
from TMF on 13 March 1986 at 12:33 UT. The comet was 
0.89 AU from the Sun and 0.98 AU from the Earth.

Figure 7.15d A large-scale image of comet Hailey taken post
perihelion in the light of the C0+ molecule at 402 nm.
This image was taken with a 180 mm Nikon camera lens 
from TMF on 20 March 1986 at 11:59 UT. The comet was
1.00 AU from the Sun and 0.80 AU from the Earth. A 
dramatic tail disconnection event can be seen to be in 
progress.

A 3-dimensional representation of the image shown in 
figure 7.15d, illustrating the extent of the two tails.

CHAPTER 8

The appearance of the 27 December 1984 AMPTE 
"artificial comet" through the DIS on board the 
Convair 990 aircraft at 12:33:55 UT.

The appearance of the 27 December 1984 AMPTE 
"artificial comet" through the DIS on board the 
Convair 990 aircraft at 12:34:46 UT.

The appearance of the 27 December 1984 AMPTE 
"artificial comet" through the DIS on board the 
Convair 990 aircraft at 12:35:41 UT.

The appearance of the 27 December 1984 AMPTE 
"artificial comet" through the DIS on board the 
Convair 990 aircraft at 12:36:37 UT.

The appearance of the 21 March 1985 AMPTE magnetotail 
release at 09:29:58 UT taken with a 180 mm Nikon camera 
lens from the Convair 990 aircraft.

Figure 7.16

Figure 8 .la

Figure 8 .lb

Figure 8 .lc

Figure 8 .Id

Figure 8.2a
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Figure 8

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

.2b The appearance of the 21 March 1985 AMPTE magnetotail 
release at 09:39:28 UT, taken with a 180 mm Nikon 
camera lens from the Convair 990 aircraft.

.2c The appearance of the 21 March 1985 AMPTE magnetotail 
release at 09:44:23 UT, taken with a 180 mm Nikon 
camera lens from the Convair 990 aircraft.

. 2d A Doppler image of the 21 March 1985 AMPTE magnetotail
release at 09:32:28 UT through the DIS on board the 
Convair 990 aircraft.

.3 A Doppler image of a barium jet taken on 30 March 1984
at 11:07 UT from Poker Flats Research Range.

i.4 The line of sight ion velocities determined from
figure 8.3.

:.5a An image of a barium jet (ray A) taken from Poker Flats
on 3 April 1986 at 10:44:04 UT.

!.5b An image of two barium jets (ray A through centre,
ray B entering from top right) taken from Poker Flats 
on 3 April 1986 at 10:44:42 UT.

5.5c An image of two barium jets (ray A through centre,
ray B fading to the lower right) taken from Poker Flats 
on 3 April 1986 at 10:46:37 UT.

3.5d An image of a barium jet (ray A) taken from Poker Flats
on 3 April 1986 at 10:50:44 UT.

8 .6 a A Doppler image of a barium jet (ray A) taken from
Poker Flats on 3 April 1986 at 10:43:49 UT.

8 .6b A Doppler image of two barium jets (ray through centre,
ray B entering from top right) taken from Poker Flats 
on 3 April 1986 at 10:44:26 UT.
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Figure

Figure

Figure

Figure

Figure

.6 c A Doppler image of two barium jets (ray A through
centre, ray B fading to the lower right) taken from 
Poker Flats on 3 April 1986 at 10:46:18 UT.

.6 d A Doppler image of a barium jet (ray A) taken from
Poker Flats on 3 April 1986 at 10:50:08 UT.

.7 Schematic representation of the line of sight
velocities measured in the developed jet (ray A) in 
figure 8 .6b.

.8 Schematic representation of the line of sight
velocities measured in the developing jet (ray B) in 
figure 8 .6b.

.9 A 5 s integration showing the appearance of the
first barium release of the CRIT I experiment 7.5 s 
after the Release (taken from Stenbaek-Nielsen et al. 
[1990]).

1.10 A computer simulation of Figure 8.9 (taken from 
Stenbaek-Nielsen et al., [1990]).
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CHAPTER 1

INTRODUCTION TO THE STUDY OF NATURAL AND ARTIFICIAL GAS AND PLASMA 
CLOUDS WITH IMAGING AND DOPPLER IMAGING SYSTEMS

1.1 Introduction

Although the structure of the Solar System may appear to be dominated 
by the "solid objects" which it contains, such as the planets and 
their satellites, much of the interesting physics is related to more 
or less tenuous gases in a neutral, partly ionized or fully ionized 
state. Since 99% of the visible material in the universe is probably 
made up of matter in the plasma state, the great importance of 
studying the processes occurring within plasmas of both terrestrial 
and stellar origin becomes apparent. Furthermore, in addition to the 
significant part it plays in stellar, planetary and cometary 
atmospheres and in the interplanetary and interstellar medium, plasma 
physics has numerous important applications in the fields of gas 
electronics, controlled nuclear fusion and space research.

The properties and dynamics of gas and plasma clouds within the solar 
wind and in the magnetosphere may be determined by studying the 
motion and evolution of these clouds in the appropriate region. These 
clouds may occur naturally, as in the case of cometary atmospheres, 
or they may be generated by injection of suitable materials from 
rockets or satellites. Examples of the latter include the releases 
associated with the Active Magnetospheric Particle Tracer Explorer 
(AMPTE) project [Krimigis et al., 1982] and the barium shaped-charge 
releases from rockets used to search for auroral belt E„ fields (see, 
for example, Heppner et al. [1989]). Comets are also interesting 
objects in their own right, in that they are expected to be remnants 
left over from the formation of the Solar System which have preserved 
the chemical and physical characteristics of the condensing matter. 
They also provide a direct insight into important photochemical 
reactions not readily observable in the laboratory or in the 
terrestrial atmosphere.
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The resulting distributions of ion and neutral species under the
above conditions have been observed using a Very High Sensitivity 
Imaging System (VHSIS) consisting of an Imaging Photon Detector (IPD) 
[McWhirter et al., 1982] in conjunction with a set of narrow-band 
interference filters, to isolate the specific important emission 
lines and bands of the natural and man-made gas and plasma clouds. 
Two-dimensional line of sight velocity maps of the ion and neutral 
species have been obtained under some of the above conditions with a 
Doppler Imaging System (DIS), consisting essentially of a Fabry-Perot 
etalon coupled to an IPD.

Over the past five years several comets have been observed with VHSIS 
and DIS systems (section 1.2). 1 m and 24" class telescopes have been 
used for near-nucleus studies and a selection of wide-angle Nikon 
camera lenses, mounted piggy-back on the larger telescopes, have been 
used to study large-scale structures.

The past decade has been an exciting period in cometary physics, 
highlighted by the sending of one spacecraft to comet Giacobini-
Zinner and an international armada of five spacecraft to comet Hailey 
(section 1.3). On 11 September 1985 the International Cometary 
Explorer (ICE) became the first spacecraft to encounter a comet when 
it successfully passed through the plasma tail of comet Giacobini- 
Zinner. In March 1986 five spacecraft encountered comet Hailey. These 
spacecraft, which included two Russian probes, two Japanese probes 
and one European probe, all made their closest approach to the comet 
during the period from 6 March 1986 to 14 March 1986.

Over the past six years several artificial chemical releases, both in 
the magnetosphere and in the near space environment, have been
observed with VHSIS and DIS systems (section 1.4). Both instruments
have employed a fairly large field of view (greater than 3° of arc) 
to track the resulting distributions and line of sight velocities of 
ions and neutrals.

The VHSIS and DIS systems employed to observe the natural and man- 
made gas and plasma clouds are discussed in chapter 2 , and the basic 
methods employed to analyze the data are presented in chapter 3. The 
subject of cometary physics is introduced in chapter 4. The next two
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chapters present the results from the study of the neutral comas of 
the observed comets. The plasma tail of comets Giacobini-Zinner and 
Hailey are compared and contrasted in chapter 7. The results from the 
observations of the artificial chemical release experiments are 
discussed in chapter 8 . The results from the present study are 
summarized in the final chapter. A more detailed synopsis of this 
thesis is presented in section 1.5.

1.2 The Comets Observed with VHSIS and DIS Systems

Comet Giacobini-Zinner was the first cometary target to be studied 
with VHSIS and DIS systems (section 1.2.1). Comet Hailey, the main 
target, was observed during its recent apparition in three separate 
observing periods (section 1.2.2). Several additional cometary 
targets of opportunity have since been observed (section 1.2.3). A 
detailed log of all the cometary campaigns to date is given in 
table 1 .1 .

1.2.1 Observations of Comet Giacobini-Zinner

Comet Giacobini-Zinner was observed for a three week period from 
25 August 1985 to 13 September 1985 from the Observatorio del Roque 
de los Muchachos, La Palma. The goals of these observations were 
twofold: to monitor the comet around the time of the ICE intercept 
and to evaluate the system for the forthcoming, important apparition 
of comet Hailey.

An 8 " Meade portable telescope was used from 25 August 1985 to 
27 August 1985 to study large-scale phenomena. The 1 m Jacobus 
Kapteyn Telescope (JKT) was used from 28 August 1985 to 3 September 
1985 to study the near-nucleus region. The 8 " Meade was again used 
from 4 September 1985 to 13 September 1985, primarily to monitor the 
progress of the comet up to and around the time of the encounter by 
the ICE spacecraft.

The neutral coma in CN was observed to extend to a radius of at least
400.000 km, which was far beyond the "bow wave" identified by the ICE 
spacecraft. The ion coma was detected to a sunward distance of about
50.000 km and an ion tail fan was recorded to a maximum length of
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500,000 km. An extended type I tail central condensation was not 
observed. The maximum observed extent of the "ionospheric tail" was 
about 50,000 km, 5 hours prior to the encounter with the ICE 
spacecraft. This ionospheric tail rapidly diffused into a broad tail 
fan. These initial results are discussed in more detail in Rees et 
al. [1986b].

1.2.2 Observations of Comet Hailey

Observations of this comet were made over three separate observing 
periods.

Pre-perihelion observations were made from 30 November 1985 to 
14 December 1985 from the Table Mountain Facility (TMF) of the Jet 
Propulsion Laboratory (JPL), situated near Wrightwood, California. 
The 24" telescope was used for near-nucleus studies and a 300 mm
Nikon camera lens, mounted piggy-back on the telescope, was used to
study large-scale phenomena.

The first observations post-perihelion were made at the end of 
February 1986 from TMF with the Meade 8 " portable telescope. The 
24" telescope and a selection of Nikon camera lenses were used from 
5 March 1986 to 18 March 1986, and the 16" telescope and the Nikon 
camera lenses were used from 19 March 1986 until 24 March 1986.

These initial post-perihelion observations were very important, due 
to their coincidence with the five spacecraft encounters. Comets may 
show rapid evolution and unpredictable changes in their structure and 
brightness, particularly when they are in the inner Solar System. 
Therefore, up to date information on the development of the neutral, 
ion and dust comas of comet Hailey was essential for the scientists 
involved in the spacecraft missions. It was obvious that images from 
the 1910 apparition, from the pre-perihelion period, or, indeed, even 
from one week prior to encounter would be unrepresentative of the 
structure and activity during the encounter. For this reason, 
considerable time and effort was spent to set up a means of
transmitting the VHSIS images in near real time to the European Space
Operations Centre (ESOC) at Darmstadt [Rees et al., 1986d]. Many 
images of the comet obtained with the VHSIS were transmitted to ESOC
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during the encounter period, where they provided information to the 
Giotto scientists on the comets activity.

A third set of observations of comet Hailey were made from 29 April 
1986 to 5 May 1986 from La Palma. The JKT was used to study near
nucleus phenomena and a 300 mm Nikon camera lens, mounted piggy-back 
on the JKT, was used for large-scale studies.

A final attempt was made to observe comet Hailey from TMF in early 
October 1986, when the comet was 3.9 AU from the Sun. Due to the 
faintness of the object (magnitude 14) and the poor observing 
geometry (the comet was only observable for a short period before 
dawn), however, no useful results were obtained.

Sodium emission was detected from comet Hailey when the comet was at 
a heliocentric distance of 1.4 AU in December 1985, an observation 
confirmed by the Doppler Imaging System (DIS). The CN coma could be 
detected to an outer radius of more than 2 x 10^ km in December 1985 
and to 3 x 10^ km in early March 1986. The comet developed a 
traditional type I tail in December 1985, which was to persist until 
late April 1986. In the third observing period in early May 1986 an 
ion tail was not observed. Observations of the cometary ion coma 
showed considerable variations from day to day, particularly during 
the period of the spacecraft encounters. Tail disconnection events 
were also observed on several occasions, particularly between the 
Vega-2 and Giotto encounters. A highly spectacular tail disconnection 
event was observed on 20 March 1986. These initial results are 
discussed in more detail in Rees et al. [1986c].

1.2.3 Observations of Other Comets

After having made many important and successful observations of the 
comets Giacobini-Zinner and Hailey, it was decided to maintain an 
operating system at TMF to allow a quick response to new targets of 
opportunity.

Comet Wilson, the first such target of opportunity, was observed from 
TMF over two separate observing periods. Pre-perihelion observations 
were made from 30 October 1986 to 6 November 1986 when the comet was
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at a heliocentric distance of approximately 2.7 AU. The near-nucleus 
CN coma was monitored and seen to extend beyond the field of view of 
the 24" telescope, to a distance of greater than 400,000 km. Post
perihelion observations were made from 19 May 1987 to 30 May 1987, 
when it was at a heliocentric distance of approximately 1.3 AU. 
Unfortunately, during this period, the comet was never very well 
placed in the evening sky to allow much data to be obtained. However, 
a number of near-nucleus images were taken of comet Sorrells, which 
was then approximately 2.0 AU from the Sun, post-perihelion. The 
near-nucleus CN coma of comet Sorrells was monitored and seen to 
extend beyond the field of view of the 24" telescope to a distance in 
excess of 300,000 km.

Comet Bradfield, the second target of opportunity, was observed from 
TMF from 14 December 1987 to 22 December 1987. Comet Bradfield was 
then about 1.2 AU from the Sun, post-perihelion. The CN coma of comet 
Bradfield had a strong tear drop shape, extending to 1.2 x 10^ km in 
the sunward direction and to more than 3.0 x 10 km in the tailward 
direction. The plasma tail of comet Bradfield was seen to extend 
beyond 1.5°, to a distance of more than 4 x 10^ km. Comet Borrelly 
was also observed during this period, at its perihelion distance of 
1.36 AU. The CN coma of comet Borrelly extended to 800,000 km in the 
sunward direction and to 1.75 x 10^ km in the tailward direction.

Comet Brorsen-Metcalf, the third object of opportunity, was observed 
from TMF from 9 August 1989 to 23 August 1989. Comet Brorsen-Metcalf 
was then about 0.8 AU from the Sun, pre-perihelion. The CN coma 
extended to a radius of approximately 1 . 0  x 1 0  ̂ km and a weak ion 
tail was seen to extend beyond 1.5°, to a distance of more than 
2.75 x 106 km.

Comet Austin 1989cl, the fourth target of opportunity, was observed 
for a four week period from TMF from 28 April 1990 to 28 May 1990. 
This particular comet had been predicted to be a good second/third 
magnitude object during this period (see, for example, IAU Circular 
No. 4972) but unfortunately it did not brighten as anticipated. In 
fact, the magnitude of the comet peaked at around magnitude 4.5 in 
mid-April 1990 (IAU Circulars Nos. 4993, 4997, 4999). The comet
became a fifth magnitude object in May 1990 (IAU Circulars Nos. 5009,
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5022) and was, therefore, too faint for Doppler imaging. However, the 
comet was extensively imaged in the light of the CN and C2 molecules 
and the C0+ and ^ 0 *  ions, both with the 24" telescope and with the 
300 mm Nikon camera lens. A straight, narrow cometary ion tail was 
observed in early May 1990. On 5 May 1990, when the comet was at a 
heliocentric distance of 0.77 AU, the plasma tail extended beyond 5°, 
to a distance in excess of 6 x 10^ km. The cometary ion tail had 
completely disappeared by the end of May. In mid-May the CN coma was 
observed to extend approximately 400,000 km in the sunward direction 
and 750,000 km in the tailward direction.

Table 1.1 Log of the Cometary Observations

Comet Dates Site Observers

P/G-Z 1984e 25/08/85 - 13/08/85 La Palma Rees, Meredith

P/Halley 1982i 30/11/85
28/02/86
29/04/86
30/10/86

14/12/85 TMF 
23/03/86 TMF

Rees, Meredith 
Rees, Meredith

- 05/05/86 La Palma Meredith, McWhirter
- 06/11/86 TMF

Wilson 19861 30/10/86 - 06/11/86 TMF
19/05/87 - 30/05/87 TMF

Sorrells 1986n 19/05/87 - 30/05/87 TMF

Bradfield 1987s 14/12/87 - 22/12/87 TMF

P/Borrelly 1987p 14/12/87 - 22/12/87 TMF

B-M 1989o 09/08/89 - 23/08/89 TMF

Austin 1989cl 28/04/90 - 28/05/90 TMF

Meredith

Meredith
Meredith

Meredith

Meredith, Rees

Meredith, Rees

Meredith, Rees

Meredith, Rees
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1.3 The Spacecraft Missions

The International Cometary Explorer (ICE) became the first spacecraft 
to encounter a comet on 11 September 1985 when it passed through the 
ion tail of comet Giacobini-Zinner (section 1.3.1). Five spacecraft 
intercepted comet Hailey in early March 1986 (section 1.3.2). A 
summary of the spacecraft encounters is given in table 1 .2 .

1.3.1 The ICE Encounter with Comet Giacobini-Zinner

The International Cometary Explorer (ICE) spacecraft encountered 
comet Giacobini-Zinner at a closest approach of 7,800 km down tail at
11:02 UT on 11 September 1985. The spacecraft was instrumented
primarily to measure charged particles and electromagnetic fields 
[Brandt et al., 1987]. Only rudimentary measurements were possible of 
the dust environment of the comet, and no measurements were made of 
the neutral gas.

1.3.2 The Spacecraft Encounters with Comet Hailey

The first spacecraft to encounter comet Hailey was the Russian probe, 
Vega-1, which reached a closest approach of 8,890 km on the sunward 
side at 07:20 UT on 6 March 1986. The spacecraft carried 14 
experiments, among them a TV system for imaging the inner coma and 
nucleus, and instruments to measure the properties of the neutral 
gas, ions and dust [Sagdeev, 1987].

Two days later the Japanese probe, Suisei, encountered the comet at a 
closest approach of 151,000 km on the sunward side at 13:06 UT. 
Suisei carried two scientific instruments, one to study the hydrogen 
coma, the other to study the interaction between the solar wind and 
the cometary plasma [Hirao & Itoh, 1987].

The second Russian probe, Vega-2, identical to the first to increase
the overall reliability of the mission, encountered the comet the 
next day at 07:20 UT at a closest approach of 8,030 km [Sagdeev, 
1987].
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The Japanese spacecraft, Sakigake, passed through a region of the 
hydrogen coma of comet Hailey on the sunward side at a closest 
approach of 6.99 x 10^ km at 04:17 UT on 11 March 1986. Sakigake was 
launched to verify technical subjects such as communication in deep 
space, manoeuvering of the spacecraft and orbit determination of the 
spacecraft. In addition, Sakigake carried three scientific 
experiments to study, in particular, the interactions between the 
solar wind and the comet [Hirao & Itoh, 1987].

Finally, on 14 March 1986, the European probe, Giotto, encountered 
the comet at 00:03 UT at a closest approach of 596 km on the sunward 
side. The scientific payload of Giotto comprised 10 hardware 
experiments, including a camera for inner coma and nucleus imaging, 
and instruments to measure properties of the neutral gas, ions and 
dust [jReinhardt, 1987a] .

Table 1.2 Summary of the Spacecraft Encounters

Comet Spacecraft UT Date and Time Closest Approach

G-Z ICE 11/09/85 1 1 : 0 2 7,800 km (tailward)
Hailey Vega-1 06/03/86 07:20 8,890 km (sunward)
Hailey Suisei 08/03/86 13:06 151,000 km (sunward)
Hailey Vega-2 09/03/86 07:20 8,030 km (sunward)
Hailey Sakigake 11/03/86 04:18 6,900,000 km (sunward)
Hailey Giotto 14/03/86 00:03 596 km (sunward)

In addition to the five main spacecraft encounters, the ICE 
spacecraft, which had survived the encounter with comet Giacobini- 
Zinner relatively unscathed, passed approximately 0.2 AU upstream of 
comet Hailey in late March 1986, closest approach occurring on the 
25 March 1986 [Brandt et al., 1987].

Comet Hailey was observed from Earth orbit by the International 
Ultraviolet Explorer (IUE) satellite [Feldman et al., 1987] and by 
the Dynamics Explorer 1 (DE-1) satellite [Craven & Frank, 1987].
Comet Hailey was also observed from Venus orbit by the Pioneer-Venus
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Orbiter spacecraft, which was well placed to observe the comet near 
perihelion, when observations were difficult from Earth [Stewart, 
1987].

Comet Hailey was also monitored extensively from numerous ground- 
based locations, coordinated on a global scale by the International 
Hailey Watch (IHW) [Edberg et al., 1987]. In the UK, the Comet Hailey 
UK Coordinating Committee (CHUKCC) was formed to stimulate 
cooperative observing programmes from ground-based sites, to support 
the UK involvement in the Giotto spacecraft, and to encourage 
submission of the data to the IHW archive [Williams et al., 1989].

1.4 Observations of Artificial Ion Clouds

VHSIS and DIS systems have been employed to observe several 
artificially injected plasma clouds in both the magnetosphere and in 
interplanetary space. When released in the magnetosphere, the 
migrating ions trace out the distant field and provide direct 
evidence of the topology of the field. In the near space environment 
the interaction of the plasma with the solar wind resembles in many 
respects the processes occurring in the plasma tails of comets.

Over the past few years VHSIS/DIS systems have been used to observe 
several high-velocity barium shaped-charge releases (section 1.4.1). 
Similar systems were used aboard the NASA Convair 990 aircraft to 
make observations of some of the AMPTE releases (section 1.4.2). In 
addition, two VHSIS systems were used to observe two rocket releases 
designed to test the Critical Ionization Velocity (CIV) mechanism 
(section 1.4.3) and a VHSIS/DIS system was used to observe the Pegsat 
barium releases (section 1.4.4). A comprehensive log of the 
artificial chemical release experiments observed with VHSIS and DIS 
systems to date is given in table 1.3.

1.4.1 Observations of the Barium Shaped-Charge Releases

Several high-velocity barium shaped-charge releases at collision-free 
altitudes above the ionosphere have been observed with co-aligned 
VHSIS and DIS systems from one or more of the ground-based optical 
sites. The first such releases to be observed with a co-aligned
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VHSIS/DIS took place over Alaska in 1984. Since then similar systems 
have been used to observe releases over Alaska (April 1986), releases 
over Greenland (February/March 1987), and releases over Northern 
Canada (April 1989). A VHSIS/DIS system was set up in Sondrestrom to 
observe a release over Norway in December 1988. However, this release 
was not observed due to bad weather over Sondrestrom at the time of 
the release.

1.4.1.1 The 1984 Releases Over Alaska

Two rockets were launched from Poker Flats Research Range, near 
Fairbanks, Alaska in April 1984. These experiments were run by NASA 
and the Principal Investigator (PI) was Jim Heppner from Goddard 
Space Flight Center (GSFC). The VHSIS/DIS observations were made from 
the optical site at the range.

1.4.1.2 The 1986 Releases Over Alaska

Three rockets were launched from Poker Flats Research Range in April 
1986. Two of these experiments were run by NASA, the PI being Jim 
Heppner (GSFC). The other experiment was run by the University of 
Alaska, the PI being Gene Wescott from the University of Alaska at 
Fairbanks (UAF). The VHSIS/DIS observations were again made from the 
optical site at the range.

1.4.1.3 The 1987 Releases Over Greenland

Two rockets were launched from Sondrestrom Air Force Base, Greenland 
in February/March 1987. These experiments were run by the University 
of Alaska, the PI being Gene Wescott (UAF). Two VHSIS/DIS systems 
were employed to observe these releases. One of these was stationed 
at Sondrestrom, and the other was stationed at La Palma. Both of the 
releases were observed from Greenland, but only the first could be 
observed from La Palma. The second release was not observed from La 
Palma because this occurred right at the end of the campaign when the 
La Palma window had closed, due to twilight conditions.
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1.4.1.4 The 1989 Releases Over Northern Canada

Two rockets were launched from Churchill Rocket Range, Manitoba, 
Canada in April 1989. These experiments were run by NASA, the PI 
being Bob Hoffman (GSFC). The VHSIS/DIS observations were made from 
the optical site at the range.

1.4.2 Observations of the AMPTE Releases

The 27 December 1984 AMPTE "artificial" comet and the 21 March 1985 
AMPTE magnetotail release were both observed with VHSIS and DIS 
systems from on board the NASA Convair 990 airborne observatory.

Attempts to observe the 18 July 1985 "artificial" comet with similar 
systems aboard the Convair 990 were brought to an abrupt halt when 
the aircraft developed undercarriage problems on take-off. The 
aircraft caught fire while aborting the take-off and was destroyed, 
along with all the on-board instrumentation, in the subsequent fire. 
Fortunately, however, a speedy evacuation allowed all of the crew, 
support staff and scientists to escape without any injuries.

1.4.3 Observations of Two Rocket Releases Designed to Test the 
Critical Ionization Velocity Mechanism

Two VHSIS systems were used to observe two rocket release experiments 
carried out from Wallops Island in May 1986. These experiments were 
designed to try to understand the apparent failure to observe excess 
ionization caused by the Alfven Critical Ionization Velocity 
mechanism in some earlier rocket release experiments from Peru.

1.4.4 Observations of the Pegsat Releases

A co-aligned VHSIS/DIS system was set up at Table Mountain Facility 
to observe the two Pegsat releases. The first release took place on 
16 April 1990 and could not be observed from Table Mountain due to 
100% cloud cover at the Facility at the time of the release. However, 
the conditions were much more favourable at Table Mountain for the 
second release which occurred on 25 April 1990.
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Table 1.3 Log of the Observations of Artificial Chemical Release 
Experiments

Site Dates

Poker Flats 30 March 1984
Poker Flats 0 1 April 1984
Convair 990 27 Dec. 1984
Convair 990 2 1 March 1985
Convair 990* 18 July 1985
Poker Flats 0 1 April 1986
Poker Flats 03 April 1986
Poker Flats 13 April 1986
Wallops Island 13 May 1986
La Palma 26 Feb. 1987
Sondrestrom 26 Feb. 1987

icitSondrestrom 05 March 1987
S ondre s trom*** 19 Dec. 1988
Churchill 09 April 1989
Churchill 1 1 April 1989
TMF*** 16 April 1990
TMF 25 April 1990

PI Observers

Heppner Rees
Heppner Rees
AMPTE Rees
AMPTE Rees, McWhirter
AMPTE Rees, Meredith
Heppner Rees, Meredith
Wescott Rees, Meredith
Heppner Rees, Meredith
Wescott Rees
Wescott Rees.Meredith
Wescott Stenbaek-Nielsen
Wescott Stenbaek-Nielsen
Wescott Meredith
Hoffman Rees, Meredith
Hoffman Meredith
Hoffman Meredith
Hoffman Meredith

* No data obtained because of aircraft fire.
** This instrument was operated for UCL by Hans Stenbaek-Nielsen 
from the Geophysical Institute, University of Alaska at Fairbanks.
*** No data obtained due to 100% cloud cover at the time of the 
release.

1.5 Synopsis

The instrumentation deployed to measure the resulting distributions 
of the ion and neutral species from the various cometary targets and 
artificial chemical release experiments is examined in detail in 
chapter 2. The history, theory, set-up and calibration of the VHSIS 
and DIS are described. The DIS has been successfully deployed to 
measure thermospheric winds [Rees et al. , 1984; Batten et al. , 1988]
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and to measure line of sight ion velocities from the artificial 
releases [.Rees et al., 1986a; 1987a], However, the DIS has not yet 
successfully observed the line of sight velocities of cometary ions. 
The design of a suitable DIS for observations of the cometary ion 
tail with the 24” telescope is also described in this chapter.

The raw data collected in the field has to be initially corrected for 
instrumental effects and sky background. The two-dimensional 
corrected data is then reduced to various profiles depending on the 
analysis required. The data reduction methods employed in the 
analysis of the VHSIS and DIS images are reviewed in chapter 3.

The subject of cometary physics is introduced in chapter 4, beginning 
with a brief historical perspective and general overview. The four 
major parts of a comet, the nucleus, the dust, the gaseous coma and 
the plasma tail are then discussed in more detail, taking into 
account the most recent ground-based and spacecraft results.

The next two chapters are concerned with the study of the neutral 
cometary atmosphere. The spatial distribution of the neutral cometary 
species CN and C2 can be monitored over a wide range of heliocentric 
distances to yield important information on possible production and 
destruction mechanisms. These two species are chemically reactive but 
physically stable daughter products. A simple radial outflow model 
with decay has been used to produce characteristic scale lengths for 
production and decay of these two species. The model, the results 
from the analysis of the VHSIS images and a comparison with the scale 
lengths found by other authors are discussed in chapter 5. The VHSIS 
results are combined with all the other results to study the scaling 
laws with heliocentric distance for these two species. The CN and C2 

distributions were generally found to fit the model within the 
expected errors, but the C2 distribution in comet Borrelly was 
discovered to be anomalous in that a good fit by the model was not 
possible in this case [Meredith et al., 1989]. This anomaly is 
discussed and possible causes evaluated in section 5.8.

The 0(^D) 630 nm images are potentially very interesting, as they may 
be used to derive the H2 O production scale length [Wallis et al., 
1987b] . The analysis of the 0(^D) data is complicated by the fact
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that it has more than one parent and also that there is some 
contamination through the filter from the neighbouring (0 ,8 ,0 ) NH2 

band. The analysis of one such image of comet Giacobini-Zinner, taken 
on 1 September 1985 when the comet was at a heliocentric distance of
1.03 AU, is discussed in section 6.2.

Several authors have reported low contrast "jet-like" features in the 
neutral emissions of comet Hailey [A'Hearn et al. , 1986a; Larson et 
al., 1986; Cosmovici et al., 1987]. No such features were immediately 
apparent in any of the corrected near-nucleus VHSIS images of comet 
Hailey. However, these jets are not normally visible in the raw data, 
since coma feature contrast is typically much less than 2 0 % at 
ground-based resolution, and so some form of computer enhancement is 
necessary to overcome the strong radial gradient. The VHSIS near
nucleus images are potentially very interesting because they were 
obtained at a higher spectral resolution than most previous or 
contemporary studies and consequently are less prone to contamination 
from the cometary continuum or from any neighbouring species. Hence 
these images should help to resolve the question as to whether these 
jets are due to the neutral species or dust. A more rigorous search 
has been made for these features by applying image enhancement 
techniques, and the results of this analysis are presented in 
section 6.3.

The study of cometary plasmas is characterized by the fact that 
cometary ions, in particular C0+ and ^0*, can be used as tracers for 
the dynamical processes taking place. The VHSIS images of the ion 
coma and tail of the comets Giacobini-Zinner and Hailey are compared 
and contrasted with each other and with the spacecraft results in 
chapter 7.

The results from the two AMPTE experiments, the April 1984 rocket 
releases and the Critical Ionization Velocity experiments are 
presented in chapter 8 . The full analysis of the data from the more 
recent barium shaped-charge release experiments is still in progress 
and is not discussed. However, the VHSIS/DIS system has undergone 
considerable modification since the first observed releases and these 
improvements are discussed in detail in this chapter, with reference 
to the results from the more recent experiments.
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The results obtained from the present study are summarized in 
chapter 9. Future observational programs, such as observations of new 
cometary targets of opportunity and observations of the releases 
associated with the Combined Radiation Release Experimental Satellite 
(CRRES) program, are discussed. The proposed Doppler Wind Sensor 
(DWS), consisting essentially of a triple etalon FPI coupled to a 
multi-ring anode IPD, is introduced. In addition, future possible 
missions to comets, such as the Comet Rendezvous Asteroid Flyby 
(CRAF) mission and the Comet Nucleus Sample Return (CNSR) mission are 
reviewed.
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CHAPTER 2 

INSTRUMENTATION

2.1 Introduction

This chapter describes the instrumentation deployed in the 
observations of the natural and man-made gas and plasma clouds in the 
interplanetary medium and in the Earth's magnetosphere.

The device used in the focal plane to record the images is the 
Imaging Photon Detector (IPD). This device is a compact, high- 
sensitivity, two-dimensional image encoding system, designed for use 
in low-light level applications, and it is discussed in detail in 
section 2.2. The IPD is employed as the imaging device in both 
imaging and Doppler imaging applications.

In imaging applications, it is used in conjunction with narrow-band 
interference filters to isolate specific important emission lines and 
bands from the target of interest. In this mode the entire system is 
referred to as a Very High Sensitivity Imaging System (VHSIS). In the 
cometary work, the VHSIS has been used with moderate sized telescopes 
to study the near-nucleus region and with Nikon camera lenses to 
study the full extent of the coma and tail. For the observations of 
the artificial chemical releases the VHSIS has been used with a 
selection of Nikon camera lenses to monitor the evolution of the 
resulting distributions of ions and neutrals. The operation and 
calibration of the VHSIS are described in section 2.3.

In Doppler imaging applications, the IPD is used to record the image 
of several Fabry-Perot fringes from a Fabry-Perot etalon. In this 
mode the entire system is referred to as a Doppler Imaging System 
(DIS). This technique yields the spatial morphologies observable by 
any imaging system and also details the velocity distribution of the 
emitting gas. The principles of operation of the DIS are outlined in 
section 2.4.
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In the cometary work DIS systems have been used with moderate sized 
telescopes to obtain two-dimensional line of sight velocity maps of 
the inner coma. For the artificial chemical releases DIS systems have 
been used to determine the line of sight velocity distributions of 
the ions in the resulting fast moving ion jets. Both of these systems 
are discussed in section 2.5.

Over the past six years a number of different cometary targets and 
artificial chemical releases have been observed with a variety of 
VHSIS and DIS systems. The separate systems employed are discussed in 
section 2.6 and 2.7 respectively.

2.2 The Imaging Photon Detector

The Imaging Photon Detector (IPD) is a two-dimensional image encoding 
system, intended for use in low-light level applications where the 
available signal is photon limited. A detailed description of the 
early design and development of the IPD in the Atmospheric Physics 
Laboratory (APL) at University College London (UCL) may be found in 
the literature [Rees et al. , 1980; 1981a; McWhirter et al. , 1982]. A 
similar device, using discrete anode elements, is described by 
Killeen et al. [1983]. The vacuum device is manufactured by 
Instrument Technology Limited (ITL) in the United Kingdom and by 
International Telephone and Telegraph (ITT) in the United States. The 
electronics and system design, together with the associated software, 
have been developed within the APL.

The IPD has been used by the APL as the imaging device in a variety 
of applications since the early 1980s, the most important of which 
are summarized in section 2.2.1. The theory of the operation of the 
IPD is discussed in section 2.2.2. Three different types of 
photocathode have been used and the spectral responses of these three 
devices are examined in section 2.2.3. The set-up of the IPD and the 
image collection and storage are discussed in sections 2.2.4 and
2.2.5 respectively. Finally, in section 2.2.6, the IPD is compared 
with the Charge Coupled Device (CCD).
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2.2.1 Brief History of the Imaging Photon Detector

Over the past decade the APL has employed the IPD as the imaging 
device in a variety of instruments, primarily to measure atmospheric 
phenomena.

One of the first IPDs was successfully deployed on the UCL balloon- 
borne triple Fabry-Perot Interferometer, flown from Palestine, Texas 
in May 1980 [i?ees et al., 1981c]. This instrument made the first 
demonstration of a new remote sensing technique for observing 
stratospheric winds, by using high-resolution spectroscopy to measure 
the Doppler shift of atmospheric absorption lines from a space-borne 
platform.

Imaging Fabry-Perot Interferometers (IFPIs) incorporating IPDs have
been used since the early 1980s to measure thermospheric winds from
the line of sight Doppler shift of the forbidden oxygen emission line 
3 1( ?2 ~ ^2^ at 11131 * Several IFPIs are presently stationed

permanently at sites in Northern Scandinavia, where they are used to 
make routine observations of thermospheric winds within the auroral 
oval [i?ees et al., 1982a; 1990; Smith R. W. et al., 1986;
Winser et al., 1988;].

The IFPIs discussed above observe only a small region of the sky (1° 
of arc, full angle) and employ a scanning mirror to look at different 
areas of the sky. More recently, a DIS has been developed for 
measuring the thermospheric wind field over a much larger region of 
the sky. This instrument is basically a field-widened IFPI. A wide- 
angle system, placed ahead of the Fabry-Perot etalon, matches a wide 
field of view (some 1 2 0 ° arc, full angle) to the field of view of the 
Fabry-Perot fringes (about 2.5° arc, full angle). Individual sectors 
of individual fringes correspond to quite widely separated regions of 
the sky, so that the DIS line of sight velocity data can be related 
to independent and spatially resolved measurements of the (basically) 
horizontal wind field [Rees et al., 1984; Batten et al., 1988].
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2.2.2 Theory of Operation of the Imaging Photon Detector

The IPD. is a compact, high-sensitivity, twa-dimensional photon 
counting device. The "X", "Y" position coordinates of each photon
event are output in digital and analogue form, enabling the image to 
be viewed in real time on an oscilloscope and/or to be sent to a 
micro-computer for collection, integration, storage and subsequent 
analysis.

The IPD employs a proximity-focused transparent photocathode, three
microchannel plates (MCPs) in a "Z" configuration and a proximity-
focused "linear" resistive anode all contained in a vacuum tube 

-  8(typically 10 torr). The detector head is shown in figure 2.1 and 
schematically in figure 2.2. A device with a 1.0 mm photocathode to 
MCP gap and a potential difference of about 250 V across this gap 
shows a point spread function of 8 6  microns [McWhirter et al., 1982].

The "Z" configuration minimizes ion feedback, which is further 
reduced by a thin (about 7 nm) film of AI2 O3 on the first of the 
three MCPs [Csorba, 1979]. A liberated photoelectron has a 70% chance 
of entering an open channel of the first MCP. Within the first MCP 
all the electrons are contained within a single channel (diameter 
about 12 microns). However, on both the successive MCP interfaces a 
certain amount of spreading occurs so that an electron cloud of some 
10^ electrons emerges from 25 to 80 channels of the final MCP. This
charge cloud is proximity focused on to a position sensitive
resistive anode encoder. The large number of electrons in the cloud 
and the smoothness of its profile allow the centroid to be determined
to less than the width of two channels.

The position sensitive encoder is in the form of a resistive anode 
sheet [Lampton & Carlson, 1979] . This resistive anode is a uniform, 
nearly square, resistive layer terminated by four electrodes in the 
form of circular arc linear resistors. It has borders shaped and 
edged so that its electrical properties mimic those of an infinite 
sheet with the same four contacts. The position of the charge cloud 
centroid is determined from the ratios of the pulse amplitudes so 
that a continuous read-out of location in two orthogonal axes is 
obtained. This operation is performed in the Signal Processing Unit
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(SPU) . Analogue "X" and "Y" outputs (0 to 10 V) are available to 
drive an oscilloscope for real time display of the data as a series 
of dots. The persistence of the screen and the eye enables an image 
to be seen. Analogue to digital converters provide a convenient 
parallel output for collection and storage by micro-computer over a 
suitable integration period.

The diameter of the photocathode of the IPDs used in the VHSIS and 
DIS systems is 18 mm. The image is processed so that it is stored in 
a 256 x 256, integer x 2 array, so that each pixel in the image array 
maps on to approximately 70 microns on the image plane at the 
detective surface. The typical point spread function of the 
photocathode is about 8 6  microns [McWhirter et al., 1982], so that 
the image is under sampled by the Nyquist criterion. However, the
spatial resolution achieved with 256 x 256 pixels is quite adequate 
for most applications, and an image of this dimension is a convenient 
size for use with a micro-computer.

IPDs have a saturation limit set by the dead-time of the system, 
which is of the order of 7 microseconds. The maximum observable
intensity across the whole photocathode is the reciprocal of the
dead-time and is thus of the order 150,000 counts per second. The
incident fluxes from the various isolated cometary emissions and from 
the isolated emissions from the artificial chemical releases are much 
less than this value.

2.2.3 The Spectral Response of the Imaging Photon Detector

The spectral response of an IPD depends on the material from which 
the photocathode is constructed. There are currently three types of 
photocathode used in the APL, namely the S20, the S25 and more 
recently a gallium arsenide (GaAs) photocathode. Typical radiant 
sensitivities for these three types of photocathode are plotted 
against the wavelength of the incident light in figure 2.3. The 
Detective Quantum Efficiency (DQE) of a particular photocathode at a 
particular wavelength ( A ) may be calculated from the Radiant 
Sensitivity (RS) by the conversion equation:-

DQE (%) 124RS
A

2.1
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where the radiant sensitivity is measured in mAW"^ and the wavelength 
in run. The magenta coloured lines on the graph may be used to convert 
directly from radiant sensitivity to detective quantum efficiency:

2.2.3.1 The S20 Photocathode

The S20 IPD typically has a peak DQE of about 18% at 400 ran. The DQE
falls off to 10% at 550 nm and to 5% at 630 ran. The S20 device has an

-2 -3acceptable level of thermionic emission, of the order of 1 0  - 1 0

counts per pixel per second at 20°C, and so does not need to be 
cooled when operated at or below room temperature. Since some of the 
most important cometary emissions in the visible region of the 
spectrum lie towards the blue end of the spectrum, this makes the S20 
device extremely suitable for the cometary work. The S20 photocathode 
is also suitable for the study of the motions of the artificially 
injected barium plasma clouds since these are observed via the 
resonance line of the sunlit barium ions at 455.4 nm.

2.2.3.2 The S25 Photocathode

The S25 IPD typically has a peak DQE of about 15% at around 500 nm. 
On the short wavelength side the DQE falls to around 7% at 400 nm. On 
the long wavelength side the DQE falls off less rapidly, being about 
10% at 630 nm and 5% at 800 nm. However, being more sensitive at the 
red end of the spectrum, it is necessary to cool the device to about 
-20°C to obtain an acceptable level of thermionic emission. The S25 
photocathode is more suited to the thermospheric Doppler imaging 
studies, where it is used to measure the line of sight Doppler shift 
of the thermospheric forbidden oxygen emission line at 630 nm [Winser 
et al. , 1988; Batten et al., 1988].

2.2.3.3 The Gallium Arsenide Photocathode

The gallium arsenide (GaAs) IPD is the most sensitive photocathode in 
the red part of the spectrum. It has a roughly constant DQE of around 
20% from 650 nm to 800 nm. On the short wavelength side the DQE falls 
off to 10% at 630 nm and to 5% at 600 nm. On the long wavelength side 
the DQE falls off to 10% at 860 nm and to 5% at 890 nm. The GaAs 
device has to be cooled to around -20°C to obtain an acceptable level
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of thermionic emission. The APL operates one GaAs IPD, currently 
located at Utah State University, where it is used to derive 
mesospheric winds by measuring bhe emissions from OH at 843 rtin.

2.2.4 Set-up of the Imaging Photon Detector

Low voltage power for the IPD charge amplifiers and the high voltage 
unit is supplied from the SPU via a 6 -way lemo plug. The four output 
signals from the charge amplifier outputs, taken from the electrodes 
in quadrature from the resistive anode, are taken from the detector 
to the SPU via four BNC cables. The SPU itself is powered by the 
240 V mains, modifiable internally to 115 V. The analogue output is 
available at two BNC sockets where the "X" and "Y" coordinates of 
each photon event are output as a voltage from 0  to 1 0  volts. 
Connection to an oscilloscope in "XY" mode results in an image being 
seen as a series of dots. The digital output is taken via a 40-way 
ribbon cable to the Tecmar base board interface of a suitable 
Personal Computer (PC) .

Before supplying power to the IPD it is essential to ensure that the 
photocathode is seeing only extremely low light levels because the 
photocathode can be permanently damaged by sudden exposure to bright 
light. A useful rule of thumb is that if the light is visible to the 
dark adapted human eye it is too bright for the IPD.

The image size is normally adjusted so that the circular area of the 
photocathode extends just beyond the electronic "X-Y" field. If the 
circular area of the photocathode falls completely within the "X-Y” 
field then this will be at the expense of resolution. This adjustment 
is best done on an oscilloscope with the detector exposed to enough 
light so that the entire area of the photocathode is illuminated.

The charge pulses collected from the IPD anode do not all have the 
same amplitude. The pulse height spectrum is a function of channel 
plate saturation, and is normally well defined. The upper and lower 
threshold controls set a pulse height window which rejects noise and 
pulses which are too large or too small for the processing 
electronics to handle. The lower threshold is set at around -0.25 V 
and the upper threshold to approximately -3.0 V. The position of the
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lower threshold is fairly critical and is set just above the noise 
level. MCP noise occasionally gives rise to low-level pulses which 
appear as "hot-spots" on the image. These can often be removed by 
adjusting the lower threshold, though sometimes at the expense of 
genuine photon counts. The purpose of the upper threshold is to block 
the large pulses caused by a combination of pulse overlap, internal 
discharge and cosmic rays, which do not represent real data.

2.2.5 Image Collection and Storage

The IPD is controlled by a micro-computer such as an IBM PC or IBM 
compatible machine such as the Compaq-286. The run program is used to 
collect, display and store images of the desired integration time. 
Each image is stored as a 256 x 256, integer x 2 file with the first 
row being used as a header and storing information appropriate to the 
image. Each image, therefore, occupies 131 kbytes of memory.

Table 2.1 Procedure used for Naming the Files on the Field PC

Month Code Date Code Date Code Date Code

J anuary A 1 1 13 D 25 P
February B 2 2 14 E 26 Q
March C 3 3 15 F 27 R
April D 4 4 16 G 28 S
May E 5 5 17 H 29 T
June F 6 6 18 I 30 U
July G 7 7 19 J 31 V
August H 8 8 2 0 K
September I 9 9 2 1 L
October J 1 0 A 2 2 M
November K 1 1 B 23 N
December L 1 2 C 24 0

The file is named automatically according to the UT date and time. 
The method adopted for naming files is best described by referring to
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an example filename:-

. . . - Example of P.C. filename: E32115.D31

The first label (E) represents the month, and the second label (3) 
the date. These labels are assigned according to the notation 
described in table 2.1. The remaining six digits refer to the UT time 
at the end of the integration and the D stands for data file. Thus 
the example filename was recorded on 3 May at 21:15:31 UT.

2.2.6 Comparison of the Imaging Photon Detector with the Charge 
Coupled Device

The most popular detector in optical astronomy is undoubtedly the 
Charge Coupled Device (CCD). The reasons for using the IPD, 
therefore, need to be discussed. More detailed comparisons between 
the performances of IPDs and CCDs may be found in the literature 
[Ailington-Smith & Schwarz, 1984; Abreu & Skinner, 1988].

For integration times less than 1,000 s the IPD has been found to 
have a proportionally higher signal-to-noise ratio in cases where the 
sources were photon limited [.Rees et al., 1984], This is due to the 
fact that CCDs have a time-independent noise associated with the 
readout of the charge accumulated during an integration of the order 
of 40 equivalent photon events per pixel per readout. The IPD has no 
readout noise [Rees et al., 1984] and is only affected by the 
thermionic emission of electrons, which may be reduced by cooling if 
necessary.

CCDs have a very high quantum efficiency in the red part of the 
spectrum which reach as much as 80%. The quantum efficiency of IPDs, 
which is set by the photocathode, rarely exceeds 2 0 % even at the peak 
which is in the blue for S20 devices, green for S25 devices and in 
the red for GaAs devices (see section 2.2.3).

IPDs have a saturation limit of the order 150,000 counts per second 
as discussed in section 2.2.2. CCDs are only limited by the total 
number of counts in each pixel (1 0  ̂per pixel).
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CCDs are small devices (about 10 mm) with pixels of fixed size (about 
30 microns) set by the manufacture of the device. IPDs can be made 
larger (> 40 mm) and have a pixel size that can be suited to a 
particular observation.

CCDs need to be cooled to liquid nitrogen temperatures in order to 
reduce the thermal noise to a negligible level, whereas many IPDs can 
be operated at room temperature without significant thermal noise. 
However, IPDs with very high red sensitivity photocathodes, ie S25 
and GaAs devices, should be cooled to about -20°C to optimize their 
performance.

Although CCDs generally have much higher peak quantum efficiency, the 
differing noise characteristics and spectral range favour the use of 
IPDs for applications which require high time resolution. This is 
especially the case in the observations of the artificial chemical 
releases, where only short integrations, of the order 30 s , are 
appropriate, due to the rapid evolution of the resulting ion clouds.

2.3 The Very High Sensitivity Imaging Systems used to Observe the 
Natural and Artificial Gas and Plasma Clouds

The Very High Sensitivity Imaging System (VHSIS) consists basically 
of an IPD and a narrow-band interference filter. When the VHSIS is 
used at the Cassegrain focus of a telescope it is set up on an 
optical bench as described in section 2.3.1. When the VHSIS is used 
with a Nikon camera lens, the lens is simply mounted onto the IPD via 
a Nikon camera lens mount and a filter holder. The narrow-band 
interference filters used with the VHSIS systems are discussed in 
section 2.3.2. A description of the set-up of the VHSIS on a 
telescope is given in section 2.3.3. The method of observing a 
cometary target is described in section 2.3.4. Finally, the important 
calibrations necessary for the correct interpretation of the VHSIS 
data files are discussed in section 2.3.5.
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2.3.1 The Optical Bench

When used with a moderate sized telescope the imaging system is 
mounted on an optical bench consisting of four steel rods and four 
mounting plates as shown in figure 2.4. The light from the telescope 
enters the system through a large aperture in the first plate which 
also functions as a support and mounting plate. This plate contains 
four screw threads enabling it to be attached to the telescope 
mounting plate. The second plate holds the filter wheel which can 
hold up to three 2" diameter filters. The detector is mounted on the 
third plate. The fourth plate is the other end plate. The power and 
signal leads to/from the detector pass through a small light-tight 
aperture in this plate. The entire optical bench is enclosed in a 
light-tight cover. The VHSIS is then fastened to the telescope 
mounting plate and finally attached to the telescope. Figure 2.10 
shows the 24" telescope at the Table Mountain Facility (TMF) of the 
Jet Propulsion Laboratory (JPL), with the VHSIS in position.

2.3.2 The Narrow-Band Interference Filters

The relevant emissions are isolated by state-of-the-art, three- 
cavity, anti-reflectance coated, narrow-band interference filters.

The heart of a narrow-band interference filter is a series of thin 
film, partially-reflecting layers arranged as a single or multiple 
Fabry-Perot interferometer. The spacing between the layers is chosen 
so that the beams produced by multiple reflections from the layers 
are in phase with the transmitted beam for the desired wavelength 
thus enhancing the transmittance of the filter at that wavelength. 
Other wavelengths are rejected because these multiple beams interfere 
destructively. A wide variety of band widths and beam shapes are 
obtainable by varying the reflectivities, the number of layers and 
the number of Fabry-Perot cavities. The basic series of films 
deposited on a substrate forms a simple unblocked interference filter 
which, depending on its design, will have side-bands on both sides of 
the desired passband. These side-bands are eliminated by blocking 
filters. Coloured glass absorption filters are also used to provide 
further blocking.
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Figure 2.5 gives an indication of the approximate shapes and nearband 
rejection that can be expected in two-, three- and four-cavity 
filters. The APL narrow-band interference filters all have three 
cavities. The Full Width Half Maximum (FWHM) of the majority of these 
filters is 1 nm. Thus the transmittance is approximately constant 
within 0.1 nm of the central wavelength, falling to 90% of the peak 
transmittance 0.25 nm from the central wavelength and to 50% of the 
peak transmittance 0.5 nm from the central wavelength. The 
transmittance becomes 1 % of the peak transmittance 1 nm from the 
central wavelength and below 0.01% of the peak transmittance 2.5 nm 
from central wavelength.

Transmission characteristics of interference filters change with 
temperature, due to the contraction and expansion of the spacers and 
coatings. Interference filters shift to longer wavelengths with 
increasing temperature and to shorter wavelengths with decreasing 
temperature. In the visible region, the temperature dependence of the 
central wavelength is approximately 0.015 nm per degree centigrade 
change. The interference filter is not temperature controlled so that 
the peak transmission will vary by a small amount depending on the 
temperature in the dome. However, since relative intensities only are 
recorded, this small effect may be completely ignored.

Filters are usually designed for use at normal incidence. However, 
they may be designed for specific non-normal applications. Non-normal 
incidence results in a shift of the passband toward shorter 
wavelengths. The amount of shift depends on the angle of incidence, 
the effective index of refraction of the filter, and the plane of 
polarization of the light. Increasing the angle of incidence for 
unpolarized light not only shifts the band to shorter wavelengths but 
broadens and for very large angles causes it to become misshapen or 
even split. For visible wavelengths the approximate amount of shift 
can be determined from the equation:-

Av/(n^ - sin^i) 

n
2 . 2
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where i is the angle of incidence of the radiation, A is the central 
wavelength at the angle of incidence and n is the effective index of 
the filter. The value of n typically lies in the range 1.5 to 2.0. 
Ideally an interference filter should be placed in a parallel beam of 
light. However, both in the VHSIS and DIS the filter is placed in the 
converging beam in front of the detector. For the 1 nm FWHM filters, 
this is certainly justified for instruments with focal lengths down 
to 180 mm.

Table 2.2 List of the Narrow-Band Interference Filters used with the
VHSIS and DIS

Filter (nm) FWHM (nm) Species Isolated

387.1 5 CN
388.2 1 CN
402.0 1 co+

406.0 (IHW) 7 C3
426.0 (IHW) 6.5 C0+
455.4 3 Ba+ , C0+
471.6 1 c2
514.0 (IHW) 9 c2

524.2 0.3 continuum
557.2 1 0 1

580.0 1 h2o+
589.0 1 Na
630.5 1 0 1 , nh2

700.0 (IHW) 17.5 h2 o+

A complete list of the narrow-band filters used in the cometary 
campaigns is given in table 2.2. These filters belong to the APL 
unless otherwise stated. The International Hailey Watch (IHW) filter 
set was used, in addition to the APL filter set, for some 
observations of the comets Giacobini-Zinner and Hailey. The IHW 
filters have much larger passbands than the APL filters and 
experience has shown that much better results are obtained with the 
IPD when the APL filters are used. This is due to the smaller FWHM of 
the APL filters which reduces the night sky background level, the
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contamination from the continuum (dust) and the contamination from 
any neighbouring cometary lines.

2.3.3 Instrument set-up on the Telescope

The IPD is initially adjusted as described in section 2.2.3 and the
optical components are set up on the optical bench as described in
section 2.3.1. The imaging box is then fastened to the telescope.

A schematic diagram showing the complete system layout, as set up for 
use with a telescope, is given in figure 2.6. This may be compared 
with the actual instrument set-up as shown in the photograph of the 
24" telescope at TMF (figure 2.11). A photograph of the control 
console for the 24" telescope is shown in figure 2.12.

Once the VHSIS is in place on the telescope it is essential to ensure 
that the instrument is correctly aligned and focused prior to 
attempting to view any cometary object. Since comets usually appear 
as a fuzzy patch they cannot be used to ascertain whether or not the 
instrument is correctly focused. Therefore, prior to any cometary 
observations, the telescope is focused by obtaining the sharpest 
possible image of a star. The best targets are stars of third or 
fourth magnitude. Second magnitude and brighter stars usually
overload the detector, even through the narrow-band filter, and fifth 
magnitude or fainter stars produce too few photons for real-time 
focusing. The instrument is coarsely focused by repeatedly
approaching the focus from both sides until the sharpest stellar 
image is obtained on the oscilloscope. Fine tuning of the focus is 
achieved by examining the profile of the stellar image collected by 
the PC and changing the focus until the sharpest profile is obtained.

The conventional way of displaying astronomical objects is such that 
the image orientation on the screen corresponds to the image as seen 
on the sky. Since the position of a particular photon event is 
determined by the ratio of the charges collected at the four corners 
of the resistive anode sheet (section 2 .2 .2 ), the four signal leads 
from the IPD can be arranged so that the image recorded by the 
computer has the correct orientation, with north at the top of the 
image and east to the left of the image.
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2.3.4 Observing a Cometary Target

Comets move fast relative to the stars, especially when in the inner
Solar System. It is, therefore, important to know the position of the
comet at regular intervals throughout any observing session to aid in
its location, especially if it is faint. Up-to-date orbital 
parameters of any comet are published in the circulars of the 
International Astronomical Union (IAU). The JPL ephemeris program, 
modified for use on STARLINK by Simon Green (University of Kent at 
Canterbury) , can be used with these parameters to work out cometary 
positions and movements as a function of time.

The large telescopes can be precisely pointed and require the 
cometary coordinates in right ascension (RA) and declination (dec), 
which are taken from the appropriate ephemeris. The 1 m Jacobus 
Kapteyn Telescope (JKT) at La Palma can be used to offset track on 
the cometary target by entering the appropriate offset rates in 
seconds of arc per second. The 24" telescope at TMF can also be used 
to offset track. There is a linear relationship between the offset 
rates at the telescope control console and the comet offset rates, 
enabling the telescope to track on the comet. However, the pointing 
system is not as sophisticated as on the JKT and the effects of 
refraction are not taken into account. The 16" telescope at TMF has 
no offset capabilities and so, to avoid blurring, series of short 
integrations, of the order 1 - 2  minutes, are taken.

The Meade 8 " portable telescope is set up by the observer in the 
field. The IPD is mounted directly onto the telescope via a filter 
holder. No offset tacking on the comet is possible with this 
instrument and so, as with the 16" telescope at TMF, series of short 
integrations are used.

Any Nikon camera lens used with the VHSIS is mounted via a Nikon 
camera mount and a filter holder onto the IPD. For the cometary 
imaging the IPD is mounted piggy-back onto the large telescope being 
used, so that the telescope is used to locate and track on the comet. 
For the artificial chemical releases the IPD is mounted piggy-back 
onto the DIS being used.
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2.3.5 Calibration of the Very High Sensitivity Imaging System

The following three calibrations are absolutely essential for the 
correct interpretation of the raw imaging data.

2.3.5.1 Thermionic Emission Calibration

Thermal electrons emitted from the photocathode cannot be
discriminated from photoelectrons and are a source of noise. However,
the rate of thermionic emission for a given IPD can be removed by
performing a thermionic emission calibration. Since the thermionic
emission is a function of temperature, this calibration is performed
at the temperature at which the detector is to be operated. The
photocathode is light-sealed and a long integration (about 1 hour)
performed. This is the thermionic emission data file. The long
integration time is required to allow a useful signal-to-noise ratio
to be obtained, since the thermionic emission rate is normally very

- 2 - 3low, of the order 1 0 - 1 0  counts per pixel per second.

2.3.5.2 Flat Field Calibration

The detector does not respond uniformly to an even source of light. 
However, the IPD is a photometrically and geometrically stable 
device, so that the flat field response depends mainly on the 
wavelength of the incoming light. The flat field response of the 
imaging system being used is obtained by observing the twilight sky 
through the complete optical system, independently, with each filter 
used. The flat field image for each filter is then used to correct 
all images taken with that filter.

2.3.5.3 Skv Background Calibration

Sky background calibrations are necessary for images in which the 
observed signal extends beyond the field of view of the detector. 
This is particularly true of the near-nucleus comet images obtained 
with the VHSIS on moderate sized telescopes. In this case it is 
essential to have a knowledge of the sky background level if the 
cometary component is to be determined with any accuracy.
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The radiation which contributes to the brightness of the night sky 
can be separated into atmospheric and extra-terrestrial components. 
The contribution from the former comes from a mixture of airglow, 
auroral emission and artificial and natural light scattered by 
aerosols. The contribution from the latter comes from sunlight 
scattered from the Moon and interplanetary dust (zodiacal light and 
gegenschein) and starlight scattered by interstellar dust grains. The 
relative importance of each component varies both with position and 
time on the night sky making the sky background level a complicated 
function of position and time. Sky background images are, therefore, 
taken immediately before and after a series of cometary integrations 
with a given filter, and are taken from a region of the sky close to 
the comet but also far enough removed to ensure no cometary 
contamination (typically 5° of arc from the comet). The integration 
time for the sky background image is similar to that used to record 
the sequence of raw comet images (typically 5 - 1 0  minutes).

2.4 Principles of Operation of the Doppler Imaging System

The Doppler Imaging System (DIS) is basically an Imaging Fabry-Perot 
Interferometer of high spectroscopic resolution. The DIS consists, 
essentially, of a Fabry-Perot spectrometer coupled to an IPD. Several 
fringes from a Fabry-Perot etalon are imaged onto the IPD enabling 
the detector to record the Doppler shift in a particular part of the 
two-dimensional field of view as a distortion of the Fabry-Perot ring 
in that region. This technique yields the spatial morphologies 
observable by any imaging system and also details the velocity 
distribution of the emitting gas.

In order to describe the DIS in more detail it is first necessary to 
discuss the Fabry-Perot etalon. The principles of operation of the 
Fabry-Perot etalon are outlined in section 2.4.1 and the construction 
of the Fabry-Perot etalons used by the APL are described in 
section 2.4.2. The DIS itself is introduced in section 2.4.3. The set 
up of the DIS is discussed in section 2.4.4 and the instrument 
calibrations are discussed in section 2.4.5.
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2.4.1 Theory of the Fabrv-Perot Etalon

In principle, the Fabry-Perot etalon consists of two plane, parallel, 
highly reflecting surfaces separated by a distance, t. Its operation 
is based on the multiple interference of a single beam. When the 
etalon is illuminated by a broad source of monochromatic light the 
different angles of incidence produce various path differences
between reflections from the upper and lower plate. The path
difference between adjacent transmitted rays for a given angle of 
incidence 9 is 2tcos 9 , and the condition for constructive
interference is:-

nA 2tcos0 2.3

2t 2.4

for small 9 . If the focal length of the positive lens used to focus 
the fringes is L and the distance of a peak from the centre of the

2.5

fringe system is r then:-

r
tan 9 = — 9 for

L
and the condition for peaks becomes -

1 ~r 2 1
nA - 2t 1 --- — + ...

2 L
2 . 6

The Fabry-Perot fringes are thus narrow concentric rings, 
corresponding to the multiple-beam transmission pattern. An example 
Fabry-Perot fringe pattern is shown in figure 3.6.

The central fringe has an order given by:-

2t
n = -  2.7

A

Thus the order of the first fringe is inversely proportional to the 
wavelength. As the wavelength of light is increased the order of the 
first fringe decreases so that fringe pattern contracts. Conversely 
if the wavelength of light is decreased the fringe pattern expands.
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It can be shown, by summing the amplitudes of the light rays emerging 
from the etalon (see any standard text book on optics eg B o m  & Wolf; 
Hecht & Zajac), that the transmitted intensity, It, is:-

10 2.8

1 +
4Rsin2(5/2) 

(1 -R )2

where:-

R
S
lo

is the reflectance of the coated surfaces of the etalon, 
is the phase difference between adjacent transmitted rays and 
is the maximum intensity.

This may be rewritten:-

where:

io 2.9

1 + Fsin2(6/2)

4R 2.10
(1-R)

Peaks, thus, occur at specific values of the phase difference given 
by 27rn. The intensity will drop to half its maximum value whenever:-

1

1 + Fsin (6/2)
2.11

2sin-1
1

V'F
2.12

F is generally large so that sin~^(l^/F) — 1//F and, therefore, the 
half width is:-

4 

\/F
2.13

An important quantity is the Free Spectral Range (FSR) of an etalon 
which is the particular wavelength difference at which the n th order
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fringe for one wavelength, ^ 1 , overlaps with the (n+1 ) th order of 
some other wavelength, A2  . We may write:-

nAj 2t 2.14

(n+l)A2 2t 2.15

2.16
=» FSR

2t

The ratio of the Free Spectral Range (FSR) to the Full Width Half 
Maximum (FWHM) of the Fabry-Perot fringe is an important quantity 
known as the finesse and is given by:-

Over the visible range the finesse of most Fabry-Perot etalons is 
about 30. The finesse is physically limited by deviations in the 
plates from plane parallelism and by surface defects.

2.4.2 Construction of the Fabry-Perot Etalon

The design and fabrication of the Fabry-Perot etalons used by the APL
have been discussed in detail in the literature [Rees et al., 1981b; 
1982b; Killeen et al., 1982]. The optical components of the etalons 
are manufactured by I.C. Optical Systems.

Any etalon will have limitations due to the intrinsic thermal and
mechanical stability of its components. For example, small 
dimensional changes in the etalon gap of the order of a small 
fraction of the wavelength of light can cause intolerable drift, 
producing deleterious effects on the instrument calibration. By 
careful selection of the component materials, the design of the 
etalon housing and the etalon mount, the APL, in collaboration with 
the University of Michigan, were able to develop a very stable rugged 
etalon for the Fabry-Perot interferometer flown on the NASA Dynamics 
Explorer satellite mission [Rees et al., 1982b; Killeen et al., 
1982]. The majority of etalons built for the APL since then have been 
designed along similar lines.

2ir
finesse 2.17

7 2
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Basically the etalons are constructed from two plates of fused silica 
(Spectrosil B) separated by three spacers made of Zerodur. Zerodur is 
a trade name of Schott optical glass and is a polycrystalline glass 
ceramic of low expansion coefficient. The two inner surfaces are 
polished flat to better than 3 nm rms. They are coated with a 
multilayer dielectric coating to give a peak reflectivity of about 
90% over a specified wavelength range. This corresponds to a 
theoretical finesse of about 30, although the actual finesse obtained 
is less than this. The disagreement between the calculated and the 
measured finesse can be attributed to the broadening of the spectral 
line by the fringe profile and the blurring effects of plate and 
coating distortions on the interference pattern [Killeen et al., 
1981].

The two outer surfaces are flat to 300 nm and are normally set with a 
wedge angle to the inner etalon surfaces of about 45 arc minutes. 
This offsets the parasitic fringes caused by interference between the 
inner and outer surfaces. The parasitic fringes are further decreased 
by anti-reflectance coating the outer surfaces to give a low 
reflectivity over the wavelength range at which the etalon is to be 
used.

The etalon is housed in a mount made of Invar which is used to 
mechanically hold the etalon and to allow adjustment of the etalon 
space by three cantilever springs. The mathematical principles of the 
design are described in detail in Killeen et al. [1982].

The etalon plates can be adjusted to ensure that they are parallel by 
careful adjustment of the three springs holding the etalon. This is 
best done by observing the fringes from a diffused He/Ne laser source 
with the eye. The pupil of the eye may be considered as a small 
elemental area and as it is moved over the surface of the etalon the 
fringes will be seen to expand and/or contract if the plates are not 
exactly parallel or are distorted from flatness. Only when the plates 
are precisely aligned will the size of the fringe pattern remain 
constant. This is because the etalon surface may be regarded as being 
made up of smaller elemental areas each being its own independent 
etalon. If the etalon plates are not parallel each elemental etalon 
will be slightly different from its neighbour resulting in a slightly
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different fringe pattern as seen by the eye. If an instrument is 
operated with an etalon whose plates are not correctly adjusted, the 
fringe pattern will be degraded and the fringes broadened.

Once the etalon plates have been adjusted correctly, the etalon is 
sealed in an air-tight container and evacuated to about 1-10 mm Hg. 
This prevents atmospheric pressure changes from altering the 
refractive index of the air in the gap. It also minimizes the effects 
of any lack of temperature stability.

A selection of the Fabry-Perot etalons that have been used by the APL 
are shown in figure 2.7. On the left is a 13.2 cm aperture, 
capacitance-stabilized etalon [2?ees et al., 1981b]. The etalon in the 
middle has an aperture of 5 cm and is similar to the etalon flown on 
the Dynamics Explorer-2 satellite. The etalon on the right is another 
capacitance-stabilized etalon.

2.4.3 The Doppler Imaging System

The Doppler Imaging System (DIS) consists of a Fabry-Perot etalon, a 
narrow-band interference filter, a positive lens, and an IPD all 
mounted on an optical bench, similar to that described for the VHSIS 
in section 2.2.1. The DIS may or may not have optical components in 
front of the Fabry-Perot etalon.

2.4.3.1 Set-up of the Doppler Imaging System

The IPD is initially adjusted as described in section 2.2.3 and the 
Fabry-Perot etalon is adjusted for plate parallelism as discussed in 
section 2.4.2. The components are then set up on the optical bench.

The instrument is coarsely focused by illuminating the front of the 
etalon with diffused light from an appropriate calibration lamp and 
observing the fringe profile obtained with the detector in real-time 
on an oscilloscope. The detector can be moved back and forth on the 
optical bench until the sharpest fringes are obtained. Fine tuning of 
the focus is achieved by examining the fringe profile of the 
calibration image collected on the PC and adjusting the detector 
until the sharpest fringe profiles are obtained.
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The etalon is normally adjusted so that the Fabry-Perot fringes are 
centred on the pho to cathode. This is done by means of three offset 
screws and three locking screws at the front of the etalon can. The 
etalon is illuminated as described above and the screws adjusted 
until the fringes are centred.

2.4.3.2 Calibration of the Donnler Imaging System

The thermionic emission calibration of the IPD in the DIS is 
performed in exactly the same manner as described for the VHSIS 
(section 2.3.5).

The instrumental flat field response is measured by observing the 
twilight sky through the DIS, in much the same way as described for 
the VHSIS (section 2.3.5).

A full-field spectrometric calibration is achieved by recording the 
fringes obtained from an appropriate calibration lamp. This 
calibration provides a reference level from which the relative line 
of sight velocities are determined.

The full-field spectrometric calibration is performed before and 
after any given experiment. A typical Fabry-Perot ring system, 
obtained from a barium calibration lamp, is shown in figure 3.6.

2.5 The Doppler Imaging Systems used to Observe the Natural and 
Artificial Gas and Plasma Clouds

Over the past six years several different Doppler Imaging Systems 
have been used to observe the artificial chemical releases and the 
cometary targets. The DIS systems used to observe the artificial 
chemical releases generally have no optical components in front of 
the etalon, and the DIS currently employed for the artificial 
chemical releases is discussed in section 2.5.1. The DIS systems used 
with moderate sized telescopes employ a negative lens in front of the 
etalon to illuminate the etalon with parallel light from a range of 
angles. The design of the DIS for the cometary work depends on the 
goals of the experiment. At present the DIS has been successfully 
deployed with moderate sized telescopes to reveal velocity structures



72

in the inner neutral coma but has not yet succeeded with the cometary 
ions. The DIS currently used with the 24" telescope at TMF has been 
designed to achieve this elusive goal and is described in 
section 2.5.2.

2.5.1 The Doppler Imaging System used to Observe the Artificial Gas 
and Plasma Clouds

The DIS used to observe the artificial chemical releases consists of 
a Fabry-Perot etalon, lens, filter and IPD, mounted on an optical 
bench. The optical bench consists of four steel rods and five 
mounting plates. These plates are firmly locked into position by grub 
screws once the instrument is correctly set up. The whole instrument, 
when assembled, is extremely stable, which is absolutely essential, 
since accurate positioning of the fringe pattern on the detector must 
be maintained at all times.

The Fabry-Perot etalon is mounted on the first plate at the front of 
the instrument. This first plate doubles up as an end plate. A 
positive lens is mounted on the second plate, immediately behind the 
etalon. The IPD is mounted on the fourth plate in the focal plane of 
the positive lens. The interference filter is mounted on the third 
plate, immediately in front of the detector. The fifth plate is the
other end plate. The entire optical bench is enclosed in a light
tight cover.

The Fabry-Perot etalon currently used in this DIS to observe the 
artificial chemical releases has a working diameter of 80 mm and a 
fixed gap of 3 mm, corresponding to a free spectral range of 
22.8 kms“^ at 455.4 nm. A positive lens, which has a diameter of 
80 mm and a focal length of 400 mm, is used to focus the Fabry-Perot 
fringe pattern onto the front of the detector. The interference
filter is centred at 455.4 nm and has a FWHM of 1 nm and so passes
the 455.4 nm emission line of sunlit barium ions. Since the diameter 
of the photocathode is 18 mm, the instrument field of view is of the 
order 2.5° of arc. Approximately 3 Fabry-Perot fringes are imaged 
onto the photocathode with this arrangement.
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2.5.2 The Doppler Imaging System Designed for use with the 24" 
Telescope to Observe Line of Sight Velocities in the Cometary Ion 
Coma and Tall

The aim of this investigation is to reveal the line of sight 
velocities of the ions in the cometary coma and tail. The design of 
such an instrument depends on several instrumental parameters and the 
anticipated average line of sight velocities.

For the present study the fixed instrumental parameters are the 
diameter of the primary mirror (60 cm), the effective focal length of 
the primary mirror (900 cm), the usable diameter of the etalon plates 
(18 mm) and the diameter of the photocathode (18 mm).

The parameters to be determined are the focal length of the negative 
lens, f-p the etalon gap, t, and the focal length of the positive 
lens, f2 - The diameter of the two lenses should be slightly larger 
than the diameter of the etalon plates.

2.5,2.1 Determination of the Focal Length, f^ . of the Negative Lens

The focal length, f^, of the negative lens determines the diameter of
the beam of light illuminating the etalon.

The radius of the primary mirror is 30 cm and its effective focal 
length is 900 cm. The radius of the etalon is 9 mm. Therefore, by 
similar triangles, as shown in the diagram (figure 2 .8 ):-

fi 0.9
1   2.18

900 30

2.19
=► f j  = 27 cm

The focal length of the negative lens should, therefore, be of the
order of 27 cm.
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2.5.2.2 Determination of the Etalon Gap ft")

The etalon gap depends on the free spectral range required and the 
wavelength (A) being examined, according to the relationship:-

cA
t =   2.20

2FSR(v)

where FSR(v) is the Free Spectral Range in velocity units.

The two ion species of particular interest for these studies are C0+
X J.and H2 O . The CO molecule is observed in resonance fluorescence at

402.0 nm and the ^ 0 * molecule is observed in resonance fluorescence 
at 580.0 nm.

No single fixed etalon is capable of measuring the range of line of 
sight velocities expected in the ion coma. The velocity of the solar 
wind is typically 400 kms"^ and this is the velocity that is 
eventually attained by the ions. However, the velocity of the ions in 
the head of the comet will be less than this. A good survey of the 
ion velocities would be possible with a set of etalons having free 
spectral ranges of the order 50 kms'^, 100 kms”\  200 kms’^ and 
400 kms"^.

Consider a wavelength of 490.0 nm, intermediate between the two 
emissions to be studied. The etalon gaps required become 1.5 mm, 
0.75 mm, 0.37 mm, and 0.18 mm as tabulated in figure 2.8. The free 
spectral ranges in units of velocity for the two wavelengths of 
interest for each etalon gap are given in table 2.3.

Table 2.3 The Free Spectral Range Obtained with Different Etalons

Etalon Gap FSR(v) at 402 nm FSR(v) at 580 nm
1 1(mm) (kms ) (kms )

1.5 40 58
0.75 80 116
0.37 160 232
0.18 320 464
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A study of the line of sight velocities of the ions in the head of a 
comet is possible with the four etalon gaps tabulated in table 2.3.

2•5.2.3 Determination of the Focal Length, fo. of the Positive Lens

The focal length, f2 , of the positive lens is an important parameter 
as it determines how many fringes fall onto the surface of the 
photocathode for a given wavelength. Three or four fringes should be 
mapped onto the detector to obtain a good velocity map. The focal 
length f£ may be calculated with a knowledge of the angular 
separation between the central fringe and the fourth fringe from the 
centre.

The angular separation may be computed as follows. The order, n, of 
the central fringe is given by equation 2.7. Therefore, the angular 
separation, 9 , between the central fringe and the fourth fringe from 
the centre is given by:-

cos-1
(n - 4)A

2 t
2.21

cos-1
2A

1 - 2 . 22

This angle depends on both the wavelength of light and the plate 
separation. It is tabulated in table 2.4 for each etalon gap at the 
two wavelengths.

Table 2.4 Angular Separations Between the Fourth Fringe and the 
Central Fringe

Etalon gap Q at 402 nm G at 580 run
(mm) (radians) (radians)

1.5 0.033 0.039
0.75 0.046 0.056
0.37 0.065 0.079
0.18 0.095 0.114
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Thus the smallest angle to the optic axis subtended by the fourth 
fringe is 0.33 radians produced with a 1.5 mm gap etalon at 402 nm. 
The focal length, f£, would be 27 cm in this case. The largest angle 
subtended by the fourth fringe is 0.114 radians produced with the 
0.18 mm gap etalon at 580 nm. The required focal length would be 
7.9 cm.

The entire system, consisting of negative lens, Fabry-Perot etalon, 
narrow-band filters, positive lens and IPD is mounted on an optical 
bench, similar to that described for the VHSIS in section 2.3.1.

2 .6 The Sites and Instruments used to Observe the Cometarv Targets

Two principal sites have been used in the cometary program, the 
Observatorio del Roque de los Muchachos, La Palma, Canary Islands and 
the Table Mountain Facility, California, USA (section 2.6.1). A 
number of different instruments have been used to observe the 
cometary targets from these two sites and these are described in 
section 2.6.2. Some important instrumental parameters are tabulated 
in table 2.5 and the sites used and the instruments deployed are 
summarized in table 2 .6 .

Table 2.5 Summary of the Instruments used to Observe the Cometary 
Targets

Instrument Effective Field of view Pixel size
focal length (arc minutes) (arc seconds)

1 m JKT 15 m 4.13 0.97
24" Telescope 9 m  6.87 1.61
16" Telescope 6 m 10.3 2.41
8 " Telescope 2 m  30.9 7.24

300 mm Nikon 0.3 m 206.4 48.4
180 mm Nikon 0.18 m 343.2 80.4
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2.6.1 The Sites used to Observe the Cometary Targets

2.6 .1.1 The Observatorio del Roque de los Muchachos

The Observatorio del Roque de los Muchachos is situated on the island 
of La Palma which lies in the northwest of the Canarian archipelago. 
The observatory is at an elevation of 2,369 m, longitude 
17° 52’ 34" W, latitude 28° 45' 34" N. The site houses the
4.2 m William Herschel Telescope, the 2.5 m Isaac Newton Telescope 
and the 1 m Jacobus Kapteyn Telescope. All three are operated by the 
Royal Greenwich Observatory. Also on the mountain are the recently 
dedicated 2.5 m Nordic Optical Telescope, a solar telescope, a 
61 cm reflector and the Carlsberg Automatic Meridian Circle. The 
observatory is owned by Spain and administered by the Canary Island 
Institute of Astrophysics.

2.6 .1.2 The Table Mountain Facility

The Table Mountain Facility (TMF) is situated in the San Gabriel 
Mountains in California near the village of Wrightwood. The 
observatory is at an elevation of 2,287 m, longitude 117° 40' 48" W, 
latitude 34° 22' 54" N. It is equipped with a 24" telescope, a 16" 
telescope, a Schmidt camera and a solar observing facility. A 48" 
telescope is currently under construction. It is owned and operated 
by the Jet Propulsion Laboratory, California Institute of Technology.

2.6.2 The Instruments used to Observe the Cometary Targets

The JKT, the 24" telescope and the 16" telescope have been used for 
near-nucleus studies. An 8 " portable Meade telescope and 300 mm and 
180 mm Nikon camera lenses have been used for large-scale imaging.

2.6 .2.1 The Jacobus Kaptevn Telescope

The 1 m Jacobus Kapteyn Telescope (JKT) (figure 2.9) is an ideal 
telescope for monitoring near-nucleus phenomena. The IPD is employed 
at the f/15 Cassegrain focus, producing a field of view of 4.13 arc 
minutes across the 18 mm diameter photocathode. The telescope is 
fully computer controlled. At the start of any observing session the
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telescope is calibrated in right ascension (RA) and declination (dec)
by centering a known star in the field of view of the detector. The
coordinates of the comet are then entered and the telescope is driven 
to the target. Differential offset rates may be entered enabling the 
telescope to track the comet.

2.6 .2.2 The 24" Telescope at TMF

A picture of the 24" telescope is shown in figure 2.11. The VHSIS can
be seen bolted on to the telescope. The IPD is employed at the f/15 
Cassegrain focus, producing a field of view of 6.87 arc minutes 
across the detective surface. Hence, the 24" telescope is a good 
instrument for monitoring near-nucleus activity. Figure 2.12 shows 
the operating console together with the equipment for controlling the 
detectors. The telescope position is read from clocks registering the 
RA and dec. The telescope is driven manually to its target by using a 
joy stick, which drives the telescope in RA and dec. The telescope is 
capable of offset tracking, there being a linear relationship between 
the offset rates at the console and the cometary offset rates.

2.6 .2.3 The 16" Telescope at TMF

The 16" telescope was used to study near-nucleus structures of comet 
Hailey when the 24" telescope was not available. On the 16" 
telescope, the IPD is used at the f/15 Cassegrain focus producing a 
field of view of 10 arc minutes. Like the 24" telescope it is 
controlled manually but unlike the 24" telescope it is not capable of 
offset tracking. Therefore, series of short integrations are taken to 
avoid blurring of the cometary target.

2.6 .2.4 The 8 " Meade Portable Telescope

An 8 " Meade portable telescope has been used to study large-scale 
phenomena from both observatory sites. Figure 2.10 shows the 
operational set-up at the La Palma Observatory when the Meade was 
used from the roof of the "Residencia", the accommodation block at 
the observatory. This telescope has a 2 m focal length which results 
in a field of view of 31 arc minutes. The Meade has no offset 
tracking capabilities and so series of short integrations are taken.
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Table 2 .6 Log of the Cometarv Observations. together with the 
Instruments used

Comet Site Instruments Dates

P/G-Z 1984e LPO 8 ” Meade 
1 m JKT 
8 " Meade

25/08/85 - 27/08/85 
28/08/85 - 03/09/85 
04/08/85 - 13/08/85

P/Halley 1982i TMF 24" telescope 
& 300 mm Nikon

30/11/85 - 14/12/85

TMF 8 " Meade 
24" telescope 
& Nikon lenses 
16" telescope 
& Nikon lenses

28/02/86 - 04/03/86 
05/02/86 - 18/03/86

19/03/86 - 23/03/86

LPO 1 m JKT 29/04/86 - 05/05/86
& 300 mm Nikon

Wilson 19861 TMF 24" telescope 30/10/86 - 06/11/86

Sorrells 1986n TMF 24" telescope 19/05/87 - 30/05/87

Bradfield 1987s TMF 24" telescope 14/12/87 - 22/12/87
& 300 mm Nikon

P/Borrelly 1987p TMF 24" telescope 
& 300 mm Nikon

14/12/87 - 22/12/87

B-M 1989o TMF 24" telescope 
& 300 mm Nikon

09/08/89 - 23/08/89

Austin 1989cl TMF 24" telescope 
& 300 mm Nikon

28/04/90 - 28/05/90
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2.6 .2.5 The Nikon Camera Lenses

Two Nikon camera lenses, a 300 mm and a 180 mm, have been used to map 
large-scale structures. These lenses have corresponding fields of 
view of 3.4° of arc and 5.6° of arc respectively. These lenses are 
attached to an IPD, which is itself mounted piggy-back on the larger 
telescope (see, for example, figure 2 .1 1 ), enabling the long 
integrations necessary to determine the full extent of the cometary 
coma in the light of the various species.

2.7 The Sites and Instruments Used to Observe the Artificial Gas and 
Plasma Clouds

The majority of the artificial chemical release experiments to be 
monitored with VHSIS/DIS systems have been observed from ground-based 
sites. The exceptions being the AMPTE releases which were observed 
with a VHSIS/DIS system aboard the NASA Convair 990 airborne 
observatory. The sites used and the instruments deployed are
discussed in this section and are summarized in table 2.7.

2.7.1 The NASA Convair 990 Airborne Observatory

A VHSIS and DIS were used from aboard the NASA Convair 990
"Galileo II" airborne observatory flown out of NASA Ames Research 
Center to observe the 27 December 1984 AMPTE "artificial comet"
experiment (section 8.2) and the 21 March 1985 AMPTE magnetotail 
release (section 8.3). The VHSIS and DIS used in both of these 
experiments were identical. The VHSIS employed a 180 mm Nikon camera 
lens giving a field of view of 5.7°. The DIS employed a fixed gap 
etalon with a plate separation of 2 mm and a working diameter of 
100 mm. The positive lens used to focus the Fabry-Perot fringes had a 
focal length of 200 mm. Attempts to observe the 18 July 1985 AMPTE 
"artificial comet" had to be aborted when the aircraft caught fire on 
the runway.

2.7.2 Poker Flats Research Range

A co-aligned VHSIS/DIS system was used from the optical site at Poker 
Flats Research Range, near Fairbanks, Alaska to observe two barium
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shaped-charge releases from each of two rockets launched from the 
Range in March/April 1984 (section 8.4). The VHSIS employed a 180 mm 
Nikon camera lens, giving a field of view of 5.7°. The DIS employed a 
fixed gap, 80 mm working diameter, etalon with a plate separation of 
2 mm. The positive lens used to focus the Fabry-Perot fringes had a 
focal length of 180 mm.

A co-aligned VHSIS/DIS system was used from the optical site at Poker 
Flats Research Range to observe two barium shaped-charge releases 
from each of three rockets launched from the Range in April 1986. The 
VHSIS employed a 300 mm Nikon camera lens to give a field of view of 
3.4°. The DIS employed a fixed gap etalon with a plate separation of 
2 mm and a working diameter of 80 mm. The positive lens used to focus 
the Fabry-Perot fringes had a focal length of 400 mm.

2.7.3 Wallops Island

Two VHSIS systems were used from the optical site at Wallops Island 
Rocket Range in May 1986 to observe releases from two rockets 
launched from the Range (section 8.5). Both of these systems employed 
85 mm Nikon camera lenses to give a field of view of 12.1°.

2.7.4 Sondrestrom Incoherent Scatter Radar Facility

A co-aligned VHSIS/DIS system was used from the Sondrestrom 
Incoherent Radar Scatter Facility to observe two barium shaped-charge 
releases from each of two rockets launched from Sondrestrom Air Force 
Base in February/March 1987. The VHSIS employed a 180 mm Nikon camera 
lens to give a field of view of 5.7°. The DIS employed a fixed gap 
etalon with a plate separation of 3 mm and a working diameter of 
80 mm. The positive lens used to focus the Fabry-Perot fringes had a 
focal length of 400 mm.

A co-aligned VHSIS/DIS was set up at the Sondrestrom Incoherent Radar 
Scatter Facility to observe two barium shaped-charge releases from a 
rocket launched from Andoya Rocket Range, Norway in December 1988. 
The VHSIS employed an 85 mm Nikon camera lens and the DIS was 
identical to that used from Sondrestrom in February 1987.
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Unfortunately no observations were made of these releases due to bad 
weather over Sondrestrom at the time of the release.

Table 2.7 Log of the VHSIS/DIS Systems used to Observe the 
Artificial Chemical Release Experiments

Site Date PI VHSIS Etalon
Lens Gap

Poker Flats 30/03/84 Heppner 180 mm 2 mm
Poker Flats 01/04/84 Heppner 180 mm 2 mm
Convair 990 27/12/84 AMPTE 180 mm 2 mm
Convair 990 21/03/85 AMPTE 180 mm 2 mm
Convair 990* 18/07/85 AMPTE 180 mm 2 mm
Poker Flats 01/04/86 Heppner 300 mm 2 mm
Poker Flats 03/04/86 Wescott 300 mm 2 mm
Poker Flats 13/04/86 Heppner 300 mm 2 mm
Sondrestrom 26/02/87 Wescott 180 mm 3 mm
Sondrestrom 05/03/87 Wescott 180 mm 3 mm
La Palma 26/02/87 Wescott 180 mm 3 mm

'k'kSondrestrom 19/12/88 Wescott 85 mm 3 mm
Churchill 09/04/89 Hoffman 50 mm 3 mm
Churchill 11/04/89 Hoffman 50 mm 3 mm
_,̂'k'kTMF 16/05/90 Hoffman 85 mm 3 mm
TMF 25/05/90 Hoffman 85 mm 3 mm

* No data obtained due to aircraft fire.
** No data obtained due to 100% cloud cover at time of release.

2.7.5 Observatorio del Roque de los Muchachos. La Palma

A co-aligned VHSIS/DIS system was used from outside the basement of 
the 1 m Jacobus Kapteyn Telescope to observe two barium shaped-charge 
releases from a rocket launched from Sondrestrom Air Force Base in 
February 1987. The VHSIS/DIS system employed to monitor these 
releases was identical to that operated to observe the same releases 
from Sondrestrom.
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2.7.6 Churchill Research Range

A co-aligned VHSIS/DIS system was used from the optical site at 
Churchill Rocket Range, near Churchill, Manitoba, Canada in April 
1989 to observe two barium shaped-charge releases from each of two 
rockets launched from the Range. The VHSIS employed a 50 mm Nikon 
camera lens, giving a field of view of 20.4°. The DIS used to observe 
these releases was identical to that used to observe the releases 
from Sondrestrom in February 1987.

2.7.7 Table Mountain Facility

A co-aligned VHSIS/DIS system was used from the heliport at Table 
Mountain Facility in April 1990 to observe the two Pegsat barium
thermite releases. The VHSIS employed an 85 mm Nikon camera lens,
giving a field of view of 12.1°. The DIS used to observe these
releases was identical to that used to observe the releases from
Sondrestrom in February 1987.
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CHAPTER 3 

DATA REDUCTION

3.1 Introduction

This chapter discusses the data reduction techniques employed in the 
analysis of the images collected with the Very High Sensitivity 
Imaging System (VHSIS) and with the Doppler Imaging System (DIS).

The raw data and calibration images collected on the hard disk of the 
Personal Computer (PC) used in the field are brought back to the UK 
via a back-up onto tape cartridges and/or floppy disks. These images 
are then transferred on to the hard disk of a suitable local PC 
within the Atmospheric Physics Laboratory (APL) at UCL, from where 
they are transferred to the APL DEC microvax for subsequent 
reduction, analysis and permanent storage (section 3.2).

All of the raw VHSIS data files collected in the field are initially 
corrected for the thermionic emission and flat field response of the 
detector and the sky background. These correction procedures are 
discussed in section 3.3.

The two-dimensional corrected VHSIS images are converted to a variety 
of one-dimensional profiles to facilitate comparison with cometary 
models and with data collected by other observers. These data 
reduction procedures are discussed in section 3.4.

All of the raw DIS image files collected in the field are initially 
corrected for the thermionic emission and flat field response of the 
detector. The corrected DIS data files are then reduced to 24 equal 
angular sectors in radius-squared space about the centre of the 
Fabry-Perot ring system. The fringe peak positions in these 24 
sectors are determined and compared with the peak positions obtained 
with a calibration lamp to yield relative line of sight velocities as 
a function of position across the two-dimensional field of view. The 
procedures employed in the complete analysis of the DIS data are 
described in section 3.5.
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3.2 Image Transfer from the Field PC to the APL DEC Microvax

The images which are collected in the field are initially stored on 
the hard disk of the field PC. Each image is a 256 x 256, integer x 2 
array and occupies approximately 131 kbytes of memory. These images 
are backed up onto floppy disks and/or tape streamers during the 
course of any given campaign.

The tape streamers, which have been used in the field to date, have a 
storage capacity of 10 Mbytes and can, therefore, store up to 76 
images. This is an extremely convenient method of backing up the 
data. However, not all PCs operated in the field possess tape drives. 
When there is no tape drive on a field PC, floppy disks are used as 
the backup media. High density disks have a storage capacity of
1.2 Mbytes and can store up to 9 images per disk. Double density 
disks have a storage capacity of 362 kbytes and so may only store a 
maximum of 2 images per disk.

Once back at the APL, all of the images from a campaign are 
transferred from tape streamers/floppy disks onto the hard disk of a 
suitable local PC. Since the majority of the analysis and plotting 
packages used within the APL are written in Fortran on the microvax, 
the images need first to be transferred to the microvax. This is done 
using a program called DTRAN, written by D. Wade of the APL, which 
allows bulk transfer of images from PC to microvax. Each image on the 
microvax occupies 258 Vax blocks of memory (1 vax block is equivalent 
to 512 bytes).

The PC filenames are labelled according to the UT date and time as 
described in section 2.2.5. However, the year of observation is not 
included in the filename. It is, therefore, necessary to rename the 
files once they have been transferred to the microvax so that the 
year is included. This is essential to prevent the confusion of files 
from different years. Additional information on the type of file and 
the location of the instrument is also added to the filename. This 
additional labelling is best explained by means of an example
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filename:-

Example of Vax filename: I86E32115.P31

The first character refers to the type of file according to the 
scheme outlined in table 3.1. The next two digits refer to the year 
of observation. The character after the dot refers to the location 
(see table 3.1.). Thus, the above filename describes the raw VHSIS 
image recorded at La Palma on 3 May 1986 at 21:15:31 UT.

Table 3.1 Additional Information Added to the Filename at UCL

Type of File Code Location Code

Raw data (VHSIS) I Alaska A
Corrected data (VHSIS) J California C
Raw data (DIS) D Churchill H
Corrected data (DIS) E La Palma P
Flat field F Sondrestrom S
Thermionic emission T Wallops Island W
Sky background S

3.3 Correction of the Raw Images Collected with the Very High 
Sensitivity Imaging System

Any "hot spots"/"hot lines" are first removed from the raw VHSIS 
images as described in section 3.3.1. The images are then corrected 
for thermionic emission and flat field (section 3.3.2) and sky 
background (section 3.3.3). The corrected images may be smoothed by a 
variety of methods and these are reviewed in section 3.3.4.

3.3.1 Initial Procedures

After any campaign the raw VHSIS images are first plotted out and 
studied so that the promising data can be selected for further
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analysis. The images are displayed on a Tektronix 4113 colour 
graphics terminal and plotted on a Tektronix 4691 ink jet plotter.

Sometimes data collected in the field contains "hot spots" and/or 
"hot lines". These are associated with the detector electronics and 
can be corrected by the software. A "hot spot" is a pixel that 
contains a very large number of counts above its neighbours. A "hot 
line" is a horizontal or vertical line of "hot spots". A "hot spot" 
is removed by replacing it with the average value from the four 
adjacent pixels. A "hot line" is removed by replacing each value in 
the line by the average value of its two adjacent pixels 
perpendicular to the line.

3.3.2 Correction for the Thermionic Emission and Flat Field Response 
of the IPD

Thermionic emission and flat field files are recorded regularly 
throughout the course of any given campaign as described in
section 2.3.5.

The steps necessary in the correction of a raw image are summarized 
below. Each image is 256 x 256 pixels and the operations involving 
image arrays are carried out on a pixel to pixel basis. The raw 
images and raw flat field images are first corrected for the 
thermionic emission of the detector (section 3.3.2.1). The images are 
then corrected for flat field (section 3.3.2.2).

3.3.2.1 Correction for Thermionic Emission

All of the raw images and raw flat field images from any given
campaign are corrected for the detector thermionic emission. The
thermionic emission image, normalized to the integration time of the 
image to be corrected, is subtracted from the image to be corrected.

Let tt, and tr be the integration times of the thermionic emission 
image and the image to be corrected respectively, and T and Ir be the 
thermionic emission image and the image to be corrected. The
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correction for thermionic emission, then, proceeds as follows

tr
Cl =

k

Ic(256,256) = Ir(256,256) - C!T(256,256)

where C-̂  is the normalizing factor and Ic the resulting image, 
corrected for thermionic emission.

3.3.2.2 Correction for Flat Field

All of the images, which have been corrected for thermionic emission, 
are then corrected for the flat field response of the detector by 
multiplication with the associated flat field correcting factor file 
(formed for each pixel in the flat field image by dividing the 
average value in the flat field image by the value in each pixel).

Let Fc be the flat field image corrected for thermionic emission as 
outlined in section 3.3.2.1 and FaVg be the average value of the 
photon counts in the flat field. Then the correction of an image for 
flat field proceeds as follows

Favg
Ff(256,256) = --------  3.3

Fc(256,256)

J(256,256) = ^(256,256) x Ff(256,256) 3 ’4

where Ff is the flat field correction image and J is the image 
corrected for flat field and thermionic emission.

The flat field operation can result in over correction at the edge of 
the image. This can be removed by applying a circular mask which sets 
the values in the relevant outer region to zero.

3.3.3 Correction for Sky Background

Finally the processed raw image is corrected for sky background. The 
raw sky background image is first corrected for the detector 
thermionic emission and flat field as outlined above. The corrected 
sky background image, normalized to the integration time of the data,

3.1

3.2
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is subtracted from the data image. This final step is summarized 
below, where the notation is similar to that used above. J and S are 
the corrected image and sky background files respectively, tg is the 
integration time of the sky background file, and Jc is the final 
fully corrected image:-

C 2 = -  3.5

Jc(256,256) = J(256,256) - C2S(256,256) 3.6

The sky background image may contain unwanted stellar objects which 
would introduce errors in certain regions. When this happens the 
average value of the corrected sky image (excluding the areas 
occupied by stellar objects) is subtracted from every pixel rather 
than subtraction on a one to one basis.

A raw image and its associated thermionic emission, flat field and 
sky background files are shown in figure 3.1. The raw image 
(figure 3.1a) is a 10 minute exposure of comet Brorsen-Metcalf taken 
with the 24" telescope at the Table Mountain Facility (TMF) on 
9 August 1989 in the light of the C2 molecule. The thermionic 
emission file (figure 3.1b) is a 60 minute integration taken with the 
photocathode light sealed. The flat field (figure 3.1c) is a 5 minute 
integration of the twilight sky taken through the C2 filter. The sky 
background image (figure 3.Id) is a 5 minute integration of the night 
sky taken approximately 5° of arc from the comet shortly after the 
raw image shown in figure 3.1a. The fully corrected image is shown in 
figure 3.2.

Once the images have been fully corrected they are transferred to 
magnetic tape, which provides permanent storage of the data. At any 
one time a small number of fully corrected images are stored on the 
hard disk of the microvax, from where they are immediately available 
for analysis.

3.3.4 Smoothing Routines

The random fluctuation in the photon flux can be described by a 
Poisson distribution. This distribution has the important property
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that the root mean square fluctuation in the average flux N is 
simply:-

rms noise a 3 *7

signal/noise = ^/N 3 ' 8

Thus, the signal-to-noise ratio is proportional to the square root of 
the photon count. The signal-to-noise ratio is, thus, increased by 
taking longer integrations or by adding a sequence of shorter 
integrations. The latter method is the only option for telescopes 
such as the 16” telescope at TMF or the 8 " Meade portable telescope 
which do not possess any offset tracking capabilities. The 
integration times are limited to a maximum of about 2 minutes in 
these cases to avoid blurring the comet.

The pixel to pixel variations in the photon count may originally be 
large due to the errors inherent in photon counting. However, these 
variations may be reduced by appropriately smoothing the data. A 
variety of smoothing routines are available and these may be 
conveniently divided into two categories, one using spline 
interpolations the other using Fourier transforms.

3.3.4.1 Smoothing using Spline Interpolations

The spline method involves replacing each pixel value with an average 
computed from the pixel itself and certain specified neighbouring 
pixels. For example a five point spline calculates an average for 
each pixel from the pixel itself and its four adjacent pixels. A nine 
point spline also includes the additional four pixels in contact with 
the corners of the central pixel. The amount of smoothing may be 
increased by involving more pixels in the smooth or by repeating a 
given spline. Trial and error has shown that a good smoothing process 
for the VHSIS and DIS images uses the five point spline which is 
repeated three times.
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3.3.4.2 Smoothing using Fourier Transforms

An alternative approach to smoothing the images involves Fourier 
techniques. It can be shown that in the Fourier domain any smoothly 
varying image will be limited to the lower frequencies, whereas the 
noise is spread over all frequencies. Thus, an image may be smoothed 
by the application of a suitable low-pass filter in the Fourier 
domain.

After a certain amount of experimentation with a variety of filter 
shapes in the Fourier domain, the Kaiser bell (cosine bell) was found 
to be the most suitable, the degree of smoothing being controlled by 
the width of the bell.

3.4 Data Reduction

The data are to be eventually compared with models of the cometary 
atmosphere and with the results of other observers. In order to 
achieve this end it is first necessary to reduce the data to a 
variety of one dimensional profiles. Reduction to line profiles, 
circular profiles and sector profiles are discussed in
sections 3.4.1, 3.4.2 and 3.4.4 respectively.

3.4.1 Reduction of the Imaging Data to Line Profiles

Profiles may be taken through an image along any line of any given
width. The begin and end points of the upper line together with the
required width of the integration are used to specify the line.

The equation of the line joining the upper begin and end point is 
first determined. If the gradient of the line is less than one the 
program will step along the line in units of x, at each point
calculating the corresponding value of y and storing the value at 
that pixel as a function of x. The lower begin and end points are 
calculated and the equation of the line joining the upper begin point 
to the lower begin point is determined. The program then steps from 
the upper begin point to the lower begin point in steps of unit y 
calculating the corresponding x start point at each stage. An 
integration along the line with the same gradient and length as the
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line joining the upper begin and end points is performed from each 
start point and the results stored and summed as a function of x. The 
results are output as counts per pixel against unit step distance in
x. If the gradient of the line is greater than one then the roles of
x and y are reversed to obtain the optimum coverage of points along 
the chosen line.

3.4.2 Reduction of the Imaging Data to Circular Profiles

The reduction of an image to a circular profile is best explained 
with the help of a diagram (figure 3.3). The basic problem is the 
conversion of a rectangular grid into a circular grid.

It is convenient to picture circles centred on the centre of the 
central pixel with radii ranging in unit steps from 0.5 pixel to the
edge of the area of interest. A series of elemental annuli are
generated and it is the total count in each annulus as a function of 
radius that is required. The distance of each pixel from the central 
pixel is computed and the counts in the former are binned so that all 
pixels with centres in a given annulus are attributed to that 
annulus.

The above procedure can only produce an approximate reduction because 
most pixels do not lie entirely within one annulus, as can be seen in 
figure 3.3. A first order correction is achieved by dividing the 
total counts in each given annulus by the number of pixels in that 
annulus yielding the count per unit area for each annulus. The total 
count in any given annulus is then found by multiplying the count per 
unit area by the area of the annulus. This first order geometric 
correction is an absolutely essential part of the reduction to a 
circular profile.

Care must be taken at this stage to avoid confusion between the 
effective radius and the array element in which the counts at that 
radius are stored. By referring to the diagram it can be seen that 
array element 1 contains the count at an effective radius of 
0.25 pixel. Array element 2 contains the counts at radius 1, array 
element 3 at radius 2 and so on.
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3.4.3 Verification of the Routine to Generate the Circular Profiles

The reduction of an image to a circular profile forms an important 
part of much of the analysis referred to in subsequent chapters. It 
is, therefore, prudent to validate the technique on a test image. For 
this purpose a two-dimensional image is computer generated to have 
counts varying exactly inversely with distance from the centre. The 
centre is chosen to be at pixel 128,128. The method used to generate 
this image is described below.

Let the distance, in pixel units, of a given pixel from the centre of
2 2the test image be given by R, equal to \/(x + Y )» where x is the

distance along the x-axis of the pixel from the central pixel and y 
the distance along the y-axis of the pixel from the central pixel. 
The count in that pixel will be given by:-

count(x,y)
V2  

yi J

x2 1

X] v/(x2 + y2)
dxdy 3.9

where:-

*1 x -  0.5
*2 x + 0.5
yi y -  0.5
Y2 y + 0.5

From a table of standard integrals

1
sinh~*

X
-  o dx = —

. \/(x2 + y2) _ y .

>2
sinh~*

X

=*> count(x,y) = A —yi _ y _

x2
dy 3.11

X 1

A
>2

sinh" *
~ x2 "

dy
*yi _ y _

>2
sinh"*

" X1 ‘
dy 3Jyi _ y _



103

Consider the following integral I(y):
*

sinh-*
X

Ky) = —
* _ y _

dy 3.13

Let y = —
u

The integral becomes:-

I(u) = -  X

dy

du

sinh"*u
du

From a table of standard integrals:-

sinh”*usinh"*u

-x

du - sinh"*
u

so that:-

1

u

sinh” *
X

dy = ysinh”*
” x "

+ xsinh"*
"  y "

J _ y _ . y _ _ X

3.14

3.15

3.16

3.17

count(x,y) y2 Sinh-1

- yjsinh-1

+ X2sinh-1

- xjsinh-1

’ x2
- y2sinh” *

' X1

_Y2 _ _y2 _

” x2
+ yjsinh"*

" xi

_yi _ _yi _

i
i 

^
• t

o
i

- X2sinh”*
"yi

L x2 J _ x2 _

"y2
+ xisinh"*

"yi

. xi . _ xi _

3.18

In order to test the reduction method an integer x 2 image is 
computer generated centred on (128,128) by setting the constant A to 
7,500. This image is reduced to a circular profile both with and 
without the geometric correction (figures 3.4 and 3.5 respectively).
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When no geometric correction is applied the errors are of the order 
±5% for most annuli (figure 3.4). However, once the geometric 
correction is applied, the annulus counts become effectively constant 
after 3 pixels from the centre (figure 3.5). Thus, providing the 
geometric correction is applied, the method described in 
section 3.4.2 produces a reliable reduction.

3.4.4 Reduction of the Imaging Data to Sector Profiles

The reduction of an image to sector profiles proceeds along similar 
lines to that described in section 3.4.2 for the reduction to 
circular profiles. However, only those points that lie within the 
specified sector are summed. As with the reduction to circular 
profiles this method can only produce an approximate reduction 
because most pixels do not lie entirely in one annular sector. The 
correction proceeds in a similar manner to that described in 
section 3.4.2, by dividing the total counts in each given annular 
sector by the number of pixels in that annular sector to yield the 
count per unit area for each annular sector. As with the reduction to 
circular profiles the errors inherent in this reduction become 
negligible beyond 3 pixels of the centre.

3.5 Analysis of the Doppler Imaging Data

After any campaign, all of the raw Doppler images are first plotted 
out. The promising images are selected and any "hot spots"/"hot 
lines" are removed from these images as discussed previously in 
section 3.3.1. The next step is the correction for the thermionic 
emission and flat field response of the detector, and these 
corrections are performed in a similar manner to that described for 
the raw VHSIS images in section 3.3.2.

The first stage in the analysis of the corrected Doppler imaging data 
is its reduction to 24 equal angular sectors in radius-squared space 
about the centre of the Fabry-Perot fringe system. It is important to 
have an accurate value of this centre prior to reducing the images. 
The method used to determine the centre of the fringe system is 
described in section 3.5.1, and the subsequent reduction to radius- 
squared space is discussed in section 3.5.2. These reduced images are
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processed to provide fringe peak positions (section 3.5.3). This 
information is used to provide estimates of the Doppler shifts and 
thus, the line of sight wind velocities as a function of position 
across the field of view (section 3.5.4).

3.5.1 Determination of the Centre of the Fabrv-Perot Ring System

The corrected Doppler images are to be dissected into 24 equal 
angular sectors centred on the centre of the Fabry-Perot fringe
pattern. Therefore, the coordinates of the centre of the fringe
pattern have to be determined accurately before proceeding with the 
reduction of the data. The accuracy of the centre coordinates 
influences the overall instrumental finesse. If the centre 
coordinates are off by several pixels then the resulting radial
profiles are blurred. The sharpest radial profiles are obtained when 
the centre coordinates are known to the nearest pixel.

The centre of the Fabry-Perot fringe pattern is determined by
analyzing the set of Fabry-Perot rings obtained from a calibration 
lamp (see, for example, figure 3.6). This image is known as the full- 
field spectrometrie calibration file (section 2.4.3.2). The following 
method is used to determine the centre of the fringe pattern to the 
nearest pixel.

a) An initial estimate of the centre is obtained by inspecting the 
calibration image.

b) This centre is used to obtain 45° sector plots going from the 
estimated centre to the right-hand edge of the image and from the 
estimated centre to the left-hand edge of the image. The two sets of 
fringes are brought into coincidence by changing the x value of the 
centre.

c) The new x value and the first estimate of the y value are used to 
obtain 45° sector plots going from the new estimated centre to the 
top edge of the image and from the new estimated centre to the bottom 
edge of the image. These fringes are brought into coincidence by 
changing the y value of the centre.
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d) The new centre is used to obtain a plot of all four sectors. This 
procedure should yield the centre of the fringe system to within one 
pixel.

A typical Fabry-Perot fringe system obtained with the DIS from a 
barium calibration lamp is shown in figure 3.6. The four sector 
profiles obtained from the centre of the fringe system are shown in 
figure 3.7. Moving off the centre by one pixel or more causes the 
fringe peaks to become misaligned. The method outlined above is, 
thus, a valid method for determining the centre of the fringe system.

3.5.2 Reduction of an Imaee to Radius-Squared Profile

The theory of the Fabry-Perot etalon (see section 2.4.1) indicates 
that for a uniform, extended monochromatic source the fringe 
separation and width decrease with radius. However, transforming from 
a radial coordinate system to a radius-squared coordinate system 
produces a fringe pattern where all the fringes have equal width and 
separation. This also has the advantage that the radius-squared axis 
is proportional to the relative wavelength change. Thus, when a 
Doppler image is reduced to a one-dimensional profile it is reduced 
to a radius-squared coordinate system rather than a simple radial 
profile.

The reduction to radius-squared profile proceeds as follows. The 
first step is basically a transformation from a Cartesian coordinate 
system to a polar coordinate system about the centre of the fringe 
pattern. Once the polar coordinates (r,0) of each pixel in the image 
array have been determined, the radial axis is divided into 256 equal 
radius-squared bins and the polar angle is divided into 24 equal 
angular sectors. The value in each pixel is then binned according to 
this system.

As with the reduction of an image to radius (section 3.3.2), the 
above procedure will only produce an approximate reduction, because 
individual pixels may not lie entirely within a single annular 
sector. A first order geometric correction is achieved by dividing 
the total counts in each given annular sector by the number of pixels 
in that annular sector yielding the count per unit area for each
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annular sector. The total counts in a given annular sector are then 
calculated by multiplying by the area of the annular sector.

3.5.3 Determination of the Peak Positions

A discussion of the method adopted for the determination of the peak 
positions can be found in Batten et al. [1988], Basically a smoothed 
fit to the reduced data is obtained by applying a low-pass filter in 
the Fourier domain. The smoothed fit is examined for turning points 
which are then subjected to certain tests to determine whether they 
are due to real peaks, troughs or noise. The troughs are removed by 
noting the manner in which the gradient changes through the turning 
point. The majority of the noise peaks are removed by insisting that 
the peak is higher than a certain threshold value and also a certain 
proportion higher than the background level. These two parameters 
depend on the data being analyzed and can be set by the user. 
Accurate peak positions are found by a Newton-Raphson iteration along 
the analytical curve.

The peaks are fitted in each angular sector and written to an indexed 
file. The peak positions can also be plotted graphically, with all 24 
angles being shown on one sheet, as shown in figure 3.8, for the 
calibration file of figure 3.6. A typical data file from a barium 
release experiment is shown in figure 3.9, together with its reduced 
profiles in figure 3.10.

The experimentally observed Fabry-Perot fringes obtained with the DIS 
vary enormously in signal amplitude and modulation, as figure 3.9 and 
3.10 show. It is impossible to write a program to uniquely identify 
every valid peak and ignore every noise peak over such a range. The 
search parameters are chosen so that all obvious data peaks are 
recovered. This may result in spurious peaks being found from time to 
time. These spurious peaks may be removed by detailed examination of 
the data.

3.5.4 Calculation of the Relative Line of Sight Velocities

If a source and a receiver are in relative motion, the observed 
frequency is changed compared to that in which there is no motion.
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This is the well known Doppler effect. It can be shown (see, for 
example, Hecht & Zajac, [1982]) that the line of sight velocity v is 
related to the wavelength change> by:-

6X 

A

so that:-

cA (cal - dat)

2t FSR

where:-
c is the speed of light in vacuum,
cal is the calibration lamp peak position,
dat is the data peak position,
FSR is the free spectral range,
A is the rest wavelength of the emission and
t is the etalon gap.

The line of sight velocities can only be determined at the fringe 
peaks and are best represented on a Dopplergram (see, for example, 
figure 8.4), which is basically a two-dimensional representation of 
the line of sight velocities as a function of position across the 
field. The Dopplergram is plotted in radius space and so the 
positional information in the original Doppler image is maintained.

3.19
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Figure 3.1
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Figure 3.2
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Figure 3.4

TOTAL COUNTS IN ANNULAR ELEMENT

©
©

©
© ©  

_i_

ro
©

©
© ©

<J1
©  

— L -

"U70OL_m  ©  o  •H ro
mo
oMcn 
^  ?

m
70O
3  CD o  •m ©

70ro
\

T5
t— -

X
CD

C(i

m

©
00

x cxi
©

ru

X

©

—> H-o N— 1 1Stftdo < nt*j<=} >-3o cr*raK Mm 7 0 h-3Htd0 3 >-dM Wo o
>— 3

—1o t-H
Pdfcd
P O

• -3

r> cn ~n m ~n m 7x i—i iz i—i z - < r t n r  
— \ —i —I m
to  rn  
m  to

ii ii ii n ii

ruoo©
■

-*©ro©
co

1 'piCOH
"0



113
Figure 3.5
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Figure 3.6
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Figure 3.7
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Figure 3.8
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Figure 3.9
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Figure 3.10
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CHAPTER 4 

INTRODUCTION TO COMETS

4.1 Introduction

The origins of cometary astronomy are lost in the mists of time. 
However, it is clear that comets have played an important part in the 
beliefs and social habits of civilization from very early times. 
Early man would have regarded the sudden appearance of a bright comet 
in the night sky as an omen for whatever important event occurred 
while it was visible. In fact, when the history of man's views on 
nature are considered, comets have always been surrounded with awe 
and mystery. Many people shared Aristotle's views that the appearance 
of a comet signalled disaster or drought. Indeed, in the Middle Ages, 
a comet was regarded as one of the most splendid and ominous of 
celestial portents. The appearance of a bright comet struck fear into 
the hearts of its viewers, and with this fear came considerable 
interest.

During early times, comets were studied more from a point of view of 
their dynamics. With the passage of time, cometary research has
evolved from a study of dynamics to a study of these objects
themselves. A brief account of the history of the progress of 
cometary astronomy up to the beginning of the 20 th Century is 
presented in section 4.2.

Comets are now generally thought to have formed from the same
interstellar gas and dust cloud of which the primitive solar nebula
was a part. Many processes have changed the interiors and exteriors

oof the planets and their satellites over the past 4.5 x 10 years and 
most information about the accumulation process as well as the 
original state of the material has been erased. Comets, on the other 
hand, are expected to be remnants left over from the formation of the 
Solar System which have preserved the chemical and physical 
characteristics of the condensing matter. They probably solidified at 
temperatures well below 150 K and are thought to be stored 
essentially unchanged at the outer edge of the Solar System in the
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Oort cloud which extends some tens of thousands of AU from the Sun. 
While the cometary nucleus is a unique witness of the remote past 
when it accumulated in the interstellar cloud of which the solar 
nebula was a part, the changing appearance of the coma and tail 
yields information about the present conditions of the interplanetary 
space with which the comet interacts.

A brief overview of our knowledge of cometary physics, prior to the 
spacecraft encounters, is summarized in section 4.3. The following 
sections then present the most recent findings in the light of the 
spacecraft encounters and the complementary Earth-based observations. 
The cometary nucleus (section 4.4), the dust coma (section 4.5), the 
gaseous coma (section 4.6) and the plasma tail (section 4.7) are 
discussed in turn.

4.2 Brief Historical Perspective

The history of cometary science may be thought to have began almost 
entirely as a debate over whether comets were a celestial or an 
atmospheric phenomena. As early as the 4th century BC Appolonius 
Myndus regarded comets as heavenly bodies, essentially akin to 
planets. However, the accepted view for almost two millenia was that 
put forward by Aristotle (384 - 322 BC), who believed comets to be 
fiery meteorological phenomena produced by violent winds at the top 
of the atmosphere.

It was not until the 16th century that comets were first demonstrated 
to be celestial objects. This came from the work of Tycho Brahe who 
determined by parallax that the bright comet of 1577 had to be at 
least four times further away from Earth than the Moon. Thus Tycho 
concluded that the comet lay between the Moon and Venus. He even 
attempted to calculate an orbit for the comet. His result was a 
circular orbit around the Sun, outside the orbit of Venus. However, 
he could not represent the observed motion of the comet, and he was 
obliged to assume an irregular motion or to admit that the orbit was 
not exactly circular but somewhat oblong. This was probably the first 
time an astronomer had suggested that a celestial body might move in 
an orbit differing from a circle, without saying distinctly that the 
curve was the resultant of several circular motions. Later Johannes
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Kepler postulated that comets move along straight lines but with 
irregular speed, which was rather surprising considering he had 
discovered elliptical orbits for the planets.

The problem of cometary orbits began to be resolved in 1665 when 
Giovanni Borelli (1608-1679) and Hevelius (1611-1687) both, 
independently, suggested that the path of the bright comet seen in 
1664 was parabolic. Newton's laws of motion and gravitation 
established the basis for calculating cometary motion. Edmund Hailey 
determined the orbits of 2 0  or so comets for which there were 
sufficient observations and found them to be very elongated ellipses. 
He noted that the orbital elements for the comet of 1682 showed close 
correspondence with the comets of 1607, 1531, and 1456, concluded
that these observations referred to the same comet and predicted that 
it would return in 1758. The comet did indeed return and is the comet 
that bears his name today.

Efforts to understand the physical nature of comets began with the 
research of F. W. Bessel (1784-1846) who observed Hailey's comet in 
its 1835 apparition. His drawings of the comet show jets, rays, fans, 
cones and other features that appear to be leaving the nucleus in the 
direction of the Sun. He developed a theory of cometary forms for 
particles leaving the head of a comet while subjected to different 
repulsive forces and solar gravity. This approach was also taken by 
F. A. Bredichin (1831-1904) who was able to extend the theory.
Bredichin classified comet tails into three types. Type I tails are 
narrow and nearly straight and often show considerable fine 
structure. Type II tails are curved and relatively lacking in fine
structure. Type III tails are strongly curved.

Initial progress in the physics of comets depended upon the 
spectroscopic identification of the chemical constituents involved. 
The first spectroscopic observations of a comet were made in 1864 by 
Giovanni Donati (1828-73) who observed comet Tempel (1864 II). He saw 
three faint bands of emission as well as the reflected solar 
continuum. These bands were subsequently shown to be the C2 Swan
bands. Photographic records of cometary spectra were first made in 
1881. The early photographic results also showed a strong group of
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emission bands in the ultraviolet (UV) , later to be identified as due 
to the CN radical.

At the beginning of the 20th century many species had been identified 
in the head of comets. However, the mechanism of emission was still 
unknown. Schwarzschild & Kron [1911] suggested that comets shine by 
the absorption and re-emission of solar radiation. Although there was 
some debate over the years, Zanstra [1929] demonstrated that 
fluorescence (and resonance fluorescence) could account for most of 
the line and band spectra of comets.

4.3 Brief Overview of Cometary Physics up to the Time of the Recent 
Spacecraft Encounters

The major results of cometary observations prior to the recent 
spacecraft encounters are reviewed in this section. The nucleus, 
dust, coma and plasma tail are described in turn.

4.3.1 The Cometary Nucleus

4.3.1.1 Structure of the Cometary Nucleus

The view of a discrete, cohesive nucleus bearing essentially all the 
mass of the comet can be traced back to Laplace [1813] and Bessel 
[1836]. Later, however, the association of meteor streams with 
individual comets had such an impact that comets themselves began to 
be regarded as the densest part of such streams [Lyttleton, 
1953; 1972]. Whipple [1950] returned to the idea of a discrete
nucleus with his "icy conglomerate model". This model considers the 
nucleus to be an aggregate of ices (e.g. ^0, CO2 , CO, CH^, NH3

etc.), and meteoric dust. Whipple modified Laplace's early idea and 
quantified it so that it explained the essential features of cometary 
observations.

Prior to the spacecraft encoumters the observational evidence clearly 
favoured the solid nucleus model with the probable modification that 
the nucleus is a water cLathrate which contains other trapped 
compounds [Delsemme & Swings, 1952]. Since at most one guest 
molecule can be trapped for every six molecules of H 2 O, this model
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predicts the production rate of all other species to be < 1 / 6  that of
h 2 o.

4.3.1.2 Size of the Cometary Nucleus

The direct observation of a bare comet nucleus using conventional 
ground-based telescopes is extremely difficult due to the small size 
of the nucleus and to the presence of highly volatile ices which 
vaporize under the influence of solar radiation at heliocentric 
distances as large as 10 AU. Prior to the spacecraft encounters, 
possibly the only direct observation of a comet nucleus had come 
using radar echoes of comet Encke during its perihelion passage in 
1980. These observations indicated a radius in the range 0.4 - 4.0 km 
[Kamoun et al., 1981].

4.3.2 The Dust Coma/Tail

Dust has long been known to be an important constituent in comets, 
primarily due to the extensive type II tails developed particularly 
by bright comets near perihelion.

4.3.2.1 Morphology of the Dust Coma/Tail

Bessel [1836] developed a mechanical theory for dust particle motion 
in an attempt to explain the dust tail of comet Hailey in its 1835 
apparition. He required that in addition to solar gravity a repulsive 
force acting on the dust particles was necessary to explain the anti- 
sunward tail. The physical nature of this force was only later 
recognized to be solar radiation pressure.

The action of two forces, gravity (dependent on particle mass) and 
radiation pressure (dependent on particle cross-section) results in a 
mass spectrometric effect which spatially separates particles of 
different masses in the tails of comets. A quantitative description 
of this effect is given by Finson & Probstein [1968].
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4.3.2.2 Composition of the Dust Particles

Before the spacecraft encounters with comet Hailey information about 
the chemical composition of the dust came mainly from broad emission 
bands in the infrared (IR) around 10 and 20 microns, which were 
attributed to silicate grains, perhaps in the form of amorphous 
olivine [Hanner, 1980], although Vanysek & Wickramasinghe [1975] and 
Mendis & Wickramasinghe [1975] had attributed these to organics such 
as polymerized formaldehyde grains. The coexistence of an absorbing 
graphite component (e.g. magnetite) had also been invoked (e.g. 
Divine et al. [1986]) to explain the thermal radiation. Greenberg 
[1982] proposed that cometary grains might have a composite core 
mantle structure with a silicate core and an organic mantle.

4.3.3 The Gaseous Coma

At large heliocentric distances, a comet generally shows only a 
continuous spectrum, resulting from reflected sunlight. As it 
approaches the Sun, gas and dust are released from the nucleus due to 
solar heating. This then expands outwards into vacuum at about 
1 kms"^ giving rise to the observed coma. As the gas expands it is 
subjected to various physical processes such as dissociation, 
ionization and gas-phase reactions. The complex molecules released 
by the nucleus, generally known as parent molecules, are broken down 
and ultimately give rise to simpler molecules and radicals such as 
CN, C2, OH, CH, NH2, etc. which are seen in the comet's emission 
spectra.

Although it is impossible to predict when a particular species will 
become apparent in the spectra of a comet, the following scenario may 
be regarded as fairly typical. The first species to become visible as 
the comet approaches the Sun is CN at around 3 AU. C-j and NH2 appear 
at around 2 AU. As the comet continues on its inbound leg C2 , CH, OH 
and NH appear at about 1.5 AU. These emissions grow stronger as the 
comet moves inside 1.5 AU and the spectra of C0+ , H 2 0+ , N2+ and CH+ 
appear in the tail. The lines of Na appear near 0.8 AU and, if the 
comets perihelion distance is very small (about 0.1 AU), lines of Fe, 
Cr and Ni appear.
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4.3.3.1 Morphology of the Gaseous Coma

The coma of an average comet appears, generally, spherically 
symmetric on direct, blue sensitive photographs, and typically has a

gsize of the order 10 km at a heliocentric distance of 1 AU.

The spatial distribution of a neutral cometary species may be 
modelled by the radial outflow model with decay, [Haser, 1957]. This 
model considers the observed (daughter) species to be produced from a 
source of exponentially decaying parent molecules streaming radially 
with uniform speed, at a constant rate, from a point source nucleus. 
The daughter molecules continue to move radially with uniform speeds 
and decay exponentially themselves. Despite its many limitations, 
this model is readily computable and yields parent and daughter scale 
lengths for comparison between the data sets (see chapter 5).

4.3.3.2 Composition of the Gaseous Coma

A summary of the atomic and molecular species identified in the 
spectra of comets prior to the spacecraft encounters with comet 
Hailey is given in table 4.1.

Table 4.1 Chemical Species Identified in Cometary Spectra Prior to 
the Spacecraft Encounters (tentative identifications in brackets)

Atoms: H ,0 ,C ,S,Na,K ,Ca,V ,Mn,Fe,Co,Ni,Cu

Molecules: c2 ,ch,cn,co,cs,nh,oh,c3 ,nh2 ,(h2 o>,hcn,ch3 cn,
s2 ,hco,nh3 ,(h2 co),(nh4)

Ions: C+ , Ca+ , C0+ , CH+ , CN+ , N2+ , CC>2+ , H 2 0+ , H 2 S+

Most of the observed species are chemically reactive photo
destruction fragments of presumably more stable molecules housed in 
the nucleus. The cosmically abundant elements H, C, N, 0 and S are 
well represented in this table, as are the most abundant metals. 
However, the latter had only been observed in emission in sun-grazing
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3comets where radiation temperatures in excess of 10 K can vaporize 
the refractory component of the dust [Preston, 1967].

The optical spectra of comets are dominated by the neutral radicals 
CN and C2 . A spectrogram, taken from A ’H e a m  [1975], is shown in 
figure 4.1 to illustrate the dominance of the CN and C2 emission 
features. NH, C3 and NH2 are also frequently prominent.

4.3.3.3 Excitation Mechanisms

The vast majority of the species observed in the UV and visible 
spectra of comets are excited by resonance fluorescence in the solar 
radiation field [Swings, 1941; Arpigny, 1965]. However, a small 
number of forbidden lines have been observed in cometary spectra. 
These forbidden transitions cannot be attributed to resonance 
fluorescence, and must be due to some other process producing the 
observed species in an excited state. For example, the forbidden 
0(^D) 630.0 nm line is excited as a result of the photodissociation 
of H 2 O and OH (see section 6.1), and the metastable C(^D) line is 
thought to arise from dissociative recombination of CO+ [Feldman, 
1978].

4.3.4 The Plasma Tail

Comets have long been observed to have two types of tails extending 
from the coma. The type I (ion or plasma) tails are aligned more
nearly with the radius vector of the cometary orbit than are the type
II dust tails, the lag angles measuring about 5° and < 60°,
respectively. Prior to 1951 ion tails of comets were known not to be 
explicable by effects of either solar radiation or gravitation. From 
motions of features in comet plasma tails Biermann [1951; 1957]
inferred the existence of the solar wind and Alfv6n [1957] suggested 
that a magnetic field dragged by the solar wind wraps field lines 
around the comet ionosphere and is pulled into the ion tail by
interaction with the comet ions.
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4.3.4.1 Morphology of the Plasma Tall

Photographs of cometary plasma tails reveal a constantly changing 
array of structural features such as rays, streamers, knots, kinks, 
helices, condensations and disconnection events. Rays are thin 
rectilinear features which are most easily seen when inclined at a 
large angle to the tail axis. The rays merge to form large bundles or 
streamers forming the main tail. Knots are small regions of enhanced 
brightness observed in almost all comet tails. Kinks are seen as 
sharp bends, usually in streamers, and helices are wavy corkscrew
like features also observed in the streamers. Condensations are large 
cloud-like regions of enhanced brightness. A tail disconnection event 
is a major condensation that has become detached from the region of 
the comet's head. The total length of typical plasma tails are in the 
range 1 0  ̂km - 1 0  ̂km.

One of the most prominent morphological phenomenon observed to be 
associated with plasma tails is the ray structure. Narrow 
(< 1 , 0 0 0  km), straight tail rays are sometimes seen to extend from 
10^ km - 107 km from the coma in an anti-sunward direction. Near the 
nucleus these rays make angles up to 60° with the tail axis. They are 
then observed to turn toward the tail axis, coalescing with it on 
time scales of 20 hours [Wurm, 1968].

Another feature characteristic of the plasma tails is the tail 
disconnection event (TDE). These events appear to be a cycloidal 
process involving the abrupt disconnection of the plasma tail in the 
coma, followed by a reforming of the tail.

4.3.4.2 Composition of the Plasma Tail

The plasma tail is dominated by the emission spectra of C0+ and 
The C0+ emissions dominate the 380 ran to 480 nm region and the 
emissions dominate the 560 nm to 700 nm region. Several other ions, 
both diatomic and triatomic have been observed in the plasma tail of 
comets and are included in table 4.1. The spectra of these ions are 
not as extensive (in wavelength) nor as strong as are those of C0+ 
and H2 0+ .
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4.3.4.3 The Comet-Solar Wind Interaction

The solar wind and its magnetic field both flow towards the comet at 
typical speeds of 400 kms"^. After release from the comet nucleus, 
dissociation and ionization, the newly created cometary ions travel 
towards the Sun at perhaps 1 kms"^. Charged particles cannot freely 
cross a magnetic field, but instead perform helical orbits along its 
line of force. When ions from the outer regions of the atmosphere are 
deposited into the solar wind, they are captured on the solar wind's 
magnetic lines of force and consequently travel back toward the comet 
in the same direction as the solar wind. Because the solar wind has 
had mass added to it in the form of cometary ions, it must slow down 
to conserve momentum. This deceleration process continues as 
progressively more ions are captured during the solar wind's flight 
toward the inner atmosphere. Eventually a point is reached where so 
many ions have been captured, and the flow has been so decelerated, 
that the outward pressure from the ions and other gases are balanced 
by the inward pressures exerted by the solar wind carrying the 
captured ions. At this point the solar wind stops; it is said to 
stagnate. The magnetic field it carries, which have been continuously 
compressed, form a magnetic barrier which is also at rest.

To form an ionopause (separating the mass-loaded solar-wind flow from 
the pure cometary ions by a tangential discontinuity) requires 
sufficient momentum in the cometary outflow, which is generally 
supplied by the neutrals where they are collisionally coupled to the 
ions. This occurs at about 2.5 AU for comet Hailey. When the 
ionopause is developed and stable, a visible tail is formed and is 
subject to evolution caused by the solar wind magnetic sector 
structure.

The interaction of the solar wind with a comet near to the Sun occurs 
over huge regions of space. Neutral atoms and radicals drift away 
from the nucleus unconstrained by the comet's own gravitational 
field. When ionization of the neutrals occurs, the resultant ions and 
electrons are subject to the electromagnetic forces in the solar 
wind. They are initially accelerated in the electric field, the ions 
gaining momentum at the expense of the solar wind. The latter is 
slowed by this process and it has been shown [Biermann et al., 1967]
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that if the rate of mass loading causes the mass flux to exceed a 
critical value, a bow shock must form at the critical point upstream 
of the comet. The theoretical studies of solar wind flow near comets 
were carried out mainly in the framework of the hydrodynamical 
description of a plasma [Wallis, 1973; Schmidt & Wegman, 1982]. The 
main result of these studies was the determination of the positions 
of the cometary bow shock and the region of solar wind stagnation in 
the process of loading behind the shock.

The incorporation of collisions of plasma particles with atoms and 
molecules from the cometary atmosphere and the influence of magnetic 
stresses on plasma flow in theoretical models has led to the 
prediction of two other boundaries, the collisionpause and the 
contact surface that are closer to the nucleus of a comet. The ion 
neutral friction heavily breaks the loaded solar wind at the 
collisionpause [Biermann, 1974]. On the other hand, the magnetic 
field line tension stops the cometary photoplasma collisionally 
coupled to the expanding cometary gas [Ip & Axford, 1982].

4.4 The Cometary Nucleus

Cometary nuclei are too small to be studied from the Earth and, until 
the spacecraft missions to comet Hailey in March 1986, all the 
information with regard to their possible nature, structure and 
composition had to come from indirect means. However, the in situ 
measurements by the Vega and Giotto spacecraft have led to a much 
greater understanding of the cometary nucleus.

One of the main objectives of the missions to comet Hailey was to 
find out more about the nature of the cometary nucleus. Whipple's 
model of a discrete nucleus was essentially confirmed by the images 
taken by the Television System (TVS) on board the Vega spacecraft and 
by the Hailey Multicolour Camera (HMC) on Giotto (section 4.4.1).

The rotational period of comet Hailey is still a moot point with some 
observers postulating a rotational period of 2 . 2  days and others 
favouring a period of 7.4 days. It is possible to reconcile these two 
different periods by regarding the nucleus of comet Hailey as a 
rigid, asymmetric top in Eulerian free precession (section 4.4.2).
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4.4.1 The Physical Nature of the Nucleus of Comet Hailey

The TVS on the Russian spacecraft observed comet Hailey from 4 March 
1986 to 11 March 1986, and transmitted 1,500 images to Earth. The 
best images of the comet nucleus were obtained from distances of
8,000 to 9,000 km. These images revealed the nucleus to be an
irregular potato-shaped body with a long axis measuring 14 ± 1 km and 
two short axes of 7.5 ± 1 km [Sagdeev et al., 1986b].

The HMC, on board the Giotto spacecraft, observed the nucleus and its 
environment and returned more than 2 , 0 0 0  images, including the most
detailed images ever obtained of a cometary nucleus. The profile of
the nucleus was determined to be approximately 14.9 km long by up to 
10 km wide [Keller et al., 1986]. An image of the nucleus of comet 
Hailey as seen by the HMC at a distance of 18,270 km is shown in 
figure 4.2.

A very low geometric albedo of about 4% was inferred from both the 
TVS and HMC measurements which makes comet Hailey one of the darkest 
objects in the solar system. Only a few outer Solar System objects, 
such as Jupiter's satellite Almathea, the dark side of Saturn's 
satellite Iapetus and the ring particles of Uranus are as black.

The mass of comet Hailey, based on non-gravitational effects of its 
orbit, is believed to lie in the range of 5 x 1 0 ^  - 1 0 ^  g [Rickman,
1986]. This relatively small mass despite its large size, would make

_ 3its inferred bulk density between 0 . 1  and 0 . 2  gem much smaller than
_ 3generally assumed (e.g. 1 gem , Divine et al. [1986]). This inferred 

low density implies that cometary nuclei are extremely fragile and 
are the lowest density bodies in the Solar System. This is consistent 
with the very low tensile strength determined from the splitting of 
comets - in particular comet West 1976VI [Sekanina & Farrell, 1978]. 
However, the estimate of the mass is based on the rather uncertain 
radial non-gravitational parameter and so the implied low values for 
the bulk density must be treated with some caution.

The Infrared Instrument (IKS) carried by the Vega-1 spacecraft 
performed IR sounding of the nuclear region of comet Hailey. An
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emissive centre, a few km in size, was detected with a temperature in 
the range of 300 - 400 K [Combes et al. , 1986a] - much greater than 
predicted by ice models of the nucleus (180 - 200 K) see, for
example, Sagdeev et al. [1983]. However, ices must be present in the 
nucleus to provide the gas in the coma. These conflicting 
observations of a high surface temperature and the presence of ice 
may be reconciled if the surface of the nucleus is covered by a thin, 
insulating layer of a black, porous refractory substance [Sagdeev et 
al., 1986a]. There can be ice on the lower boundary of this layer, at 
a temperature of about 200 K, while the external boundary is 100 - 
150 K warmer.

The activity of gas production was strongly oriented to the Sun, 
coming from isolated areas of the nucleus. Thomas & Keller [1987] 
have classified the emission features streaming from the nucleus at 
the time of the Giotto closest approach and have identified 17 fine 
dust structures, more than doubling the number presented earlier 
[teller et al., 1986]. The surface has to be widely covered by a 
crust or mantle that prevents free sublimation of the icy 
conglomerate.

4.4.2 The Rotational Period of Comet Hailey

The Ultraviolet Imager (UVI), on board the Suisei spacecraft, 
observed strong breathing of the hydrogen coma from the end of 
November 1985 to the middle of December 1985 [Kaneda et al., 1986]. 
This phenomenon was interpreted in terms of the outburst of some snow 
from its source on the surface correlated to the rotation of the 
cometary nucleus. At a start of the active phase a strong flash was 
detected at the position of the cometary nucleus and the rotational 
period was well determined from the interval between the flashes to 
be 2.2 ± 0.1 days. This rotational period is in good agreement with 
that determined previously by Sekanina & Larson [1984], T — 52 hours, 
from the morphology of spiral dust jets in their processed images of 
comet Hailey taken at its 1910 apparition. This period was also 
supported by ground-based observations of the brightness variations 
of comet Hailey, during its recent apparition [Belton et al., 1986].
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It was, therefore, somewhat surprising when Millis & Schleicher 
[1986] reported a significantly different value of 7.4 days, based on 
analysis of their sequential ground-based photometry of comet Hailey 
during March/April 1986. In addition, the brightness fluctuations 
detected by Neckel & Mtinch [1987], from their photometric 
observations of comet Hailey, also indicated a period of 7.3 days, 
and Samaras inha et al. [1986] reported a period of 7.37 days from 
their analysis of CN jets in comet Hailey. More support for this 
rotational period came from the H measurements from the Pioneer Venus 
Orbiter Ultraviolet Spectrometer which showed a periodic behaviour 
implying variations in the water production rate having structure 
within a 7.4 day sidereal period [Stewart, 1987].

Julian [1987] has attempted to explain these different rotational 
periods of the nucleus of comet Hailey by regarding it as a rigid, 
homogeneous asymmetric top, in Eulerian free precession. Two 
qualitatively distinct free precessional modes are allowed for torque 
free rotation about its centre of mass, each exhibiting the 2 . 2  day 
and 7.4 day periodicities. This model is obviously still an 
oversimplification as the shape of the nucleus is markedly different 
from an ellipsoid and the asymmetric jet activity would lead to 
substantial torques about the centre of mass. However, this model may 
represent a reasonable approximation to the actual rotation of the 
nucleus.

4.5 Cometary Dust

The two basic questions about the cometary dust concern the chemical 
structure (section 4.5.1) and the physical structure (section 4.5.2). 
The spacecraft observations of the dust particles have been 
complemented by Earth-based observations, particularly in the IR part 
of the spectrum. IR observations are useful for studying dust 
properties and detecting possible features due to ices and parent 
molecules. Indeed, in contrast to the UV and visible ranges which 
show most of the emissions due to cometary radicals and ions, the IR 
range is especially favourable for the detection of molecular 
vibrational bands.
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4.5.1 The Chemical Composition of the Dust Particles at Comet Hallev

4.5.1.1 Results from the Spacecraft Encounters

The PUMA results of the Vega-1 flyby of comet Hailey [Kissel, 1986] 
essentially confirmed Greenberg's [1982] idea. Although the 
individual dust grains were found to vary very much in mass and 
composition, a chondritic silicate fraction seemed to form the main 
core which was itself embedded in a more or less organic material. 
Their chemistry is summarized in table 4.2.

The average analysis of about 80 particles yielded an organic 
fraction of 33% in mass and an inorganic fraction of 67%. [Krueger & 
Kissel, 1987]. There was 20% carbon in mass in the organic fraction, 
plus 3% reduced carbon, presumably graphite, in the inorganic 
fraction. 1 1 % water seemed to be equally distributed in the two 
fractions. In the inorganic fraction there was a 51.5% by mass of 
silicates, mainly a silicate of iron and magnesium, the rest being 
6 % FeS (triolite), and 1% free sulphur.

Table 4.2 Chemical Composition of the Dust in Comet Hallev - taken 
from Krueger & Kissel, f19871

Organic 33 % Inorganic 67 %

Unsat. HC. 16.0 % Silicates 51.5 %
Water 5.5 % FeS (triolite) 6.0 %
H, C+0 5.2 % Water 5.5 %
H, C+N 4.5 % C (Graphite) 3 %
H, C+S 1 . 8 % Sulphur 1 %

A number of particle classifications have been designated based on 
chemical signatures measured by the PIA experiment during the Giotto 
flyby of comet Hailey [Clark et al., 1987]. In addition to silicate 
like grains and particles of mixed (cosmic) composition there 
appeared to be several light-element rich populations including the 
CHON, (H,C), (H,C,0) and (H,C,N) particle types. The relative
abundance of particle types was a function of location within the
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coma. Certain classes, notably that of the (H,C,0) particles, were 
found at much lower frequencies outside the inner coma, possibly as a 
result of destruction by sublimation of the particles during their 
outbound movement. Other changes in particle relative frequency 
appear to be evidence for significant compositional heterogeneity in 
the particle source regions, a fact that could have major 
implications for theories of the origin of comets.

4.5.1.2 Results from Earth-Based Infrared Observations

Knacke et al. [1987] have reported ground-based spectroscopic 
observations of emission features near 3.3 microns in comet Hailey. 
The emission consisted of several components between 3.2 microns and
3.6 microns, probably superpositions of C-H group bands. Emission at 
3.52 ± 0.2 microns could be evidence for oxygen containing compounds, 
probably formaldehyde.

Spectrophotometry of P/Halley was obtained from 5 - 1 3  microns in 
December 1985 and twice from 5 - 1 0  microns in April 1986 from the 
NASA Kuiper Airborne Observatory (KAO) [Bregman et al., 1987]. A
strong silicate emission band extending from 8 - 1 3  microns, which 
varied in strength relative to the 5 - 8  micron continuum, was 
observed and seems indicative of at least two physically separate 
dust components. The brightness towards the Sun was observed to be 
higher than in the anti-Sun direction, consistent with dust ejection 
from the nucleus in the sunward direction.

The linear polarization and colour of the light scattered by the dust 
grains in comets depend, in general, on the composition, size, and 
structure of the grains. The linear polarization of comet Hailey at 
near IR wavelengths was measured over a wide range of phase angles 
and heliocentric distances to help determine these properties [Brooke 
et al., 1987]. Mie theory calculations of the polarization from a 
grain size distribution based on measurements by the Giotto 
spacecraft indicate that no single component fits the data; a two 
component model is needed. The two components that give the best fit 
correspond loosely to a "dirty" silicate and a moderately absorbing 
material. The average albedo of the grains in the model is 2%.
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4.5.2 The Spatial and Mass Distributions of the Dust Particles at 
Comet Hailey

4.5.2.1 Results from the Spacecraft Encounters

The SP-2 dust particle detector on board the Vega spacecraft made
direct measurements of the dust particle spatial and mass

-19 - 9distributions in comet Hailey over the mass range 10 - 10 kg
[Mazets et al., 1986]. These measurements revealed a large-scale,
time-variable structure of the dust coma, the positions and
characteristics of its boundaries, and a strongly pronounced angular
directivity of dust emission from the cometary nucleus. An
unexpectedly high concentration of tiny dust particles with masses 

-17below 1 0  kg and a strong symmetric shape of the particle mass 
distribution as a function of cometocentric distance were observed.

The Dust Impact Detection System Experiment (DIDSY) on board Giotto
and the Dust Counter and Mass Analyzer (DUCMA) instruments flown on
the Vega spacecraft obtained flux profiles for the various mass
channels [McDonnell et al., 1986; Simpson et al., 1986]. They both

-  2showed to first approximation an R flux dependence, where R is the
cometocentric distance, although significant differences were noted.

_ oRegions of enhanced fluxes above the R baselines were identified as 
dust jets.

Measurements from the DUCMA instruments revealed unexpected fluxes of 
1 c.low mass (< 1 0  kg) dust particles at great distances from the 

nucleus (3 x 10“* km - 6 x 10^ km) . These particles were detected in 
clusters (about 1 0  s duration), preceded and followed by relatively 
long time intervals during which no dust was detected. This cluster 
phenomenon also occurred inside the envelope boundaries. The clusters 
of low mass particles were intermixed with the overall distribution 
throughout the coma and account for many of the short-term small- 
scale intensity enhancements which were previously associated with 
microjets within the coma. The origin of these clusters appears to be 
emission from the nucleus of large conglomerates which disintegrate 
in the coma to yield clusters of discrete, small particles continuing 
outward to the distant coma [Simpson et al., 1987].
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4.5.2.2 Results from Earth-Based Infrared Observations

Near IR observations of comet Hailey yielded results which were 
consistent with a space density distribution of dust in the coma 
varying as the inverse square of the cometocentric distance 
[Lorenzetti et al., 1987; Lazaro et al., 1987].

Ground-based evidence of spatial structure indicative of dust 
ejection occurring mainly on the sunward side of the nucleus has come 
from a preliminary analysis of the thermal IR images obtained from 
the NASA-MSFC 20 pixel bolometer array at the NASA Infrared Telescope 
Facility (IRTF) [Campins et al., 1987].

The IR emission from the dust coma of comet Hailey was monitored 
throughout the recent apparition with the NASA 3.0 m IRTF at Mauna 
Kea [Hanner et al., 1987]. The dust coma was never in a steady state 
during March 1986. Because the dust emission varied strongly with 
time, the size distribution of the particles varied both with time 
and position in the coma, as documented by the in situ dust 
measurements. The IR brightness varied in phase with the optical 
brightness and the production rates of CS and C2 , and the 10 micron 
silicate feature correlated with the level of jet activity.

4 .6 The Gaseous Cometary Coma - Neutrals and Ions

4.6.1 Results from the Spacecraft Encounters

All the atmospheric/ionospheric models in recent times had predicted 
that the stable ion ^ 0 "*" would be the dominant ion in the inner coma. 
One of the major discoveries of the ion mass spectrometers on board 
the International Cometary Explorer (ICE) spacecraft to comet 
Giacobini-Zinner [Ogilvie et al., 1986] and the Vega and Giotto 
spacecraft to comet Hailey (e.g. Gringauz et al. [1986]; Balsiger et 
al. [1986]; Korth et al. [1986]) was the detection of this ion.

The neutral and ion mass spectrometers on board Giotto and Vega 
spacecraft, as well as the 3 channel and IR remote sensing photon 
spectrometers aboard the Vega spacecraft, detected most of the 
species in table 4.1 and a few new species. A total neutral
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30 -1production rate of 10 s was inferred from the Neutral Gas
Experiment (NGE) on board the Vega-1 spacecraft during the hours 
prior to the encounter. The total neutral gas density profile along 
the spacecraft trajectory was determined and shown to vary as the 
inverse square of the radial distance.

The v  ̂ vibrational band of ^ 0  at 2.7 microns was revealed by the
2.5 - 5.0 micron spectra obtained from the IKS flown on the Vega
spacecraft [Combes et al., 1986b]. In addition the 1.38 micron band
of H 2 O was observed by the three channel spectrometer (TKS) aboard
the Vega-2 spacecraft [Krasnopolsky et al., 1986]. The H2 O production
rate at the time of the Vega-1 flyby was estimated at approximately 

30 - 110 s [Combes et al. , 1986b], an observation which confirms that 
water is the dominant volatile in comet Hailey.

The 2.5 - 5.0 micron spectrum from the IKS instrument revealed
several other new cometary signatures in addition to the H2 O signal 
at 2.7 microns. The band of CO2 was observed for the first time at
4.7 microns and a broad signal, present in the 3.3 - 3.7 micron 
region, has been attributed to CH-bearing molecules [Combes et al., 
1986b]. In addition, a marginal emission feature at 2.8 microns might 
be due to the OH (1-0) band, and absorption around 2.9 microns might 
be attributed to ice. Weak emission features at 3.6 microns and
4.7 microns could correspond to the v^ band of H2 CO and the (1-0) 
band of CO, but they might be spurious since they do not show the 
expected variation with distance [Combes et al., 1986b].

The RPA2 Positive Ion Cluster Composition Analyzer (PICCA) detected 
5 mass peaks with regular spacing of 15 amu up to 120 amu. Starting 
at 45 amu these peaks decrease in intensity with increasing mass. 
Within their half-width they are in good agreement with dissociation 
products of a polyoxymethylene [(H2 C0 )n ] chain [Huebner et al.,

1987] . If this identification is correct, this would be the first 
polymer identified in space, although earlier Vanysek & 
Wickramasinghe [1975] and Mendis & Wickramasinghe [1975] had used IR 
data and inferred physical data from earlier comets to propose that 
cometary dust was composed mainly of [(H2 C0 )n ].
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Methane and ammonia abundances in the coma of comet Hailey have been 
derived from Giotto Ion Mass Spectrometer (IMS) data using a Eulerian 
model of chemical and physical processes inside the contact surface 
to simulate the Giotto High Intensity Spectrometer (HIS) ion mass 
spectral data for mass-to-charge ratios (m/q) from 15 to 19. The
ratio m/q = 19/18 as a function of distance from the nucleus is not 
reproduced by a model for a pure water coma. It is necessary to 
include the presence of NH^ in coma gases to explain the data. 
Methane is identified as the most probable source at the distinct 
peak m/q = 15 [Allen et al., 1987].

4.6.2 Results From Earth-Based Observations

Gaseous neutral water was detected in the coma of comet Hailey during
IR observations from the NASA KAO [Weaver et al., 1987]. The absolute
water production rates measured were large, being of the order

29 30 -110 - 10 s . These measurements, together with the spacecraft
results, basically confirmed the supposition that ^ 0  is the dominant 
volatile constituent of the nucleus of comet Hailey.

The rotational transition of HCN at 3.4 mm wavelength was observed by 
Schloerb et al. [1987] using the US National Radio Astronomy 
Observatory (NRAO) . The data were obtained during a total of 56 
individual observing sessions between November 1985 and May 1986. The 
HCN production rate was well correlated to the total visual magnitude 
of the comet, suggesting that HCN production follows the overall gas 
and dust production of the comet. Comparison of the HCN production to 
the total production of the comet indicates that it is a minor 
constituent with 0.1% the abundance of ^0. Comparison of HCN and CN 
production suggests that HCN is a major parent molecule of CN, but 
probably not the sole parent.

The 1667 MHz and 1665 MHz transitions of the OH radical were detected
and monitored nearly daily from the Nan^ay Radio Telescope [GSrard et 
al., 1987]. The observations cover the period from July 1985 to July 
1986 and provide a unique test for the excitation mechanisms of the 
OH molecule and the kinematic models of the OH coma. The OH line was 
unambiguously detected for the first time in late August 1985 when 
the comet was at a heliocentric distance of 2.8 AU [BockelSe-Morvan
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29 -1et al. , 1985b]. The OH production rate reached a peak of 3 x 10 s 
in early 1986. The production rates derived are smaller than those 
derived from UV observations [Feldman et al., 1986].

Schloerb et al. [1987] observed the 18 cm OH transitions from comet
Hailey with the US NRAO 4.3 m telescope. The OH production rate

_ oderived from these data follow an r law for heliocentric distances 
in the range r < 2 AU. Comparison of the radio OH production rates to 
those estimated by UV techniques continues to show that the radio 
technique finds systematically lower production rates.

High resolution IR spectra of ^ 0  in comet Hailey were used to 
characterize the velocity field in the neutral gas outflow from the 
cometary nucleus. The outflow was predominantly into the Sun facing 
hemisphere. The measured expansion velocities were 0.9 ± 0.2 kms"^ 
and 1.4 ± 0 . 2  kms~^ pre- and post-perihelion respectively [Larson et 
al., 1987].

Ground-based narrow-band imaging of the neutral coma of comets 
Giacobini-Zinner and Hailey with a Very High Sensitivity Imaging 
System (VHSIS) used on 1 m and 24" class telescopes and with a 
selection of wide-angle lenses has enabled an extensive study of the 
neutral comas of these comets. Characteristic scale lengths for the 
CN parent and daughter molecules and the C2 parent molecule have been 
determined for these two important comets at a variety of 
heliocentric distances. Several additional comets have been studied 
in a similar manner, allowing a better insight into the variation of 
these parameters with heliocentric distance (see chapter 5). In 
addition, the near-nucleus 630.0 nm VHSIS images of comet Giacobini- 
Zinner have been carefully analyzed to yield the H 2 O production scale 
length in this comet at 1 AU (section 6.2).

Several authors have recently reported finding low contrast "jet- 
like" features in the neutral emissions of comet Hailey [A'Hearn et 
al., 1986a; Cosmovici et al., 1987], an observation which has 
important implications for the formation of these radicals. No such 
features are immediately apparent in any of the near-nucleus VHSIS 
images of the coma of comet Hailey, and a more rigorous search for
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these features has consequently been made, by applying image
enhancing techniques (section 6.3).

4.6.3 Results from the Dynamics Explorer-1 Satellite

The distribution of atomic hydrogen surrounding comet Hailey was
observed in resonantly scattered solar Lyman alpha radiation with the 
imaging photometer for vacuum wavelengths on the Earth orbiting 
spacecraft Dynamics Explorer-1 (DE-1) [Craven & Frank, 1987],
Measurements were made of the total Lyman alpha flux at the Earth due 
to cometary neutral hydrogen distribution and the hydrogen production 
rate determined as a function of heliocentric distance. For distances 
1.50 to 0.68 AU before perihelion passage the hydrogen production 
rate varied as Q x r11 where Q = 9.1 x 1 0 ^  s"^ and n - -2.30. Using 
the same functional dependence in the post-perihelion period at
distances 0.63 to 1.20 AU, preliminary values based on a limited data 
set are Q = 1.1 x 10^® s“^ and n — -1.62.

4.6.4 Results from the Pioneer-Venus Orbiter

The Pioneer Venus Orbiter Ultraviolet Spectrometer measured the
production of H, 0, and C in comet Hailey from late December 1985 to
early March 1986 [Stewart, 1987]. The comet passed within 0.27 AU of
Venus on 3 February 1986, and was 0.4 AU from Venus at perihelion on
9 February 1986. The Pioneer Venus Orbiter was thus well placed to
observe the comet during its perihelion passage, when observation
from Earth was difficult. Water production rates from the H data rose
from 3.3 x 1 0 ^  s”^ at 1 AU inbound to 1.2 x 1 0 ^  s"^ at perihelion.

30 -1There was a further increase to 1 .6 x 10 s , followed by a slow
30 -1decline to 1.4 x 10 s at the time of the Vega-1 encounter.

4.6.5 Results from Two Sounding Rockets

A sounding rocket payload to obtain far UV spectral images of comet 
Hailey was launched on 24 February 1986 and again on 13 March 1986. 
The payload included an objective grating spectrograph. High quality 
images of the oxygen coma at 130.4 nm, the carbon coma at 156.1 nm
and 165.7 nm, and the sulphur coma at 181.4 nm were obtained [Opal et

al., 1987].
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The radial distributions of CO, 01, Cl, and CII emissions in the coma 
of comet Hailey were measured by a long slit far UV spectrograph 
aboard the two sounding rockets. While radial outflow models of CO 
can match the observed profiles at cometocentric distances > lO^- km, 
the observed carbon distribution is not consistent with the model, 
suggesting an additional source of atomic carbon in the inner coma 
[Woods et al., 1987]. The analysis of the UV spectra of several 
comets has shown that the atomic carbon abundance in the inner coma 
cannot be accounted for by the photodissociation of carbon bearing 
molecules such as CO, CO2 , and CH^ [Festou, 1984].

4.6.6 Results from the International Ultraviolet Explorer Satellite

The UV spectrum of comet Hailey was monitored by the International 
Ultraviolet Explorer (IUE) satellite observatory between 12 September 
1985 and 8 July 1986, at regular intervals, except for a two month 
period around perihelion [Feldman et al., 1987]. A partial 
characterization of the UV spectrum was obtained enabling derivation 
of coma abundances and a study of the light emission mechanisms of 
the observed species. The Fine Error Sensor (FES) camera was used to 
photometrically investigate the coma brightness variation on the time 
scale of the order of hours. Spectroscopic observations as well as 
FES measurements show the activity of the nucleus to be highly
variable, particularly at the end of December 1985 and during
March/April 1986. These variations are attributed to a combination of 
nucleus rotation and outburst of individual jet or active areas of 
the nucleus.

A large but gradual increase in the brightness of the emission bands 
of comet Hailey, and thus in the coma abundance of OH, CS, C0 2 + and 
dust, was observed by the IUE satellite from 23 - 25 March 1986
[McFadden et al., 1987]. This activity is different from the smaller 
and more rapid increase in brightness observed on 18 - 19 March 1986 
also with the IUE [Feldman et al. , 1987]. The 18 - 19 March outburst 
showed a major increase in the abundance of ions without a
corresponding increase in the neutrals and could be explained by the 
sudden release of a pocket of CO2 which was then rapidly ionized. The 
variation of 23 - 25 March is correlated with the periodic variations
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observed by Millis & Schleicher [1986] and is most probably explained 
as a gradual increase in outgassing as an active area rotates into 
sunlight.

4.7 The Plasma Tail

4.7.1 Morphology of the Plasma Tail

Plasma tail activity for comet Hailey was observed to commence in 
mid-November 1985, at a heliocentric distance of 1.8 AU. The plasma 
tail was fully developed by early December 1985, as can be seen from 
the wide-angle VHSIS image shown in figure 7.15a, and the first 
dramatic disconnection event was centred on 10 January 1986. The 
post-perihelion images from the wide-angle VHSIS were spectacular. A 
disconnection event was clearly seen on 10 March 1986 (figure 7.15c), 
and an even more dramatic disconnection event was observed on 
20 March 1986 (figure 7.15d). A good example of tail ray structure is 
shown in figure 7.11c. Plasma tail activity continued until late 
April 1986. The narrow-band ion images of comets Hailey and 
Giacobini-Zinner, collected with the VHSIS, are discussed in detail 
in chapter 7.

4.7.2 The Comet-Solar Wind Interaction

Direct exploration of comets began with the ICE interception of comet
Giacobini-Zinner on 11 September 1985. Draping of the field lines was
observed, confirming Alfven's basic picture, and the current sheet in
the centre of the tail was clearly detected. Extensive plasma wave
activity was recorded. The composition of the plasma was dominated by
water group ions. As the spacecraft traversed the comet, the flow
speed of the plasma decreased from solar wind values to low speeds of
the order of a few tens of kms~^, while the density increased to a

_ 3maximum of approximately 600 cm in the centre of the tail. ICE 
discovered large fluxes of energetic water group ions over a region 
several million km in extent surrounding the comet [Hynds et al., 
1986; Ipavich et al., 1986]. For a summary of the ICE results see 
section 7.2. A more detailed description of the ICE results may be 
found in the March 1986 and April 1986 issues of Geophysical Research 
Letters, and the 18 April 1986 issue of Science.
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The particles and fields environment of comet Hailey encountered by 
Giotto displayed a very complex structure [Balsiger et al., 1986; 
Johnstone et al., 1986; R&me et al., 1986; Neubauer et al., 1986]. In 
the midst of rapid fluctuations, well defined regions separated by 
sharp transitions were distinguished. A summary of the spacecraft 
observations relating to the comet-solar wind interaction are 
presented in section 7.3.
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Figure 4.2
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Composite image o f the nucleus o f comet Hallev. North is up and the sun is to the left and 155 below the image plane. This photograph is a composite o f 
60 H M C  images and has resolution varying from 800 m in the lower right to 100 m in the vicinity o f the northern tip. Image processing steps required to achieve this 
composite include subtraction o f thermal background charge. Fourier filtering o f coherent noise, detector responsivity correction, geometric rectification, and image 
registration. (Reitsema et al., 1986)
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CHAPTER 5

THE NEUTRAL COMETARY ENVIRONMENT I - 
THE DISTRIBUTION OF CN AND C2

5.1 Introduction

As a comet approaches the Sun the first spectral feature to appear is 
generally the brightest CN band, the (0-0) vibrational band system at 
388 nm, which is usually first detected at heliocentric distances of 
the order 3 AU. The C2 Swan band at 472 nm is one of the most 
prominent emissions in the visible and normally becomes detectable at 
about 2 AU from the Sun. Thus, the spatial distributions of CN and C2 

can be monitored over a wide range of heliocentric distances, 
yielding important information on the production and destruction 
mechanisms of these two cometary species.

Since comets are viewed with differing observing geometries and with 
a variety of instruments, some form of model is required to compare 
and contrast the gas distributions derived from these disparate data 
sets. Some simple models of the neutral atmosphere are discussed in 
section 5.2 leading to the radial outflow model with decay. This 
model considers the observed (daughter) species to be produced at a 
constant rate from a source of exponentially decaying parent
molecules streaming radially with uniform speed from a point source 
nucleus. The daughter molecules continue to move radially with
uniform speeds and decay exponentially themselves. The characteristic 
scale length of a given parent or daughter species is equal to the 
product of its life-time and velocity.

The narrow-band near-nucleus and large-scale CN images, obtained with 
the Very High Sensitivity Imaging System (VHSIS), of the observed 
comets can be used to derive characteristic scale lengths for the CN 
parent and CN radical (the daughter species) respectively 
(section 5.3). Since a number of comets have been observed at a
variety of heliocentric distances, these results can be used to
derive heliocentric scaling laws for the CN parent and the CN
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radical, and thus provide an insight into the production and 
destruction mechanisms of the CN radical.

The narrow-band near-nucleus VHSIS C2 images of the observed comets 
can be used in a similar manner to derive the characteristic scale 
length of the C2 radical and its variation with heliocentric distance 
(section 5.4).

There are three sources of error in the derivation of a daughter 
scale length, namely uncertainties in the amount of dust 
contamination, uncertainties in the sky background and errors in the 
centre location. There is an additional source of error in the 
derivation of a parent scale length caused by uncertainties in the 
daughter scale length. The relative importance of these sources of 
error are discussed in section 5.5.

The cometary CN and C2 scale lengths found by other investigators are 
presented in section 5.6. The methods used by each different observer 
are critically examined and those methods likely to produce the most 
accurate results are identified.

The scale lengths calculated by the other observers are compared with 
those derived from the VHSIS images in section 5.7. More accurate 
scaling laws are obtained for the scale lengths by combining the 
VHSIS results with the reliable data points outlined in section 5.6.

The inner C2 coma of comet Borrelly in mid-December 1987 was found to 
be anomalous, in that the simple radial outflow model could not 
represent the data. This anomaly is discussed in section 5.8.

5.2 Models of the Neutral Cometary Environment

The first model calculates the expected intensity distribution when 
stable molecules leave the nucleus and expand isotropically into 
volume (section 5.2.1). This is not a very realistic model because 
the solar radiation generally dissociates the cometary molecules. The 
second model calculates the intensity distribution for molecules 
leaving the nucleus isotropically but decaying with a time constant t  

(section 5.2.2). However, most of the molecules emitting in the
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visible region are not produced at the nucleus but are themselves 
dissociation products. The third model (Haser model), calculates the 
intensity distribution for such daughter molecules which also are 
dissociated by the solar radiation (section 5.2.3). The limitations 
of the Haser model are discussed in section 5.2.4. The application of 
this model to the neutral comet images obtained with the VHSIS is 
described in section 5.2.5.

5.2.1 Intensity Distribution Caused by Stable Molecules Expanding 
Isotropically into Volume

This model assumes an isotropic ejection of molecules from the 
cometary nucleus with velocity, v, and production rate, Q.

Consider an elemental spherical shell at cometocentric distance R. 
The number density, n(R), is:-

n(R) =
number in volume element

volume of element
5.1

Qdt 

47rR2dR
5.2

4ttR 2v
5.3

In the case of an optically thin atmosphere, the observed intensity 
at projected distance, s, is proportional to the column density along 
the line of sight at that distance. The column density at projected 
distance, s, is given by:-

N(s) =
+oo

n(R) dz
-oo

5.4

47TV

+00

2 2 -oo s + z
dz 5.5

47TV

1
— tan 
s

-1 +oo

-oo 5.6
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47TVS 5.7

In this, the simplest of cases, the column density and, therefore, 
the intensity distribution varies inversely with the projected 
distance.

5.2.2 Intensity Distribution Caused by Exponentially Decaying 
Molecules Expanding Isotropically into Volume

As the molecules move outwards they are generally dissociated by the 
solar radiation. If the time constant for decay is t , the density 
distribution becomes:-

n(R) =
4ttvR'

4ttvR 2

exp-

exp-

t

T

R

L RdJ

5.8

5.9

wheie R^ - . Setting C =  , the density distribution becomes
47TV

n(R) = —
R 2

exp-
R

LRdJ
The column density is given by:-

5.10

’+oo 1 " R  "
N(s) = C — ~ exp- 

-oo R 2 _R d_
dz 5.11

Let X  =
1
—  , then 
R d

2C
oo ]

0 s2 + z2 exp-
V  (s2 + z2) 

R d
dz 5.12

N(X)

dN(X)

dX

OO 1
2C

- 2C

-= r exp-[ Xy/ (s2 + z2) ] dz
0 ŝ  + z2
OO 1

o « P - [ X V ( s 2 + z2), dz

5.13

5.14
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- 2CK0(sX) 5.15

where is the modified Bessel function of the second order.

N(X) - N(0) = - 2C

Let y = sX

rx

o
K 0(sX) dX

dy

dX

5.16

5.17

N(X) = N(0) - 2C
fsX

0
K 0(y) dy

but N(0) is just the integral from model 1 so that:

2C
N(s) =

7T 'sX
—  - K 0(y) dy

_ 2 0

5.18

5.19

5.2.3 Intensity Distribution Caused bv Exponentially Decaying 
Daughter Molecules Expanding Isotronicallv into Volume

This model is based on the parent-daughter hypothesis in which the 
parent molecules released by the nucleus decay with a time constant 
rp corresponding to a distance Lp = vp rp- daughter products then
decay with a time constant corresponding to a scale length

The parent molecules emanate radially with uniform speed 
from a point source nucleus. The daughter molecules continue to move 
radially with uniform speeds.

Let the production rate of the parent molecules at the nucleus be Q 
molecules per second. Then the total number of parent molecules 
crossing a sphere of radius z per second will be given by:-

Nr Qexp-(Xpz) 5.20

where:-

X r
vPfP

5.21



The production rate of the daughter molecules is thus given by:- 
-dNp dNd

dz dz
QXpexp-(Xpz) 5.22

The number of daughter molecules in an elemental spherical shell of 
radius z and width dz is thus:-

dNd = Q X pexp-(Xpz) dz 5.23

Now consider these specific daughter molecules. When they are a 
distance R (R > z) from the nucleus their number will be decreased by 
the factor exp(-X^(R-z)), so that the total number of daughter 
molecules at a distance, R, from the nucleus due to disintegrations 
of parent molecules in the given elemental shell becomes

dNd(R) Q X pexp-(Xpz)exp-(Xd[R-z]) dz 5.24

The total number of daughter molecules arriving per cm at a distance 
R per second becomes

QX.

4?rR'

QX.

4?rR^

R 

0 
R 

_ 0 

Qxp

exp-(Xpz)exp-(Xd[R-z]) dz 

exp([Xd - X p]z)exp-(XdR) dz

4ttR  (Xd - X p)
exp([Xd - Xp]z)exp-(XdR)

R

5.25

5.26

5.27

QX.
[ exp-(XpR) - exp-(XdR) ] 5.28

47rR (Xd - X p)

The number density at distance R from the nucleus becomes

Q X P
n(R) = [ exp-(XpR) - exp-(XdR) ] 5.29

47rvdR  (Xd - X p)

This equation can be broken down into two expressions of the form 
given in model 2 above, so that the resulting column density is of
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the form:-

N(s) =
Q X p fsXj 

47TVds(Xd -  Xp) sXd
Ko(y) dy 5.30

Hence the intensity distribution is of the form:

I(s)
fsX.

sXd
K 0(y)dy 5.31

This model had been formulated earlier by Mokhnach [1938;1956] and 
independently by Wallace & Miller [1958], but, it was Haser [1957] 
who first derived the finite integral given above. This simple radial 
outflow model with decay is referred to as the Haser model.

5.2.4 Limitations of the Haser Model

The model is still an over-simplification as it assumes spherical 
symmetry and does not take into account effects such as non-radial 
flight paths, solar radiation repulsion, the velocity distribution of 
the emitters (Greenstein effect) or time dependent production. 
Despite these limitations, the model is readily computable and yields 
parameters for comparison between the data sets. The analysis of the 
VHSIS images presented here proceeds via integration over circular 
annuli to compensate asymmetries due to radiative repulsion and 
Greenstein effects. It has been used by several authors, see for 
example Combi & Delsemme [1986], and references therein.

Some attempts at improving the model have been made. Combi & Delsemme 
[1980] have developed an average random walk model to interpret the 
intensity distributions of neutral cometary species. This model 
employs the "Monte Carlo" method [Cashwell & Everett, 1959]. The
actual trajectories of many individual radicals are computed over a 
time period long enough to achieve a steady-state. Column densities 
are then obtained by counting the numbers of molecules in a given 
volume. An isotropic point source of parent molecules is assumed, 
which are themselves photodissociated to produce the daughter 
molecules as one of the by-products. The daughters are ejected 
isotropically from the centre of mass of the parent molecules and are 
accelerated away from the Sun by solar radiation pressure. Delsemme & 
Combi [1980] use this method to show that out to the limit of the
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sunward envelope the zero-acceleration profile coincides with the 
simple brightness average of the sunward and tailward profiles. 
Therefore, the distortion due to solar radiation repulsion can be 
removed by adding the sunward and tailward profiles. They then go on 
to demonstrate that the Haser scale lengths can be used to interpret 
observed cometary brightness profiles but that the scale lengths 
found are not the true space scale lengths but only their radial 
projections.

5.2.5 Derivation of Scale Lengths

The raw comet images along with their associated sky background 
images are initially corrected for the thermionic emission and flat 
field response of the detector as discussed in section 3.3.2. The 
processed comet images are then corrected for night sky contamination 
by subtracting the relevant processed and normalized sky background 
files, as described in section 3.3.3.

The data are to be fitted to a formula of the type:-

fsX
sl(s) PK 0(y)dy 5 -32

sXd

where Ig is the surface brightness at projected distance s from the 
centre of the comet, A is a normalizing parameter related to the 
production rate, Xp is the reciprocal of the parent scale length, 
is the reciprocal of the daughter scale length and K q ( x )  is the 
modified Bessel function of the second order.

It should, therefore, be possible to derive the production rate and 
the two scale lengths corresponding to the parent and dissociated 
product from a fit of the expected surface brightness distribution 
with the observed distribution. However, the images obtained with the 
VHSIS are not flux calibrated and so production rates cannot be 
derived. Cochran [1982;1985] has shown that unless there is an a 
priori method of fixing one of these parameters, the model can fit 
the data with a whole variety of parameters. Therefore, the data has 
to be fitted to a formula with two unknowns, the normalizing 
parameter, A, and the unknown scale length.
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The corrected data is initially reduced to a radial profile about the 
comet nucleus as described in section 3.4.2, the counts in any given 
annulus being stored as a function of radius. For any given value of 
A and the unknown scale, a relative test of the goodness of the fit 
may be obtained by comparing the data with the model predictions at 
each radius. A convenient measure of the goodness of the fit is the 
sum of the squares of the differences between the data and the model. 
By varying A and the unknown scale in continuous increments over a 
suitable range the best fit is obtained by minimizing the sum of the 
squares of the differences.

5.3 Calculation of the CN Parent and Daughter Scale Lengths and 
their Variation with Heliocentric Distance

As a comet approaches the Sun, the first spectral feature to appear 
is generally the brightest CN band, the (0-0) vibrational band system 
at 388.3 nm, which is usually first detected at heliocentric 
distances of the order of 3 AU [Swings & Haser, 1956].

The CN daughter scale lengths, determined from the large-angle CN 
images taken with the VHSIS, are presented in section 5.3.1. The 
variation of the CN daughter scale length with heliocentric distance, 
as determined from these results, is also discussed.

The CN parent scale lengths, determined from the near-nucleus CN 
images taken with the VHSIS, are presented in section 5.3.2. The 
variation of the CN parent scale length with heliocentric distance, 
as determined from these results, is also discussed.

5.3.1 Calculation of the CN Daughter Scale Lengths

CN daughter scale lengths can be inferred from the large-scale VHSIS 
images of the CN coma. Figure 5.1 shows four such large-scale CN 
images. The characteristic "teardrop" shape of the outer CN coma, 
caused by the action of solar radiation pressure accelerating the gas 
molecules in an anti-sunward direction, is readily apparent.

Figure 5.1a shows the large-scale appearance of the CN coma of comet 
Hailey, pre-perihelion, on 8 December 1985 at 03:26 UT. This image
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was taken with the 300 mm Nikon camera lens from TMF. The comet was 
1.38 AU from the Sun and 0.70 AU from the Earth.

Figure 5.1b shows the large-scale appearance of CN coma of comet 
Hailey, post-perihelion, on 2 May 1986 at 21:39 UT. This image was 
taken with the 300 mm Nikon camera lens from La Palma. The comet was 
1.65 AU from the Sun and 0.83 AU from the Earth.

Figure 5.1c shows the outer CN coma of comet Bradfield, post
perihelion, on 22 December 1987 at 02:37 UT. This image was taken 
with the 300 mm Nikon camera lens from TMF. The comet was 1.19 AU
from the Sun and 0.86 AU from the Earth.

Figure 5. Id shows the outer CN coma of comet Borrelly, close to 
perihelion, on 22 December 1987 at 07:28 UT. This image was taken 
with the 300 mm Nikon camera lens from TMF. The comet was 1.36 AU 
from the Sun and 0.52 AU from the Earth.

The parent scale length in any large-scale image taken in the light 
of the CN molecules is typically of the order of one or two pixels. 
This gives a convenient method for determining the daughter scale 
length by assuming a negligible parent scale and fitting to that part 
of the profile not affected by the parent scale length. Thus, the 
first five pixels are ignored in the fit. Figure 5.2 shows the four 
corresponding best model fits to the radial profiles of the images 
shown in figure 5.1.

The derived daughter scale lengths from the large-scale images are 
tabulated in table 5.1. When these daughter scale lengths are plotted 
against the heliocentric distance of the comet on a log-log graph 
(dark blue points in figure 5.7), the slope of the best fit to the 
data is found to be 2.1 ± 0.6. This results is consistent with the 
daughter scale length varying in direct proportion with the square of 
the heliocentric distance, and thus confirms the usual assumption 
that the destruction of the CN radical is controlled by the solar 
flux of radiation. These results give a value of (5.0 ± 1.1) x 10 km 
for the daughter scale length at unit heliocentric distance.
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Table 5.1 CN Daughter Scale Lengths Inferred from the Large-Scale 
VHSIS CN Images

Comet UT date Exp Delta r Skv id
(min) (AU) (AU) (cts/pix) (xlO^ km)

Hailey 85 Dec 8.14 10 0.70 1.38 3.0(3.0) 12.5(4.5)
Hailey 85 Dec 12.25 10 0.77 1.32 14.5(0.5) 9.0(1.0)
Hailey 86 May 2.94 15 0.83 1.65 1.0(1.0) 13.0(2.0)
Hailey 86 May 3.87 15 0.86 1.66 0.5(0.5) 15.0(5.0)
Bradfield 87 Dec 22.11 60 0.86 1.19 30.9(0.4) 7.0(1.5)
Borrelly 87 Dec 22.31 60 0.52 1.36 19.9(0.9) 7.5(2.0)

5.3.2 Calculation of the CN Parent Scale Lengths

CN parent scale lengths can be inferred from the near-nucleus VHSIS 
images of the CN coma. Four such near-nucleus CN images are displayed 
in figure 5.3.

Figure 5.3a shows the near-nucleus appearance of the CN coma of comet 
Hailey, post-perihelion, on 22 March 1986 at 11:48 UT. This image was 
taken with the 16" telescope at TMF. The comet was 1.02 AU from the 
Sun and 0.76 AU from the Earth.

Figure 5.3b shows the inner CN coma of comet Wilson, pre-perihelion, 
on 4 November 1986 at 02:33 UT. This image was taken with the 24" 
telescope at TMF. The comet was 2.66 AU from the Sun and 2.64 AU from 
the Earth.

Figure 5.3c shows the inner CN coma of comet Bradfield, post
perihelion, on 19 December 1987 at 02:18 UT. This image was taken on 
the 24" telescope at TMF. The comet was 1.16 AU from the Sun and 
0.85 AU from the Earth.

Figure 5.3d shows the inner CN coma of comet Borrelly, close to 
perihelion on 19 December 1987 at 05:43 UT. This image was taken with
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the 24" telescope at TMF. The comet was 1.36 AU from the Sun and 
0.51 AU from the Earth.

The parent scale length may be determined from the near-nucleus 
images by using the CN daughter scale length found from the large- 
scale images, scaled to the appropriate heliocentric distance. 
Figure 5.4 shows the four corresponding best fits to the radial 
profiles of the images shown in figure 5.3. The parent scale lengths 
determined from the near-nucleus images are given in table 5.2.

Table 5.2 CN Parent Scale Lengths Inferred from the Near-Nucleus 
VHSIS CN Images

Comet UT date Exp Delta r Skv
(min) (AU) (AU) (cts/pix

h

G-Z 85 Sep 12. 11 10 0.47 1.03 1.0(1. 0) 2. 2(0. 4)
Hailey 85 Dec 10. 10 4 0. 73 1. 35 10. 0(10 .0) 4. 0(1. 0)
Hailey 86 Mar 5. 53 1 1. 18 0. 77 5.0(5. 0) 2. 1(0. 2)
Hailey 86 Mar 6. 55 1 1. 16 0. 79 7. 5(7. 5) 3.0(1. 5)
Hailey 86 Mar 15 55 5 0 96 0 90 5 0(5. 0) 4 0(0. 9)
Hailey 86 Mar 22 49 2 0 76 1 02 1 0(1. 0) 2 2(0. 3)
Wilson 86 Nov 2 12 60 2 62 2 68 6 5(0. 5) 10 1(0. 6)
Wilson 86 Nov 4 11 60 2 64 2 66 5 5(0. 5) 9 5(0. 5)
Wilson 86 Nov 5 17 60 2 65 2 65 6 0(0. 5) 10 8(0. 7)
Sorrells 87 May 28 40 30 1 96 2 01 0 5(0. 5) 5 5(1. 0)
Bradfield 87 Nov 26 13 5 0 89 0 94 0 5(0. 5) 3 3(0 1)
Bradfield 87 Dec 3 11 20 0 85 1 00 15 0(15.0) 2 1(1 0)
Bradfield 87 Dec 14 21 5 0 84 1 10 0 1(0. 1) 3 6(0 3)
Borrelly 87 Dec 15 27 10 0 .49 1 36 1 5(0. 5) 3 9(0 5)
Bradfield 87 Dec 19 10 10 0 .85 1 16 1 5(0. 5) 4 2(0 1)
B-M 89 Aug 9 39 10 0 .63 0 .89 0 .3(0. 3) 1 .1(0 05)
B-M 89 Aug 11 .47 10 0 .63 0 .87 0 .5(0. 5) 0 .98(0.02)
B-M 89 Aug 12 41 10 0 .63 0 .85 0 .4(0. 4) 1 .08(0.01)
B-M 89 Aug 13 .48 10 0 .64 0 .83 0 .2(0. 2) 1 .35(0.02)
B-M 89 Aug 21 .44 10 0 .72 0 .70 4 .5(0 5) 0 .89(0.02)
B-M 89 Aug 22 .45 5 0 .73 0 .68 1 .5(1 5) 0 .69(0.05)

(xlO km)
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When a log-log graph is drawn plotting the parent scale length 
against the heliocentric distance of the comet (dark blue points in 
figure 5.8), the slope of the best fit to the data is calculated to 
be 1.6 ± 0.2. This is not consistent with the CN parent scale varying 
as the square of the heliocentric distance. These results give a 
value of (2.1 ± 0.2) x 10^ km for the parent scale length at unit 
heliocentric distance.

5.4 Calculation of the Cn Parent Scale Length and its Variation with 
Heliocentric Distance

At heliocentric distances less than about 2.0 AU, the visual spectra 
of most comets is dominated by the Swan bands of C2 , with 5 band 
sequences measured (delta(v) = -2 to + 2). Although chemical models 
of the coma suggest that C2 is formed primarily by chemical reactions 
and that its density distribution differs considerably from a Haser 
model [Huebner, 1981], it is still common practise to use Haser model 
parameters to empirically describe the distribution.

The C2 parent scale lengths, determined from the near-nucleus C2  

images taken with the VHSIS, are presented in section 5.4.1. The 
variation of the C2 parent scale length with heliocentric distance, 
as determined from these results, is also discussed.

Many near-nucleus images of the C2 coma have been taken by the VHSIS 
for a variety of comets but no large-scale images of the C2 

distribution have been taken. The daughter scale length cannot, 
therefore, be found from the VHSIS data. Consequently a daughter 
scale length has to be assumed in order to determine the parent scale 
length from the near-nucleus images. The daughter scale length for C2 

is taken to be 1.2 x 10^ km [Combi & Delsemme, 1986], scaling as the 
square of the heliocentric distance, as expected for decay processes 
induced by the solar flux of radiation.

C2 parent scale lengths can be inferred from the near-nucleus images 
of the C2 coma, taken with the VHSIS. Four such near-nucleus C2 

images are displayed in figure 5.5.
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Figure 5.5a shows the near-nucleus appearance of the C2 coma of comet 
Hailey, post-perihelion, on 18 March 1986 at 12:00 UT. This image was 
taken with the 24" telescope at TMF. The comet was 0.96 AU from the 
Sun and 0.86 AU from the Earth.

Figure 5.5b shows the inner C2 coma of comet Hailey, post-perihelion, 
on 6 May 1986 at 00:00 UT. This image was taken with the JKT. The 
comet was 1.70 AU from the Sun and 0.95 AU from the Earth.

Figure 5.5c shows the inner C2 coma of comet Bradfield, post
perihelion, on 21 December 1987 at 02:19 UT. This image was taken 
with the 24" telescope at TMF. The comet was 1.18 AU from the Sun and 
0.86 AU from the Earth.

Figure 5.5d shows the inner C2 coma of comet Borrelly, close to 
perihelion, on 21 December 1987 at 06:10 UT. This image was taken 
with the 24" telescope at TMF. The comet was 1.32 AU from the Sun and 
0.52 AU from the Earth.

Table 5.3 C2 Parent Scale Lengths Inferred from the Hear-Nucleus
VHSIS Cn Images

Comet UT date Exp Delta r Sky
(min) (AU) (AU) (cts/pix) (xlO km)

G-Z 85 Aug 31.11 10 0.47 1.03 126 (2) 2.0(0.3)
Hailey 85 Dec 10.15 10 0.73 1.35 15 (15) 4.4(1.2)
Hailey 86 Mar 18.50 5 0.86 0.96 7.5(7.5) 4.6(1.7)
Hailey 86 May 6.00 10 0.95 1.70 10 (10) 3.5(3.0)
Bradfield 87 Nov 26.14 5 0.89 0.94 4.5(0.5) 2.2(0.2)
Borrelly 87 Dec 14.37 10 0.49 1.36 2.0(0.5) no fit
Borrelly 87 Dec 15.30 10 0.49 1.36 1.5(0.5) no fit
Bradfield 87 Dec 21.10 10 0.86 1.18 1.0(0.5) 2.0(0.1)
Borrelly 87 Dec 21.26 20 0.52 1.36 1.5(0.5) no fit
B-M 89 Aug 9.49 10 0.63 0.89 1.8(0.5) 1.2(0.1)
B-M 89 Aug 11.49 10 0.63 0.87 1.2(0.5) 1.1(0.1)
B-M 89 Aug 23.49 5 0.75 0.68 2.5(0.5) 0.9(0.1)
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Figure 5.6 shows the corresponding fits to the data shown in 
figure 5.5. The parent scale lengths determined from the near
nucleus images are given in table 5.3. The near-nucleus C2 images of 
comet Borrelly cannot be fitted to the Haser model and consequently 
no parent scale lengths can be derived for this comet. This anomaly 
is discussed in section 5.8. However, good fits are obtained for all 
the other comets observed.

When the C2 parent scale length is plotted against the heliocentric 
distance of the comet on a log-log plot (dark blue points in 
figure 5.9), the slope of the best fit to the data is calculated to 
be 1.6 ± 0.6. These results give a value of (1.75 ± 0.25) x 10^ km 
for the parent scale length at unit heliocentric distance. It is 
difficult to make any firm conclusions from these VHSIS results. The 
ten data points range from 0.68 to 1.70 AU and show a good deal of 
spread which is reflected in the large errors on the gradient and the 
parent scale at 1 AU. A better estimate of these parameters can only 
be found by combining the VHSIS C2 results with those found by other 
investigators (section 5.7.3).

5.5 Discussion of the Errors in the Derived Scale Lengths

The following discussion assumes that there are a sufficient number 
of photons at each point in the radial profile so that the errors 
introduced by the statistics of photon counting are small. This 
criterion is certainly valid in the analyzed VHSIS images, because, 
at large cometocentric distances, where the counts per pixel are low 
(of the order 0 - 1 0  per pixel), the integration is performed over a 
large number of pixels.

In addition, the discussion also assumes that the scale of any VHSIS 
image is such as to allow a meaningful determination of the derived 
scale length. This basically means performing a Haser fit from the 
nucleus, or near the nucleus, out to a radius of the order of 1 - 5 
scale lengths. This criterion is also valid in all of the analyzed 
VHSIS images.

When the above two conditions are satisfied there remain three 
sources of error in the derivation of a scale length, namely



uncertainties in the amount of dust contamination, uncertainties in 
the sky background and errors in the centre location. There is an 
additional source of error in the derivation of a parent scale length 
caused by uncertainties in the daughter scale length. The relative 
importance of these sources of error are now discussed in turn.

5.5.1 Estimation of the Errors Caused bv Dust Contamination

In addition to the chosen signal isolated through a given 
interference filter there will also be present a certain amount of 
contamination from the cometary continuum. This continuum is caused 
by scattering of the solar spectrum by the cometary dust particles. 
The amount of continuum contamination would ideally be monitored by 
observing the comet with two filters for each line or band observed. 
One filter would be used to observe the line or band and the other 
would be offset slightly in a region of pure continuum. However, the 
Atmospheric Physics Laboratory (APL) filter set includes only one 
dust filter at 524.2 nm, with a full width half maximum of 0.3 nm. 
This filter was used consistently only in the observations of comet 
Hailey, where the signals were strong through all of the other 
filters employed. Few continuum images have been taken of the comets 
observed since comet Hailey due to the fact that very weak signals 
were obtained through other filters, and, consequently, these have 
been used as upper limits on the dust contamination by assuming no 
gas emission through the filter.

The amount of dust contamination varies from comet to comet and needs 
to be estimated in each case. When the signal through any APL filter 
is particularly weak this may be used as an upper limit on possible 
dust contamination at that wavelength. The amount of contamination at 
another wavelength may then be estimated by assuming a solar type 
spectrum. This technique was successfully applied to show that the C2 

profiles of comets Bradfield and Borrelly were not significantly 
changed by dust contamination. In this particular case 630.5 nm 
images of the two comets were used to obtain upper limits on the dust* 
contamination (Meredith et al., 1989). Since the dust contamination 
is stronger at 471 nm than 388 nm, the CN profiles of these two 
comets will also not be significantly changed by dust contamination.
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The C0+ signal at 402 nm was extremely weak in comet Brorsen-Metcalf, 
being of the order of 2 - .4 counts per pixel per 10 minute
integration in the near-nucleus region. This compared with a maximum 
CN signal at 388 nm of the order 1,000 counts per pixel per 10 minute 
integration, and a maximum C2 signal of the order 500 counts per 
pixel per 10 minute integration. Thus, the dust contamination is 
negligible and does not affect the scale lengths derived from the CN 
and C2 images in this comet. The same was true for comets Wilson and 
Sorrells.

There was only a small contribution from dust at 388 nm in comet 
Giacobini-Zinner, estimated from photometry with a 5 nm filter as 
being a maximum of 3% of the main signal [Williams et al., 1986]. 
Thus the amount of contamination through the APL 1 nm filter would be 
a maximum of 0.6% and would not affect the derived scale length 
appreciably.

A small number of dust images were taken of comet Hailey, through the
524.2 nm filter. The dust contamination in comet Hailey, at a given 
wavelength, was estimated from the images taken with this filter, and 
corrected for a solar type spectrum. Three near-nucleus CN images of 
comet Hailey were reanalyzed after correction for dust and it was
found that the derived parent scale length lay within the errors
caused by uncertainties in the sky background.

Therefore, although there will inevitably be a small amount of dust 
contamination through the APL CN and C2 filters, it has been shown 
that this has a negligible effect on the derived scale lengths for 
the comets that have been observed with the VHSIS to date.

5.5.2 Estimation of the Errors Caused bv Uncertainties in the Skv
Background

It has long been common practise to obtain sky background images both 
immediately prior and after a series of exposures with a given 
filter, and this results in a good determination of the sky 
background. However, the paramount importance of this calibration was 
not appreciated for some of the early work and so it is necessary to 
examine the effect of uncertainty in this important parameter.
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For example, the images of comet Hailey in March 1986 were taken in a 
very short observing window before dawn, when the sky background was 
changing rapidly with time. Due to the shortage of observing time, 
few background images were recorded and so the scale lengths derived 
from these images have relatively large errors associated with them. 
The sensitivity of the derived scale length to uncertainties in sky 
background may be demonstrated by studying an image of comet Hailey, 
taken in the light of the CN molecule, on 5 March 1986. The sky 
background is uncertain but must be less than 10 photons per pixel, 
the average of the values towards the edge of the field of view. The 
variation of the derived scale length with sky background is 
tabulated in table 5.4.

Table 5.4 Errors on a Typical CN Parent Scale Length Caused bv 
Uncertainties in the Skv Background

Skv Background Parent Scale Leneth
(photons) (x 10^ km)

0.0 1.55
2.0 1.36
4.0 1.21
6.0 1.09
8.0 0.95

10.0 0.86

This analysis illustrates the high sensitivity of the result to 
uncertainties in the sky background.

5.5.3 Estimation of the Errors Caused by an Inaccurate Centre 
Determination

The centre of the comet is computed as that pixel about which a 5 x 5 
pixel grid is the brightest. It was decided to test the sensitivity 
of the method to inaccuracies in the determined centre. A typical CN 
image of Brorsen-Metcalf, taken on 13 August 1989, was selected for
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this purpose. The results of moving off from the true centre are 
tabulated below.

Table 5.5 Errors on a Typical CN Parent Scale Length Caused by an 
Inaccurate Centre Determination

Distance off centre Computed Scale Leneth % Error
(pixels) (x 104 km)

0 1.35
s

1 1.35 0.0
2 1.35 0.0
3 1.37 1.5
4 1.38 2.2
5 1.39 3.0
6 1.42 5.2
7 1.43 5.9
8 1.47 8.9
9 1.50 11.1

10 1.54 14.1

The method of finding the centre of the comet should normally result 
in determining this parameter to the nearest pixel. If, for some 
reason, the centre is out by one or two pixels the above table 
indicates that the error on the derived scale length will be small 
(actually zero in the above case). The computer technique could not 
result in being off centre by more than this unless a star or image 
artifact were polluting the image. However, the images are always 
initially inspected by eye to prevent this possibility. The errors on 
the derived scale lengths, introduced by this method of centring may, 
therefore, be assumed to be negligible.

5.5.4 Estimation of the Errors in the Derived Parent Scale Lengths 
Caused by Uncertainties in the Daughter Scale Length

The CN daughter scale length is computed to be (4.9 ± 0.5) x 10^ km
at 1 AU, its variation with heliocentric distance not being

oinconsistent with r (see section 5.7.1). In order to estimate the



sensitivity of the method to uncertainties in the daughter scale 
length, three near-nucleus CN images were selected at random. The 
Haser fits were then performed using maximum and minimum values for 
the CN daughter scale length. The results are tabulated below.

Table 5.6 Errors on Three Typical CN Parent Scale Lengths Caused bv 
Uncertainties in the Daughter Scale Length

Daughter Scale Parent Scale (x 104 km)
at 1 AU Bradfield Borrelly Brorsen-Metcalf
(x 105 km) 87 Dec 14.21 87 Dec 15.27 89 Aug 13.48

4.5 
5.0
5.5

3.67
3.59
3.50

3.97
3.90
3.82

1.44
1.40
1.35

Thus a 10% error in the CN daughter scale length will produce a 
smaller percentage error in the calculated CN parent scale length of 
the order 2-3%.

Discussion

The above study has shown that the errors on the derived scale 
lengths caused by uncertainties in the dust contamination and 
inaccurate centering is very small. The error on a derived daughter 
scale length, being independent of the parent scale length, depends 
largely on the uncertainty in the sky background, and the errors 
quoted in table 5.1 are the errors caused by this uncertainty. The 
error on a derived parent scale length depends mainly on the 
uncertainty in the sky background. There is an additional error of 
the order of 2-3% caused by uncertainties in the daughter scale 
length. The errors on the computed CN scale length quoted in tables
5.2 and 5.3 are the errors caused by uncertainties in the sky 
background.
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5.6 Scale Lengths Found bv Other Investigators

The CN parent and daughter scale lengths found by other investigators 
are presented in section 5.6.1 and their C2 parent scale lengths are 
presented in section 5.6.2. The methods used by the other observers 
are described in section 5.6.3. The relative merits of the various 
techniques are discussed.

5.6.1 CN Parent and Daughter Scale Lengths Found bv Other 
Investigators

The CN parent and daughter scale lengths published by other
investigators are summarized in table 

Table 5.7 CN Parent and Daughter

5.7.

Scale Lengths Published in the
Literature

Observer Comet r
(AU) (x 104 km) (xlO5 km)

Delsemme & Bennett 0.60 2.19 ± 0.31 0.55 ± 0.05
Moreau ..... Bennett 0.71 1.99 ± 0.51 0.63 ± 0.09
(1973) Bennett 0.83 3.16 ± 0.39 1.00 ± 0.12

Bennett 0.84 4.47 ± 0.90 1.12 ± 0.13
Bennett 1.12 4.47 ± 0.90 1.78 ± 0.10

Combi & Bennett 0.73 1.15 ± 0.30 > 17.78
Delsemme .. .. Bennett 0.83 1.20 ± 0.11 1.17 ± 0.15
(1980) Bennett 0.84 1.23 ± 0.21 3.16 ± 0.82

Bennett 0.97 0.89 ± 0.36 > 5.75
Bennett 0.99 4.79 ± 3.72 4.68
Bennett 1.12 0.93 ± 0.40 > 12.595
West 0.44 0.41 ± 0.12 1.74 ± 0.34
West, 0.46 0.53 ± 0.04 2.09 ± 0.15
West 0.54 1.23 ± 0.06 1.41 ± 0.10
West 0.65 1.05 ± 0.07 2.63 ± 0.38
West 0.70 0.66 ± 0.03 > 3.55
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Observer Comet r td
(AU) (x 104 km) (xlO^ km)

West 0.84 1.20 ± 0.31 1.95 ± 0.34
West 1.01 2.45 ± 0.71 5.25 ± 2.34
West 1.14 3.55 ± 1.45 > 1.99
West 1.18 2.09 ± 0.54 5.13 ± 2.11
West 1.21 3.71 ± 0.96 9.54 ± 5.59

Newburn & Encke 0.78 0.76 ± 0.16 \
Spinrad .... Encke 0.84 0.73 ± 0.14
(1984) Encke 1.69 2.57 ± 0.93

Tuttle 1.17 2.52 ± 0.58
Stephan-Oterma 1.62 2.01
Bradfield 1.75 3.60
Swift-Gehrels 1.36 3.40
Swift-Gehrels 1.53 5.45

Prieto et al. Hailey 1.52 3.7
(1987) Hailey 1.92 13.9

Hailey 2.41 13.3

5.6.2 Co Parent Scale Lengths Found by Other Investigators

The C2 parent scale lengths published by other investigators are 
summarized in table 5.8.
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Table 5.8 Co Parent Scale Lengths Published in the Literature

Observer Comet r Lp
(AU) (xlO4 km)

Tuttle 1.02 1.78
Stephan-Oterma 1.58 4.17
Meier 1.76 5.25

0.49
1.12
1.20
1.70

1.41 ± 0.17
1.41 ± 0.21
1.41 ± 0.14 
2.24 ± 0.21

Newburn & Encke 0.78 2.95 ± 0.95
Spinrad .. Encke 0.84 max 3.60
(1984) Encke 1.69 6.95 ± 2.35

Tuttle 1.17 6.05 ± 1.55
Tuttle 1.18 4.00 ± 1.60
Stephan-Oterma 1.62 4.37
Swift-Gehrels 1.36 3.50
Swift-Gehrels 1.53 5.70

5.6.3 Methods Used by the Other Authors

Delsemme & Bennet 0.71
Moreau    Bennet 0.83
(1973) Bennet 0.84

Bennet 1.12

Combi & Kohoutek 0.46
Delsemme .... Bennet 0.84
(1986) Bennet 0.97

Bennet 0.99

Cochran
(1985)

This section outlines the methods used by the other authors in the 
determination of their published scale lengths. The methods most 
likely to produce reliable results are identified.
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5.6.3.1 Cochran

These results were obtained from an intensified dissector scanner 
spectrograph on the 2.7 m telescope at the Macdonald Observatory 
[Cochran, 1985]. Spectra were taken of the apparent central
condensation and of discrete locations throughout the coma. The 
aperture projected to 4 x 4 arc seconds on the coma.

5.6.1.2 Combi & Delsemme

These results were obtained from spectrograms taken with the medium 
dispersion spectrograph at the Cassegrain focus of the 1 m telescope 
at the Ritter Astrophysical Research Center at the University of 
Toledo [Combi & Delsemme, 1980]. The plates were taken with the 
photometric nucleus guided on the centre of the spectrograph slit, 
whose entire length was exposed and which was aligned along the
radius vector. This yields the sunward and tailward spatial 
distribution of the spectrum of the comet along the direction 
perpendicular to the spectral dispersion. By taking averages of the 
sunward and tailward profiles, useful scale lengths should be
derivable by this method.

5.6.2.3 Delsemme & Moreau

These results were obtained from spectrograms taken with the 
Cassegrain spectrograph of the 1 m telescope at the Ritter 
Astrophysical Research Center at the University of Toledo [Delsemme & 
Moreau, 1973]. These plates were taken in a similar manner to that 
described for Combi and Delsemme above.

5.6.2.4 Newburn & Sp inrad

This data was collected with the Image Dissector Scanner (IDS) 
coupled to the 3 m Shane reflector at the Lick Observatory during a
2.5 year period from early 1980 to mid 1982 [Newburn & Spinrad, 
1984]. The IDS is used with a 4 arc second circular aperture and 
chops between two points separated by 35 arc seconds in an E-W
direction. Each observation results in two independent data sets,
commonly one on the nucleus and one 35 arc seconds from the nucleus.
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Some data sets straddle the nucleus, 17.5 arc seconds on either side 
generally along an E-W line. Parent scale lengths are calculated from 
any two column densities.

5.6.2.5 Prieto et al.

These results were obtained from multipositional long-slit absolute 
spectrophotometry of the inner region of the coma of comet Hailey 
with the 2.5 m Isaac Newton Telescope at La Palma. [Prieto et al. , 
1987].

Discussion

The methods outlined above rely on either one-dimensional 
spectroscopy or a few observations (dotted strategically at various 
locations across the coma) obtained through a small circular aperture 
to generate radial profiles. In this analysis the radial profiles are 
generated from full two-dimensional VHSIS images. This has the great 
advantage of summing over a much larger number of pixels. This is 
especially important at large cometocentric distances where the count 
per pixel may be small.

Any sunward-tailward anisotropies in the two-dimensional VHSIS images 
are removed to first order by integrating around circular annuli. The 
sunward-tailward anisotropies are also removed to first order in the 
analysis of Combi & Delsemme [1980] who average their 
sunward/tailward profiles. The C2 data of Cochran [1985] was 
reanalyzed by Combi & Delsemme [1986] to produce C2 parent scale 
lengths. These scale lengths should also be reliable due to the 
averaging of sunward/tailward profiles.

However, the results obtained by Delsemme & Moreau [1973] should be 
regarded with a degree of caution because these authors 
underestimated the amount of vignetting in their spectrograph optics 
[Combi & Delsemme, 1980]. Also, the method adopted by Newburn & 
Spinrad [1984] is questionable as it can only fit to two points which 
are close together (at minimum of the order of 0.25 Lp and at maximum
1.3 I O  and takes no account of possible radial asymmetry. Similar



171

arguments may be used to question the validity of the scale lengths 
calculated by Prieto et al. [1987].

Therefore, in the following section, the scale lengths found by all 
of the observers are plotted against heliocentric distance for each 
scale length considered. However, the best straight line fits to the 
data are calculated without taking into account the results of 
Delsemme & Moreau [1973], Newburn & Spinrad [1984] and Prieto et al.
[1987].

5.7 Comparison of the Scale Lengths Inferred from the Very High 
Sensitivity Imaging System Data with those Calculated bv the Other 
Investigators

5.7.1 The CN Daughter Scale Length

Combi & Delsemme [1980] supply nine data points, with heliocentric 
distances ranging from 0.44 AU to 1.21 AU and the VHSIS results 
extend the coverage by supplying five data points, ranging from 
1.19 AU to 1.65 AU. Delsemme & Moreau [1973] supply five data points, 
ranging from 0.60 AU to 1.12 AU.

A log-log graph is drawn plotting the CN daughter scale lengths found 
by these three authors against heliocentric distance (figure 5.7). 
The CN daughter scale lengths supplied by Delsemme & Moreau [1973] 
are seen to be consistently low.

A least squares straight line best fit to the VHSIS results and the 
data of Combi & Delsemme [1980] yields a slope of 1.74 ± 0.24. A 
value of (4.87 ± 0.48) x 10^ km is determined for the daughter scale 
length at unit heliocentric distance.

It is difficult to be precise about the variation with heliocentric
distance due to the large amount of scatter on the data. In

ofigure 5.7 the dashed line represents a variation as r and the
dotted line represents an dependence. The data are, therefore,

2not inconsistent with an r dependence, although this analysis cannot
1 5  2rule out any dependence between r * and r .
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5.7.2 The CN Parent Scale Length

The majority of the CN parent scale lengths come from Combi & 
Delsemme [1980] who supply seventeen data points, with heliocentric 
distances ranging from 0.44 AU to 1.21 AU and from the VHSIS results 
with twenty one data points, ranging from 0.68 AU to 2.68 AU. Newburn 
Sc Spinrad [1984] supply eight data points, ranging from 0.78 AU to 
1.75 AU, Delsemme Sc Moreau [1973] five, ranging from 0.60 AU to 
1.12 AU and Prieto et al. [1986] three, ranging from 1.52 AU to 
2.41 AU. The CN parent scale length has thus been monitored over a 
range of heliocentric distances from 0.44 AU to 2.68 AU.

A log-log graph is drawn plotting the CN parent scale lengths found 
by all the authors against heliocentric distance (figure 5.8). The CN 
parent scale lengths supplied by Delsemme Sc Moreau [1973] are seen to 
be consistently high and those supplied by Newburn Sc Spinrad [1984] 
are consistently low. The data of Prieto et al. [1987] and the VHSIS 
results take the data points out beyond 2.0 AU for the first time, 
although the distant values supplied by Prieto et al. [1987] seem 
rather high.

A least squares best fit to the VHSIS results and the data of Combi Sc 

Delsemme [1980] yields a slope of 1.7 ± 0.2. These results give a 
value of (2.1 ± 0.2) x 10^ km for the parent scale length at unit 
heliocentric distance.

It is again difficult to be precise about the variation with
heliocentric distance due to the large amount of scatter on the data.

oIn figure 5.8 the dashed line represents a variation as r and the 
dotted line represents an dependence. The best fit to the data
implies an dependence, although this analysis cannot rule out

1 5  2any dependence between r and r .

5.7.3 The C2 Parent Scale Length

Newburn Sc Spinrad [1984] supply eight data points, with heliocentric 
distances ranging 0.78 AU to 1.75 AU, the VHSIS results supply ten, 
ranging from 0.67 AU to 1.70 AU, Combi Sc Delsemme [1980] four, 
ranging from from 0.46 AU to 0.99 AU, Delsemme Sc Moreau [1973] four,
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ranging from 0.71 AU to 1.12 AU and Cochran [1985] three, ranging 
from 1.02 AU to 1.76 AU.

A log-log graph is drawn plotting the C2 parent scale lengths found 
by these authors against heliocentric distance (figure 5.9). The C2 

parent scale lengths supplied by Delsemme & Moreau [1973] are in good 
agreement with the results of the other observers but those supplied 
by Newburn & Spinrad [1984] are consistently high.

A least squares best fit to the VHSIS results and the data of Cochran 
[1985] and Combi & Delsemme [1980] yields a slope of 1.7 ± 0.3. These 
results give a value of (1.8 ± 0.2) x 10^ km for the daughter scale 
length at unit heliocentric distance.

As with the CN parent and daughter scale lengths it is again
difficult to be precise about the variation with heliocentric
distance due to the large amount of scatter on the data. In

ofigure 5.9 the dashed line represents a variation as r and the
dotted line represents an r̂ *'* dependence. The best fit to the data
implies an dependence, although this analysis cannot rule out

1 5  2any dependence between r * and r .

5.7.4 Discussion of the Derived Scaling Laws

The inclusion of the scale lengths found by other investigators has 
more than doubled the number of reliable data points, and hence 
improved the significance of the results. The new scaling laws all 
fall within the range of those predicted from the VHSIS results alone 
and should be regarded as the best fits to the data available.

The dashed lines on the three graphs (figures 5.7, 5.8, 5.9)
represent a variation as the square of the heliocentric distance. In

2all three cases a variation as r can certainly not be ruled out.
This would imply decay processes induced by the solar flux of
radiation. However, the scatter of the data in each case is such as

1 5  2to allow any scaling law between r ' and r .

The errors quoted on the heliocentric dependencies and on the scale 
lengths at 1 AU are the 1 sigma errors associated with the best fit.
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As can be seen from the large amount of scatter the value of any one 
particular scale length may well lie well outside the region 
predicted by these errors.

It is, perhaps, not surprising to find such a scatter on the data 
points. The scale lengths have been calculated by different authors 
applying different methods to observe a variety of comets at 
different observing geometries.

In addition, the Haser model assumes continuous emission from a 
steady source. However, from the spacecraft observations of comet 
Hailey, it is now known that gas production is strongly directed 
towards the Sun and comes from isolated areas of the nucleus. If it 
is assumed that comet Hailey is a fairly typical comet then 
additional errors on the parent scale lengths may be caused by time 
dependent and irregular outbursts.

The derived scale lengths may also be affected by fluctuations in the 
UV flux of the solar corona. This could be the reason for the widely 
differing parent scale lengths derived for CN and C2 in comets 
Bradfield and Brorsen-Metcalf. For example, the derived CN and C2 

parent scale lengths for comet Bradfield at 0.94 AU were 3.3 x 10^ km 
and 2 . 2  x 1 0 ^ km respectively, much larger than anticipated by the 
derived best fit to the data. Those for comet Brorsen-Metcalf at 
0.89 AU were 1.10 x 10^ and 1.24 x 10^ km respectively, much lower 
than the derived best fit to the data. The observations of comet 
Bradfield were made in December 1987 during approximate solar minimum 
conditions. The observations of comet Brorsen-Metcalf were made in 
August 1989 during more active solar conditions, which could explain 
the disparity.

5 . 8  The Anomalous Co Coma of Comet Borrelly

The inner C2 coma of comet Borrelly is irregular in that the simple 
Haser formulation, so successfully applied to the neutral coma in all 
the other cases, no longer yields a good fit to the data. An image of 
the inner C2 coma of comet Borrelly, taken with the VHSIS, is shown 
in figure 5.5d. The anomalous inner C2 profile of comet Borrelly is 
plotted in figure 5.6d. In order to facilitate comparison with other
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"normal,f Images figure 5.10 shows a plot of profiles for the
ocomets Bradfield, Borrelly and Hailey scaled as r /delta. This figure 

serves to illustrate the unusual behaviour of C2 in comet Borrelly. 
The inner profiles of C2 in comet Borrelly reveal production 
processes with unusual space dependence, varying between the dates. 
In contrast, the CN profiles of comet Borrelly can be modelled well 
by the simple Haser model.

The profile of comet Borrelly (figure 5.6d) departs significantly 
from that anticipated by the Haser model in two important ways. 
Firstly, the C2 profile of comet Borrelly shows a centrally condensed 
source. Secondly, the positive gradient of the profile implies that 
additional C2 is being produced right out to the edge of the field of 
view.

The images of the comets Bradfield and Borrelly were taken with the 
same detector and filter set. The sky background is well determined 
for the images of interest, increasing the confidence in the results. 
However, the dust contamination is uncertain. The dust pollution does 
not pose a problem with the CN images, but is more significant for 
the C2 images. The 630.5 nm images of both Bradfield and Borrelly are 
centrally condensed and may contain some [0 1 ] , but can be used as an 
upper limit on the dust pollution at that wavelength. The dust 
contamination at 471.6 nm may be estimated by correcting for the 
change in detector sensitivity and by assuming a solar type spectrum. 
Subtracting such an estimate for the dust image from the 
corresponding C2 images does not, however, significantly change the 
shape of the C2 profiles.

The anomalous behaviour of C2 in comet Borrelly would appear, 
therefore, to be real. Other near-nucleus VHSIS C2 images of comet 
Borrelly taken on 14 December 1987 and 15 December 1987 also possess 
a similarly anomalous profile, showing that it does not arise from 
time dependent emission. Though comet Borrelly was brightening during 
early December, peaking at magnitude 7.8 around 21 December 1987 
(J.D.Shanklin private communication), no special outburst was 
reported by observers (IAU Circulars nos. 4501, 4512, 4527). In this 
apparition, as with earlier ones, comet Borrelly appeared to have a
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diffuse central region as opposed to a central condensation, 
indicative of a halo of grains.

An alternative explanation for the anomalous profile of C£ is an 
extended source of this gas. However, the comparison with comet 
Hailey at the same heliocentric distance shows that the character of 
this source is not universal.

The source of C2 in comets has long been a puzzle. Organic molecules 
in the gas phase might be a source, but not linear hydrocarbons 
[Shul'man, 1987]. The observed C3 and its behaviour with heliocentric 
distance is even more unlikely to be explained by a gas phase source. 
"CHON" grains composed primarily of light elements [Clark et al., 
1987] and grains with a very high C content [Sagdeev et al.t 1986c] 
were discovered in comet Hailey. The concept that sub-micron sized 
grains are superheated and become partially carbonized in the solar 
radiation has also been discussed [Wallis et al., 1987a]. It is, 
therefore, very probable that the grain coma could be a ready source 
of C2 .

Parent scale lengths for CN and C2 of around 2 x 10^ km at 1 AU 
suggest possible emission from freshly ejected sub-micron grains. 
This would be true too of the CN and perhaps some of the C2 in 
Borrelly. However, the second source of C2 at 1.36 AU cannot be a 
central source and may arise from the coma of long-lived dust grains 
that give the comet its diffuse appearance. Such grains must be 
larger, perhaps 0.1 - 1.0 mm, so would not be superheated. Their
carbonization and C2 release is due perhaps to space radiation, via 
"sputtering" by ultraviolet photons and by protons [Combi, 1987]. 
Long-lived grain comas have previously been hypothesized as the 
source of coma gases, specifically of the abundant OH comas at 
3 - 4 AU in comets Cernis and Bowell, where the attachment energy of 
the H 2 O or OH is close to that in ice [Hoyle et al., 1985].
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Figure 5.3
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Figure 5.4
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Figure 5.5
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Figure 5.6
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Figure 5.7
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CHAPTER 6

THE NEUTRAL COMETARY ENVIRONMENT II - 
THE DETERMINATION OF THE HnO PRODUCTION SCALE LENGTH 

IN COMET GIACOBINI-ZINNER 
AND THE SEARCH FOR JETS IN THE NEUTRAL COMA OF COMET HALLEY

6 .1 Introduction

The near-nucleus images of comet Giacobini-Zinner in the emission of 
O(^D) at 630.0 nm show isophotes close to circular symmetry. The 
integral profiles reveal a central source region. The OH contribution 
and the NH2 contamination can be modelled to reveal this source scale 
(section 6.2). The parent of oxygen, presumed to be ^ 0 ,  is being 
released from grains on this scale and proceeding in free molecular 
flight to populate the sunward and tailward comas uniformly [Wallis 
et al., 1990].

Jets, spirals and other detailed features in cometary comas have long 
been thought to be visible only in the continuum reflected by the 
dust particles or in the emission bands of ions. It was generally 
thought that these features could not be seen in the emission bands 
of the neutral species. However, several authors have recently 
reported "jet-like" features in the neutral emissions (CN and C2 ) of 
comet Hailey, an observation which has important implications for the
formation of these neutral radicals. These coma features were found
close to the nucleus, extending to cometocentric distances of the 
order of 60,000 km. These neutral jets should, therefore, also be 
observable in the near-nucleus images taken with the Very High 
Sensitivity Imaging System (VHSIS) around the time of the spacecraft 
encounters with comet Hailey in March 1986. No jet structures were 
immediately visible in any of the corrected near-nucleus VHSIS images 
taken during this period. A more rigorous search for such features in
these images was performed by applying extensive image enhancement
techniques (section 6.3).



6 .2 The Determination of the HoO Production Scale Length In Comet 
Giacobini-Zinner at a Heliocentric Distance of 1.03 AU

6.2.1 Introduction

Swings & Greenstein [1958] were the first to report a bright cometary 
emission at 630.0 nm in their analysis of comet Mrkos. Due to the 
brightness of the emission, Biermann & Trefftz [1964] concluded that 
the emission could not be due to fluorescence, and that a large 
population of metastable OC^D) was being created by photodissociation 
of a parent molecule. Later Festou & Feldman [1981] were able to show 
that fluorescent scattering could be completely neglected in any 
discussion of the 0(^D) emissions.

Since an 0(^D) atom is produced with an excess velocity of about 
1 kms"^ and has a radiative lifetime of about 150 s, its mean 
displacement from the source molecule before decaying to the 0( P) 
ground state is approximately 150 km, which is small compared to the 
scale of the observations. Therefore, the spatial distribution of 
0(^D) emissions is an accurate map of the source molecule 
distributions.

Fink & Johnson [1984] have come to the conclusion that there are two 
major production mechanisms of metastable 0(^D). One of these, first 
proposed by Biermann & Trefftz [1964], is the photodissociation of 
H 2 O molecules directly to the 0(^D) state

uv
H20 -+ H2 + O^D) 6-1

and the other, studied by Dishoeck & Dalgarno [1984], from the 
photodissociation of OH, itself a photodissociation product of H 2 0:-

OH + H 6.2

H + 0{lD) 6.3

The 0(^D) profile may, therefore, be written in terms of the H20

uv
h 2o

uv
OH



profile (Njj2q(s)) an<* th® profile ( N q ^ ( s ) )  as:-

Nq i(s) aNH20(s) bN0H (s) 6.4

where a is the fraction of ^ 0  that yields 0(^D) directly and b is 
the fraction of H2 O that eventually produces 0(^D) from OH.

H2 O is a daughter species and so its profile may be modelled by the 
simple radial outflow decay model as discussed in chapter 5 and 
attributed to Haser [1957]. Hence, the profile of the 0(^D) produced 
directly from H2 O is of the form:-

n H20(s) =
47rvd (X d - X p) s .

SXf

sXd
K 0(y) dy 6.5

where:-

QP
vd
s

x px d
K0(y)

is the production rate of the H2O parent, 
is the average velocity of the H2O molecules, 
is the projected distance from the cometary nucleus, 
is the reciprocal of the parent scale length, 
is the reciprocal of the daughter scale length and 
is the modified Bessel function of the second order.

The OH distribution, however, is not quite as straightforward. The OH 
molecule is a grand-daughter species. It is, therefore, necessary to 
compute the distribution expected for such a tertiary product.

6.2.2 Calculation of the Intensity Distribution Caused bv
Exponentially Decaying Grand-Daughter Molecules Expanding
Isotropicallv into Volume

The method adopted is an extension of the method adopted by Haser 
[1957] to determine the daughter profile (see section 5.2.3). The 
following additional assumptions are made:
1) . On production, the grand-daughter molecules move purely radially 
with uniform speed, and
2). the grand-daughter molecules then decay exponentially with scale 
length Lgd.
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Let the production rate of the parent molecules at the nucleus be Qp 
molecules per second. Then the total number of daughter molecules, 
Nd , crossing a sphere of radius z per second will be given by:-

Nd A [ exp-(Xpz) - exp-(Xdz) ] 6.6

where:-

Qpx p
A =   6.7

x d - x p
The production rate of the grand-daughter molecules is, therefore, 
given by:-

-dNd dNgd
=   “ A [ Xpexp-(Xpz) -  Xdexp-CXdz) ] 6,8

dz dz

The number of grand-daughter molecules in an elemental spherical 
shell of radius z and width dz is, thus:-

dNgd = A [ X pexp-(Xpz) - X dexp-(Xdz) ] dz 6.9

These specific grand-daughter molecules should now be considered. 
When they are a distance R (R > z) from the nucleus their number will 
be decreased by the factor exp(-Xg^R-z)), where Xg^ is the 
reciprocal of the grand-daughter scale length. The total number of 
grand-daughter molecules at a distance R from the nucleus due to 
disintegrations of daughter molecules in the given elemental shell 
becomes:-

dNgd(R) = A [ X pexp-(Xpz) - X dexp-(Xdz) ] exp-(Xgd[R-z]) dz 6 . 1 0

oThe total number of grand-daughter molecules arriving per cm at a 
distance R per second becomes:-

Ngd(R)=

[ X pexp-([Xp-X gd]z)exp-(XgdR) - 

X dexp-([Xd-Xgd]z)exp-(XgdR) ] dz 6,12

A *R

4 a K-
[

0

A *R

4ttR2 0
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X r

4*RZ (X gd - X p) 

A X d

[ exp-(XpR) - exp-(XgdR) ] -

[ exp-(XdR) - exp-(XgdR) ] 6.13
4?rR (X gd - X d)

The number density at distance R from the nucleus becomes:

n(R) =
47rvgdRz (X d - X p) (X gd - X p)

[ exp-(XpR) - exp-(XgdR) ] -

Qp X p X d
----------- r      [ exp-(XdR) - exp-(XgdR) ]
47rvgdR (X d - X p) (X gd - X d) 6.14

This equation can be broken down into four expressions of the form 
given in model 2 above so that the resulting grand-daughter profile 
is of the form:-

Ngd(s) =

N q i(s) = a

Qp x p X p 1

4jrvgd (X d - Xp) (Xgd -  X p) s

Qp Xp X d 1

4irvgd (X d - Xp) (X gd - X d) s

tion, thus, becomes:-

Qp Xp 1 [sXp
K 0(y)

sXd47TVd (X d - Xp) S

Qp Xp X p 1

4irvgd (X d -  Xp) (Xgd - Xp) s

Qp Xp X d 1

SXr

sXd
Ko(y) dy -

rsx d
K 0(y) dy

sXgd

sXT
Ko(y) dy -

47Tvgd (X d - X p) (X gd - X d) s

sX gd

[sXd
K 0(y) dy

sXgd

6.15

6.16



This may be rewritten in terms of two integrals:-

X,
N0 l(s) =

Q p

4tts (Xd - X p)

X r

L vd

X T

Aics vgd (Xd - X p) 

so that:-

X r

vgd (Xgd - Xp)

Xd

r sXf
K q(y) dy +

sXd

L (Xgd - Xp) (Xgd - X d) _

sXd
K0(y) dy 

sXgd
6.17

N0 l(s) =

where:

A

B

sXp B
Xo(y) dy + —

sXd s

a b
—  + —

fsX,

sXd
K0(y) dy

- vd vgd (Xgd _ Xp) _
Xr xd

_ (Xgd ~ Xp) (Xgd - X d) _

6.18

6.19

and with the approximation »  X d , this simplifies to:

A  

B

" X d -  x gd- " a Vgd "

- x gd _ _ b vd
6.20

In terms of the daughter and grand-daughter scale length we obtain:- 

A  

B
Lgd " Ld " a vgd "

i t-1 o. i - b vd
6.21

The 0(D) function can, therefore, be rewritten in terms of one 
unknown constant B, as:-

B A sXp [*sXd 1— Ko(y) dy + K0(y) dys _ B sXd sXgd
6.22

The 630 nm image of comet Giacobini-Zinner to be analyzed here was 
taken on 1 September 1985 at 03:38 UT with the 1 m Jacobus Kapteyn 
Telescope (JKT) and is shown in figure 6.1. The scale of this near
nucleus image is such as to enable a more accurate determination of
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the H 2 O production scale. If the filter isolated pure 0(^D) the 
calculation of the scale length would now be straightforward. 
However, the 0(^D) emission is blended with cometary emissions from 
the (0,8,0) NH2 band.

6.2.3 Estimation of the NH2 Component

The NH2 contribution to the total signal may be estimated from the 
Doppler images taken on 2 September 1985, with the Doppler Imaging 
System (DIS), on the JKT, through the 630 nm filter. A composite of 
four such images is shown in figure 6.2. The 0(^D) sky signal shows 
up as a ring with the cometary component superimposed in the upper 
right. The NH2 features which contaminate the 0(^D) are on the short 
wavelength side of the 0(^D) signal, so that the 0(^D) ring is 
distorted on the outer edge.

An estimate of the NH2 contamination is obtained as follows. A 45° 
sector profile is taken from the centre of the fringe through the 
comet (red profile in figure 6.3) and plotted against radius-squared. 
A second similar 45° sector profile is taken from the centre out in 
the opposite direction, to obtain the sky contribution (green line in 
figure 6.3). This profile is then subtracted from the former to 
obtain the cometary signal. The peak position of the cometary signal 
is estimated, by examining the upper portion of the plot. The NH2 

peak is small and it may be assumed that no cometary NH2 appears to 
the left of the 0(^D) peak. The 0(^D) profile can then be estimated 
by assuming symmetry about the peak position (magenta profile in 
figure 6.4). The NH2 component (cyan profile in figure 6.4) is then 
determined by subtracting the cometary 0(^D) profile from the 
cometary 630 nm profile. The amount of each component is proportional 
to the area under each curve. The NH2 contribution is found to be of 
the order 17% of the main signal.

The NH2 profile may be modelled by the simple radial outflow model 
with decay [Haser, 1957]. The NH2 profile will, therefore, be of the 
form given by equation (6.5). However, since the creation and 
destruction scales are of the same order (10,000 km, [Fink & Johnson, 
1984]), equation (6.5) cannot be evaluated as it stands. The limit as 

tends to Xp needs to be considered.
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As tends to Xp, the integral in equation (6.5) tends to:-

’sX
PK 0(y)dy (sXp - sXd)K0(sXp)

JsXd
6.23

so that, the functional form for the NH2 profile reduces to:-

n NH2(s) D K q(sX n h 2) 6.24

where D is a constant and X^ 2  is t îe reciprocal of the NH2 scale 
length.

6.2.4 Determination of the Production Scale Length

The profile recorded through the 630 nm filter is, therefore, of the 
form:-

The above function can be fitted to the outer 630 nm profile (from 
40 to 90 pixels) where the H2 O production scale no longer plays a 
significant role. The functions may then be extrapolated back to the 
origin in order to calculate their resulting contributions to the 
total. There is some degree of uncertainty in the sky background but 
this may be overcome by varying it so that the NH2 component falls in 
its anticipated range (ie less than 20% total contribution). The NH2 

contribution and the 0(^D) contribution from OH for a given 
background is subtracted and a Haser function of the form (6.5) is 
fitted to the resulting profile, by varying the H2 O production scale 
and the multiplicative constant.

Early comprehensive models of water photodissociation in cometary 
conditions put the mean OH ejection velocity at about 1.3 kms"^ 
[Festou, 1978; 1981b]. However, on the basis of laboratory
measurements available at that time [Welge & Stuhl, 1967], Festou 
assumed that most of the excess energy of photodissociation was 
converted to translational energy of H and OH, the conversion to 
vibrational and rotational energy of OH being negligible. It is now 
known, from recent laboratory and theoretical work, that, following

I630(s) BO(*D)func + B)Kq(sX jsjh2) 6.25
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water dissociation, the OH radical is created in excited states of 
rotation or vibration. When this is taken into account the mean 
ejection velocity of OH is found to be 1.05 kms"^ [Crovisier, 1988].

The lifetime of OH at 1 AU, for a heliocentric velocity of -1.5 kms’  ̂
under solar minimum conditions, is taken to be 1.2 x 10^ s [van 
Dishoeck & Dalgamo, 1984] . The OH scale length at 1 AU is, 
therefore, approximately 130,000 km. This is in agreement with the 
value of (130,000 ± 20,000) km calculated for comet Hailey at 1 AU 
[Fitzsimmons et al., 1986].

Two sets of input parameters are now considered. The first uses 
theoretical data on the dissociation of ^ 0  [Festou, 1981b] . The
second adopts a higher dissociation rate to fit the 40,000 km scale 
measured by Giotto [Krankowsky et al., 1986].

6.2.4.1 Case 1

The total lifetime of ^ 0  molecules at 1 AU from the Sun is taken to 
be 7.6 x 10^ s [Festou, 1981]. If an outflow velocity of 0.9 kms"^ is 
assumed [Krankowsky et al., 1986], the ^ 0  scale length at 1 AU 
becomes 6.8 x 10^ km. The theoretical data of Festou [1981] show 
that, under conditions of quiet Sun appropriate for the VHSIS 
measurements presented here, 6% of the ^ 0  produces 0(^D) directly 
and 85% of the ^ 0  produces OH of which 4% produces 0(^D) . The 
parameters used in this case are summarized in table 6.1.

Table 6.1 Parameter Set 1

b = 0.85 x 0.04 = 0.034 
a =0.06 
v^ = 0.9 kms "^ 
v ^  = 1.05 kms"^
Ld = 68,000 km
Lg^ = 130,000 km

= = »  A = 0.96 
B
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The 630 run profile takes the form:-
B sXp fsXd

J630(s) = — 0.96 K.()(y) dy + Ko(y) dy
s _ sXd J sXgd

+ DK q(sX N H 2) 6 .26

The sky background lies in the range 3.6 ± 0.3 counts per pixel. The 
sky background is varied within this range and the above function is 
fitted to the outer portion of the profile by letting the parent 
scale approach zero. The best least squares fits obtained are given 
in table 6.2.

Table 6.2 Best Fits to the Outer Region of the O(̂ D') Profile Using 
Parameter Set 1

Background B D % NH0
(cts/pix)

3.5 0.94 0.0 0.0
3.6 0.88 3.4 3.0
3.7 0.80 9.9 9.2
3.8 0.72 16.3 15.3
3.9 0.65 21.4 21.3

The H2 O production scale lengths calculated from these parameters are
given in table 6.3.

Table 6.3 Best Fits to the Inner Region of the O^D) Profile Using
Parameter Set 1

Background B
* *  ,(cts/pix) (pixels) (xlO km)

3.5 0.92 7.7 2.45
3.6 0.85 7.4 2.38
3.7 0.78 7.0 2.25
3.8 0.70 6.7 2.16
3.9 0.63 6.4 2.06



A value of (2,200 ± 250) km is thus determined from this parameter 
set for the ^ 0  production scale length. Figure 6.5 shows a typical 
fit for these parameters.

6.2.4.2 Case 2

More recently, the mass spectrometer on board the Giotto spacecraft
measured the H^O scale length to be 40,000 km at 0.89 AU [Krankowsky

oet al., 1986], If an r scaling law is assumed then the ^ 0  scale 
length at 1 AU would be 50,500 km. 4.4% of the ^ 0  produces 0(^D) and 
90% produces OH of which 4% produces 0(^D). The parameters used in 
this case are summarized in table 6.4.

Table 6.4 Parameter Set 2

b - 0.90 x 0.04 - 0.036
a - 0.044
v^ “ 0.9 kms’^
Vgd =1.05 kms"^

= 50,500 km 
Lg^ = 130,000 km

= = »  A - 0.67 
B

The 630 nm profile takes the form:-
B sXp *sxd 1= — 0.67 Ko(y) dy + Ko(y) dys — « sXd ŝ gd + D K q(sX n h 2) 6-27

The sky background is again varied within its acceptable limits and 
function of the above form is fitted to the outer portion of the 
profile. The fits obtained are tabulated in table 6.5.
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Table 6.5 Best Fits to the 1Outer Region of the 0(D) Profile Using
Parameter Set 2

Background B D % n h2
(cts/pix)

3.3 1.2 0.0 0.0
3.4 1.23 0.7 0.4
3.5 1.13 6.9 6.0
3.6 1.04 12.1 11.2
3.7 0.95 17.3 16.0
3.8 0.86 22.4 20.9

The H 2O production scale lengths calculated from these parameters are 
given in table 6.6.

Table 6.6 Best Fits to the Inner Region of the 0(^D) Profile Using 
Parameter Set 2

Background B
** ,(cts/pix) (pixels) (xlO km)

3.3 1.26 7.3 2.35
3.4 1.22 7.0 2.25
3.5 1.12 6.7 2.16
3.6 1.02 6.4 2.06
3.7 0.93 6.1 1.96
3.8 0.83 5.7 1.83

This parameter set yields a value of (2,100 ± 250) km for the 1^0 
production scale length. A typical fit with these parameters is shown 
in figure 6.6. When the results from cases 1 and 2 are combined, the 
final result, for the H2O parent scale length becomes 
(2,150 ± 300) km. It is important to examine other possible
contributors to the 630 nm profile neglected in (6.25).



The dust contribution is neglected. However, the central hole is deep 
implying that the dust level is very low, less than a few per cent. 
At this level dust scattered light is indistinguishable above other 
modelling uncertainties.

The H2 O production scale should be compared with the scale for 
collisional quenching:-

O^D) + M* _> 0(3P) + M  g 28

The coefficient, kq for the quenching of the 0(3D) state by ^ 0  is
2 x 10~10 cm3s“^ [Streit et al. , 1976]. Even with production rates

30 -1for H2 O as high as 10 s this mechanism will not be an efficient 
deactivation process beyond the first few hundred km of the nucleus 
surface [Festou & Feldman, 1981]. Consequently most of the excited 
oxygen atoms will freely radiate so that the scale length calculated 
above is a real source scale.

It remains to discuss possible sources of 0(^D) not considered above. 
Roesler et al. [1987] considered CO and CO2 as potential sources of 
0(3D). They concluded that the contribution from these two molecules 
was negligible for comet Hailey at cometocentric distances less than 
10^ km. If the relative abundances of CO and CO2 are similar for 
comet Giacobini-Zinner then their contributions should also be 
negligible here.

Electronic collisional excitation of atomic oxygen with cross-section 
(1.5 - 3.0) x IQ'17 cm^ for 5 - 20 eV electrons [Shyn & Sharp, 1986]

_ O 1 _ 1would give some 2 x 10 0( D) s , some 1% - 2% of the H 2 O source.
This source may, therefore, also be neglected here.

6.2.5 Discussion

The analysis presented here has included the NH2 contamination and 
the separate ^ 0  and OH sources. The central deficit is confirmed as 
not due to collisional quenching but indicates a source scale for 
much of the presumed ^ 0  parent of (2,150 ± 300) km. Delsemme & Combi 
[1979] gave production and destruction scales of the 0-parent in 
comet Bennet at 0.84 AU both at about 10,000 km. However, they did



not allow for NH2 contamination, nor for a secondary (OH) source. 
While comparable 01 data for comet Hailey has been p>resented [Itoesler 
et al., 1986], the spatial resolution is lower ;and the apparent 
central hole is probably dominated by collisional quienching. With the 
quenching scale some 10 times larger, the H2 O source scale is 
probably concealed in that case.

The 01 distribution observed in the APL images is close to radially 
symmetric and this is a commonly observed characteristic. However, it 
is also puzzling, given that the Hailey probes have clearly 
established that gas and dust is emitted almost entirely on the
sunward side. It was also found that the spatial density of H 2O at

2comet Hailey varied as r [Krankowsky et al., 1986; Hsieh et al., 
1987] .

The explanation for this and the 01 symmetry is probably that the H2 O 
sublimes largely from micron-sized grains, on a few times 1,000 km 
scale, rather than from the nucleus itself [Wallis: et al., 1990]. 
Some sublimes within 1,000 km, where collisions ensure residual 
sunward bias as evident in UV maps of the OH emission.

6.3 The Search for "Jet-Like” Structures in the Neutral Atmosphere 
of Comet Hallev Around the Time of the Spacecraft Encounters in March 
1986

6.3.1 Introduction

Jets, spirals and other detailed features in cometary connas were long 
thought to be visible only in the continuum reflected by the dust 
particles or in the emission bands of ions. It was generally thought 
that these features could not be seen in the emission bands of the 
neutral species, at least in part because the neutral gas expands 
rapidly, perpendicular to any linear feature and consequently the 
daughter species normally seen in the visible region are produced by 
dissociations that take place far from the point of origin of the 
gas. However, several authors have recently reportedl "jet-like" 
features in the neutral emissions (CN and C2 ) of c-omet Hailey 
[A'Hearn et al., 1986a; 1986b; Cosmovici et al., 1987; 1988], an
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observation which has important implications for the formation of 
these neutral radicals.

A 1 Hearn et al. [1986] made observations of comet Hailey in April 1986 
and reported coma features in their neutral images extending to more 
than 60,000 km from the nucleus. Cosmovici et al. [1987] observed 
comet Hailey in March 1986 and found neutral jet structures within a 
field of view of 70,000 km. Therefore, these neutral jets should also 
be observable in the near-nucleus images taken with the VHSIS
(section 6.3.2). However, no jet structures are immediately visible 
in any of the corrected near-nucleus images. It was, therefore,
decided to make a more rigorous search for such features in these
images. A "ring-masking11 technique was chosen to help to elucidate 
the features. This method of image enhancement is discussed in detail 
in section 6.3.3. The method was thoroughly tested before applying it 
to the real data (section 6.3.4). The results of applying this
technique to a selection of near-nucleus VHSIS images are discussed 
in section 6.3.5. The implications of these results are then 
discussed in section 6.3.6.

6.3.2 Comparison of the Instruments used bv the Various 
Investigators

A'Hearn et al. [1986] made their observations of comet Hailey in 
April 1986 on the 24" Planetary Patrol Telescope at Perth Observatory 
with a Charge Couple Device (CCD) camera system and the International 
Hailey Watch (IHW) filter set. The chip had an array of 
320 x 512 pixels, each 30 microns square. The net scale at the chip 
was roughly 1.8 arc seconds per pixel. The total field of view in the 
original images was roughly 9.5 x 15 arc minutes, although the image 
enhancement technique was applied only to a circular area of radius 
roughly 2.5 arc minutes.

Cosmovici et al. [1986] made their observations of comet Hailey in 
March 1986 at the 192 cm South African Astronomical Observatory 
telescope with a CCD and the IHW filters for near-nucleus studies. An 
image area of 318 x 510 pixels was used corresponding to an average 
at the comet of (120 x 190) x 10 km. They have analyzed 135 absolute
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calibrated images of comet Hailey obtained with 23 different filters
inside a circle of 70,000 km diameter around the nucleus.

The VHSIS images of comet Hailey taken in March 1986 on the
24” telescope had an average field of view of 250,000 km,
corresponding to approximately 1,000 km per pixel. The images taken
on the 16" telescope had a field of view of 365,000 km corresponding
to 1,425 km per pixel.

A summary of the instruments used is given in table 6.7. The VHSIS 
images, therefore, have a similar resolution to the CCD images of 
A'Hearn et al. [1986] and so should contain detectable jet features. 
However, no neutral jet features were immediately visible in any of 
the VHSIS images taken around the period of the spacecraft encounters 
with comet Hailey in March 1986. It was, therefore, decided to apply
image enhancement techniques to attempt to elucidate the coma
features.

Table 6.7 Comparison of the Instruments used bv Various 
Investigators in their Search for Neutral Coma Features

Observer Instrument FOV Pixel size Ring radius
(arc min) (arc sec) (arc min)

A'Hearn 24" PPT 9.5 x 15 1.8 2.50
Cosmovici 1.92 m 2.97 x 4.76 0.56 0.86
Rees 24" TMF 6.34 (diam) 1.48 0.74

1.00 m 4.13 (diam) 0.97 0.48

6.3.3 The Ring-Masking Technique

Since the amplitude variations caused by the jets are in the range of 
a few per cent with respect to their surrounding signal level, their 
dynamic range must be increased to make them visible. This can be 
obtained by dividing each pixel element by the mean value of a 
sufficiently large area around each pixel. This method yields 
reliable results when the neighbouring data from which the mean is 
computed have no trend among themselves. Images of the inner cometary
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coma have more or less equal amplitudes in concentric annuli around 
the nucleus. Therefore, the pixels located on concentric rings are 
used to compute mean values to be used in the division process. A 
pixel is then divided by the mean value of its neighbours on a ring 
annulus. This procedure tends to remove global radial profiles. 
Irregular radial profiles are then recovered by applying a radial 
mask. This technique was also used by Cosmovici et al. [1987] in 
their search for coma features.

It is convenient to transform the image to be examined into polar 
coordinates about the comet centre. This has the advantage that the 
transformed image contains pixels with equal projected distance from 
the nucleus and with equal azimuthal position around the nucleus in 
rows and columns.

The ring-masking technique can only work for radially symmetric
profiles and so the mask should be applied only in the inner regions 
where this approximation applies. After some initial experimentation 
with the size of the radial mask it was decided to go out to a radius 
of 30 pixels. The results obtained with larger radial masks become 
corrupted by the departure from radial symmetry introduced by
radiation pressure effects. This is also a convenient number of
pixels as it allows the image under examination to be expanded four 
times. This corresponds to a radius of about 35,000 km on the 
24" telescope and 50,000 km on the 16" telescope.

6.3.4 Critical Examination of the Ring-Masking Technique

Before applying this technique to any real data it was first 
necessary to test the feasibility of the technique on known data. The 
computer generated 1/R profile image discussed in section 3.4 and
shown in figure 6.7a was employed for this purpose. A simple test 
spiral image at 10% of the radial component was computer generated 
(figure 6.7b) and added to the test comet (figure 6.7c). The ring
masking technique was then applied to this composite image. The
result of this procedure is shown in figure 6.7d. The method can be
seen to have worked well in that the global radial profile has been
removed and the spiral recovered.



However, the above example is an idealized case, only recognized when
the errors due to photon counting are negligible. A more realistic
model should, therefore, include photon noise. The random fluctuation 
in the photon flux emitted by a steady thermal source can be 
described by a Poisson distribution. If the probability of n photons 
from the source crossing a given area in t seconds is p(n,t) then:-

(Nt)nexp-(Nt)
p(n,t) =   6.29

n!

where N photons per second is the average flux from the source across 
the same area. This distribution has the important property that the 
root mean square (r.m.s.) fluctuation in the average flux N is 
simply:-

rms noise = a y/N 6.30

The VHSIS images may be thought of as a square array of 256 x 256 
discrete individual photon counting elements (pixels). The photon 
count in each pixel will have an r.m.s. error equal to its square 
root. The smaller the number of counts in a given pixel the greater 
will be the relative error. Thus, there is a danger of weak features 
being drowned in the noise at low photon counts.

Assume that the photon counts in a given pixel due to the 1/R 
distribution are N and that the contribution from the spiral is N/10. 
Then: -

counts in pixel = 1.1N 6.31

error in counts = %/1-lN 6.32

As a criterion let us postulate that to be discernable the counts in 
the spiral must be at least 50% of the noise. Then:-

0.1N > 0.5 V 'l.lN  6 -33

N > 50 6.34
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According to this criterion a feature at the 10% level will be 
visible only when the counts are greater than 50 per pixel. This 
would suggest taking the ring mask out from the centre until the 
counts drop below 50.

To test this out Poisson noise was added to the computer generated 
test image. The major contribution was chosen to vary as 5,000/R with 
the spiral at 10% of the radial component. In this case the counts at 
the edge of the image are of the order 50 per pixel. The spiral was 
discernible in the raw image (figure 6.8a) and the ring/radial 
masking technique worked well, the spiral being visible without any 
smoothing of the original image (figure 6.8b). The major contribution 
was next lowered to 500/R with the spiral again at 10% of the radial 
component. In this case the counts at the edge of the image are of 
the order 5 per pixel. The spiral was not detectable in the raw image 
(figure 6.8c), and the ring-masking was not able to bring out the 
spiral either (figure 6.8d).

The pixel to pixel variations are proportionally higher in the 500/R 
image as compared with the 5,000/R image and this can be reduced to a 
certain extent by smoothing. A three point spline was applied three 
times. The spiral was still not apparent in the raw image 
(figure 6.9a) and was also not picked out by the ring-masking 
technique (figure 6.9b). Finally a heavy Fourier smooth, using a 
Kaiser bell in Fourier space with a FWHM of 20 pixels (see 
section 3.3.4), was applied (figure 6.9c). The spiral was now just 
visible in the output although weak additional and spurious 
structures also have started to appear (figure 6.9d).

Therefore, in order to detect structure at the 10% level, the 
cometary counts at the edge of the area of the ring mask should not 
fall much below 50 counts per pixel. The more counts the better the 
chance of resolving coma features.

The above analysis is still somewhat idealistic in that errors are 
also introduced when images are corrected for flat field, thermionic 
emission and sky background, although these will be small in 
comparison. The purely radial approximation is also an 
oversimplification. Radiation pressure will distort the images and
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this will introduce errors. The radial mask should not venture into 
regions dominated by radiation pressure as this will overshadow any 
structure in the middle.

6.3.5 Results of Applying the Ring-Masking Technique to a Selection 
of Near-Nucleus VHSIS Images

This section presents the results of applying the ring-masking 
technique to a selection of some of the near-nucleus VHSIS images of 
comet Hailey collected from TMF in March 1986.

The images were initially corrected for flat field and thermionic 
emission in the normal manner as described in section 3.3.2. Where 
more than one image existed in a sequence the images were added
together to improve the signal to noise ratio. The corrected images 
were then smoothed by applying a Fourier filter. It was found by 
trial and error that a good filter in the Fourier domain was a Kaiser 
bell of full width half maximum of 20 pixels. The inner regions of 
diameter 30 pixels were then expanded by a factor of 4 before 
applying the ring-masking technique.

The APL CN filter, centred at 388.2 nm, was used for near-nucleus 
analysis on six days during the March 1986 observations. After
processing there was evidence of coma features in all of these CN 
images. Four of the processed images are shown in figure 6.10. 
Figure 6.10a shows the processed image taken from a series of near
nucleus CN images on 5 March 1986 at around 12:43 UT. There is a 
strong jet at 5% above the average (at the 5% level) to the north
west and a smaller weaker feature, at the 1% level to the south-east. 
Figure 6.10b shows the processed image from a series of near-nucleus 
CN images on 13 March 1986 at around 12:17 UT. A strong northward jet 
at the 5% level is visible in this image. Figure 6.10c shows the
processed image taken from a series of near-nucleus CN images on
14 March 1986 at around 13:07 UT. There is a broad jet to the north
east at the 2% level and two smaller weaker features at the 1% level, 
one to the south-east and one to the west. Figure 6.10d shows the
processed image taken from a series of near-nucleus CN images on
22 March 1986 at around 11:48 UT. There are two strong jets, one to
the east at the 3% level and one to the west at the 5% level.
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The APL C2 filter, centred at 471.6 nm, was used for near-nucleus 
analysis on three days during the March 1986 observations. After 
processing there was evidence of coma features in all of these C2  

images. Two of the processed images are shown in figure 6.11. 
Figure 6.11a shows the processed image taken from a series of near
nucleus C2 images on 5 March 1986 at around 12:50 UT. There are two 
strong jets, one to the north-east at the 8% level and one to the 
south-west at the 5% level. Figure 6.11b shows the processed image 
taken from a series of near-nucleus C2 images on 18 March 1986 at 
around 12:00 UT. There is one broad jet to the east at the 3% level.

The APL C0+ filter, centred at 455.4 nm, was used for near-nucleus 
analysis on four days during the March 1986 observations. Once again 
coma features were revealed in the processed images. Two of the 
processed images are shown in figure 6.11. Figure 6.11c shows the 
processed image taken from a series of near-nucleus C0+ images on 
18 March 1986 at around 12:30 UT. There is one prominent jet feature 
at the 8% level to the west. Figure 6.lid shows the processed image 
taken from a series of near-nucleus C0+ images on 20 March 1986 at 
around 12:21 UT. There is one strong, broad jet to the east at the 5% 
level.

The APL H20+ filter, centred at 580.0 nm, was used for near-nucleus 
analysis on six days during the March 1986 observations. After
processing there was evidence of coma features in all of these I^O* 
images. Four of the processed images are shown in figure 6.12.
Figure 6.12a shows the processed image taken from a series of near
nucleus 1^0* images on 13 March 1986 at around 12:36 UT. There is a 
strong jet at the 3% level to the north-east and a smaller feature at 
the 3% level to the south-west. Figure 6.12b shows the processed
image taken from a series of near-nucleus H20+ images on 14 March 
1986 at around 12:38 UT. A westward jet at the 10% level is visible 
in this image. Figure 6.12c shows the processed image taken from a 
series of near-nucleus H20+ images on 22 March 1986 at around 
12:32 UT. There is a strong jet at the 8% level to the east.
Figure 6.12d shows the processed image taken from a series of near
nucleus Ĵ O"*" images on 23 March 1986 at around 12:29 UT. There is one 
strong jet at the 10% level visible to the north-east.
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The APL dust filter, centred at 524.3 nm, was used for near-nucleus 
analysis on five days during the March 1986 observations. After 
processing there was evidence of coma features in all of these dust 
images. Four of the processed images are shown in figure 6.13. 
Figure 6.13a shows the processed image taken from a series of near
nucleus dust images on 14 March 1986 at around 12:14 UT. There is a 
strong jet at the 10% level to the south-west. Figure 6.13b shows the 
processed image taken from a series of near-nucleus dust images on 
18 March 1986 at around 12:23 UT. A westward jet at the 10% level is 
visible in this image. Figure 6.13c shows the processed image taken 
from a series of near-nucleus dust images on 19 March 1986 at around 
12:28 UT. There is a strong jet at the 10% level to the east and a 
smaller feature to the west. Figure 6.13d shows the processed image 
taken from a series of near-nucleus dust images on 23 March 1986 at 
around 12:14 UT. There is one strong jet at the 10% level visible to 
the north-east and a smaller feature to the south-west.

6.3.6 Discussion

Although no coma features are immediately apparent in any of the 
near-nucleus VHSIS images, the ring masking technique does seem to 
have revealed possible "jet-like" features in the inner coma of comet 
Hailey, not just in the continuum and ion emission images, but, more 
significantly, in the CN and C2 emission images as well. This 
result, first discovered by A'Heam et al. [1986], has important 
implications for the formation of the neutral radicals. As pointed 
out by A'Heam et al. [1986] these jets are much to narrow for the 
parent to be a neutral gaseous species released from the nucleus. 
A'Heam et al. [1986] have concluded that these jets are composed of 
dust grains and that the CN is either dissociated directly from the 
molecules on the surface of the grains or it is dissociated from 
parent molecules which vaporize from the grains and which have a very 
short lifetime against photodissociation. Since estimates of the 
dissociation lifetimes of a variety of plausible parents for CN are 
greater than 10^ s [Bockelee-Morvan et al., 1985a], it would seem 
likely that the CN is being dissociated directly from the grains.
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The coma features found in the processed dust images show remarkable 
similarity with those found in the processed ion images. For example, 
both the processed dust image and the processed ^ 0 *  image taken on 
14 March 1986 show a major jet to the south-west (compare figures 
6.13a and 6.12b). In addition the processed dust and ^0"*" images 
taken on 23 March 1986 both show strong jets to the north-east 
(compare figures 6.13d and 6.12d). A correlation is also apparent
between the dust image taken on 18 March and the C0+ processed image 
of the same date. In this case a strong south-westward jet is visible 
in both processed images (compare figures 6.13b and 6.11c).

No such comparison is possible between the dust features and the
features in the neutral coma. For example, the processed dust image 
of 14 March 1986 shows a prominent westward jet (figure 6.13a), 
whereas the processed CN image of the same date shows a strong jet in 
the opposite direction (figure 6.9c). In addition the processed dust 
image of 18 March 1986 shows a prominent westward jet (figure 6.13b), 
whereas the C2 image of the same date shows a very prominent eastward 
jet (figure 6.11b).

From the present analysis it would, therefore, seem that whereas the 
C0+ and H20+ jets resemble the dust jets quite closely, the CN and C2 

jets have shapes and directions which are completely different from 
the visible dust jets. This result for CN is in complete agreement 
with the findings of A'Heam et al. [1986] and Cosmovici et al. 
[1987]. Moreover A'Heam et al. [1986] also report that the
morphology of CN and C2 is identical and suggest that comparable 
fractions of the two species are being produced in the jets. However, 
Cosmovici et al. [1987] disagree. They claim that the C2 morphology 
is strongly determined by the continuum contribution. This apparent 
discrepancy may be due to the fact that the field of view examined by 
A'Heam et al. [1986] is approximately 3 times that examined by
Cosmovici et al. [1987], so that C2 images taken by Cosmovici et al. 
[1987] may have significant dust contamination.

It is difficult to come to a firm conclusion from the results 
presented here as to whether the CN and C2 jets are identical. Only 
on one date, 5 March 1986, were VHSIS images taken with both the CN 
filter and the C2 filter, and on this occasion the processed images
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were similar but not identical (figures 6.8a and 6.9a respectively).
However, it is possible to come to a firmer conclusion on the
question of whether the C2 jets resemble the visible dust jets. Even 
though the analysis presented here looks at a similar region to that 
analyzed by Cosmovici et al. [1987], the VHSIS results would favour 
the hypothesis that the C2 jets are not related to the visible dust 
jets. The reason for the discrepancy here would be due to the 
differing filter passbands. Cosmovici et al. [1987] use the IHW C2 

filter (513.9 nm peak; FWHM 9 nm) , whereas the VHSIS images were 
taken with the APL C2 filter (471.6nm peak; FWHM 1 nm). Therefore, a 
much larger fraction of dust continuum would be passed by the IHW 
filter.

The results presented here would, therefore, support the idea that 
both the CN and C2 coma features are unrelated to the continuum
features in the visible region. The grains responsible for the
production of CN and C2 must, therefore, be small, probably no more 
than 0.1 micron, and so would not be seen in the continuum, since the 
reflected cometary continuum is dominated by much larger grains. 
A'Heam et al. [1986] suggest that the CN and C 2 radicals come 
directly form the "CHON" particles detected by the Vega and Giotto 
spacecraft.
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Figure 6.1
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Figure 6.2
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Figure 6.3
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Figure 6.4
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Figure 6.5
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Figure 6.6
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Figure 6.7
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Figure 6.8
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Figure 6.10
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Figure 6.13



CHAPTER 7

THE COMET-SOLAR WIND INTERACTION - 
ION TAIL STRUCTURES IN COMETS GIACOBINI-ZINNER AND HALLEY

7.1 Introduction

The study of cometary plasmas is characterized by the fact that 
cometary ions, in particular CO+ and ^O"1", can be used as tracers for 
the dynamical processes taking place. Comets with ionized tails may 
be used as natural probes for the investigation of the solar wind. 
Information about the direction, the velocity, and other kinematic 
properties of the solar wind can be inferred. These natural probes 
are particularly important for investigating those regions that 
cannot yet be reached by space vehicles, namely regions far out from 
the ecliptic or generally far away from the Earth's orbit. Comet ion 
tails can also be used when there are no space vehicles in orbit.

The recent spacecraft missions to the comets Giacobini-Zinner and 
Hailey have greatly improved our knowledge of the comet-solar wind 
interaction. The International Cometary Explorer (ICE) spacecraft 
encountered comet Giacobini-Zinner on 11 September 1985. The 
instruments on board this spacecraft enabled it to study the comet- 
solar wind interaction and the most important novel results from this 
encounter are summarized in sections 7.2. Six spacecraft encountered 
comet Hailey in March 1986. The most important results concerning the 
comet-solar wind interaction are summarized in section 7.3.

Comet Giacobini-Zinner was observed with the Very High Sensitivity 
Imaging System (VHSIS) for a three week period in August/September 
1985, a period chosen specifically to coincide with the ICE 
intercept. The images obtained from this period have been used to 
examine the ionosphere and near-tail structures and have revealed the 
wide outer fan of pick-up ions surrounding the plasma tail, which is 
below the threshold of conventional cometary photography 
(section 7.4). The wide-angle VHSIS images of the ion emissions from 
comet Giacobini-Zinner close to the ICE intercept revealed a diffuse 
fan some 2 x 10^ km long with scale width 25,000 km in the near tail.
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The higher resolution near-nucleus VHSIS images in ^ 0 *  revealed a 
short tail core within the fan structure. At times the tail fan was 
forked, while the core was relatively short and ephemeral.

Comet Hailey was observed" with the VHSIS for a three week period in 
March 1986, this period being chosen to coincide with the spacecraft 
encounters. The near-nucleus ion images of comet Hailey revealed 
smooth, parabolic contours on the sunward side, with the sunward 
envelope extending as far as 150,000 km. On the tailward side the 
contours generally appeared smooth and symmetric, although tail rays 
were occasionally visible (section 7.5.1). The wide-angle ion images 
showed that the ion tail clearly extended beyond 7.5 x 10^ km. On 
most days the large-scale tail structure was relatively simple with 
minor knots and condensations moving along the tail, but on other 
occasions major tail disconnection events were observed to be in 
progress (section 7.5.2).

The set of near-nucleus ion images of comet Hailey taken in March 
1986 form an instructive data base from which the quantitative 
behaviour of the ion coma, over this important period, has been 
studied (section 7.6).

For more than a century cometary plasma tails have been known to 
exhibit a variety of phenomenon, including tail disconnection events, 
helical structures, ray folding, side rays and kinks. The most 
impressive of these is the tail disconnection event, in which the 
plasma tail is uprooted from the head and recedes from the head 
approximately along the Sun-comet line. Two such events were observed 
with the wide-angle VHSIS during the March 1986 period. Tail 
disconnection events are discussed in more detail in section 7.7.

Comet Giacobini-Zinner never developed a conventional, long, 
structured ion tail as in comet Hailey in December 1985 and later. 
The criticality criterion is most likely related to a difference of a 
factor of about 3 - 5 in gas production and indicates an MHD
stability criterion (section 7.8).
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7.2 The ICE Intercept of Comet Giacobini-Zinner

The International Cometary Explorer (ICE) spacecraft passed through 
the tail of comet Giacobini-Zinner on 11 September 1985 and made in 
situ measurements of particles, waves, and fields [Brandt et al., 
1987]. The encounter is shown schematically in figure 7.1 indicating 
the times that the ICE spacecraft crossed the different regions.

The first indications of cometary activity came from the plasma wave 
instrument, which started to detect mid-frequency electric field 
turbulence at a distance of 2.3 x 10^ km from the nucleus [Scarf et 
al., 1986]. This turbulence was ascribed to the pick-up of cometary 
ions.

Energetic ions produced by the interaction between comet Giacobini- 
Zinner and the solar wind were first observed at a distance of about 
1.8 x 10^ km from the comet [Hynds et al., 1986].

Nearer the comet, at a distance of 127,000 km, the average values of 
electron density and temperature began to increase as the probe 
entered a region (transition region) of strong interaction between 
the solar wind and cometary plasma. Before this region was entered 
the bulk flow speed began to decrease, probably because of the 
increased number of cometary pick-up ions mass-loading the solar 
wind. Closer to the time of closest approach another plasma region 
was found in which the bulk flow speed continued to decrease, while 
the electron density and temperature began to decrease from their 
elevated values. This region in which the cometary plasma becomes 
increasingly important is termed a sheath because it surrounds a cold 
intermediate coma closer to the comet [Bame et al., 1986].

Centred on the time of closest approach, a well defined, narrow, 
central region with very high density was observed. The tailward flow 
speed in the central region of the tail, within the accuracy of the 
experiment, was no greater than 30 kms"^. It is expected, on the 
basis of optical observations, that farther downstream in the fully 
developed tail the plasma flow speed must reach hundreds of kms"^ 
[Bame et al., 1986].
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Heavy (> 12 amu), energetic (35 keV - 150 keV) , singly charged
cometary ions were observed within 1.5 x 10^ km of the nucleus of 
comet Giacobini-Zinner [Ipavich et al., 1986]. The observed angular 
distributions over the entire energy range in the turbulent region 
some 50,000 km from the nucleus became isotropic when transformed 
with approximately the local solar wind speed, implying that the 
particle pitch angles were strongly scattered after ionization. 
Particle energies in the rest frame extended to substantially higher 
values than would be expected if these ions were locally ionized and 
then picked up by the solar wind, implying a few ions were 
accelerated or heated.

The magnetometer experiment observed the solar wind magnetic fields 
distorted by the interaction with comet Giacobini-Zinner [Smith E.J. 
et al., 1986]. A magnetic tail was penetrated about 7,800 km 
downstream from the comet and was found to be 10^ km wide. It 
consisted of two lobes, containing oppositely directed fields with 
strengths up to 60 nT, separated by a plasma sheet about 10 km thick 
containing a thin current sheet. The magnetotail was enclosed in an 
extended ionosheath characterized by intense hydromagnetic turbulence 
and interplanetary magnetic fields draped around the comet. Hence, 
Alfvdn's topology [Alfv6n, 1957] was basically confirmed.

The ion composition experiment obtained direct measurements of the 
composition of the comet [Ogilvie et al., 1986]. Water group ions 
(H0+ , H20+ , ^0*) were the dominant component, and there was probably 
C0+ , or HC0+ or both. These measurements confirmed that the major 
volatile constituent of the "icy conglomerate" model [Whipple, 1950] 
is water ice.

7.3 The Spacecraft Encounters with Comet Hallev

Six spacecraft intercepted comet Hailey in early March 1986. The 
flyby geometry of these six spacecraft at encounter is shown in 
figure 7.2. The major results from the encounters regarding the 
comet-solar wind interaction are summarized below.
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7.3.1 The Vega Spacecraft

Figure 7.3 shows a schematic of the various plasma regions observed 
during the Vega-1 and Vega-2 encounters.

As the spacecraft approached the bow shock, disturbances started to 
appear in the solar wind plasma distributions. At a distance of about
1.2 x 10^ km from the nucleus both Vega spacecraft encountered a 
broad (10^ km), heavily structured bow shock region and then entered 
a region of decelerated plasma, the cometosheath. At about
100,000 km, the spacecraft entered the cold, almost stagnant or only 
very slowly moving cometary ion region, which was characterized by 
increasing ion fluxes in the 300 - 3,000 eV/q range [Gringauz et al., 
1986].

Both Vega spacecraft observed draping of the magnetic field lines 
around the cometary obstacle [Riedler et al., 1986]. Peak field 
strengths of 70 - 80 nT were observed.

7.3.2 Suisei

During the encounter, Suisei passed through a strong interaction 
region, where the solar wind flow was severely perturbed by picked-up 
ions of cometary origin [Mukai et al., 1986]. Figure 7.4 shows the 
result of the plasma flow observations during Suisei's encounter with 
comet Hailey. A minimum flow velocity of 54 ± 10 kms”^ was observed 
when the probe was in the sub solar direction from the cometary 
nucleus. The flow direction inside the ionosheath was roughly 
symmetric with respect to the direction 4° - 6° from the solar
direction (since the velocity of the comet with respect to the sun 
was (-24,37,-12) kms” ,̂ the flow direction of the solar wind with 
velocity 400 - 500 kms"^ is expected to incline by 4° - 6° from the 
solar direction in the comet frame). The plasma parameters changed 
dramatically at a distance of 4.5 x 10^ km outbound. The flow 
velocity increased from 240 kms”^ to 440 kms"^’ and the flow 
direction changed by 16°. This change in flow is interpreted to be 
due to an outbound crossing of the cometary bow shock. Shell 
structures in the velocity space of cometary protons and water group 
ions were clearly seen within 2.3 x 10^ km of the nucleus.
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7.3.3 Giotto

Figure 7.5 shows a schematic of the encounter geometry. Giotto passed 
the nucleus at a distance of 600 km on the sunward side.

For several days before closest approach the solar wind was 
relatively quiet. Its flow speed was about 350 kms~^ and its density

_3between 5 and 8 cm . The first hydrogen ions of cometary origin were 
detected by the Johnstone Plasma Analyzer (JPA) instrument at a 
distance of 7.8 x 10 km [Johnstone et al., 1986].

The Ion Mass Spectrometer (IMS) aboard Giotto measured the 
composition and velocity distributions of cometary ions at distances 
of 7.5 x 10^ km to 1,300 km from the nucleus [Balsiger et al., 1986]. 
Well outside the bow shock, pick-up cometary protons were found in a 
diffuse shell-like distribution. Heavier ions (C+ , H20+ - group, C0+ , 
and S+) with similar distributions were identified at < 300,000 km 
from the nucleus.

As Giotto approached the comet, the solar wind became slower, denser 
and hotter, as expected from the mass loading of the solar wind. A 
weak bow shock like transition was observed approximately 
1.15 x 10^ km from the nucleus. The bulk speed decreased, number 
density and thermal speed increased and the flow angle changed by 10° 
rotating away from the Sun-comet line. After the shock there was a 
roughly steady decrease in speed and in apparent elevation angle. The 
plasma speed decreased rather steadily from 300 kms"^ at 1.1 x 10^ km 
to < 100 kms"^ at 1.2 x 10^ km while the flow direction varied 
between 20° and 40° away from the Sun-comet line. At a distance of 
16,400 km from the nucleus the magnetic field strength reached a 
maximum of 57 nT. Inside the contact surface, which was crossed at a 
distance of 4,700 km before closest approach, the magnetic field 
dropped essentially to zero. This had been theoretically predicted 
and was expected by analogy with Venus and the "artificial comet" of 
the Active Magnetospheric Particle Tracer Explorer (AMPTE) experiment 
[Valenzuela et al., 1986].
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Examination of the three-dimensional data obtained over the 
360° x 60° field of view of the High Energy Resolution Spectrometer 
(HERS) instrument on board Giotto, revealed that pick-up protons were 
distributed over a spherical shell in phase space; this shell was 
centred on the solar wind bulk velocity and had a radius equal to the 
solar wind speed. Such a distribution function is consistent with 
rapid pitch angle scattering of newly ionized hydrogen out of the 
expected initial cycloidal trajectories.

The interaction between the solar wind plasma and the cometary
ionosphere can be characterized by two distinct boundaries - the bow 
shock and the contact surface - and several additional broad
transitions, giving the impression of a multi-layered interaction 
region. A schematic representation of the global morphology of the 
comet-solar wind interaction is given in figure 7.6.

7.4 VHSIS Observations of the Ion Coma and Tail of Comet Giacobini- 
Zinner

The ion coma and tail of comet Giacobini-Zinner were monitored for a 
three week period from 25 August 1985 to 13 September 1985 from 
La Palma, a period chosen to lead up to and coincide with the ICE 
intercept. The 1 m Jacobus Kapteyn Telescope (JKT) was used from 
28 August 1985 to 3 September 1985 to study the near-nucleus region, 
and an 8" Meade portable telescope was used from 25 August 1985 to
27 August 1985 and from 4 September 1985 to 13 September 1985 to
study large scale phenomena.

The large-scale images of comet Giacobini-Zinner close to the ICE 
encounter revealed a diffuse fan some 2 x 10^ km in length with scale 
width 25,000 km in the near tail (section 7.4.2). The high resolution 
VHSIS images of comet Giacobini-Zinner in ^ 0 *  and C0+ emissions 
revealed a short tail core within this fan structure. An ionosphere, 
a steep ionosheath and an ion pick-up region could be distinguished 
sunward of the nucleus. The tail fan was forked at times, while the 
core was relatively short and ephemeral (section 7.4.1). A comparison 
of the results obtained from the VHSIS images and the ICE data is 
made in section 7.4.3.
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7.4.1 Near-Nucleus Structure of the Ion Coma of Comet Giacobini- 
Zinner

The field of view of the VHSIS at the f/15 Cassegrain focus of the 
JKT is 4.13 arc minutes. Comet Giacobini-Zinner was at a geocentric 
distance of approximately 0.47 AU during the JKT observations and so 
the field of view at the comet was approximately 85,000 km. The ion 
images obtained with the JKT could, therefore, be used to study near
nucleus ion structures.

An image of Giacobini-Zinner in the light of the ^ 0 *  molecule at 
580 nm, taken with the JKT on 30 August 1985 at 05:17 UT is shown in 
figure 7.7a. The very broad, near-parabolic, ion coma extends sunward 
about 10,000 km, laterally about 20,000 km. It merges into the 
surrounding pick-up region which completely fills the field of view 
[Bame et al., 1986]. The tail is some 30,000 km in width,
appears quite straight, and with relatively uniform brightness across 
its width. The diminishing intensity down the tail reflects lateral 
fanning of the tail and continuing anti-sunward acceleration from the 
magnetized solar wind* s interaction with the cometary ions. The 
narrow ion tail core observed in the 1959 photographs is not evident, 
although a short ionospheric tail, extending to a length of less than
20,000 km, is resolvable in some of the images taken from this 
period. A line profile through the centre of the comet along the Sun- 
comet vector is shown in figure 7.8. The cometary ionosphere appears 
to occupy a region of some 4 - 5  pixels, or 1,200 - 1,500 km radius, 
where the density distribution in H 2 0 + is relatively flat (cf models 
of Ip, 1980). On the sunward side, the ionosheath transition to the 
decelerated solar wind is very steep (figure 7.8). On the tailward 
side there is a more gradual drop of ion density into the tail 
(figure 7.8).

Figure 7.7b shows an image of comet Giacobini-Zinner in the light of 
the ^ 0 *  molecule at 700 nm. This image was taken with the JKT on 
31 August 1985 at 03:36 UT. It shows a seeing-limited, centrally- 
condensed, region 2 arc seconds in diameter, with a coma like 
structure, similar to that in figure 7.7a, extending to a distance of 
the order of 10,000 km from the central condensation. The 
International Hailey Watch (IHW) filter used in this case has a
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bandpass of 17 nm so there will be a significant dust contribution to 
the central condensation. The appearance in the tail is distinctly 
different from that shown in figure 7.7a. The tail appears to have 
two quite distinct, broad, ray-like features in the tail which 
maintain their identity anti-sunward at least to the edge of the 
field of view, a distance of 50,000 km from the nucleus. Both tail 
rays are embedded within a broad fan or cone of diffuse ions, 
extending throughout the field of view.

Figure 7.7c shows an image of Giacobini-Zinner in the light of the 
C0+ molecule at 426 nm, taken with the JKT on 3 September 1985 at 
05:46 UT. This image is similar in appearance to that taken with the 
JKT in the light of the ^0"*" ion 4 days earlier (figure 7.7a). The 
differences between figures 7.7a and 7.7c, and figure 7.7b reflect 
real night-to-night variations of the plasma tail. However, the fully 
diffuse tail of figures 7.7a and 7.7c was more typical of the ion 
tail during the entire 1985 apparition.

7.4.2 Large-Scale Structure of the Ion Tail of Comet Giacobini- 
Zinner

The field of view of the VHSIS on the 8" Meade portable telescope is 
30.9 arc minutes. Since the comet was at a geocentric distance of 
0.47 AU in early September 1985, the field of view was approximately
650,000 km at the comet. The ion images obtained with the Meade 
could, therefore, be used to study the full extent of the ion tail.

The large-scale images of comet Giacobini-Zinner close to the ICE 
encounter revealed a diffuse fan, lacking the extended higher density 
core photographed at the 1959 apparition of comet Giacobini-Zinner. 
One such wide-angle image is shown in figure 7.7d. It shows the image 
obtained by combining several wide-angle images taken with the Meade 
telescope in the light of the ^0"*" molecule at 700 nm on 11 September 
1985 around 05:15 UT. It shows the appearance of the ion tail 
approximately 6 hours prior to the ICE encounter. The diffuse fan is 
some 2 x 10^ km in length with scale width 25,000 km in the near 
tail. The tail core merges into the tail fan within 135,000 km of the 
nucleus.
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The wide-angle image of figure 7.7d shows a simple ion tail structure 
(similar to figures 7.7a and 7.7c, rather than figure 7.7b). Many 
other images suggest that the dense ionospheric tail was ephemeral, 
and was always less than 50,000 km in length. The fully diffuse fan 
of figures 7.7a and 7.7c was more typical of the ion tail during the 
entire apparition and was detectable in C0+ or H20+ to a length of
500,000 km.

7.4.3 Comparison of the VHSIS Images with the ICE Data

The variation of the ion intensity in the sunward and tailward
directions may be studied by examining a fairly typical ion image of 
comet Giacobini-Zinner (figure 7.7a). A complete description of the 
method used can be found in section 7.6. On the sunward side the 
ionosheath transition to the incoming solar wind is found to vary as 

“ 0*15) along sight lines (figure 7.9). This reflects a 
region of strong cooling of the plasma via interactions with the
neutral coma [Wallis & Ong, 1976]. The steep profile corresponds to a 
limiting quasi-parabolic sunward envelope which has sometimes been 
identified with the cometary shock. In fact the ICE data [Jones et 
al., 1986] show that the bow wave lies far further out, beyond the 
sunward edge of the image. In the tailward direction there is a more 
gradual drop in ion density, varying as ~ 0*^9) aiong sight
lines (figure 7.10). This corresponds to the flow of ionospheric ions 
and thermalized pick-up ions into the inner tail.

At the intercept distance of ICE these images indicated that the full 
cone of the tail was about 30,000 km wide, with a sharp central
structure perhaps 2,000 - 3,000 km wide [Rees et al. , 1986b]. No
structures corresponding to the extended neutral sheet (1,000 km
wide, more than 100,000 km long, as inferred from the ICE 
observations) were observed in any of the high resolution JKT images 
obtained 10 days before the ICE encounter. These images showed a
higher density core, of similar breadth but less dense than that
probed by ICE. Unseen Ĥ O"*" ions may be a major component. Slavin et

al. [1986] explain it as a thin neutral sheet whose orientation would 
vary in response to the Interplanetary Magnetic Field (IMF). At the 
time of the ICE encounter, the neutral sheet orientation as viewed 
from the Earth would be about 45° to the line of sight. A plasma
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sheet, viewed obliquely, would have appeared as a diffuse, 7,000 km 
wide, flat topped peak of relatively low enhancement above the 
background. The VHSIS images do not support this interpretation, but 
are consistent with a cylindrically symmetric 1,200 km radius core 
[Rees et al. , 1986b]. However, the VHSIS data would be compatible 
with the plasma sheet structure inferred from the ICE encounter if, 
at the time of the JKT imaging at the end of August 1985, the IMF was 
so aligned that a thin plasma sheet was aligned within about 10° of 
the line of sight of Giacobini-Zinner. There was evidence of a short 
central region of relatively dense plasma in the wide-angle VHSIS ion 
images taken 5 hours before and 16 hours after the ICE interception. 
If this was the plasma sheet found by the ICE encounter, its length 
was probably under 50,000 km maximum, and even that length seems 
exceptional at this particular apparition of comet Giacobini-Zinner.

7.5 VHSIS Observations of the Ion Coma and Tail of Comet Hallev

The ion coma and tail of comet Hailey were monitored for a 2 week 
period in December 1985 and again for a 3 week period in March 1986, 
both sets of observations being made from the Table Mountain Facility 
(TMF) of the Jet Propulsion Laboratory. The latter important 
observations were timed to cover the period of the spacecraft 
encounters. In December 1985 the ion coma was studied with the 
24" telescope and the ion tail with a 300 mm Nikon camera lens. In 
the March 1986 period, the ion coma was studied with the 24" 
telescope from 5 March to 18 March and then with the 16" telescope 
from 19 March to 24 March. The ion tail was studied throughout this 
period with 180 mm and 300 mm Nikon camera lenses.

The near-nucleus ion images of comet Hailey revealed smooth, 
parabolic, contours on the sunward side. On the tailward side the 
contours appeared smooth and symmetric on most days, but on others, 
notably 6 March 1986 and 22, 23 March 1986 tail rays were clearly 
visible. The near-nucleus ion images are discussed in section 7.5.1. 
The large-scale tail structure was relatively simple on most days, 
with minor knots and condensations moving along the tail. On other 
occasions, for example 12 hours prior to the Giotto encounter and on 
20 March 1986, major tail disconnection events were in progress. The
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results of the large-scale imaging of the ion tail of comet Hailey 
are presented in section 7.5.2.

7.5.1 Near-Nucleus Structure of the Ion Coma of Comet Hailey

The field of view of the VHSIS at the f/15 Cassegrain focus of the 
24" telescope at TMF is 6.87 arc minutes. The geocentric distance of 
comet Hailey varied from 1.18 AU to 0.76 AU during the course of the 
March observations. Hence the field of view at the comet varied from
350,000 km to 225,000 km. The ion images obtained with the 
24" telescope could, therefore, be used to study near-nucleus ion 
structures.

The ion coma immediately prior to the Vega-1 encounter is shown in 
figure 7.11a. This image was taken with the 24" telescope and a C0+ 
filter at 402 nm on 5 March 1986 at 13:04 UT. The intensity contours 
on the sunward side are smooth and parabolic with apex towards the 
Sun. The ion tail near to the comet is closely symmetric about the 
Sun-comet vector. The ion coma extends sunward about 130,000 km and 
laterally about 150,000 km. It merges into the surrounding pick-up 
region which completely fills the field of view.

Figure 7.11b shows the ion coma of Hailey in the light of the C0+ 
molecule at 402 nm taken with the 24" telescope on 6 March 1986 at 
12:39 UT. The intensity contours on the sunward side are once again 
smooth and parabolic, with apex towards the Sun. The sunward apex of 
the parabolic envelope of the ion coma lies beyond the field of view. 
Laterally, the ion coma extends beyond 100,000 km. There is evidence 
of some tail ray structure in this image. This was noted at the time 
of observation and the telescope was offset from the comet head to 
study the tail rays in more detail. Figure 7.11c shows one such 
image. Three major tail rays can be seen extending beyond the field 
of view to a distance of more than 150,000 km. Prominent tail rays 
were also visible in the near-nucleus VHSIS ion images taken with a 
^0"*" filter on 22 and 23 March 1986.

The ion coma 12 hours ahead of the Giotto encounter is shown in 
figure 7. lid. This image was taken with the 24" telescope in the 
light of the H20+ molecule at 580 nm on 13 March 1986 at
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12:36 UT. The ion coma extends sunward about 70,000 km and laterally 
about 90,000 km, before merging into the surrounding pick-up region 
which completely fills the field of view. A line profile through the 
centre of the comet along the Sun-comet vector is shown in 
figure 7.12. The cometary ionosphere appears to occupy a region of 
some 8 pixels, or approximately 4,500 km radius, where the density 
distribution in C0+ is relatively flat (cf models of Ip, 1980). This 
is in excellent agreement with the Giotto studies which discovered 
the contact surface 4,700 km from the nucleus. A more detailed survey 
of the behaviour of the ion coma of comet Hailey throughout the March 
period is presented in section 7.6.

7.5.2 Large-Scale Structure of the Ion Tail of Comet Hailey

The field of view of the VHSIS when used with a 300 mm Nikon camera 
lens is 3.4° and when used with a 180 mm Nikon camera lens is 5.7°. 
Since the geocentric distance of comet Hailey varied from 1.18 AU to
0.76 AU during the course of the March 1986 observations the field of

6 6 view at the comet varied from 10.6 x 10 km to 6.8 x 10 km for the
6 6 300 mm Nikon camera lens and from 17.6 x 10 km to 11.4 x 10 km for

the 180 mm Nikon camera lens. The VHSIS ion images obtained with the
300 mm Nikon camera lens and with the 180 mm Nikon camera lens are,
therefore, ideal for studying the large-scale structure of the ion
tail of comet Hailey.

A large-scale image of comet Hailey taken with the 300 mm Nikon 
camera lens in the light of the C0+ ion at 402 nm on 13 December 1985 
at 04:09 UT is shown in figure 7.15a. The central ion tail is well 
developed and is visible to the edge of the image, a distance of
7.5 x 10 km from the nucleus of the comet. The central ion tail 
is embedded within a broad and much fainter fan of pick-up 
ions.

Figure 7.15b is a composite of four images taken with the 180 mm 
Nikon camera lens and a C0+ filter at 402 nm on 9 March 1986. This 
image shows the "normal" structure of the ion tail of comet Hailey in 
early March 1986. The tail clearly extends well beyond the edge of

gthe field of view, to a distance of more than 8.5 x 10 km.



237

Figure 7.15c shows the ion tail in the light of the H20+ ion on
13 March 1986 at 12:33:15 UT, 12 hours prior to the Giotto closest
approach. The ion tail shows a distinct break which is due to a tail
disconnection event (see section 7.8) which started 1 day earlier. In

cthis image the new ion tail has propagated some 3.5 x 10 km anti- 
sunward, while the old, disconnected, ion tail is fading rapidly, 
while moving anti-sunward at lower declination.

Figure 7.15d shows the ion tail in the light of the C0+ molecule on 
20 March 1986 at 11:59:13 UT. The ion tail shows a dramatic tail 
disconnection event (see section 7.8). The forked tail indicates that 
the head of the old tail is still moving relatively slowly anti- 
sunward. A sequence of scans across the tail of figure 7.15d is 
presented in figure 7.16. The new tail clearly already extends beyond 
the field of view, to a distance in excess of 10^ km.

7.6 A Quantitative Study of the Variation of the Ion Coma of Comet 
Hallev

Sunward and tailward sector profiles from around the time of the 
spacecraft encounters are examined to study the behaviour of the ion 
coma through this important period.

Each ion image is reduced to two 45° sector profiles about the comet 
nucleus, one sunward the other tailward. As a power law fit is 
required the results are plotted in logarithmic space. A straight 
line fit is then performed on the data to obtain the power 
dependence.

The cometary ionosphere may be identified as the inner flat region on 
the graphs and it extends to distances of the order 2 to 5 pixels 
from the nucleus, corresponding to cometocentric distances of the 
order 2,000 to 5,000 km. The extent of the ionosphere appears to show 
day-to-day variations of the order of 2,000 km. The inner 5 pixels 
are, therefore, ignored in all of the fits.

These images of comet Hailey were taken in a short observing period 
just before dawn and the sky background level is always uncertain. 
The errors quoted on the results correspond to the fits obtained by
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assuming first a minimum background taken as zero photons per pixel 
and then a maximum value obtained from the perimeter of the image in 
the sunward direction.

The sunward and tailward sector profiles from the image of comet 
Hailey taken on 13 March 1986 at 12:36 UT with the 24" telescope in 
the light of the H20+ molecule at 580 nm (figure 7.lid) are shown in 
figures 7.13 and 7.14 respectively. The maximum and minimum slopes 
are plotted together with their corresponding fits in both cases.

The results from the investigation are tabulated in table 7.1.

Table 7.1 Variation of the Line of Sight Sunward and Tailward Ion 
Sector Profiles in Comet Hailey

UT date and time Ion Sunward Tailward
- ve gradient - ve gradient

86 March 05.544 h 2o+ 580 nm 1.47 ± 0.35 0.82 + 0.02
86 March 06.529 C0+ 402 nm 1.85 ± 0.42 0.86 + 0.15
86 March 07.547 h 2o+ 580 nm 1.78 ± 0.51 0.90 ± 0.16
86 March 13.525 h 2o+ 580 nm 0.95 + 0.30 0.56 ± 0.10
86 March 14.542 co+ 455 nm 1.36 ± 0.16 0.78 ± 0.10
86 March 18.521 h 2o+ 580 nm 1.83 ± 0.53 0.74 + 0.02
86 March 19.533 h 2o+ 580 nm 1.39 + 0.63 0.63 + 0.21
86 March 20.515 co+ 455 nm 1.80 + 0.52 0.85 ± 0.06
86 March 21.480 co+ 455 nm 1.23 + 0.36 0.67 + 0.10
86 March 22.522 h 2o+ 620 nm 1.42 + 0.35 0.64 ± 0.08
86 March 23.520 h 2o+ 620 nm 1.20 + 0.25 0.54 ± 0.06

Average 1.48 + 0.40 0.72 ± 0.20

The transition to the incoming solar wind is seen to be very steep 
varying on average as along sight lines. This corresponds to a
region of strong cooling of the plasma via interactions with the 
neutral coma [Wallis & Ong, 1976] and has been detected by the Giotto
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ion experiments [Johnstone et al., 1986; Balsiger et al., 1986]. The 
steep profile corresponds to a limiting quasi-parabolic sunward 
envelope, which has sometimes been identified with the cometary 
shock. The Giotto data shows that the bow shock must lie much further 
out at a distance of 1.4 x 10^ km.

There is a more gradual drop of ion density into the tail, varying on 
the average as r"^*^. This corresponds to the flow of ionospheric 
ions and thermalized pick-up ions into the inner tail.

The fits are more sensitive to the sky background in the sunward 
direction because the counts become of the order of the uncertainty 
in the background towards the edge of the field. This is reflected in 
the larger errors quoted for the sunward gradients. Day-to-day 
variations in the gradient are very apparent particularly in the 
tailward direction where the confidence in the results is 
correspondingly greater.

The sunward and tailward gradients appear much steeper just prior to 
the Giotto encounter on 13 March 1985 than before the Vega encounter 
on 5 March 1985. This could correspond to greater solar activity 
during the Giotto encounter.

7.7 Tail Disconnection Events

A major cometary phenomenon is the so-called Tail Disconnection Event 
(TDE), in which the plasma tail is uprooted from the head and recedes 
from the head approximately along the Sun-comet line. Indeed, two 
separate, distinct TDEs were observed with the wide-angle VHSIS 
during the March 1986 observing period from TMF. The first of these 
was observed on 13 March 1986 at 12:33 UT, 12 hours before the 
closest approach of the Giotto spacecraft (figure 7.15c) and the 
second, a more dramatic event, was observed 1 week later on 
20 March 1986 at 11:59 UT (figure 7.15d). The short observing window 
and the limited field of view of the wide-angle imagers make it 
difficult to examine the propagation of TDEs from the VHSIS data 
alone. It is, therefore, necessary to combine these wide-angle images 
with those of other investigators to obtain the full picture of the 
development and motions of these TDEs.
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This has in fact been done by Brosius et al. [1987] for the TDE of 
20 - 22 March 1986. They used the wide-angle VHSIS image taken on 
20 March 1986 (figure 7.15d), in conjunction with four other good 
quality images supplied to the International Hailey Watch (IHW), to 
study that particular TDE. The measured average speeds of tail 
recession determined from pairs of successive images were found to 
vary between 40 and 90 kms"\ and the average acceleration determined 
from successive pairs of average velocity measurements was quite 
variable. The observed variability in acceleration may be due to the 
fact that different forces (eg Lorentz force and solar wind dynamic 
pressure force) dominate the disconnected tail motions at different 
distances from the nucleus and that these individual forces vary with 
position and/or time.

Several theories have been put forward to explain these TDEs, but 
essentially the rival theories may be put into two categories:
1) those that explain TDEs in terms of the interaction of the comet 
and the heliospheric current sheet [Nledner & Brandt, 1978;
Lundstedt, 1983] and
2) those that explain TDEs in terms of the interaction between the 
comet and high speed solar wind streams [Jp & Mendis, 1978; Jockers, 
1985; Russell et al., 1986].

By examining the ICE magnetometer and electron plasma data taken at a 
time when the comet and the spacecraft were relatively close
together, Brosius et al. [1987] concluded that the TDE of
20 - 22 March 1986 occurred at a time of sector boundary crossing and 
uncharacteristically low proton densities. In addition, they also 
examined the TDE of 11 - 12 April 1986. This particular event was 
associated both with magnetic reversals in the interplanetary
magnetic field and with compression regions in the solar wind plasma. 
Their results are, therefore, consistent with the sector boundary 
model [Niedner & Brandt, 1978] of TDEs, although compression effects 
and tailside reconnection [Ip & Mendis, 1978; Jockers, 1985; Russell 
et al., 1986] cannot be completely ruled out for the 11 - 12 April 
event.
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7.8 Comparison of Ion Tail Structures in Comets Giacobini-Zinner and 
Hallev

The wide-angle VHSIS images of both comets show that the traditional 
visible ion tails are embedded in wide fans of hot thermal ions 
outside which are extended regions of supra-thermal pick-up ions. 
These fans of hot thermal ions and extended regions of supra-thermal 
ions, confirmed by the spacecraft probes, had not previously been 
successfully imaged.

Comet Hailey displayed an ordered type I plasma tail from November
1985 to May 1986. However, comet Giacobini-Zinner, even at
perihelion, showed only a short ionospheric tail, and a broad
extended ion tail fan. One important question, therefore, is what
underlies the differences between the two types of ion tail observed?
- what distinguishes the diffuse fan with a short, weak, core from
that with a long and persistent core, as possessed by Hailey from
November 1985 to April 1986 and by Giacobini-Zinner itself in the
1959 apparition? The difference is undoubtedly related to outgassing
strength [Rees et al., 1987b], although that was only three times
higher for Hailey (judged by IUE data on OH). It seems that there is

29 -1a critical transition at the level of about 1 x 10 molecules s , 
evident also from Hailey's development of a structured tail at the 
end of November 1985. The establishment of a cool ionosphere and 
ionospheric tail is a necessary but evidently not sufficient 
condition for the generation of an extended, classical, ion tail 
structure. Perhaps the ionospheric tail width has to exceed the ion 
gyroradius - but the wide range of gyroradii found by ICE implies 
that such a mechanism is unlikely to distinguish tail types so 
critically. The establishment of MHD stability is a more probable 
explanation, particularly stability to Kelvin-Helmholtz modes in a 
magnetized fluid [Ershkovich, 1980].
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Figure 7.7
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Figure 7.8
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Figure 7.9
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Figure 7.10
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Figure 7.11
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Figure 7.12
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Figure 7.13
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Figure 7.14
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Figure 7.15
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Figure 7.16
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CHAPTER 8

PLASMA PROCESSES IN THE MAGNETOSPHERE AND IN THE SOLAR WIND

8.1 Introduction

Experiments with visible artificial ion clouds in interplanetary 
space provide a means of studying the processes involved in the 
interactions between the interplanetary plasma and artificially 
injected ions, and thus help improve our understanding of the physics 
of ionized comet tails and of the interplanetary plasma itself.

Injections of suitable chemicals into the magnetosphere from rocket 
and satellite payloads have been used to study the elusive physical 
processes taking place in these regions. For example, visible 
artificial ion clouds have been used to search for quite weak but 
highly significant electric field components aligned parallel to the 
magnetic field. Such measurements, particularly over extended regions 
of the magnetosphere, are difficult by any other technique.

The AMPTE (Active Magnetospheric Particle Tracer Explorer) mission 
"artificial comet" experiments on 27 December 1984 and 18 July 1985 
provided an opportunity to study in detail a class of plasma 
interactions which occurs frequently in the universe and finds its 
most striking visible expression in the formation of the plasma tails 
of comets. The general situation is the interaction of a highly 
supersonic, dilute, magnetized plasma with a dense, stagnant, 
unmagnetized cloud. The observations of the 27 December 1984 
"artificial comet" experiment to be discussed here were made with a 
Doppler Imaging System (DIS) on board the NASA Convair 990 aircraft, 
flown out of NASA Ames Research Center, Moffett Field, CA 
(section 8.2). In many respects the interaction between the solar 
wind and the artificially injected plasma cloud exhibited many comet
like features. A head and a tail were clearly discernible. The 
Doppler imaging results showed that while the head was composed of a 
central core of cold ions, the extended coma and tail were formed by 
more energetic ions.



The Ion Release Module (IRM) of the three satellite AMPTE project 
made a barium thermite release at a geocentric distance of 70,000 km, 
within the Earth's magnetotail, on 21 March 1985 at 09:21 UT. This 
experiment was designed to study the interaction of the ions with the 
ambient field and particle environment in the Earth's magnetotail. 
The results to be presented here were made with a Very High 
Sensitivity Imaging System (VHSIS) and a DIS operated from the NASA 
Convair 990 aircraft, flown from NASA Ames Research Center, Moffett 
Field, CA (section 8.3). The VHSIS results showed that the ions 
initially expanded to form a spherical shell which later partially 
collapsed to form an intense field-aligned ion core, and the DIS 
results revealed a consistent pattern of line of sight velocities.

Over the past few years several experiments have been conducted with 
high-velocity barium shaped-charge injections, at collision-free 
altitudes above the ionosphere, to search for auroral belt electric 
fields aligned parallel to the magnetic field. The resulting Ba+ jets 
are optically tracked from a network of wide-spread ground-based 
stations to detect deviations from the predictable motion that 
results from the initial ion velocities, the gravitational force and 
the magnetic mirror force. In each of these experiments the 
subsequent motions of the Ba+ jets have been monitored with a co
aligned VHSIS/DIS from one or more suitable ground-based stations 
(section 8.4).

In May 1986 two rocket experiments were carried out from Wallops 
Island to try to understand the apparent failure to observe excess 
ionization, due to the Alfven Critical Ionization Velocity (CIV) 
mechanism in some earlier experiments from Peru. The first rocket 
carried two barium conical shaped-charges which were detonated below 
the solar UV cut-off. The second rocket carried a high explosive 
conical shaped-charge with a strontium metal liner which was 
detonated in full solar UV radiation. The results to be discussed 
here were obtained with two VHSIS systems stationed at the Wallops 
V25 site (section 8.5). In the first experiment, the field-aligned 
streak expected to be produced by the CIV mechanism was not observed. 
However, an unexpected faint ion cloud of non-solar UV produced ions 
was detected. The most likely explanation for this ion cloud was 
collisions of the neutral barium with the ambient atmosphere. No CIV
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ions were detected with the VHSIS in the second experiment, an
observation setting the maximum number of CIV ions which could have

21been produced, but not detected, at less than 2 x 10

8.2 The 27 December 1984 AMPTE "Artificial Comet” Experiment

The AMPTE "artificial comet" experiments were designed to investigate 
the acceleration mechanisms for an ion cloud introduced into the 
solar wind. This experiment had been planned with the expectation 
that the dense plasma core would start to move slowly in the 
direction of the streaming solar wind, eventually reaching a speed 
comparable to that of the solar wind within a time period of 
30 - 45 minutes [Haerendel, 1983].

In situ measurements were made with plasma and field diagnostic 
instruments installed on the German Ion Release Module (IRM), which 
carried the barium release containers [Haiisler et al., 1985]. In 
addition, a sub-satellite, UKS, developed in the UK, was injected 
into nearly the same orbit as the IRM to provide a second probe for 
plasma and field diagnostics [Ward et al., 1985]. Earth-based optical 
observations were made from the NASA Convair 990 aircraft flown from 
NASA Ames Research Center, Moffett Field, CA [Rees et al., 1986a], an 
Argentine Boeing 707 aircraft flown from Tahiti [Valenzuela et al., 
1986] and from one ground-based site near Boulder, Colorado [Rees et 
al. , 1986a]. Observations had been scheduled from a wide-spread
network of ground-based sites, but poor weather prevented ground- 
based monitoring from all but this one site. Therefore, the success 
of the experiment depended to a great extent on the aircraft 
observations.

The observations to be discussed here were made with a DIS from on 
board the NASA Convair 990 airborne observatory, flown out of NASA 
Ames Research Center, Moffett Field, CA. This instrument used a
narrow-band, Full Width Half Maximum (FWHM) 3 run, interference filter 
centred at 455.4 nm to record the 455.4 nm resonance line emission of 
sunlit barium ions. The DIS employed a fixed gap Fabry-Perot etalon 
with a plate separation of 2 mm and a working diameter of 100 mm. The
free spectral range of this etalon at 455.4 nm is, thus, 0.052 nm,
equivalent to a line of sight velocity of 34 kms’ .̂ The positive lens
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used to focus the Fabry-Perot fringes had a focal length of 180 mm, 
so that the field of view of the DIS was 5.7°, corresponding to a 
distance of approximately 10,000 km at the height of the release. The 
theoretical maximum achievable velocity resolution of this DIS is 
0.1 kms"^ .

The barium release on 27 December 1984 occurred outside the Earth's 
magnetopause at a distance of 17.2 Rg, low geographic latitude, at 
12:32 UT. Photoionization by the Sun converted the neutral barium 
vapour on a time scale of about 30 s, as expected from theoretical 
calculations [Carlsten, 1975]. Contrary to planning, however, the 
release location turned out to be in front of the Earth's bow shock, 
due to an increase in the solar wind pressure approximately 
30 minutes before the experiment [Liihr et al., 1986].

During the first 30 s of expansion an ion cloud formed, with an 
intense central core [Rees et al., 1986a]. The expansion of this 
plasma, the establishment of dynamical equilibrium with the solar 
wind, and the formation of a diamagnetic cavity were measured in situ 
by the IRM and the UKS [Lutir et al., 1986]. The imaging results 
showed that at about 90 s after the release, when the photoionization 
was essentially complete, the intense core of the ion cloud reached a 
maximum size of 160 x 100 km. During the first 2 minutes the 
expanding spherical neutral cloud was essentially coincident with the 
plasma cloud. A faint, curved, ion tail at least 3,000 km long was 
observed to develop within the first 90 s [Rees et al., 1986a],

An unexpected motion of the ion cloud core with respect to the 
neutrals was observed between 12:34 UT and 12:36 UT, 2 - 4 minutes 
after the release [Rees et al., 1986a; Valenzuela et al., 1986]. 
Rather than moving anti-sunward, the ion cloud core accelerated 
southwards with respect to the neutrals, reaching a constant velocity
of 5 - 6 kms"^ by 12:35 UT. After about 12:36 UT, there was a

\

noticeable acceleration of the depleted core in the direction of the 
solar wind. The onset of the anti-sunward acceleration of the core 
coincided with a rapid decrease in the brightness of the comet as the 
plasma was withdrawn from the head. The disintegration of the head 
and final demise of the comet occurred during the fifth minute of 
observations.
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A sequence of four images of the "artificial comet" obtained by the 
DIS are shown in figure 8.1. The diffuse coma and tail regions do not 
show any fringe structures. This implies that within these regions 
the barium ions have a line of sight velocity dispersion of 
> 34 kms"^. An ion temperature of > 10^ K is required to account for 
this Doppler broadening by a thermal velocity distribution. Part of 
this velocity dispersion could have been caused by initial heating of 
the ions by plasma wave turbulence, followed by acceleration of the 
ions by the broadly northward electric field [Rees et al., 1986a].

The central ion core, however, only stands out in the last three 
images (figure 8.1), when the core overlies the central "rest fringe" 
of the Fabry-Perot ring system [Rees et al., 1986a], The core, thus, 
consists predominantly of cold ions and its shape, location and 
orientation coincide with the intense gibbous and elliptical features 
noted by other observers. The temperature of the core ions may be 
estimated from these fringes at < 5,000 K, in marked contrast to the 
strongly heated and accelerated plasma in the extended regions of the 
diffuse coma and tail [Rees et al., 1986a].

Contrary to expectations, the plasma cloud introduced into the solar 
wind was surprisingly short-lived (about 5 minutes) . This was due to 
the unexpected efficient and rapid extraction of barium ions by the 
electric field induced by the solar wind and Interplanetary Magnetic 
Field (IMF). The Doppler imaging results showed that while the head 
was composed of a central core of cold ions, the extended coma and 
tail were formed by more energetic ions. The absence of an initial 
acceleration of the core in the anti-sunward direction, coupled with 
an observed drift transverse to the solar wind, point to 
electrodynamical processes not considered previously. Momentum 
balance with the extracted ions caused the southward acceleration, 
while the tailward acceleration appeared to be concentrated in a 
small part of the ion cloud on the anti-sunward side of the head, 
rather than causing a bulk anti-sunward acceleration of the entire 
head and core [Haerendel et al., 1986].

The second "artificial comet" was created on 18 July 1985 at the 
evening flank of the magnetosphere, this time behind the bow shock as



intended. Attempts to observe this release with a VHSIS and a DIS 
from the Convair 990 aircraft were curtailed when the aircraft 
developed problems on take-off from March Air Force Base, near 
Riverside, CA and burst into flames on the runway. The four man crew 
and 15 scientists on board, D. Rees and the author included, all 
managed to escape uninjured via the emergency shutes. However, the 
aircraft and all the scientific equipment on board was completely 
destroyed by the ensuing fire, which continued to burn for more than 
2 hours after the incident. The fire was caused by a punctured fuel 
tank in the right hand wing that occurred when a tyre blew out on the 
right landing gear just before take-off.

8.3 The 21 March 1985 AMPTE Barium Magnetotail Release

The Ion Release Module (IRM) of the three-satellite AMPTE project 
[Krimigis et al., 1982] made a barium thermite release at a 
geocentric distance of 70,000 km within the Earth's magnetotail on 
21 March 1985 at 09:21 UT. The goals of this release centred on the 
interaction of the ions with the ambient field and particles in the 
Earth's magnetotail.

In situ measurements were made with plasma and field diagnostic 
instruments installed on the German Ion Release Module (IRM) [HaUsler 
et al., 1985] and on the sub-satellite UKS [Ward et al., 1985]. 
Earth-based observations were made from several favourable wide
spread ground-based locations in the northern hemisphere and also 
from two airborne observatories, one over the northern pacific, the 
other over the southern pacific.

The observations to be reported in this section were made with a 
VHSIS and a DIS from aboard the NASA Convair 990 aircraft flown from 
NASA Ames Research Center, Moffett Field, CA. The aircraft was 
located at approximately 40.4° N, 123.6° W at the time of the 
release. The VHSIS employed a 180 mm Nikon camera lens, giving a 
field of view of 5.7°, corresponding to a distance of about 7,000 km 
at the height of the release. This instrument isolated the 455.4 nm 
resonance line emission of sunlit barium ions with a narrow-band, 
FWHM 3 nm, interference filter, centred at 455.4 nm. The DIS employed 
to observe this release was the same instrument as that used in the
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AMPTE "artificial comet" experiment (section 8.2). The field of view 
of the DIS was, therefore, 6,300 km at the height of the release.

The barium ions formed by photoionization of the evaporated neutral 
barium atoms initially expanded at a velocity of the order 1.5 kms"^ 
forming a spherical shell which had a maximum diameter of about 
600 km, some 200 s after the release [Haerendel, 1985]. The shell, 
produced by initial equilibrium between the expanding barium plasma 
and the magnetospheric magnetic field and plasma, contained a 
diamagnetic cavity. The ion shell had partly collapsed by 09:27 UT 
to form an intense central field-aligned ion core and the terrestrial 
magnetic field penetrated to the central part of the ion cloud [LCthr, 
1985].

Figure 8.2 shows three images out of a sequence of 20 images taken 
with the VHSIS between 09:24 UT and 09:59 UT. The format of these 
images is such that north is up and east to the left. A faint diffuse 
halo of barium ions extended rapidly from the shell. Initially, this 
halo was almost symmetrical, with a slightly enhanced extension in 
the field-aligned (north/south) direction. A typical image, 
characteristic of the initial expansion, is shown in figure 8.2a. It 
is a 10 s integration showing the appearance of the barium cloud at 
09:29 UT. Between 09:29 UT and 09:39 UT, the halo appeared to have a 
general westwards drift relative to the core. Figure 8.2b is an 80 s 
integration and shows the appearance of the ion cloud at 09:39 UT. 
The core is still distinct but significantly weaker than at 09:29 UT. 
The diffuse halo now extends to a diameter of at least 7,000 km and, 
indeed, probably extends beyond the field of view of the instrument. 
After 09:39 UT the motion of the halo changed to southwards and 
eastwards, as can be seen by examination of figure 8.2c, an 80 s 
integration taken at 09:44 UT.

In order to populate the outer detectable contours of the halo,
_ 1radial velocities as high as 8 kms are required. The halo expansion

was nearly isotropic, perpendicular to the Earth's magnetic field.
The loss of barium ions from the core into the halo continued
throughout the observations. The estimated diffusion coefficient was 

9 2-12 x 10 m s which is two orders of magnitude larger than the Bohm 
diffusion coefficient for thermal barium ions [Haerendel, 1985],



Once outside the initial diamagnetic cavity individual barium ions
gyrate within the terrestrial magnetic field. Their mean velocity had
to be significantly larger than the 8 kms”  ̂ radially outward
diffusion velocity of individual ions. An estimate of the mean

-1 - 1velocity of the halo ions would be about 2 x rr x 8 kms or 50 kms . 
The gyroradius of 1.5 kms"^ barium ions in the observed terrestrial 
field of 8 nT was about 260 km, with a gyroperiod of about 200 s 
[Haerendel, 1985], At 50 kms’ ,̂ a barium ion has a gyroradius of 
about 3,000 km, a value that is comparable with the observed size of 
the halo.

It is possible that a very small fraction of the initially produced
ions had velocities of the order 50 kms’ .̂ However, to explain the
continuous loss of barium ions from the core of the halo, all the
barium ions initially created by photoionization had to eventually
reach velocities of this order. Within 40 minutes a total of at least
3.75 x 10 J of energy was coupled into the ion cloud. A range of low
frequency electrostatic and electromagnetic waves are endemic within
the magnetosphere [.Rees et al., 1986]. Assuming a source dimension of
6,000 km, comparable with the instrument field of view, the mean
energy density extracted from the background wave field by the barium

8 2ions would be about 5 x 10 Wm . Photoionization of Ba II to Ba III 
with a time constant of the order of 30 minutes could be a 
contributing loss mechanism, but seems unlikely in view of the 10 eV 
ionization potential of Ba II.

A typical Doppler image, from the sequence of 20 Doppler images taken 
with the DIS, is shown in figure 8.2d. The fringes are obtained from 
the core of the cloud. These fringes contrast sharply with the lack 
of such patterns in the images obtained with the same instrument used 
to observe the 27 December 1984 "artificial comet" (section 8.2).

The DIS observations of the core yielded a consistent pattern of line 
of sight velocities. A persistent north-south shear of the order of 
2 kms"^ was detected, with the line of sight velocity of the south 
part being more eastward than that of the north part. As time 
progressed the initial mean line of sight component of about 2 kms"^ 
directed away from the Earth, changed to a mean earthward component
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of the same order (a more detailed description is given in Rees, 
[1987a]).

The DIS observations of the ions in the halo revealed a large line of 
sight velocity dispersion. The range of toward and away velocities 
should have exceeded 10 kms“̂ . Such a velocity range would have been 
consistent with the velocities of barium ions diffusing to populate 
the extreme regions of the diffuse and rapidly expanding halo.

8.4 Search for Auroral Belt E.. Fields with High-Velocitv Barium Ion 
Injections

Measurements of the distributions of electric fields aligned parallel 
to the magnetic field have been an elusive goal of space plasma 
physics. The most feasible, currently operational technique for 
approaching this goal depends on optical tracking of the field- 
aligned motion of luminous barium ion tracers to detect deviations 
from the predictable motion that results from the initial ion 
velocities, the gravitational force, and the jugradB magnetic mirror 
force. In typical high latitude experiments using high-velocity 
injections at collision-free altitudes above the ionosphere, the 
barium ions are propelled to magnetospheric distances of several or 
more Earth radii with optical tracking suitable for triangulations 
extending into the 1 - 4 Rg range.

Two techniques for high-velocity Ba+ injections have been employed:
1) High velocity shaped-charge injections from rockets usually with a 
large velocity component parallel to the local magnetic field that 
dominates the subsequent motion [Wescott et al., 1975; 1976; 1978; 
Haerendel et al., 1976; Stenbaeck-Nielsen et al., 1984] and
2) Low velocity thermite releases from an orbiting vehicle that gives 
a high velocity component perpendicualr to the local magnetic field, 
and thus a dominating /igradB force to propel the ions into the 
magnetosphere [Heppner et al., 1981],

Over the past few years there have been several successful barium 
shaped-charge releases. These experiments have been conducted 
independently by NASA and by the University of Alaska. A full
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description of the experiments observed to date is given in 
section 2.7. Each of these releases was observed with a co-aligned 
VHSIS/DIS from one or more suitable ground-based sites.

The first releases to be observed with a co-aligned VHSIS/DIS, took 
place over Alaska in April 1984. The major goal of the APL 
observations at this stage was to demonstrate the validity of the 
Doppler imaging technique in this sort of application 
(section 8.4.1). The DIS results showed good agreement with the bulk 
velocities but the peak velocities were not observed with sufficient 
accuracy to check the velocities from upper tip triangulations. The 
DIS has since been modified to produce a higher velocity resolution 
(section 8.4.2).

The analysis of the data from the April 1984 experiments is now 
complete and the main results are summarized, after the discussion of 
the DIS results, in section 8.4.1. The full analysis of the data from 
more recent experiments is still in progress and will, therefore, not 
be presented here.

8.4.1 The April 1984 Experiments

Four barium shaped-charge releases were detonated from two rockets 
launched from Poker Flats Research Range, near Fairbanks, Alaska in 
April 1984. These two experiments were part of the NASA programme to 
study processes taking place in the magnetosphere. The Principal 
Investigator (PI) for these two experiments was Jim Heppner from NASA 
Goddard Space Flight Center.

The first rocket, Black Brant-10 35.007 was launched from Poker Flats 
Research Range on 30 March 1984 at 11:00:00 UT. The first release 
occurred at 11:05:40 UT at an altitude of 770 km. The second release 
occurred at 11:11:25 UT at an altitude of 886 km. The second rocket, 
Black Brant-10 35.008 was launched from Poker Flats on 1 April 1984 
at 07:19:00 UT. The first release occurred at 07:24:40 UT at an 
altitude of 774 km. The second release occurred at 07:30:25 UT at an 
altitude of 975 km. Both flights took place under active magnetic 
conditions.
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The observations were made with low-light level systems from 
7 principal observing sites dotted over the North American continent 
(see 'Heppner et al. [1989] for a more detailed description of the 
sites and the instruments used).

The APL observations were made with a co-aligned VHSIS/DIS from the 
optical site at Poker Flats. The VHSIS employed a 180 mm Nikon camera 
lens, giving a field of view of 5.7°, corresponding to a distance of 
about 75 km at the height of the release. The DIS employed a fixed 
gap Fabry-Perot etalon with a plate separation of 2 mm and a working 
diameter of 100 mm. The free spectral range of this etalon at
455.4 nm is, thus, 0.052 nm, equivalent to a line of sight velocity 
of 34 kms"^. The positive lens used to focus the Fabry-Perot fringes 
had a focal length of 180 mm, so that the field of view of the DIS 
was also 5.7°. The theoretical maximum achievable velocity resolution 
of this DIS is 0.2 kms"^. Both these optical systems recorded the
455.4 nm resonance line emission of sunlit barium ions through
narrow-band, FWHM 3 nm, interference filters, centred at 455.4 nm. 
Since this was the first time that such a system had been used in
this kind of experiment, the objective was primarily to test the
applicability of the DIS.

Figure 8.3 shows the appearance of the first barium jet from the 
first rocket experiment through the DIS at 11:07 UT. Relative
velocities only can be deduced from this image as it stands. By 
assuming a zero line of sight velocity at the base of the jet, at the 
right hand edge of the image, line of sight velocities of the order 
of 15 kms"^ are observed towards the tip of the jet which is just off 
the field of view of the DIS to the left. The line of sight 
velocities determined from this Doppler image are shown in 
figure 8.4. The actual velocity resolution obtained from the peak

_ ipositions in this Doppler image is of the order 1 - 2  kms , caused 
primarily by the low photon flux detected in the fringes.

Many other Doppler images were taken of the four barium jets 
associated with the two experiments and they basically showed good 
agreement with the bulk velocities, but the peak velocities that 
determine the motion of the upper tips of the rays were not 
determined with sufficient accuracy to check velocities from upper
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tip triangulations. Some of the VHSIS images were triangulated with 
data from other stations to infer motions of the upper and lower tips 
of the barium jets.

A detailed description of the principal findings from these 
experiments can be found in Heppner et al. [1989] and will be 
summarized here. The observations were in agreement with the 
theoretical time constant of 28 s for photoionization of barium 
[Carlsten, 1975] and illustrated the lack of any anomalous ionization 
that might have been expected from Critical Ionization Velocity (CIV) 
effects. Transient accelerations and/or decelerations were 
encountered by each of the seven principle Ba+ rays tracked to high 
altitudes. These E„ perturbations are likely to be associated with 
suprathermal electron bursts, both upward and downward.

8.4.2 Recent Modifications to the VHSIS/DIS used to Observe the 
Barium Shaped-Charge Releases

The DIS used in the April 1984 experiments (section 8.4.1) employed a 
positive lens with a focal length of 180 mm which mapped 10 fringes 
onto the field of view of the detector. It was, therefore, decided to 
increase the velocity resolution by changing to a 400 mm focal length 
lens. This lens maps 4 fringes onto the detector surface, and, 
therefore, increases the velocity resolution of the instrument by 
more than a factor of two.

The images obtained with the VHSIS and DIS in the April 1984 
experiments were processed and stored as 128 x 128 arrays on a PDP 
11/23 computer. After this experiment the PDP 11/23 computer was 
replaced with an IBM PC. The software was modified to run on the new 
system and the image format was changed to a 256 x 256 array, 
doubling the resolution of the instruments. In addition, the dead 
time of the system was significantly improved by making modifications 
to the detector electronics.

The result of these changes was that the Doppler imaging system used 
in the April 1986 experiments had a velocity resolution more than 
four times greater than its 1984 counterpart. The maximum theoretical 
velocity resolution achievable with this DIS is 0.05 kms” .̂
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The improved VHSIS/DIS was first used to observe a series of barium 
shaped-charge releases in a set of experiments over Alaska in April 
1986. Although the full analysis of the data from these releases is 
still in progress a selection of the VHSIS/DIS results are presented 
here to illustrate the improvements in the system. These results were 
obtained from a rocket experiment conducted by the University of 
Alaska, PI Gene Wescott, on 3 April 1986. The rocket made two barium 
shaped-charge releases.

The VHSIS employed a 300 mm Nikon camera lens, corresponding to a 
field of view of 3.4°. The sequence of images presented here focuses 
on the passage of a barium jet through the field of view of the two 
systems. This jet was first acquired at around 10:43:12 UT and was 
tracked until 10:46:55 UT. Figure 8.5a is a 10 s integration showing 
the appearance of the first jet at 10:44:04 UT. The corresponding 
Doppler image is shown in figure 8.6a. By assuming a zero line of 
sight velocity in the debris cloud, the line of sight velocities in 
this image vary fairly uniformly from 2 kms"^ near the base to 
7 kms”̂  towards the tip. Figure 8.5b is a 10 s integration showing 
the image obtained at 10:44:42 UT. A second jet has entered the field 
of view from the left. This jet was released at a different height 
and is travelling along a different field line. The corresponding 
Doppler image (figure 8.6b) is able to resolve the two jets by virtue 
of their different line of sight velocities. The line of sight 
velocities in the first jet vary from 3 kms"^ to 6 kms’^ (figure 
8.7). The line of sight velocities at the tip of the second jet are 
of the order 12-13 kms"^ (figure 8.8). Figure 8.5c is a 10 s 
integration showing the appearance of the first jet at 10:46:37 UT, 
after the passage of the second jet. The corresponding Doppler image 
is displayed in figure 8.6c. The line of sight velocities derived 
from this image are of the order 2 kms’ .̂ Figure 8.5d is a 10 s 
integration showing the appearance of a weak jet at 10:50:44 UT. The 
corresponding Doppler image is shown in figure 8.6d. There are too 
few photons in this image for any satisfactory analysis.

The Fabry-Perot fringes obtained from this experiment are clearly a 
great improvement on those collected in the April 1984 campaign, 
(compare figures 8.4 and 8.6). The maximum achievable velocity
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accuracy of the old instrument was 0.2 kms"^. However, the low flux 
of photons observed with the DIS in the 1984 releases decreased this 
resolution to the order of 1 - 2 kms~^. The maximum achievable
velocity resolution of the new instrument is 0.05 kms'^, and this was 
certainly achieved in some of the high photon flux peaks obtained in 
the April 1986 experiments. The combination of faster electronics, 
increased number of pixels and fewer fringes at the detector has, 
thus, increased the velocity accuracy of the DIS by more than a 
factor of four.

The DIS used in the April 1984 and April 1986 experiments employed an 
etalon with a fixed gap of 2 mm (equivalent to a free spectral range 
of 34 kms'^"). Since the largest line of sight velocity anticipated 
does not exceed 20 kms"^ it is possible to achieve an even higher 
velocity resolution by using a larger gap etalon. It was, therefore, 
decided to employ a fixed gap etalon with a plate separation of 3 mm, 
equivalent to a free spectral range of 22.8 kms"^, in future 
experiments.

In the first group of experiments observed, the VHSIS employed a 
300 mm Nikon camera lens. This lens produces a field of view of about 
3.4° at the detector and is able to yield detailed information on jet 
structures. However, due to the short integration times used in these 
experiments, few, if any stars are apparent in the images and so 
these images cannot be used for triangulation. The VHSIS used in 
these experiments now uses a smaller focal length lens (50 mm or 
85 mm) and this produces a much larger field of view (20.4° or 
12.1°). These images contain more stars and are more reliable for 
triangulation.

8.5 Recent Free Space Experiments Designed to Test the Critical 
Ionization Velocity Mechanism

Over the past few years several free space experiments have been made 
to test the Critical Ionization Velocity (CIV) effect first proposed 
by AlfvSn [1954] and Alfv6n & Arrhenius [1975] as part of a theory 
for the formation of planetary systems. The ionization takes place 
through collective plasma processes with the energy provided by the 
neutrals moving across a magnetic field embedded in the background
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plasma. For the ionization process to take place the velocity of the 
neutrals must exceed the critical ionization velocity determined by 
the kinetic energy in the velocity component perpendicular to the 
magnetic field being equal to the ionization potential of the 
neutrals.

In project Porcupine, Haerendel [1982] observed 16% - 18% ionization 
of those neutrals that exceeded the critical velocity from a conical 
shaped-charge detonated 30° to B well below the UV horizon. Deehr et 
al. [1982] detected strontium ions in the sunlit detonation of a 
radial barium shaped-charge. The strontium was present as a 
1% impurity and the analysis revealed that about 50% of the strontium
ionized - at a time when less than 1% ionization would be produced by
solar UV. Two further CIV experiments were carried out from the 
magnetic equator in Peru in 1983. However, all of the barium ions
produced in the Star of Lima experiment [Wescott et al., 1986] could
be accounted for by solar UV ionization, and the strontium ions 
produced in the Star of Condor experiment [Wescott et al. , 1986]
could also be explained without invoking the CIV mechanism.
Therefore, three additional CIV experiments were carried out in May 
1986 from Wallops Island to try to understand the apparent failure to 
observe excess ionization due to the Alfven mechanism in the Peru 
experiments. CRIT I (section 8.5.1) used two barium conical shaped- 
charges detonated below the solar UV cut-off altitude at 48° to B. 
The third experiment, called SR90 (section 8.5.2), consisted of a 
high-explosive conical shaped-charge with a strontium metal liner 
detonated in full solar UV radiation. Optical observations of these 
three releases were made with low-light level imagers from three 
primary optical sights at Wallops V25, Duck, NC and at Cape May, NJ
(for a more detailed description of the sites and the instruments
used see Stenbaek-Nlelsen et al. [1990]; Wescott et al. [1990]). Two 
VHSIS systems were operated at the Wallops V25 site and it is the 
relevant observations and results from these two systems that are 
presented in this section.

8.5.1 The CRIT I Experiment

A CIV experiment was carried out with a heavily instrumented rocket 
launched from Wallops Island on 13 May 1986. Two neutral barium beams



270

were created by explosive shaped-charges released from the rocket and 
detonated at 48° to B at altitudes near 400 km and below the solar UV 
cut-off. The first detonation occurred at 07:46:00 UT at an altitude 
of 399 km, 37.60° N and -73.21° E. The second detonation occurred at 
07:47:25 UT at an altitude of 373 km, 37.5° N and -72.55° E.

Observations were made with two VHSIS systems from the Wallops V25 
site in the launch complex. Both of these systems employed 85 mm 
Nikon camera lenses, giving a field of view of 12.1°, corresponding 
to a distance of approximately 80 km at the height of the releases. 
One of these optical systems recorded the 455.4 nm resonance line 
emission of sunlit barium ions through a narrow-band, FWHM 3 nm, 
interference filter, centred at 455.4 nm. The other recorded the
553.5 nm resonance line emission of sunlit neutral barium through a 
narrow-band, FWHM 3 nm, interference filter centred at 553.5 nm. 
These lines are the dominant barium ion and neutral emission lines 
excited by fluorescence in sunlight.

This experiment was designed with the expectation that ions would be 
created near the release by a relatively short lived CIV process to 
produce a field-aligned jet along the release field line. It was 
intended to position the VHSIS systems for optimum view of the 
release field line above the terminator. However, contrary to 
planning, no real time update information about the trajectory was 
received after the launch. The bright ion cloud, created by 
photoionization when the neutral jet came up over the UV terminator, 
appeared in the field of view. Two 5 s integrations were obtained 
before the detector turned off, due to overloading. However, this 
pointing direction turned out to be almost perfect for the unexpected 
non-solar UV produced ion cloud that appeared. The second release 
monitored from Wallops was observed to take place along the line of 
sight of the large diffuse cloud produced by the first release which 
prevented any useful VHSIS observations.

The first relevant VHSIS image was taken in the light of the Ba+ ion 
at 455.4 nm and covered a time period from 2 s before detonation to 
4 s after detonation. No ions were observed in this image. The second 
relevant VHSIS image was taken in the light of the Ba+ ion emission 
at 455.4 nm and covered the time period from 5 to 10 s after the
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release (figure 8.9). No field aligned streak can be seen in this 
image. Instead, an ion cloud of relatively uniform and low brightness 
can be seen in the region above the solar terminator and between the 
release field line and the barium jet. Several lines have been 
inserted to help in the interpretation [after Stenbaek-Nielsen et 
al. , 1990]. The release location is identified by the cross at the 
far right of the image. The magnetic field line extends up to the 
left from the release point while the direction of the neutral jet is 
to the bottom left. The crosses are marked every 10 km. The ion cloud 
should be observable above a screening height of 19 km which is 
inserted (row of dots to the right). The row of dots to the left is 
the maximum distance a neutral or ion at 13.5 kms"^, the maximum 
velocity in the jet, can reach in 10 s. The ions are in two parts. 
The very bright circular cloud to the lower left of the image is the 
cloud produced by photoionization. The second part is the faint cloud 
of fairly uniform intensity in the centre of the image and between 
the shown delimiters. These ions were produced below the solar 
terminator and, therefore, must have resulted from an ionization 
process other than direct photoionization by solar UV radiation. The 
process must have been present continuously from the time of release.

A computer simulation of this image (figure 8.10) has shown that the 
efficiency must be nearly constant in time and equivalent to an 
ionization time constant of about 1800 s [Stenbaek-Nielsen et al., 
1990]. Various sources for these ions have been considered. Although 
the cross-sections for ionization between the neutral barium and the 
ambient atmosphere are highly uncertain, this appears to be the most 
likely process, rather than a CIV process [Stenbaek-Nielsen et al., 
1990]. A CIV process may have been present at early times, but its 
efficiency cannot have exceeded an equivalent ionization time 
constant of 1800 s. Assuming that the source of the ionization is 
collisions with the ambient atmosphere, it is clear that this 
constitutes an important source that must be taken into account in 
future release experiments.

8.5.2 The SR90 Experiment

This experiment consisted of a high explosive conical shaped-charge 
with a strontium metal liner on the Taurus-Nike-Tomahawk rocket,
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38.008 UE, launched from Wallops Island on 13 May 1986 at
07:56:00 UT, 9 minutes after the launch of the barium experiment
rocket (section 8.5.1). The release was made at 08:01:29 UT, at an
altitude of 539.6 km, 37.72° N and -74.72° E, in dawn twilight and
was aimed at 48.2° with respect to B. The background electron density 

/was 1.5 x 10 cm" .

Observations were made with two Very High Sensitivity Imaging Systems 
from the Wallops V25 site in the launch complex. Both of these
systems employed 85 mm Nikon camera lenses, giving a field of view of 
12.1°, corresponding to a distance of about 115 km at the height of 
the release. One of these optical systems recorded the resonance line 
emission of sunlit strontium ions and the other recorded the 
resonance line emission of sunlit neutral strontium.

The neutral strontium cloud was very bright. About 15 s after the
release the detector lens was stopped down to avoid damage to the
detector. Unfortunately both the neutral and ion detector were 
stopped down and as a consequence the later ion images are very
noisy. No prompt ions were detected. However, a faint trail of
strontium ions was detected along B above the release over a period 
2 - 3  minutes following the release. The apparent velocity of the tip 
of this field aligned Sr+ jet was determined, from the Duck ISIT 
data, to be about about 2.6 kms"^.

The differential velocity function of the neutral jet was determined
from a white light image taken with the ISIT TV at Dack, 11.5 s after
detonation. The apparent tip velocity was slightly over 13 kms"'*' and
a low velocity peak in the differential velocity function occurred at
about 2.6 kms"^ [Wescott et al., 1990]. This agrees well with the
velocity of the tip of the observed Sr+ jet. This jet is from the
portion of the neutral jet with velocity perpendicular to B which is
below the Alfven critical velocity. The detectable portion of the ion

21streak was found to contain about 10 ions, which can be fully 
accounted for by solar UV ionization [Wescott et al., 1990].

Although no high-velocity ion jet was observed, tie VHSIS images, 
combined with model calculations have been used to estimate the 
maximum number of CIV ions that could have been prssent. The high-
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21velocity portion of the jet should have produced about 2 x 10 solar
UV ions. Computer simulations have since shown this to be more
diffuse and just below the threshold of the VHSIS [Wescott et al.,

1990]. Therefore, if there were CIV produced ions present in numbers
comparable to the solar UV produced ions they should have been
detected. This sets the maximum number of CIV ions which could have

21been produced, but not detected, at less than 2 x 10

21Thus, any prompt CIV ionization must be less than 2 x 10 ions, or
less than 0.18% yield of the vaporized Sr. Since this maximum
possible CIV yield is a factor of 100 less than the Porcupine

5 - 3experiment in which the ambient plasma density was 6 x 10 cm , or
30 times greater, Wescott et al. [1990] conclude that future CIV

5 - 3experiments should have the plasma background near 6 x 10 cm
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Figure 8.1
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Figure 8.2
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Figure 8.3
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Figure 8.5
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Figure 8.6
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CHAPTER 9

THE PRINCIPAL RESULTS FROM THIS STUDY OF NATURAL AND ARTIFICIAL GAS 
AND PLASMA CLOUDS WITH IMAGING AND DOPPLER IMAGING SYSTEMS

9.1 Introduction

The properties and dynamics of natural and man-made gas and plasma 
clouds in the solar wind and in the magnetosphere have been studied 
by monitoring the motion and evolution of these clouds in the 
appropriate region. The resulting distributions of ions and neutrals 
under the above conditions have been obtained with a Very High 
Sensitivity Imaging System (VHSIS). Two-dimensional line of sight 
velocity maps of the ion and neutral species have been obtained with 
a Doppler Imaging System (DIS). Both of these devices were discussed 
in some detail in chapter 2.

Over the past five years a number of cometary targets have been 
observed with VHSIS and DIS systems. The inner coma has been studied 
with 1 m and 24" class telescopes, and the outer coma and tail has 
been studied with a selection of wide-angle Nikon camera lenses. The
principle results that have been obtained from these studies are
summarized in section 9.2.

Over the past six years several artificial chemical releases in the
magnetosphere and the near-space environment have been observed with
VHSIS and DIS systems. The principle results from these experiments 
are summarized in section 9.3.

VHSIS and DIS systems will continue to be used to make cometary 
observations and, indeed, a VHSIS is now permanently stationed at the 
Table Mountain Facility (TMF) to enable a swift response to new 
cometary targets of opportunity. VHSIS/DIS systems will also continue 
to be used to observe future artificial chemical releases. The 
Atmospheric Physics Laboratory (APL) at University College London 
(UCL) is currently involved in a proposal for an instrument for the 
European Space Agency's (ESA's) Polar Platform. The proposed future
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work with low-light level imaging systems within the APL at UCL is 
discussed in more detail in section 9.4.

The recent missions to the comets Giacobini-Zinner and Hailey and the 
associated extensive Earth-based observations have greatly improved 
our knowledge of comets. However, many questions still remain 
unanswered and a number of future missions ito comets are currently 
under active consideration (section 9.5).

9.2 Principal Results from the Cometary Observations

The principal results from the narrow-band imaging of the neutral and 
plasma cometary components are discussed in sections 9.2.1 and 9.2.2 
respectively.

9.2.1 Observations of the Neutral Cometary Coma

Ground-based narrow-band imaging of a number of comets has been 
carried out with a VHSIS on 1 m and 24" telescopes and with a
selection of Nikon camera lenses. This has enabled an extensive study 
of the CN and C2 comas of these comets. The resulting CN and C2

distributions have been modelled by the simple radial outflow model 
with decay (section 5.2.3), to reveal characteristic scale lengths 
for production and decay of these daughter products (section 5.3 and 
5.4). The derived scale lengths have been compared with those found 
by other authors (section 5.6) and more accurate scaling laws have 
been derived (section 5.7).

The CN parent scale lengths obtained from the near-nucleus CN images 
from the VHSIS were used, together with those obtained by Combi & 
Delsemme [1980], to obtain a CN parent scale length of
(2.0 ± 0.2) x 10^ km at unit heliocentric distance scaling as
r(1.7±0.2) The CN daughter scale lengths from the large-scale CN
images from the VHSIS were used, together with those obtained by
Combi & Delsemme [1980] , to obtain a daughter scale length of
(4.9 ± 0.5) x 10^ km at 1 AU, varying as r(l»75±0.25^ parent
scale lengths obtained from the near-nucleus C2 images from the VHSIS 
were used, with those obtained by other authors [Combi 6c Delsemme, 
1980; Cochran, 1985], to obtain a value of (1.8 ± 0.2) x 10^ km for



the C2 parent scale length at 1 AU, scaling as r(l*7±0.3)^ parent
scale lengths for both CN and C2 of around 2 x 10^ km, at 1 AU, 
suggest possible emission from freshly ejected sub-micron grains, 
rather than direct sublimation from the nucleus.

The inner C2 coma of comet Borrelly was found to be anomalous in that 
the simple radial outflow model with decay could no longer be used to 
fit the data (section 5.8). In addition to a centrally condensed 
source, there was evidence for a second, non-central source, possibly 
due to the coma of long-lived dust grains that give this comet a 
diffuse appearance. These grains would be larger, perhaps 
0.1 mm - 1.0 mm and would not be superheated. It was postulated that 
their carbonization and C2 release could be due to space radiation, 
via "sputtering" by UV photons and by protons.

1The integral profiles of the 0( D) 630 nm near-nucleus images of 
comet Giacobini-Zinner, taken with the 1 m Jacobus Kapteyn Telescope 
(JKT) on 1 September 1985, revealed a central source region. A model 
was developed in section 6.2 to include the H2O and OH sources and 
the NH2 contamination. The central deficit was confirmed as not due 
to collisional quenching but is indicative of a source scale for much 
of the presumed H2O parent of (2,150 ± 300) km. The 0(^D)
distribution was found to be close to radially symmetric, a puzzling 
observation considering that the Hailey probes had clearly 
established that gas and dust was emitted almost entirely from the 
sunward side. The explanation for this is probably that H2O sublimes 
largely from micron-sized grains on a few times 1,000 km scale, 
rather than from the nucleus itself [Wallis et al., 1990]. Some 
sublimes within 1,000 km, where collisions ensure sunward bias as 
evident in UV maps of the OH emission.

Several authors reported low contrast "jet-like" features in the 
neutral emissions of comet Hailey [A'Hearn et al., 1986; Larson et 
al., 1986; Cosmovici et al., 1987], an observation that has important 
implications for the formation of these neutral radicals. Although no 
coma features were immediately apparent in any of the near-nucleus 
VHSIS images of comet Hailey from the March 1986 period, a ring- 
masking technique was able to reveal possible "jet-like" features in 
the inner coma in all of the continuum, ion and neutral images taken
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over this period (section 6.3). The CN and C2 jets had shapes and 
directions that were completely different from the visible dust jets, 
an observation in agreement with the findings of A'Hearn et al.

[1986]. These results would, therefore, support the hypothesis that 
some of the CN and C2 radicals come from small sub-micron grains, 
which would not be seen in the continuum.

9.2.2 Observations of the Ion Coma and Tail

The structural profile of the ion coma of comet Giacobini-Zinner was
determined for comparison with the data collected \ by the
International Cometary Explorer (ICE) probe. The large-scale VHSIS 
images of comet Giacobini-Zinner close to the ICE encounter revealed 
a diffuse fan some 2 x 10 km in length with scale width 25,000 km in 
the near tail. The near-nucleus VHSIS Images of this comet revealed a 
short tail core within this fan structure (section 7.4).

The structure of the ion coma of comet Hailey was determined at times 
close to the spacecraft encounters (section 7.5). The near-nucleus 
images revealed smooth, parabolic contours on the sunward side. On 
the tailward side the contours appeared smooth and symmetric on most 
days, but on others, notably 6 March 1986 and 22, 23 March 1986
prominent tail rays could be seen. The large-scale tail structure was 
relatively simple on most days, with minor knots and condensations 
moving along the tail. On other occasions, for example 12 hours prior 
to the Giotto encounter and on 20 March 1986, major tail 
disconnection events were in progress (section 7.7).

The transition to the incoming solar wind, both in comets Giacobini-
Zinner and Hailey, was seen to be very steep, varying on average as 
-1 5r along sight lines, although considerable day-to-day variations 

were much in evidence. This corresponds to a region of strong cooling 
of the plasma via interactions with the neutral coma [Wallis & Ong, 
1976] and was also detected by the Giotto ion experiments [Johnstone 
et al., 1986; Balsiger et al., 1986]. There was a much more gradual 
tailward decrease of ion intensity for these two comets, varying on 
average as r’® * ^  along sight lines, corresponding to the flow of 
ionospheric ions and thermalized pick-up ions into the tail 
-(section 7.6).
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Comet Hailey displayed an ordered type I plasma tail from early 
December 1985 to late April 1986. However, comet Giacobini-Zinner, 
even at perihelion, showed only a short ionospheric tail, and a broad 
extended ion tail fan. The difference in appearance of these two 
tails is undoubtedly related to outgassing strength (section 7.8).

9.3 Principal Results from the Observations of Several Artificial 
Chemical Releases

The VHSIS/DIS observations of the barium shaped-charge releases are 
discussed in section 9.3.1, and the principal VHSIS/DIS results from 
the AMPTE missions and the two rocket releases over Wallops Island in 
May 1986 are summarized in sections 9.3.2 and 9.3.3 respectively.

9.3.1 Observations of the Barium Shaped-Charge Releases

The first barium shaped-charge releases to be observed with a 
VHSIS/DIS system took place over Alaska in April 1984 (section 8.4.1) 
The objective of the APL observations at this stage was primarily to 
test the feasibility of the DIS. The line of sight velocities 
calculated from the Doppler images showed good agreement with bulk 
velocities, but the peak velocities that determine the motion of the 
upper tips of the rays were not determined with sufficient accuracy 
to check velocities from upper tip triangulations [Heppner et al., 
1989].

Several additional barium shaped-charge releases have since been 
observed with an improved VHSIS/DIS system (section 8.4.2). However, 
the full analysis of the data from these campaigns is still in 
progress and is, therefore, not discussed here.

9.3.2 Observations of the AMPTE Releases

Two of the AMPTE releases were observed with VHSIS/DIS systems from 
on board the NASA Convair 990 airborne observatory.

The observations of the 27 December 1984 "artificial comet" 
experiment revealed that the plasma cloud introduced into the solar
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wind was short lived (about 5 minutes) as a result of rapid 
extraction of barium ions induced by the solar wind and 
Interplanetary Magnetic Field [Rees et al., 1986a]. The DIS results 
showed that while the head was composed of a central core of cold 
ions, the extended coma and tail were formed by more energetic ions 
(section 8.2).

The VHSIS observations of the 21 March 1985 AMPTE barium thermite 
release in the Earth's magnetotail showed that the ions initially 
expanded to form a spherical shell which later partially collapsed to 
form an intense field-aligned ion core [Eees et al., 1987a]. The DIS 
results revealed a consistent pattern of line of sight velocities 
(section 8.3).

9.3.3 Observations of Two Rocket Releases Over Wallops Island in May 
1986

Two rocket experiments were carried out from Wallops Island in May
1986 to try to understand the apparent failure of the Alfven Critical
Ionization Velocity (CIV) mechanism in some earlier experiments from
Peru [Wescott et al., 1990]. In the first experiment the field-
aligned streak expected by the CIV mechanism was not observed, but
the VHSIS images did reveal an unexpected faint cloud of non-solar UV
produced ions (section 8.5.1). The most likely explanation put
forward for this ion cloud was collisions of the neutral barium with
the ambient atmosphere [Stenbaek-Nielsen et al., 1990]. In the second
experiment no CIV ions were detected by the VHSIS, a null observation
which was used to set the maximum number of CIV ions which could have

21been produced, but not detected, at less than 2 x 10 
(section 8.5.2).

9.4 Future Work with VHSIS/DIS Systems

VHSIS/DIS observations will be made of future interesting cometary 
targets (section 9.4.1) and of future artificial chemical releases 
(section 9.4.2). In addition, the feasibility and accomodation 
requirements of a satellite instrument, employing a triple-etalon 
Fabry-Perot interferometer and a multi-ring anode IPD, is currently 
being assessed (section 9.4.3). If flown, this instrument, known as
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the Doppler Wind Sensor (DWS), would measure the circulation in the 
troposphere and stratosphere.

9.4.1 Future Cometary Observations

A VHSIS is now permanently stationed at the Table Mountain Facility 
(TMF) to allow a swift response whenever a new bright comet enters 
the inner Solar System. Indeed, since the observations of comet 
Hailey in March 1986, four additional cometary targets of opportunity 
have been observed from this site. The system is also occasionally 
used by the resident astronomer, Jim Young, to make routine cometary 
observations.

The DIS has been used with a high degree of success in the 
observations of the artificial chemical releases (chapter 7). It has 
also been used to observe Doppler shifts in some neutral cometary 
species (section 6.2). However, the technique has not yet produced 
any useful results with cometary ions. The main reason for this is 
most likely due to the weak ion signal obtained with even the comets 
of moderate brightness which have appeared since 1985. A good test 
would be to use the system to observe a really bright comet.

9.4.2 Observations of the Releases to be Associated with the 
Combined Radiation Release Experimental Satellite Program

The APL is planning to observe the releases to be associated with the 
Combined Radiation Release Experimental Satellite (CRRES) program, 
with a co-aligned VHSIS/DIS system. The CRRES program will combine 
various chemical releases with studies of the effects of energetic 
magnetospheric radiation, electrons and ions on various types of 
electronic devices, to try to understand single event upsets, and the 
general slow and final catastrophic degeneration of the electronic 
systems currently used in spacecraft.

Over the years, since the proposal evaluations were completed in 
1984, some of the experiments and perhaps some of the objectives have 
changed. At present, there are 24 canisters with various 
investigators in charge of the objectives for the releases of the 
various chemicals. Initially there were to be some releases from low
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Earth orbit, after which the satellite would be placed in an 
elliptical orbit for experiments at altitudes from 400 km to
33,000 km. The proposed low Earth orbit experiments have been 
replaced with 5 rocket launches to take place from Arecibo, Puerto 
Rico and two rocket launches from Kwajalein. The satellite will be 
launched aboard an Atlas Centaur in July 1990 and placed into an 
elliptical orbit. The launch date is uncertain, due to recent damage 
to the Centaur, but is slated to be no earlier than 9 July 1990.

9.4.3 The Donnler Wind Sensor

The APL, in collaboration with the Centre National de la Recherche 
Scientifique (CNRS), the Rutherford Appleton Laboratory (RAL), the 
British Antarctic Survey (BAS) and the Universities of Cambridge and 
Sheffield, has proposed an instrument for the European Space Agency's 
Polar Platform. The primary scientific purpose of the instrument, 
known as the Doppler Wind Sensor (DWS), will be to study the 
climatology and meteorology of winds and circulation of the upper 
troposphere and stratosphere, exploring the detailed coupling of 
atmospheric chemistry and dynamics. The proposed instrument is a 
triple-etalon Fabry-Perot interferometer of approximately 10 cm 
working aperture, with a multi-ring anode IPD with a gallium arsenide 
photocathode in the focal plane. The instrument is designed to 
measure the bulk flow of the atmosphere by observations in the 
visible and near IR spectrum, viewing the atmosphere at the limb of 
the Earth. The Doppler shift of the individual absorbtion and 
emission lines will be sensed, to obtain wind and temperature data 
with height resolution of half a scale height, and a typical 
horizontal resolution of 100 km - 200 km.

9.5 Future Missions to Comets

Although our knowledge of comets has been greatly improved by the 
recent spacecraft and Earth-based observations of the comets 
Giacobini-Zinner and Hailey, many important questions remain to be 
solved, such as:



1) What is the bulk density of cometary material ?
2) Are comets aggregates of kilometre sized and smaller bodies or is 
their irregular shape caused by the fragmentation of larger bodies ?
3) What is the chemical composition of the organic material in 
comets ?
4) Under what conditions does a cometopause form in the region of 
interaction between the cometary plasma and the solar wind and what 
are its essential properties ?

A number of future cometary missions have been proposed to answer 
some of these remaining questions: The Giotto mission could be
extended to encounter a second comet (section 9.5.1); a comet 
rendezvous mission is being planned for launch in early 1993 
(section 9.5.2); and a mission to bring back some cometary material 
is under consideration (section 9.5.3).

9.5.1 An Extended Giotto mission

About one week after the Hailey flyby, Giotto's orbit was changed so 
that it could return to the Earth. Indeed, the geocentric distance of 
the spacecraft became less than 1 AU for the first time since the 
Hailey encounter earlier this year. Giotto was reactivated and the 
subsequent engineering check-out revealed that the optical system had 
been severly damaged by the passage through the coma of comet Hailey 
in 1986. All the other systems, however, appeared to be operating 
normally. Giotto is currently en route to comet Grigg-Skjellerup, 
although the mission still needs a financial commitment by the 
European Space Agency. The encounter would occur on 10 July 1992, 
12 days before its perihelion passage [Farquhar et al., 1987].

9.5.2 The Comet Rendezvous Asteroid Flvbv Mission

A Comet Rendezvous Asteroid Flyby (CRAF) mission is planned to be 
launched in February 1993 [Neugebauer, 1987; 1989]. After gravity
assists from Venus and Earth, the spacecraft will flyby the asteroid 
46 Hestia en route to a rendezvous with P/Tempel 2 in November 1996.

The scientific objectives of CRAF are to obtain qualitatively new 
data on the nature of the nucleus, the dust and the gas comas and the
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solar wind interaction of a short-period comet, over a range of 
levels of cometary activity, together with close range observations 
of a main belt asteroid.

9.5.3 The Comet Nucleus Sample Return Mission

A joint ESA/NASA Scientific Definition Team (SDT) was organized in 
1985 to consider a Comet Nucleus Sample Return mission (CNSR). By 
this time ESA had established its mandatory long term science program 
which includes four main cornerstone missions to be executed by or 
soon after the year 2,000. One of these cornerstones has been 
identified as a "mission to primordial bodies including return of 
pristine material". The projected CNSR mission has been given the 
name Rosetta, after the Rosetta stone discovered in Egypt in 1799.

Rosetta will be a very challenging and difficult mission, and this 
inevitably translates into cost. International cost sharing would 
make the enterprise more affordable. However, Rosetta's ranking is 
very different in the flight programs of ESA and NASA. Rosetta has 
been designated a cornerstone mission by ESA with nominal launch date 
about the end of the century; but in the case of NASA the mission has 
to join a queue behind other missions that have been planned and in 
some cases funded and built [l7ood, 1987].
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