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Abstract

This thesis addresses the problem of the identification of
the cause of the diffuse interstellar absorption features,
observed in the spectra of reddened stars.

Two approaches have been adopted in this investigation: a
statistical study towards approximately one hundred stars using
intermediate resolution (45km/s) photographic spectra obtained at
the Lick Observatory, California; and a high resolution (1.5km/s)
study using photo-electric spectra obtained at the Mt. Stromlo
Observatory, Canberra.

For the statistical study, a thorough bivariate statistical
analysis was made of the measured strengths of the diffuse
features at 57808, 57978, 61968, 62038, 62708, 62848 and 63798.
This study also included the development of a computational
Aprocedure to rectify the alpha band of telluric oxygen in the
blue-ward wing of the diffuse feature at 6284%8. Other data used
in this study were Johnson UBV photometry, ultraviolet photometry
from the TD-1 satellite, and existing published column densities

+ +
for H, Na, Ca , H CH, CH and CO.

27

For the high resolution study, data for the sodium D lines
and the 66148 diffuse feature were used. The sodium data were
used to determine the velocity structure, column densities and
velocity dispersions towards each star. The data for the 66148
diffuse feature were used to examine the hypothesis that this
diffuse feature is caused by unresolved rotational fine structure
within an electronic molecular transition.

A careful appraisal of the results reported herein, and in
existing published studies, suggests that the most likely cause
of the diffuse interstellar features is auto-ionisation, pre-
ionisation or predissociation within the warm envelopes of

diffuse interstellar clouds. ©No specific carriers have been

identified.
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Journey's End

Christopher, Christopher, where are you going,
Christopher Robin?
"Just up to the top of the hill,
Upping and upping until
I am right on the top of the hill,"
Said Christopher Robin.

Christopher, Christopher, why are you going,
Christopher Robin?
There's nothing to see, so when
You've got to the top, what then?
"Just down to the bottom again,"

Said Christopher Robin.

A. A. Milne

With love to my
parents

for their forebearance.



Chapter 1

INTRODUCTION

1.1 Overview of the Thesis

Chapter 1 presents a review of previous investigations into
the diffuse interstellar features against a background of studies
of the diffuse interstellar medium. After briefly reviewing the
observational and physical nature of the diffuse interstellar
medium, previous observational studies of the diffuse
interstellar features are discussed. This is followed by a review

of the theoretical studies of the cause of the diffuse features.

The chapter is concluded with a brief outline of the approach to
studying the diffuse interstellar features adopted in this
thesis.

Chapter 2 discusses the instrumental details of the
observations made at the Lick and Mt. Stromlo Observatories. This
chapter also discusses the procedures used in the reduction of
the data from these observatories and the resultant accuracy of
the photometric and wavelength calibrations. The estimates of
accuracy derived in this chapter are of central importance to the
error analysis presented in Chapter 4.

Chapter 3 discusses the spectroscopic pollution of the 62848
diffuse interstellar feature by the alpha band of telluric
molecular oxygen. The method of correction of this pollution, as
applied to the Lick Observatory data, 1is then discussed and the
results for the 6284X diffuse feature examined. The accuracy of
the computational procedure is discussed in some detail, both
from a computational and a statistical aspect. The chapter ends
with a comparison between the results of this work and existing
published data for the 62848 diffuse feature.

Chapter 4 discusses the spectroscopic measurements made on
the diffuse feature data and presents a careful examination of
the propagation of errors throughout the measurement process. The
statistical wuncertainty data thus derived were used in the

statistical analysis presented in Chapter 5.



Chapter 5 reports a thorough bivariate statistical study of
the diffuse interstellar features at 57802, 57972, 61968, 62032,
62708, 62848 and 63798, using data obtained at the Lick
Observatory. After a brief discussion of the content of the data
acquired from the published literature and included in the
statistical analysis, the results of the statistical study are

presented. These results include:

o an examination of the effects of spectroscopic pollution
of the diffuse features by the stellar and telluric

spectra;

o an examination of the relationship between the strengths of
the diffuse features and interstellar reddening, using both

visual and ultraviolet measures;

O an examination of the existence and nature of any anomalies
in the strengths of the diffuse interstellar features with

respect to reddening;

o an examination of the relationships among the strengths of

the diffuse features;

o an examination of the relationship between the strengths of

the diffuse features and atomic and molecular abundances.

The chapter concludes with a discussion of the statistical
results and an attempt to establish a basis for the physical
interpretation of the statistical results.

Chapter 6 presents the results of the high resolution study
performed at the Mt. Stromlo Observatory. This chapter begins
with a discussion of the theoretical basis of the analysis of the
profiles of interstellar absorption lines and a discussion of the
performance of the coude echelle spectrograph of the 74 inch
reflector at the Mt. Stromlo Observatory. The results of
observations of the sodium D lines are then discussed, including
a comparison with results published by Hobbs where possible.
Subsequently, the observations of the 66142 diffuse feature are

presented and examined with a view to establishing 1limits for
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possible molecular band component separation within the diffuse
feature.

The thesis is concluded with Chapter 7, which summarises the
findings of the previous chapters. This chapter also attempts to
criticise the weaknesses of the current work and to suggest ways
in which these weaknesses may be overcome in future work. Some
suggestions of the most informative directions that future

research programmes might take are also presented.

1.2 An Historical Preamble

The use of spectroscopy as a scientific tool to obtain
physical information about astronomical phenomena has been of
singular importance in the development of modern astrophysics.
Perhaps the credit for performing the first spectroscopic
investigations may be awarded to Sir 1Isaac Newton for his
experiments in 1672, dispersing sunlight with prisms. After
Newton, it was not until the first decade of the nineteenth
century that further contributions to our understanding of
spectroscopy and the nature of spectra began to be made.

The first of these contributions was the extension of the
known visual spectrum beyond the extremes to which the human eye
is sensitive. In 1800, William Herschel demonstrated the
existence of rays beyond the red end of the solar spectrum, the
infra-red, by using a thermometer as a means of detection. 1In
1801, J.W. Ritter confirmed the existence of a similar region
beyond the violet end of the solar spectrum, the ultra-violet,
using the blackening of silver chloride as a means of detection.

In 1802 Thomas Young used the first diffraction gratings to
produce spectra of the Sun. With these spectra he was able to
calculate the approximate wavelengths of light characteristic of
each of the colours. 1In the same year, W.H. Wollaston became the
first to enhance the spectral resolution of spectroscopic
apparatus by the use of a narrow entrance slit instead of a round
hole, which had been used by all investigators previously. With
this improved apparatus, Wollaston observed the spectra of the
Sun and candle flame. In the solar spectrum, he recorded the

observation of several of the Fraunhofer 1lines. However, he



attributed these lines to be the natural boundaries between the
different colours and did not pursue the investigation any
further. He also noted the difference between the continuous
character of the solar spectrum and the discrete character of the
candle spectrum. Since this was the first recorded observation of
an emission spectrum these results caused some learned discussion
concerning the fundamental nature of the candle flame spectrum.

The first modern spectroscope to be constructed was reported
by J. Fraunhofer in 1817. In this paper, Fraunhofer also reported
his spectroscopic observations of the Sun, planets and stars.
Fraunhofer's observations of the solar spectrum were the first to
systematically document the solar absorption lines which have
since taken his name. He documented a total of 354 dark lines in
the solar spectrum, among them the very strong D line. Fraunhofer
also discussed the nature of these lines and reported his view
that the D line corresponded exactly in wavelength to the bright
emission 1line observed in lamp flames. His observations of the
the Moon and the planets Venus and Mars verified that their
spectra were essentially the same as that of sunlight.
Observations of the bright stars Sirius, Castor, Pollux, Capella,
Betelgeux and Procyon demonstrated the nature of stellar spectra
generally to be different to that of the Sun.

Within the following two decades contributions to
spectroscopy were made by J.W.H. Herschel (1823), Brewster (1832
and 1834) and Fox Talbot (1834). In particular, Fox Talbot was
probably the first to Dbegin to explore the potential of
spectroscopy as an analytical tool in the study of chemical
composition. This potential was further explored by Wheatstone
(1835) using electric sparks to generate the emission spectra of
metals.

In the 1850's, the use of spectroscopy as a tool for
chemical analysis was substantiated, first by Angstrom and later
by Kirchhoff & Bunsen (1860), in comparative laboratory and solar
studies. Kirchhbff (1861), in discussing the relationship between
emission and absorption spectra, also began to establish these
gualitative studies on a more profound physical basis. However,
the precise physical nature of spectra was only elucidated in the
early years of the twentieth century.

W. Huggins (Huggins & Miller, 1864) was quick to apply the



work of Bunsen and Kirchhoff and their predecessors to the
investigation of astronomical phenomena. In his early studies,
Huggins collaborated with W.A. Miller and succeeded in taking the
first photographic astronomical spectra of several first
magnitude stars. In the following year, Huggins went on to
observe the emission 1line spectra of gaseous nebulae,
establishing the existence of two uniquely different types of
nebulae: those with emission spectra, and those with continua and
absorption spectra. One further innovation made by Huggins was
the measurement of the shift of stellar spectral lines as a
result of the Doppler effect. The first measurement of this kind
was made soon after 1868 using the spectrum of Sirius.

Although a spectroscopic <classification scheme had been
suggested by L.M. Rutherford as early as 1863, it was Secchi
(1866a, b) who first suceeded in cataloguing stars according to
such a classification scheme. Further work on stellar spectral
classification was initiated by H. Draper some time later. This
work was continued after his death by E.C. Pickering to produce a
classification of variable stars (1881); to develop the use of
telescope objective prisms and photographic plates to obtain many
spectroscopic observations simultaneously (1886); and to discover
spectroscopic binary stars (1890) .

Notably, it was observations of the spectroscopic binary
delta Orionis by Hartmann (1904) which provided the first
conclusive evidence for a '"stationary" component in the
absorption spectra of certain stars. Hartmann had observed the
Ca II K 1line in the spectrum of delta Orionis at several
different epochs and found that "the calcium line at 3934 does
not share in the periodic displacements of the lines caused by
the orbital motion of the star". He also noted that the calcium
line was unusually weak and sharp in comparison with other
stellar lines. With these observations, and similar observations
of Ca Il H and K and Na I D in the spectrum of Nova Persei,
Hartmann initiated the astrophysics of the diffuse interstellar

medium.



1.3 The Interstellar Environment

1.3.1 The Phases of the Interstellar Medium

In addition to the observation of absorption lines arising
from gas in the interstellar environment, it has also been
apparent that localised regions of gas exist which radiate light
at discrete wa§e1engths - the H II regions. Although these
nebulae have been known since the work of Huggins in the 1late
19th Century, their precise interstellar nature only became clear
in the 20th Century. As early as the late 18th Century W. Hershel
noted the patchiness in the apparent distribution of stars in the
Milky Way. Barnard (1927) published a photographic atlas of
selected regions of the Milky Way which illustrated the cloud-
like nature of these dark nebulae. Associated studies by V.M.
Slipher prompted H.N. Russell in correspondence with H. Shapley
(Seeley & Berendzen, 1972) to suggest a dust origin for both the
dark nebulae and the blue reflection nebulae in which the size of
the dust particles was proposed to be similar to the wavelength
of visible light. However, the dust origin of these nebulae was
not substantiated wuntil Trumpler (1930) demonstrated both the
existence and the precise wavelength dependence of interstellar
extinction. Interstellar astrophysics has since studied the
composition and physical state of both these components of the
interstellar medium - gas and dust.

The physical state of the interstellar medium is
characterised by the state of the interstellar gas. By
considering the thermal equilibrium of the interstellar medium
using radiative cooling and heating by cosmic rays, Field,
Goldsmith & Habing (1969) proposed a two phase model of the
interstellar .medium in which two physically distinct phases exist
in pressure equilibrium. These two phases are: cool neutral
diffuse clouds with densities around ZOCm_3 and temperatures
around 80K; a warm intercloud medium with a density and
temperature of approximately 0.1cm-3 and 6000K respectively.
Although this model is successful in explaining the existence of
discrete diffuse interstellar clouds and their typical density

and temperature, later estimates of the cosmic ray ionisation
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rate derived from Copernicus observations (e.g. 10-175—1; Black
& Dalgarno, 1977) suggest this model to be untenable. In
addition, 1in the two phase model, the interstellar medium cannot
be maintained in a steady state if more recent rates of supernova
explosions are realistic (e.g. McKee & Ostriker, 1977). Aiso, no
observational evidence for the warm intercloud medium has been
found, and the mean electron density of the interstellar medium
derived from pulsar dispersion measurements (e.g. Kulkarni &
Heiles, 1987) is inconsistent with the proposed warm intercloud
medium. Finally, the existence of a phase of the interstellar
medium at coronal temperatures, suggested by O VI absorption in'
the ultraviolet (e.g. Jenkins, 1978) and a soft X-ray background
(e.g. Burnstein et al., 1976), cannot be explained by the model
of Field, Goldsmith & Habing.

McKee & Ostriker (1977) proposed a "three phase”" model of
the interstellar medium in which supernova explosions in a cloudy
medium constitute the major energy source. Their proposed phases

of the interstellar medium are as follows:

(i) Cold Neutral Medium (CNM) - the cold cores of interstellar
clouds;

(ii) Warm Neutral Medium (WNM) - the warm neutral envelopes of
clouds;

(iii) Warm Ionised Medium (WIM) - the partially ionised cloud

envelopes;

(iv) Hot Ionised Medium (HIM) - the hot, low density cavities of

supernova remnants.

This theory is able to satisfactorily explain the observed mean
electron densities in the interstellar medium, the observed soft
X-ray background, the observed cloud velocity dispersion and the
mean interstellar pressure of nT-~ 37OOcm-3K. The precise
interpretation of observations of the O VI absorption (e.g.
Jenkins, 1978) and the galactic halo (e.g. Spitzer, 1954; Savage,
1987) 1is still a subject of debate. Although the McKee &

Osteriker model provides a suitable explanation for the existence



of the full range of physical conditions observed within the
diffuse interstellar medium, there <remains the considerable
observational problem of wunigquely identifying each of the
proposed components. Typical temperatures, densities and volume
filling factors for the phases of the interstellar medium

proposed by McKee & Ostriker (1977) are presented in Table 1.1.

Table 1.1
Phase Density Temperature Filling Ionisation
(cm_3) (K) factor fraction
HIM 0.035 450000 0.7-0.8 1.0
WIM 0.25 8000 0.23 0.68
WNM 0.37 8000 0.1-0.15 0.15
CNM 42 80 0.02-0.04 0.001

A table presenting the physical conditions characterising each
phase of the diffuse interstellar medium as proposed by McKee &
Ostriker (1977). These values are approximate.

In the physical description of the phases of the
interstellar medium little has been mentioned about
morphologically distinct phenomena such as H II regions,
reflection nebulae, dark nebulae and molecular clouds. Generally,
these phenomena all occur at higher densities than those typified
by diffuse interstellar clouds. H II regions occur 1in the
vicinity of main-sequence O stars and are regions of photo-
ionised hydrogen. Their presence is indicated by H I and O III
emission lines in the visible spectrum. Typical densities for
H II regions range from 102cm"3 to 103cm—3 and temperatures for
these objects are around 8000K. Although observationally very
distinct, H II regions are highly localised, having a volume
filling factor which is diminishingly small with respect to
diffuse clouds. Dark matter and observational molecular clouds
are often coincident. Observational indicators for molecular
élouds are commonly <CO, OH or H2CO radio emission. Typical
densities for these clouds range from 102cm_3 to 107cm_3 and they
have temperatures ranging from 10K to 60K. It is clear that this
range of physical conditions will embrace both the cores of
diffuse interstellar «clouds and the dense interiors of giant

molecular clouds. It is also notable in this context that diffuse



clouds are chemically active and produce simple molecules, e.g.
co, CH, CH+, CN (Black & Dalgarno, 1977; Dickman et al., 1983;
Mann & Williams, 1984 and 1985). However, the giant molecular
clouds have a volume filling factor of less than 1% and appear to
have an environment closely related to the galactic spiral
structure. This behaviour is also true for the distribution of
H II regions.

The four phases or domains of the diffuse interstellar
medium simplistically suggest a spherical symmetry to a diffuse
cloud, 1i.e. a cold cloud core successively enveloped in a warm
neutral medium, a warm partially ionised medium, and embedded in
a hot ionised medium. McKee & Ostriker give typical dimensions
for each of these domains (see Table 1.1). They also suggest that
the clouds will only become distorted from a roughly spherical
symmetry on interaction with the shell of a supernova remnant.
Observationally, however, diffuse interstellar <clouds do not
appear to be spherical but more sheet-like or filamentary (e.g.
Kulkarni & Heiles, 1987). This may have important implications
for the interpretation and modelling of physical processes within

diffuse interstellar clouds.
1.3.2 The Nature of the Interstellar Dust

There are five major observational indications of the
existence of dust in the interstellar medium: dark nebulae,
reflection nebulae and the diffuse galactic light, interstellar
extinction, the polarisation of starlight, infra-red thermal
emission. In addition, the existence of the depletion of several
elements in the gas phase in diffuse interstellar clouds has been
interpreted as evidence for the presence of these elements in
grain materials. The existence of infra-red absorption and
emission features (e.g. Aitken, 198l1) also suggests the existence
of silicates as a grain material in the interstellar medium and
water 1ice as a grain mantle component 1in dense interstellar
regions. These observations have been reviewed by Savage & Mathis
(1979) and Whittet (1981).

The form of the interstellar extinction curve with repect to
wavelength 1is illustrated in Figure 1.1, taken from Savage &

Mathis (1979). This shows an average extinction curve from
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Diagram illustrating the variation interstellar extinctio
of reciprocal wavelength in the range 0 microns
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0 microns_'1 to 10 microns—1 in units of reciprocal wavelength. It
can be seen from this figure that the broad trend of interstellar
extinction is roughly inversely proportional to wavelength. 1In
addition to this broad behaviour, there also exists structure in
the extinction curve. The most notable feature 1is in the
ultraviolet region at an approximate wavelength of 22008. The
width of this feature is approximately 0.2 in units of dA/A. 1In
the visible region, the diffuse interstellar features may also be
regarded as fine structure (e.g. York, 1971; Herbig, 1975). The
widths of the diffuse features range from 0.005 to 0.0001. The
visible spectrum also exhibits very broad band extinction
structure (Whiteoak, 1966; Hayes et al., 1973; wvan Breda &
Whittet, 1981) with widths upwards of 0.02 and typically 0.1. In
the infra-red region, common absorption features are found at
wavelengths of 3.07 microns and 9.7 microns. These features have
widths of approximately 0.15 and 0.5 respectively. Other infra-
red absorption features also exist.

Interstellar extinction is understood to be the result of
absorption and scattering of starlight by interstellar dust
grains. Thus dark nebulae, reflection nebulae and extinction may
be considered different manifestations of the same physical
process. The extinction properties of interstellar dust have
commonly been interpreted using the Mie theory of scattering and
absorption by spherical particles with a complex refractive index
(Mie, 1908). The Mie theory has been reviewed in mathematical
detail elsewhere (e.g. Spitzer, 1978; Martin, 1978) and will not
be reviewed here. This theory has been the principal
interpretative tool in studies of the observed variation of
interstellar extinction with wavelength (e.g. Mathis, Rumpl &
Nordsieck, 1977; Hong & Greenberg, 1980; Duley & Najowsky, 1983;
Draine & Lee, 1984; Rowan-Robinson, 1986). The precise form of
the interstellar extinction curve is understood to be the result
of a distribution of grain size and composition along an
interstellar 1line of sight. However, in the absence of any
detailed observational information concerning the composition of
the dust, this modelling remains ill-conditioned in that similar
extinction curves can be generated from different combinations of

size distribution and grain composition.



The interpretation of the 22008 feature has been the subject
of considerable investigation since the early ultraviolet
observations reported by Stecher (1965). The feature, which has
its central wavelength near 21752, has customarily been
interpreted as a pure absorption feature resulting from a
distribution of small carbon grains (e.g. Mathis, Rumpl &
Nordsieck, 1977; Draine & Lee, 1984). More recently, Steel &
Duley (1987) have presented laboratory results which indicate
that small silicate particles also have an absorption peak near
2175&. Duley (1987) and Duley, Jones & Williams (1989) have
suggested a dust model which incorporates silicate particles
coated with hydrogenated amorphous carbon, where the 22002
feature is produced by small magnesium-rich silicate grains. 1In
particular, this model is able to explain the variations in the
ultraviolet extinction curve reported by Savage (1975), Massa,
Savage & Fitzpatrick (1983), Massa & Fitzpatrick (1986) and
Carnochan (1986) simply by carbon depletions.

Although the reality of very broad band structure in the
interstellar extinction curve is no longer in doubt, the
processes 1likely to produce such structure are still the subject
of some discussion. Van Breda & Whittet (1981) reviewed the
possible causes of this structure and concluded that the most
likely <cause 1is the existence of magnetite (Fe304) within the
particles responsible for the extinction and polarisation in the
visible region. The nature of the diffuse features, however,

remains a subject of continuing investigation after over 50

years.
Aside from studies of the wvariation of interstellar
extinction with respect to wavelength, the composition of

interstellar dust grains has largely been derived from the
identification of discrete spectral features in the infra-red and
their attribution to grain materials (e.g. Aitken, 1981), and
interstellar abundance data (e.g. Whittet, 1984). The 3.07 micron
and the 9.7 micron features are both seen in absorption towards
the galactic centre and highly reddened sources. The 9.7 micron
feature is also seen in emission towards circumstellar stellar
dust shells and has been interpreted as being due to stretching
vibrations of the Si-O bond in grains of amorphous silicates. A

feature observed in absorption and emission around 18 microns has



also been interpreted as being due to bending of the Si-0-Si bond
in silicates. The 3.07 micron feature has been interpreted as
being due to water ice within grain mantles. Impurities in this
ice, from NH3 and hydrocarbons, may be invoked to explain the
variations observed in the profile of this feature. Also, the
shape of this feature may be affected by stretching vibrations in
the C-H bond, expected to occur between 3.3 and 3.5 microns.
Other absorption features occur at 4.61, 6.0 and 6.8 microns and
remain wunidentified. Figure 1.2 illustrates the spectrum of the
heavily reddened infra-red source W33, 1in the wavelength range 2
to 14 microns. Furthermore, emission features occur at 11
microns, attributed to SiC, and at 3.28, 3.4, 3.5, 6.2, 7.7, 8.6
and 11.3 microns. The latter features are understood to arise at
the interface between H I and H II regions but are otherwise
unidentified.

Whittet (1984) reviewed the available atomic depletion data,
derived mainly from ultraviolet ocbservations. He noted that the
carbon depletion in diffuse interstellar clouds is usually 30%,
but can lie in the range 0% to 65%, and that the precise
depletion is dependent upon the density within the cloud. Since
the production of CO in these clouds accounts for only a small
fraction of this depletion, the carbon depletion implies the
presence of some form of carbon in grains or grain mantles.
Whittet adopted a typical depletion of 40% for oxygen and
nitrogen in diffuse clouds. For silicon and the metals, he noted
that iron is depleted by an average of 98% and that the metals
aluminium, titanium, nickel and calcium show higher depletions.
However, zinc remains relatively undepleted. The depletions of
iron, aluminium and calcium show significant correlations with
cloud density and all the metals correlate loosely with
condensation temperature. From an analysis of these depletion
data, Whittet concluded that silicates and metal oxides are the
dominant grain materials.

Since the work of Davis & Greenstein (1951) interstellar
polarisation has been understood to be the result of the partial
alignment of non-spherical grains in the galactic magnetic field.
It has also been found that the magnitude of interstellar
polarisation shows a specific trend with respect to wavelength,

with a broad maximum 1lying in the visual or near infra-red
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Figure 1.2

Diagram illustrating the spectrum of the heavily reddened infra-
red source W33A in the wavelength range 1.5 microns to 14 microns
(Willner et al., 1980). This spectrum clearly shows several of
the infra-red absorption lines.
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region. When the wavelength dependence of polarisation is
normalised, relative to the wavelength of maximum polarisation,
all such curves show close agreement to a single empirical
relationship (Serkowski, Mathewson & Ford, 1975). These
observations suggest a constant grain refractive index for the
grains responsible for the polarisation in the blue to the near
infra-red. Mathis (1979) suggested that these polarising grains
are dielectric and have the same size distribution as those
responsible for the extinction at visible wavelengths. This, in
turn, suggests that the population of small grains normally
adopted to explain the extinction in the ultraviolet are either
spherical in shape or unaligned.

Infra-red thermal emission from interstellar dust results
from the absorption of ultraviolet or visible photons and the
subsequent emission of this energy as longer wavelength
radiation. Generally, the absorption of a photon of light will
increase the grain temperature smoothly. However, if the grain is
small, of radius less than 0.0l microns say, then the grain will
experience large fluctuations 1in temperature because of the
heating effect of a single photon on such a small gquantity of
material. In dense interstellar environments, dgrain heating by
collisions with atoms and molecules also becomes an important
heating mechanism. However, in diffuse interstellar clouds, grain
heating is predominantly radiative.

The mechanisms of grain growth and destruction have been
reviewed by Salpeter (1977), Barlow (1978a, b, and c¢) and more
recently Seab (1987). The envelopes of evolved stars and
condensations within supernova ejecta are understood to provide
suitable environments for the nucleation of interstellar grains,
although observational evidence for the condensation of grains
within supernova ejecta does not exist. The observation of infra-
red emission features towards cool stars with envelopes rich in
carbon or oxygen supports the stellar origin of grains (e.g.
Whittet, 1981). The subsequent growth of interstellar grains may
proceed by accretion or coagulation. Accretion processes include
the conversion of volatile grain mantles (e.g. Field, 1974;
Greenberg, 1974) into refractory material (e.g. Greenberg, 1982);

the weak physical adsorption of refractory elements onto grain



surfaces (e.g. Duley & Millar, 1978); the chemical adsorption of
refractory elements onto grains (e.g. Barlow, 1978c).
Grain destruction in the diffuse interstellar medium 1is

dominated by the effects of interstellar shocks. Three mechanisms

for the destruction of grains by shocks exist: thermal
sputtering by a hot gas; non-thermal sputtering by the
acceleration of grains; collisions between accelerated grains.

The latter two processes occur only in shocks which are

radiative.

1.3.3 Observing the Diffuse Interstellar Medium

In addition to the density and temperature of interstellar
clouds, several other physical parameters are of considerable
importance to their observational appearance: the ambient
interstellar radiation field; elemental abundances; grain
composition and abundance; the cosmic ray ionisation rate; the
cloud geometry. These parameters in turn influence chemical
processes, both two-body gas phase and grain surface reactions,
and grain composition. Theoretical studies of the chemistry of
diffuse interstellar clouds indicate that these <clouds are
typically in chemical equilibrium and that the chemistry is
dominated by radiative ionisation and dissociation processes
(e.g. Duley & Williams, 1984).

The effect of interstellar shocks upon diffuse clouds is to
introduce a time-dependent change in the physical conditions
within the «c¢loud away from those suggested by steady-state
models. Shocks to neutral interstellar gas may arise at the
boundaries of H II regions, from collisions between diffuse
clouds, from density waves associated with Galactic spiral
structure, and from supernova explosions. The incidence of a
shock will generally lead to a local increase in cloud density
and temperature and also accelerate the gas to a velocity close
to that of the shock front. The precise physical behaviour of the
shocked region will be dependent upon whether the gas has time to
maintain radiative equilibrium (i.e. low velocity shocks) and
whether local magnetic fields are significant (e.g. Shull &
Draine, 1987).

A diffuse interstellar cloud has a theoretical meaning which



is difficult to establish observationally. Taking the typical
conditions of such a cloud from Table 1.1, a standard diffuse
cloud would have a core density around 40cm_3 and a temperature
around 80K. It is clear that some statistical variation in mean
cloud parameters will exist, and also clear that the McKee &
Ostriker (1977) model implies structure within diffuse clouds.
Diffuse interstellar clouds are observationally identified by
resolved velocity components from either 2lcm radio emission or
atomic absorption lines in the visible and ultraviolet spectrum.
Radio observations can suffer from velocity crowding along the
line of sight because of the extremely low optical depth of the
interstellar medium within the 2lcm 1line. Absorption line
spectroscopy, requiring a target star, suffers less from velocity
crowding, but does not eliminate the possibility of clouds being
observed with unresolved velocity structure (e.g. Black & van
Dishoeck, 1988).

In observational studies of the diffuse interstellar medium
there are four main sources of information which can be used to
understand the processes occurring within the medium: extinction
studies, polarisation studies, radio molecular line spectroscopy
and optical and ultraviolet absorption line spectroscopy. The
interpretation of the interstellar extinction curve and
polarisation data have been discussed in some detail in the
previous subsection. Together, these data provide information
concerning the size distribution and composition of interstellar
grains along a line of sight, and may also indicate grain mantle
growth (e.g. Aitken, 1981; Jones, Duley & Williams, 1987). Radio
molecular line spectroscopy has similar limitations to the 2lcm
line, but may still be used to some effect in the determination
of molecular abundances (e.g. Dickman et al., 1983). Absorption
line spectroscopy, in the visible and ultraviolet, provides the
principal source of data about the diffuse interstellar medium.
In particular, it provides column densities of atomic and
molecular species along the 1line of sight. Ideally these
abundance data would be further classified into 1line-of-sight
velocity components (e.g. Morton, 1975), but the resolution of
most observations militates against this. This is especially true
of ultravioclet data.

The full interpretation of abundance data requires a



modelling exercise for both the physical and chemical evolution
of a diffuse interstellar cloud. These modelling exercises begin
by wusing basic diagnostic data derived from column density
observations (e.g. Black & Dalgarno, 1977; van Dishoeck & Black,
1986) . Molecular diagnostic indicators have been reviewed by Snow
(1980) and van Dishoeck & Black (1986). The relative populations
of the rotational states of the homonuclear molecules H2 (e.qg.

Savage et al., 1977) and C_, (e.g. van Dishoeck & de Zeeuw, 1984)

2
indicate kinetic temperatures within clouds. Analysis of the

populations of the higher rotational levels of H., (e.g. Spitzer &

2
Morton, 1976) and HD (e.g. Wright & Morton, 1979) have resulted
in estimations of the radiation fields in the vicinity of diffuse
clouds. The fine structure excitation of the atomic species C, O
and C+ may also be used to derive estimates of the thermal
temperature within clouds. The rotational excitation of CO by H2

leads to the determination of the density of H (e.g. Smith,

Krishna Swamy & Stecher, 1978; Snow & Jenkins, 21979), and the
cosmic ray ionisation rate local to a cloud may be inferred from
the observed abundances of the molecules HD and OH (e.g. Black &
Dalgarno, 1977). Having obtained physical data from these
diagnostic indicators, a model diffuse cloud may be wused to
calculate predicted abundances which can subsequently be compared
with observations. However, chemical rate coefficients and
fundamental spectroscopic data are not accurate enough to use
some molecular abundances as diagnostic tools for interstellar
processes (e.g. Mann & Williams, 1984 and 1985; van Dishoeck &
Black, 1986).

The high relative abundance of several atomic and molecular
species has been interpreted as indicating the presence of
shocked interstellar material along a line of sight. The molecule
CH+ is understood to be closely related to the chemistry of
interstellar shocks (e.g. Elitzur & Watson, 1980; Federman,
1982). Also, the dependence of the depletion of elemental
abundances upon diffuse cloud velocity, e.g. calcium and sodium,
may be interpreted as an indicator of grain destruction processes
within shocks (e.g. Siluk & Silk, 1974). However, Barlow & Silk
(1977) suggest that this variation might reflect the density

dependence of the depletion of gas phase calcium and sodium onto



grains. This density effect has been reported by Phillips,
Pettini & Gondhalekar (1984).

1.4 Observations of the Diffuse Interstellar Features

1.4.1 Early Observations

The first known observation of the diffuse interstellar
features was made by Cannon about 10 years after Hartmann's first
observation of interstellar Ca II and Na I, some time between
1911 and 1919 (Code, 1958). The diffuse feature she observed was
at a wavelength of approximately 44308 and was misidentified as
stellar H gamma in the spectrum of HD80077 during the preparation
of the Henry Draper Catalogue. Some years later, Heger (1921,
1922) observed two absorption lines with aproximate wavelengths
of 57808 and 57978 in the spectra of six early-type stars, and
noted the possibility of their being "stationary" in behaviour
similar to the lines of Ca II (H and K) and Na I (D1 and D2).
Wright (1921) also observed a probably stationary line at 62682,
but considered it to be of atmospheric origin. At this time the
interstellar origin of the stationary lines of calcium and sodium
was still being debated within the astronomical community.

Although observed in the spectrum of HD183143 by Merrill
(1930), the lines at 57808, 57978, 6284K and 66148 were not
considered to be of interstellar origin by him until 1934. On the
basis of their repeated occurence in early-type stars, Merrill
(1934) reported their possible interstellar origin and their
"rather diffuse" appearance in comparison with interstellar
atomic 1lines. Two years later Merrill (1936a, 1936b) reported
more rigourous tests of the interstellar origin for the above
diffuse features. Merrill (1936a) reported their stationary
behaviour in the spectrum of the spectroscopic binary HD224151,
and the detection of a possible feature at 44272. The new line
was very broad and shallow, and was reported as being "a rather
vague feature". Merrill (1936b) reported the behaviour of these
features in a small sample of stars of differing radial
velocities. Again, the diffuse features displayed radial
velocities more concordant with the stationary sodium lines than

with the respective stellar spectra. Similar tests were carried



out for the feature at 44308 by Beals & Blanchet (1937) on a
sample of 46 stars of spectral types O and B. The sample included
the spectroscopic binary HD216014, and the tests were consistent
with an interstellar origin of this feature. A further
confirmation of this result was given by Merrill & Humason
(1938).

The first comprehensive survey of the known interstellar
lines, including diffuse features, was reported by Merrill et al.
(1937). This survey was compiled at the Mt. Wilson Observatory
using the Cassegrain spectrographs of the 100 inch and 60 inch
telescopes. The survey covered a total of 400 stars, with a
varying degree of completeness, in both the blue and vyellow
regions of the spectrum. The yellow spectra were mostly of 34R/mm
reciprocal dispersion, and the blue spectra were mostly of 248/mm
reciprocal dispersion. Most stars observed were in the
constellations of Cygnus, Perseus, Cepheus or Cassiopeia, and
the strength of the 62848 diffuse feature was measured for only
129 of these stars.

A careful appraisal of the data acquired in the above survey
was reported by Merrill & Wilson (1938). It is interesting to
note that they also reported the identification of two further
possible diffuse interstellar features at 6203R and 62708. In
their appraisal Merrill & Wilson noted that the diffuse features
are normally symmetrical in shape, with only a few noted
exceptions. They considered the ratios between the equivalent
widths of these lines to be constant within their assigned errors
of measurement. Choosing the strongest diffuse feature to be
62848, Merrill & Wilson then went on to correlate the eguivalent
width of this line with those of the sodium and calcium lines.
They found approximately the same correlation between 62848 and
each of the two atomic species. They further explored the
correlation of the equivalent widths of both the 62848 diffuse
feature and the sodium lines with reddening, wusing colour
excesses derived from data given by Stebbins & Huffer (1934).
They noted a higher correlation coefficient for the diffuse
feature strength and reddening than for the sodium 1lines and
reddening and they observed that this may in part be due to
saturation of the sodium lines. In their discussion of the

implications of these observations, Merrill & Wilson were the



first to attempt a systematic approach to identifying the cause
of the diffuse features. Considering the strengths of the diffuse
features, they argued that only strong atomic lines (namely those
of sodium and calcium) had so far been identified in the
interstellar medium. Considering the well resolved width of these
absorption features, they argued against an atomic origin since
neither natural nor thermal line broadening mechanisms produced
acceptable values for the damping constant and kinetic
temperature respectively. A molecular origin was discussed, but
proved inconclusive. They noted that the high degree of
correlation between diffuse feature strength and reddening
implied a <closer relationship with the interstellar dust than
that between the atomic lines and the interstellar dust. Although
no further conclusions could be drawn from this correlation, they
also considered the possibility either of a dust origin for the
diffuse features or of an origin arising from a dust-gas
interaction of some kind.

The discussion of the source of the diffuse interstellar
features prompted Swings & Rosenfeld (1937) to suggest the
existence of interstellar molecules, in particular the radical
CH; Swings & Rosenfeld (1937) noted a weak absorption line at
43003 observed by Dunham (1937) which they attributed to CH.
Eyster (1937) argued strongly against the existence of molecules
in the diffuse interstellar medium on the basis of the hostility
of the environment to simple molecules. However, soon afterwards
McKellar (1940) reported the identification of several sharp
interstellar 1lines as being caused by interstellar CH and CN.
Hence, the early work on the diffuse interstellar features
probably stimulated the search for and later identification of
interstellar molecules. It is interesting to note that, fifty
years since Merrill & Wilson reported their study of the diffuse
interstellar features, the question of the origin of these
features is no clearer. This is despite considerable research
into the theoretical, laboratory and observational aspects of the

problem.



1.4.2 Post-war Studies at Moderate Resolution

There are currently 74 known diffuse interstellar features
(Herbig, 1975; Sanner, Snell & Vanden Bout, 1978; Smith et al.,
1981; Herbig & Soderblom, 1982; Herbig, 1988)), with sharpness
ranging from 0.708 to 308 full width at half depth (FWHD) and
with strengths ranging from less than 1% to 38% absorption depth,
for HD183143 (Herbig, 1975). 1In addition to these known diffuse
features, Herbig (1975) also lists several suspected features.
Table 1.2 lists data for the currently known diffuse interstellar
features and Table 1.3 lists data for the currently suspected
diffuse features. Figure 1.3 reproduces the spectra of HD183143
and beta Orionis in the region 54008 to 63008 (Herbig, 1975),
illustrating many of the diffuse features. Other than the 22002
feature and a possible feature at approximately 16008 (Savage &
Mathis, 1979), no absorption features analagous to the diffuse
features have been found in the ultraviolet. Seab & Snow (1985)
suggested that this may be the result of the density of
absorption lines in the ultraviolet spectra of early-type stars.
Thus the guestion of the existence of the diffuse features at
ultraviolet wavelengths remains an open one. It 1is also of
interest to note the reported existence of broadband structure in
the interstellar extinction curve (e.g. Hayes et al., 1973;
Whittet, van Breda & Glass, 1976; van Breda & Whittet, 1981). The
two dominant broadband features are a distinct knee aproximately
44008 and a shallow absorption band centred at approximately
55508 with a width of around 2000%.

Most recent studies at intermediate resolution, i.e. 15km/s
to 120km/s resolution, have been of the form of surveys with a
view to performing a statistical analysis of the diffuse feature
strengths. These surveys most often include measures of reddening
as the other interstellar parameters in the survey, although some
authors have included atomic and molecular abundances as well.
Smaller studies have been published which have been designed to
test particular hypotheses concerning the behaviour of the
diffuse features. There have been several large studies of the
44308 diffuse feature (e.g. Duke, 1951; Wampler, 1966;
Baerentzen, 1967; Isobe et al., 1986) and several large studies

of the diffuse features in the yellow/red spectrum (e.g. Wu,



Table 1.2

Wavelength FWHD A Reference
(&) &) (a7

4428 - 20 16 Herbig (1975)
4501.8 *0.2 3.0 6.5 Herbig (1975)
4726 * 0.5 5.0 5. Herbig (1975)
4754.9% 0.5 5.6 3 Herbig (1975)
4763.0% 0.3 5.3 5 Herbig (1975)
4779.7% 0.2 1.8 3.5 Hexrbig (1975)
4882 - 17 6 Herbig (1975)
5362 * 1 4.4: 2.5: Herbig (1975)
5404.3% 0.2 1.0 5.5 Herbig (1975)
5420 * 1 11: 2 Herbig (1975)
5449 % 2 14 4.5: Herbig (1975)
5487.31+0.13 4.4 6 Herbig (1975)
5493.8 ... 0.8 5 Herbig (1975)
5535 *5 23: 2.5: Herbig (1975)
5544.6 %0.2 0.8 3.5 Herbig (1975)
5705.12+0.08 3.5 7.5 Herbig (1975)
5778.3 *1: 17 6 Herbig (1975)
5780.41+0.01 2.6 0.37 Herbig (1975)
5794.96 ... 1.3 22 Herbig (1975)
5797.03+0.02 Herbig (1975)
5844.1 *0.2 4.5 3.2 Herbig (1975)
5849.79+0.03 1.0 9.5 Herbig (1975)
6010.9 *0.2 4.2 4 Herbig (1975)
6042 2 14: 2 Herbig (1975)
6113.0 0.2 8.5 5 Herbig (1975)
6177.1 *1 30 7 Herbig (1975)
6195.95+0.02 0.70 14 Herbig (1975)
6203.06+0.03 2.3 16 Herbig (1975)
6206.49 ... Herbig (1975)
6269.77%20.02 1.4 17 Herbig (1975)
6283.91+0.02 3.8 38 Herbig (1975)
6314 *2 19: 4 Herbig (1975)
6353.5 +0.3 3.1 3 Herbig (1975)
6376.08+0.04 1.5 5.7 Herbig (1975)
6379.30+0.02 0.86 16 Herbig (1975)
6425.7 *0.2 1.1 4 Herbig (1975)
6597.4 *0.1 0.60 3 Herbig (1975)
6613.63+0.02 1.1 34 Herbig (1975)
6660.71+0.06 .o .o Herbig (1975)
6699.4 +0.2 1.1 6 Herbig (1975)
6767.59 ... . .-- Herbig (1988)
6768.59 ... . . Herbig (1988)
6770.07 ... 1.1 3 Herbig (1988)
6779.02 ... “ee .- Herbig (1988)
6780.46: . - Herbig (1988)
6788.64 ... . - Herbig (1988)
6792.39 ... . - Herbig (1988)
6795.20 ... e e Herbig (1988)
6801.42 ... . . Herbig (1988)
6803.28 ... e .e- Herbig (1988)

6809.31 ... “ee .. Herbig (1988)



Wavelength FWHD A Reference
&) (&) (37

6811.14 ... e e Herbig (1988)

6818.6 - 6820.6 ... e Herbig (1988)

6821.56 ... .o ee Herbig (1988)

6823.32 ... e e Herbig (1988)

6827.23 ... ... ... Herbig (1988)

6832.75 ... .- - Herbig (1988)

6834.46 ... “en . e Herbig (1988)

6836.09 ... e .o Herbig (1988)

6837.71 ... .- ce. Herbig (1988)

6839.31 ... .o .e- Herbig (1988)

6841.64 ... . . .. Herbig (1988)

6843.47 ... .o - Herbig (1988)

6845.31 ... .- . e Herbig (1988)

6846.56 ... cee e Herbig (1988)

6847.58 ... .- ... Herbig (1988)

6852.50 ... .-- ... Herbig (1988)

6860.13 ... .e- .e. Herbig (1988)

6862.47 ... .- e Herbig (1988)

6992.99+0.3 .o 18 Herbig & Soderblom (1982)
7224.01+0.01 . 28 Herbig & Soderblom (1982)

7562.2 1.0 ce. .. Sanner, Snell & Vanden Bout (1978)
7570 +1 .- .. Sanner, Snell & Vanden Bout (1978)
8620.7 *0.3 .ee e Sanner, Snell & Vanden Bout (1978)

A table presenting all currently known diffuse interstellar
absorption features. In columns 1, 2 and 3, colons are used to
indicate uncertain data and a row of dots is used to indicate
that data are not available. Data are taken from the references
given in column 4.
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Table 1.3

Wavelength FWHD A Reference
&) (&) (37

5508 +1 1: 5 Herbig (1975)
6234.1 +0.2 0.9 3 Herbig (1975)
6362.5 *0.3 1.7: 2.5 Herbig (1975)
6445.4 0.2 1.5 6: Herbig (1975)
6742.0 *0.5 3.5 2.5 Herbig (1975)
8572.4 0.6 e ... Sanner, Snell & Vanden Bout (1978)
8650 +5 . .. e Sanner, Snell & Vanden Bout (1978)

At table presenting all currently suspected diffuse interstellar
absorption features. In columns 1, 2 and 3, colons are used to
indicate uncertain data and a row of dots is used to indicate
that data are not available. Data are taken from the references
given in column 4.
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Figure 1.3

Diagram comparing the spectra of the reddened star HD183143 and
the unreddened star beta Orionis in the wavelength range 54008 to
63008 (Herbig, 1975). The spectrum of HD183143 (top) clearly
shows the diffuse feature spectrum in this region.



1972; Bromage & Nandy, 1973; Herbig, 1975). Also, there has been
one extensive literature review and statistical study: Snow, York
& Welty (1977). The statistical results of the earlier papers
have generally been superceded by those of the later studies. A
review of the more recent statistical studies follows.

Wu (1972) presented observations of the diffuse interstellar
features at 57802 and 57978 for a sample of 66 reddened stars at
a resolution of approximately 0.268 (13 km/s). Correlation plots
of diffuse feature equivalent width against colour excess for
several colour indices were presented, including ultraviolet
photometry provided by the 0AO0-2 (Orbiting Astronomical
Observatory) satellite. The colour excesses used were E(B-V),
E(2175-3500) and E(1200-V), where 1200, 2175 and 3500 are the
central wavelengths of the wultraviolet photometry bands in
Angstrom units. Although few numerical statistics were presented
by Wu, the data suggested that the diffuse features correlate
better with E(B-V) than with E(2175-3500) and that the diffuse
features correlate poorly with E(1200-V). Wu also reported a
systematic weakening of the 57808 diffuse feature towards
emission 1line B stars, and a systematic strengthening of this
diffuse feature towards stars in the Scorpius/Ophiuchus region. A
more thorough statistical analysis was reported by Bromage &
Nandy (1973) on a sample consisting of 27 stars in the vicinity
of Cygnus and using 11 diffuse interstellar features at a
resolution of approximately 2.48% (120 km/s). The results
presented by Bromage & Nandy for correlations between the
equivalent widths of the diffuse features and extinction used
only the E(B-V) colour excess. It was found that the strengths of
the diffuse features were generally well correlated with colour
excess with the exception of the star Cyg OB2 No. 10, which
appears to have diffuse features in its spectrum significantly
stronger than its reddening suggests. Bromage & Nandy also
presented evidence suggesting that the correlation between the
strengths of the different diffuse feétures was consistently
better than that between the diffuse features and colour excess.

The observations and analysis reported by Herbig (1975) for
39 diffuse interstellar features towards a total of 57 stars at a
resolution of approximately 0.56% (28 km/s) are probably the most

thorough to date. Herbig reported that correlations between the



equivalent widths of the diffuse features and colour excess
resulted in higher correlation coefficients for the redward
colour excesses (e.g. E(V-R), E(V-I), E(V-K) and E(R-I)). He also
noted that the correlations between the strengths of the diffuse
features were higher than those between the diffuse features and
reddening. Furthermore, it was found that the diffuse features
observed 1in the spectra of stars in the regions of Cygnus and
Scorpius/Ophiuchus were systematically weaker than in other
directions by typically 30% (c.f. Wu, 1972). Considering the
presence of a variable knee in the interstellar extinction curve
near the centre of the B photometric band (at approximately
44002), and that the ratio of diffuse feature strength and E(B-V)
is lowest where the ratio of the wultraviolet extinction and
visual extinction is low, Herbig predicted that correlations of
the strengths of the diffuse features with ultraviolet extinction
should be higher than with the optical or infra-red extinction.
However, only U band ultraviolet photometric data were used in
the statistical analysis reported by Herbig, and so he did not
test this hypothesis.

Snow, York & Welty (1977) attempted to rationalise all
currently available data in the literature for the diffuse
interstellar features at 44302, 57808, 57972 and 62842 into one
internally consistent data set, and performed a correlation
analysis on the resulting data. A total of 1571 stars were
included in their literature search. As with the analysis of
Bromage & Nandy (1973) only E(B-V) was used as a measure of
extinction in their statistics. The statistical analysis reported
by Snow, York & Welty resulted in the identification of a number
of stars towards which one or more of the diffuse features
included showed an anomalously large departure from a linear
function fitted to the data. The criterion by which these stars
were identified was that the departure from the fitted 1line 1in
the direction of eqﬁivalent width should be greater than twice
the standard deviation of the least squares fit.

Nandy & Thompson (1975) reported observations of the
ultraviolet extinction towards 62 stars using data acquired from
52/68 Sky Survey telescope of the ESRO TD-1 satellite. The

equivalent width of the 22002 feature was derived from the



ultraviolet photometry using an empirical relationship (Nandy et
al., 1975). Using data for the strength of the 44308 diffuse
interstellar feature from Herbig (1975) and Baerentzen (1967),
they calculated the 1linear correlation coefficient for the
relationship between the absorption depth of the 44308 feature
and the equivalent width of the 22008 feature. They concluded
that the correlation was very good, the linear coefficient being
0.93140.02 (note that their linear correlation coefficient for the
relationship between Ac(4430) and E(B-V) was 0.92+0.02). The
correlation between the equivalent width of the 22008 feature and
colour excess, E(B-V), reported by Nandy et El; (1975) appears to
be comparable to that between the strength of the 44308 diffuse
feature and the 22002 feature.

Dorschner, Freidemann & Gurtler (1977) used ultraviolet data
from both the OAO-2 satellite and the TD-1 satellite to determine
the equivalent width of the 22003 feature towards 194 stars.
These results were correlated with colour excess, E(B-V), the
IC(4430) photometric index taken from Baerentzen (1967), the
equivalent widths of the diffuse features at 57808 and 57973 from
Wu (1972) and Herbig (1975), the equivalent widths of the sodium
D2 line from Hobbs (1974), and the hydrogen column density from
Savage & Jenkins (1972). They concluded that a poorer correlation
exists between the strengths of the diffuse features and the
22008 feature than between the the strength of the 22008 feature
and E(B-V). Schmidt (1978) presented narrow band photometric
observations for the 57802 diffuse feature towards 50 stars.
Using narrow band (Stromgren) photometry from Lindemann & Hauck
(1973), data for the strength of the 22008 feature from Savage
(1975) and OAO-2 far ultraviolet photometry from Code, Holm &
Bottmiller (1977), Schmidt concluded that the strength of the
57802 diffuse feature showed similar behaviour when plotted
against E(b-y) as it did when plotted against wultraviolet
absorption at 15508. He also found that the 2200X feature
correlated better with E(b-y) than with the strength of the 57802
diffuse feature.

Danks (1980) reported observations of the depth of the 22003
feature towards 30 stars derived from data from the ANS
(Astronomical Netherlands Satellite). These measurements were

correlated with colour excess, E(B-V), and photometric



observatiohs of the strength of the 44308 diffuse feature
reported by Gammelgaard (1275). Although no numerical statistics
were presented by Danks, the results appear to be in agreement
with those of Dorschner, Friedmann & Gurtler (1977). Wu, York &
Snow (1981) reported wultraviolet photometry for 110 stars
acquired using the ANS. The colour excesses E(1550-V), E(1800-V),
E(2200-V) and E(3300-V) were derived from these data and used in
correlations with the absorption depth of the 44308 diffuse
feature and the equivalent widths of the 57803 and 62843 diffuse
features. The diffuse feature data were taken from the literature
search reported by Snow, York & Welty (1977). A general trend of
increasing correlation coefficient towards redward extinctions
was found for the 44302 feature data. However, Wu, York & Snow
reported that no clear relationship appeared to exist Dbetween
wavelength of the extinction measure and the magnitude of the
resulting correlation coefficient for the 57808 and 62842 diffuse
features. An increase in the correlation between the strength of
the 22002 feature and extinction, typically E(B-V), in comparison
with the correlation between the 22002 feature and the diffuse
features was noted. This result is in agreement with that of
Dorschner, Friedmann & Gurtler (1977).

Prompted by the results of Herbig (1975) for the increasing
correlation between the strengths of the diffuse features and the
redward colour excesses, Sneden et al. (1978) used new infra-red
photometric obsefvations for 105 stars and the diffuse feature
catalogue of Snow, York & Welty (1977) to examine this reported
trend. They concluded that there was no improvement in
correlation with redward colour excess.

Although there have been more recent reports concerning the
strengths of the diffuse interstellar features and extinction
(e.g. Kumar, Federman & Vanden Bout, 1982; Federman, Kumar &
Vanden Bout, 1984; Kumar, 1986; Josafatsson & Snow, 1987), these
have not been attempts at acquiring a large number of self-
consistent observations aimed at a statistical analysis.

Several interstellar environments have been reported to
produce diffuse features which do not strictly obey the generally
linear relationship with respect to reddening. Anomalously strong
diffuse features have been reported for lines of sight which are

associated with low density, high velocity interstellar clouds



(e.g. Smith, Snow & York, 1977; Snow, York & Welty, 1977). Smith,
Snow & York (1977) argued the existence of these environments on
the basis of positive y-axis intercepts in published graphs of
diffuse feature strength against colour excess, e.g. Figure 1l.4.
Snow, York & Welty (1977) demonstrated that individual lines of
sight associated with low density clouds with unusually high
Ca II/Na I abundance ratios can produce anomalously strong
diffuse features. Snow, York & Welty cite the 44302 diffuse
feature in the spectrum of rho Leonis as a particular example of
this effect. However, Blades & Somerville (1977, 1981) have since
demonstrated that the effect of anomalously strong diffuse
features may also be produced by the stellar spectral pollution
of the diffuse feature at 44303, the spectrum of rho Leonis was
also cited by them as an example. These results question whether
any positive intercept in graphs such as those presented 1in
Figure 1.4 is of genuine interstellar origin or just the result
of stellar spectral pollution. This, however, does not preclude
individual 1lines of sight producing anomalously strong diffuse
features with respect to reddening.

Anomalously weak diffuse features have been associated with
several kinds of interstellar environment. Wampler (1966), Snow &
Cohen (1974), Baines & Whittet (1983) and Wallerstein & Cardelli
(1987) reported anomalously weak diffuse features towards dense
interstellar clouds. Wampler (1966) noted that the spectra of
several stars known to be associated with dense interstellar
regions showed a systematically weak 443OX diffuse feature with
respect to colour excess. Snow & Cohen (1974) observed the 44308,
57808 and 57978 diffuse features towards 13 stars known to lie
behind dense clouds and towards 14 stars known to lie behind less
optically thick parts of large cloud complexes. They reported
that the diffuse features observed towards dense clouds are
systematically weaker than those observed towards 1less dense
regions. For stars observed towards the rho Ophiuchus region (an
example of a less optically thick region in their sample), Snow &
Cohen noted that as extinction increased, the rate of production
of the diffuse features per unit reddening systematically
decreased. They also noted that there was a systematic

relationship between rate of diffuse feature production per unit
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Figure 1.4

Plots of diffuse feature equivalent width against colour excess

E(B-V), for the diffuse features at 5780%, 57978, 62038 and 62848
(data from Herbig, 1975). These plots illustrate the positive Y-
axis intercepts often seen in studies of the relationship between
the strengths of the diffuse features and reddening. The solid
line in these plots represents the best fit straight line through
the data. The dashed line represents the best fit when the line
is constrained to pass through the origin.
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reddening and the wavelength of maximum polarisation towards
these stars. They interpreted this as evidence for more efficient
production of the diffuse features in regions associated with
smaller interstellar grains. Baines & Whittet (1983) reported
observations of the 5780% and 57972 diffuse features towards 21
stars. They confirmed that the diffuse features are
systematically weaker towards regions of high density, mainly
using stars in the Trapezium region of the Orion nebula. They
also noted that the behaviour of the diffuse features and of the
2ZOOX feature differed in these regions. Wallerstein & Cardelli
(1987) reported observations of the 57808 and 57978 diffuse
features towards 23 stars associated with dark clouds,
particularly the rho Ophiuchus and T Chamaeleontis clouds, and
nearby hot stars associated with nebulosity. They confirmed that
the diffuse features are systematically weaker in dense
interstellar clouds. They also noted that regions of high
ultraviolet flux probably produce systematically weaker diffuse
features with respect to reddening.

Herbig (1975) and Whittet & Blades (1980) have reported
anaomalously weak diffuse features observed towards reflection
nebulae. Herbig (1975) noted that several stars identified as
lines of sight producing anomalously weak diffuse features were
associated with reflection nebulosity (i.e. BD +31°643, HD147889,
HD147933 and HD170740). However, he also noted that not all stars
associated with reflection nebulae showed anomalously weak
diffuse features (e.g. HD199178) and indicated an apparent trend
where main-sequence stars within reflection nebulae showed
anomalously weak diffuse features and post-main-sequence, high
luminosity stars did not. Whittet & Blades (1980) reported
observations of the 57802 and 57972 diffuse features towards
several stars associated with the Canis Majoris Rl reflection
nebula. They concluded that the diffuse features observed towards
these stars are anomalously weak and suggested that little or no
diffuse feature production appears to take place local to the
reflection nebulosity.

Snow & Wallerstein (1972) and Snow (1973) reported
observations of the diffuse features toward stars known to have
dust envelopes. Snow & Wallerstein (1972) observed the 44303,
57808, 57978 and 6619 diffuse features towards 17 stars



understood to be evolved stars with dusty envelopes. They also
reported observations towards epsilon Aurigae. They found no
evidence for the circumstellar production of the diffuse
features. Snow (1973) reported observations of the 44308, 57802
and 57978 diffuse features towards six early-type stars which
appear to be in their pre-main-sequence contraction and embedded
in dust. Several peculiar stars (i.e. R CxB, V1057 Cyg and Nova
Del 1967) were also included in this study. Again, no evidence
was found for the production of the diffuse features in
circumstellar dust. A general conclusion to this work was that
either the circumstellar dust was of different composition to the
interstellar dust or that the circumstellar environment precluded
the production of the diffuse features.

Wu (1972) reported that the 57808 diffuse feature was
systematically weaker towards the Be stars in his data sample.
However, Herbig (1975) suggested that this effect was probably
the result of uncertain photometry for two stars, P Cygni and phi
Persei, observed by Wu.

A number of studies have reported systematic variations of
diffuse feature production with respect to reddening with both
Galactic latitude (Wampler, 1966) and longitude (Wampler, 1966;
Herbig, 1975; 1Isobe et al., 1986). Figure 1.5 reproduces the
results of Herbig (1975) as an illustration of this effect.

Several authors have recently examined the relative
behaviour of the strengths of the diffuse features for a number
of 1lines of sight, 1i.e. Chlewicki et al., 1986; Krelowski &
Walker, 1987; Chlewicki et al., 1987; Josafatsson & Snow, 1987.
Krelowski & Walker (1986) reported diffuse feature observations
towards six stars (with emphasis on the anomalous line of sight
towards zeta Persei, HD24398) at a signal/noise ratio of
approximately 300. Comparison between the diffuse feature
spectrum of HD24398 and the strengths of the diffuse features
observed towards several stars of similar spectral type and
reddening suggested that three distinct groupings of diffuse

features exist:

(i) 44308, 6180%;
(ii) 57808, 61968, 62038, 62708, 6284K;
(iii) 22008, 57978, 58508, 63768K.
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Plots illustrating the systematic variation of diffuse feature
strengths (normalised to unit reddening) with respect to Galactic
longitude (Herbig, 1975).



These groupings were determined using the ratio of the strengths
of each diffuse feature between the spectra of HD24398 and
HD2905. Krelowski & Walker also suggested that the 66148 diffuse
feature belongs to group (iii) in their designation. Chlewicki et
al. (1986) reported diffuse feature observations towards 13 stars
in three heavily reddened northern hemisphere associations; Cyg
OB2, Be 87 and Cas OB6. The signal/noise ratios for their spectra
were dgreater than 100. On the basis of correlations of the
diffuse features with reddening, E(B-V), and inter~1line
correlations taken from the spectra of stars within each
association, they classified the sharp diffuse features into two

groupings:

(i) 57808, 61968, 62038, 62708, 6284R;
(ii) 57978, s58508R.

They also noted previously unreported weak absorption structure
in the region 62102 to 62203. Chlewicki et al. (1987) extended
the earlier study to the broader diffuse features at 57788 and
61702 and an additional narrow feature at 57953, for a small
subset of their original targets. They concluded that these
diffuse features correlate well with those in group (i), but not
with group (ii). Josafatsson & Snow (1987) reported observations
towards a sample of 59 stars, 37 associated with reflection
nebulosity, at a signal/noise ratio ranging from 60 to 600.
Correlations between the diffuse features and reddening, E(B-V),
and between pairs of diffuse features suggested three groupings

of diffuse features:

(i) 57808, 57978, 5850%;
(ii) 5778R, 58441%;
(iii) 5705%.

They also reported that the 57788 diffuse feature was the only
one to correlate well with the 22002 feature. 1In general, the
results reported by Krelowski & Walker (1987), Chlewicki et al.
(1986 and 1987) and Josafatsson & Snow (1987) agree well. The

only major disagreement appears to be the relative grouping of



the 57808 and the 57972 features reported by Josafatsson & Snow.
This may either reflect differences in the sample of 1lines of
sight chosen, there is virtually no overlap in the stars observed
for each of three studies, or procedural differences.

Several studies of the relationship between the strengths of
the diffuse features and molecular abundances have recently been
reported: e.g. Wu, 1972; Smith EE.E&;' 1981; Kumar, Federamn &
Vanden Bout, 1982; Meyer, 1983; Federman, Kumar & Vanden Bout,
1984; Kumar, 1986. Several of these studies were performed at
high spectroscopic resolution. Wu (1972) referred to the relative
behaviour of the strengths of the 44302 and 57808 diffuse
features and the strengths of the CH and CH+ lines around 43002.
Wu reported no clear correlation between the strengths of the
diffuse features and CH or CH+. Other studies have all used H2
column densities derived from Copernicus observations. There
appears to be no general consensus for the behaviour of the
diffuse features with H_ at low reddening: E(B-V) < 0.1. However,

2
at higher reddening a linear trend is observed.

1.4.3 High Resolution Studies

Recent studies of the diffuse interstellar features at
intermediate resolution have considered the strengths of the
diffuse features and their relationship with other observable
attributes of the diffuse interstellar medium. High resolution
studies (resolutions of 10km/s or better) of the diffuse features
have largely been performed in an attempt to wunderstand their
production mechanism by means of the analysis of their absorption
profiles.

Wu (1972) was the first to publish a discussion of the
profile of one of the diffuse features and its implications with
respect to proposed models for their production mechanism. His
observations were performed at a resolution of approximately
0.178 (9km/s) for the 5780% and 57972 diffuse features towards
the star HD183143. He found that both lines were asymmetrical in
shape, with a steeper blueward wing. Danks & Lambert (1976)
observed the 57808 and 57978 diffuse features at a resolution of
approximately 0.28 (11km/s) towards a sample of eight stars. They
also reported the observation of the profile of the 62848 diffuse
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feature towards one star, HD21389. Their observations of the
57BOX diffuse feature suggested that its profile and width
changes from one star to another, with the 57972 feature showing
similar behaviour. Danks & Lambert considered the variation in
profile from one star to another to be the 1likely result of
multiple cloud components along each line of sight. Their
observation of the 62848 diffuse feature suggested that this
diffuse feature has a steeper blueward wing. Savage (1976)
reported observations of the S7BOR diffuse feature at a
resolution of approximately 0.2% (1lkm/s) towards 18 heavily
reddened stars. He noted the variation of the profile and width
of the diffuse feature between stars. There was some evidence
that this variation was related to the number of diffuse cloud
velocity components observable at Na D (58902 and 58962),
although the interpretation that some of the variation was the
result of physical effects was discussed. He also noted that the
diffuse feature consistently had a steeper blueward wing in his
sample of stars. Weltner & Savage (1977) reported observations of
the 63798 and 66142 diffuse features at a resoclution of
approximately 0.28 (10km/s) towards 13 heavily reddened stars.
They confirmed that stars with complex Na D structure tend to
have broader diffuse features. They also noted that the 63798
diffuse feature has a symmetrical profile, whereas the 66148
diffuse feature is asymmetrical with a steeper blueward wing.
Several reported studies have been designed to observe the
diffuse features at high signal/noise ratios and high resolution.
Such studies have been reported by Kumar, Federman & Vanden Bout
(1982), Federman, Kumar & Vanden Bout (1984) and Kumar (1986),
all conducted at a resolution of approximately 0.23 (10km/s) .
These studies investigated the behaviour of the 57802, 57972,
62842 and 6614X diffuse features towards stars with reddenings of
E(B-V) < 0.12. Kumar, Federman & Vanden Bout (1982) and Federman,
Kumar & Vanden Bout (1984) reported that no simple relationship
exists between the strengths of the diffuse features and
reddening at reddenings of E(B-V) < 0.1 for the 57808, 57978 and
66142 diffuse features, whereas a good relationship between
diffuse feature strength and H2 abundance did exist. Kumar (1986)
reported that the strengths of the 62848 and 66148 diffuse

features did not behave in a similar manner to the H2 abundance,
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in contradiction to the previous studies of the 66148 feature.

Higher resolution studies of the diffuse features have been
reported less frequently than those at resolutions of
approximately 10km/s. Snell & Vanden Bout (1981) reported
observations of the 57802 diffuse feature at resolutions of 0.052
and 0.09R (2.6km/s and 4.7km/s) towards seven stars of low to
moderate reddening, E(B-V) = 0.2 to 0.7. They reported no
evidence of fine structure present in the line profile, but noted
that the line shape does vary between lines of sight. Smith et
al. (1981) reported observations of the 61963 diffuse feature at
a resolution of 0.0752 (3.6km/s} towards a sample of 26 stars.
During their study they also observed the 62032 diffuse feature
and discovered a new narrow feature at a wavelength of 6194.6%.
At a signal/noise ratio of up to 100, Smith et al. observed that
the 6196X diffuse feature becomes progressively broader with
increasing reddening and appears to be symmetrical in shape with
no detectable fine structure. Furthermore, they reported that
this diffuse feature does not appear to exist towards stars of
reddening E(B-V) < 0.2 1in their sample; they suggested a
correlation with the behaviour of H2 at low reddening. They also
noted that the 62038 diffuse feature is highly asymmetrical with
an extended blueward wing and with evidence of several weaker
diffuse features underlying this absorption feature.

Herbig & Soderblom (1982) reported observations of the
61968 and 66148 diffuse features along with two new diffuse
features at 69932 and 72232. Their observations were made at
resolutions of 0.068] and 0.108 (2.6km/s and 4.6km/s) towards a
sample of nine stars. They reported no detectable fine structure
in these lines, although the 66142 diffuse feature appears to
show some unsharp structure in its blueward wing. The 6614X
diffuse feature was also observed to be asymmetric, having a
steeper blueward wing. Herbig & Soderblom also noted the tendency
of the sharp diffuse features to show similar velocity structure
to that observed in the atomic interstellar lines. Westerlund &
Krelowski (1988) and Krelowski & Westerlund (1988) reported
observations of the 57808, 57978, 61968 and 66148 diffuse
features observed at a resolution of approximately 0.05%

(2.6km/s) towards a sample of 6 stars. They reported in some



detail the behaviour of these diffuse features with respect to
the velocity structure observed in the atomic 1lines. Their
observations suggested that a considerable proportion of the
profile wvariability for individual diffuse features between
different lines of sight may be explained by the velocity
structure apparent in the atomic lines. Also, their conclusion
that the 57808 and the 57978 diffuse features behave differently
to each other from one line of sight to another (in support of
earlier conclusions by Krelowski & Walker, 1987) is of particular
interest. Figure 1.6 reproduces the high resolution results for
the 66148 diffuse feature from Herbig & Soderblom (1982).

Finally, the remarkable observations in the wavelength
region from 67672 to 68622 reported by Herbig (1988) are worth
noting. Using high signal/noise and a resolution of 0.3% (13km/s)
or better, Herbig was able to observe a total of 29 previously
unreported weak diffuse features. He notes that a number of these
show regular spacing of interval approximately 35cm—l (162),
reminiscent of the rotational structure of hydrides similar to CH
and NH. However, no identification has yet been possible. Figure
1.7 reproduces the spectroscopic data of Herbig (1988).

The only consensus arising from these high resolution
observations is that no band has yet been resolvable into the
fine structure expected for a molecular band and that the diffuse
features are affected by interstellar velocity structure along
their 1lines of sight. However, high signal/noise observations,
some at lower resolution, do suggest that several diffuse
features show quite complex structure reminiscent of unresolved
molecular bands, e.g. 57788 , 62038, 6210R to 62208 and 67678 to
6862K.

1.4.4 Polarisation Studies

As a consequence of the existence of interstellar grains
and their composition (see Subsection 1.3.2) interstellar
extinction also imposes a degree of polarisation upon starlight.
This has prompted a number of authors to investigate the
behaviour of the interstellar polarisation within the diffuse
features. These investigations were aimed at discriminating

between a gas phase or grain-related origin of the diffuse
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Figure 1.6

Figure 1illustrating the high resolution data for the 6614X
diffuse feature reported by Herbig & Soderblom (1982). In (a) the
spectra for HD187982 and HD186745 indicate some structure within
the 6614A diffuse feature. Both these stars show single velocity
components in their K I (76982) spectra. However, HD183143 shows
two K I velocity components and also shows less structure in the
diffuse feature. Plot (b) illustrates that the profile for the
66148 diffuse feature in the spectrum of HD183143 can be
decomposed into two velocity components.
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A presentation of the high signal/noise data of Herbig (1988) 1in
the 6800 region. The individual spectra are labelled with an
identification of the star and its colour excess, E(B-V).



features. Early studies of this type (e.g. Walker, 1963; Wampler,
1966; A'Hearn, 1968; Nandy & Seddon, 1970) were restricted in
their conclusions because of large statistical errors in the
final results. It is also interesting to note that all these
early studies wused observations of the 4430% diffuse feature,
perhaps not the most reliable diffuse feature to observe because
of its shallowness (see Subsection 1.4.2). However, the breadth
of the line made the use of interference filters for isolating
the diffuse feature from the stellar continuum straightforward.
This would not have been the case for a narrower line.

Later polarisation studies of the diffuse features (e.qg.
A'Hearn, 1972; Gammelgaard & Rudkijobing, 1973; Martin & Angel,
1974; Fahlman & Walker, 1975) have been more effective in
reducing the statistical errors in the results to a level where
the expected level of polarisation, should it exist, would be
clearly detectable. A'Hearn (1972) published polarisation
observations of the 44308 diffuse feature towards five stars
which showed a high level of continuum polarisation with respect
to their extinction. Assuming the expected 44308 polarisations
relative to the local stellar continuum to be proportional to the
absorption depth of the diffuse feature, he found no
statistically significant evidence for polarisation within the
diffuse feature. Gammelgaad & Rudjkobing (1973) observed the
linear polarisation within the 61802 diffuse feature towards 49
stars. They found a systematic variation in polarisation with
Galactic latitude. However, the statistical errors on their
observations were generally too large to be unambiguous. Martin &
Angel (1974) published the results of polarisation observations
for the 44308 and 57808 diffuse features towards the star
HD183143. They also presented model results for the expected
behaviour of the polarisation within a dust-related diffuse
interstellar band. They were unable to detect the predicted
polarisation behaviour for either diffuse feature. Kemp &
Wolstencroft (1974) reported observations which indicated
polarisation structure across the 4430& diffuse feature. However,
their results for the star HD21389 appear to contradict
unpublished observations of the same star by Martin & Angel (see
Fahlman & Walker, 1975). Fahlman & Walker (1975) presented the

results of polarisation observations for the 62848 diffuse



feature towards the star HD183143. These results failed to detect
the polarisation expexted from a dust-related diffuse feature.
The consensus of polarisation observations of adequate
accuracy appear to indicate that the diffuse interstellar
features so far studied in this manner do not show any
significant polarisation. Although this may not mean that the
diffuse features are not dust-related, it does suggest that they
are not related to that population of interstellar grains which

causes the polarisation of starlight.

1.5 Proposed Models of the Production of the Diffuse Interstellar
Features

1.5.1 Observational Considerations

Any adequate theory of the production of the diffuse
interstellar features has to satisfy the current consensus of
observational evidence available. Observational evidence

considered in this thesis as being conclusive is as follows:

o The rest wavelengths of the cores of the diffuse features

remain constant with respect to line of sight.

o0 The breadths of the diffuse features (generally implying
line profile) remain constant with respect to 1line of

sight.

o The diffuse features have not been observed in emission.

o There is a high positive correlation between the strengths

of the diffuse features and reddening.

0 There is a generally linear trend between the strengths of
the diffuse features and reddening to beyond a reddening of

E(B-V) = 2.0.

o There is scatter in the relationship between the strengths
of the diffuse features and reddening which cannot be

attributed to statistical errors in the data.



0 There is a high positive correlation between the strengths

of each of the diffuse features.

o There is scatter in the relationship between the strengths
of each of the diffuse features which cannot be attributed

to statistical errors in the data.

o There 1is a systematic variation in the diffuse feature
strengths per unit reddening with respect to Galactic

longitude.

o The profiles of the diffuse features reflect the velocity

structure of interstellar clouds along each line of sight.

o There is no evidence for polarisation across the profiles

of the diffuse features at 44308, 57802 and 62848.

o0 There 1is no evidence for molecular rotational fine
structure within the profiles of the sharp diffuse features

to a resolution of 0.052.

Observational evidence considered as requiring further

investigation is as follows:

0 Correlations between the strengths of the diffuse features
and more redward colour excesses are systematically higher

than their blueward counterparts.

o Correlations between the strengths of each of the diffuse
features are systematically greater than correlations
between the strengths of the diffuse features and
reddening.

o The relationship between the strengths of the diffuse

features and the strength of the 22002 feature.



o The identification of anomalies in the relationship between
the strengths of the diffuse features and reddening and
their morphological correlates within the interstellar

medium.

o The relationships between the strengths of the diffuse

features and interstellar abundance data.

o The profiles of the diffuse features, unaffected by

interstellar velocity structure.

Although it has been demonstrated that there is variation in
the relative strengths of the diffuse features, and in the
strengths of the diffuse features with respect to reddening,
which cannot be attributed to statistical uncertainties in the
data, these studies have largely been comparative. Similar
statistical studies have been less conclusive.

A theory of the production of the diffuse features has to
provide a 1link between the physical conditions understood to
prevail in the diffuse interstellar medium (e.g. Section 1.3) and
the behaviour of the diffuse features. Perhaps the most important
of the parameters from which the physical state of the
interstellar environment is inferred is the relative abundance of
atoms, ions and molecules along particular lines of sight. These
data, and the inferred atomic depletions, set useful constraints
upon the likely composition of interstellar gas and dust along
each 1line of sight. 1In addition to abundance information, the
thermal temperatures within the diffuse interstellar clouds along
the 1line of sight, the gas and grain density, and the ambient
radiation density are also of importance. Sadly, this detailed
information 1is usually not available for comparison with the
diffuse feature observations.

Models of the production of the diffuse interstellar

features fall into three categories:

(1) models where the production mechanism is in the gas phase;

(ii) models where the production mechanism is related to the

intrinsic properties of the interstellar dust;



(iii) models where the production of the diffuse features occurs
as a result of the interaction between gas and dust in the

interstellar medium.

Several authors have reviewed the possible causes of the diffuse
features: York (1971), Bromage (1972), Wu (1972), Savage (1976),
Smith, Snow & York (1977). There follows a summary of the

proposed mechanisms of diffuse feature production.
1.5.2 Gas Phase Models

Two gas phase mechanisms have been proposed for the diffuse
features: unresolved molecular band structure in an unidentified
interstellar molecule and the spectrum resulting from an atom or
molecule in an excited state (i.e. auto-ionisation, pre-
ionisation or predissociation).

Any theory for the molecular origin of the diffuse
interstellar features is required to satisfy element abundance
constraints derived from observation. Wilson (1964) estimated a
mean space density of 6x10—gcm_3 for the carrier of the 44302
diffuse feature, based upon the assumptions that the line is not
saturated and that it has an oscillator strength of unity. This

density may be compared with the density of atomic hydrogen in

. . . - -4 -3
the local interstellar medium of approximately lcm 3 and 10 cm
-5 =
to 10 cm 3 for the major heavier elements.
Recently, several authors have estimated the relative

abundances of the carrier for the diffuse features and the
diatomic molecules H2 and CO. Meyer (1983) presented results for
the 57808 diffuse feature observed towards stars with low
interstellar H2 column densities. His results suggested a column
density for the carrier of the 5780& diffuse feature towards
kappa Orionis of approximately 9x10 ocm_2. Considering diffuse
cloud chemistry, Meyer argued that this column density 1is a

factor 104 greater than that likely for any other interstellar
molecule towards this star, other than H2 (N(Hz) = 5x1015cm—2).
This suggests an abundance ratio between the carrier for the
57802 diffuse feature and H2 of approximately 2x10_5. Kumar

(1986) estimated abundances relative to H2 and CO of the carrier
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for the 62848 diffuse feature towards the low reddening star

epsilon Persei. His results were

N(6284) _ 1.3x10°°

N(H2) 3

N(6284) _ 2.5x10 2
N(CO) £

where f is the oscillator strength for the transition producing
the 6284X diffuse feature. None of these abundance estimates
specifically excludes the molecular origin of the diffuse
interstellar features, even if an assumed oscillator strength of
unity is interpreted as an upper limit. However, large molecules
containing many heavy atoms (e.g. carbon, oxygen and nitrogen)
may come close to violating these constraints.

Wilson (1964) also estimated a rate coefficient of

-1 -3 -
6cm 3s 1 for the process producing the 44308 diffuse

3x10
feature, wusing the mean interstellar radiation density at 44302
(5x10-17erg s_lg_l) and the mean strength of the line (32 per
kpc). He estimated the characteristic rate for the diffuse

C o -8 -1 . .
feature transitions to be 5x10 s ~, which can be compared with

photodissociation rates of Dbetween lO—lls-l and 10_95—1 for
common interstellar molecules. Although this high transition rate
sets severe constraints upon the production mechanism for the
diffuse features, especially for the strong features, it is
comparable to the rates expected for radiative processes in the
diffuse interstellar medium. Clearly, if the production of the
diffuse features involves the destruction of the species
responsible, then the species must be produced at rate similar to
its destruction in order to maintain a stable population. This
limitation is of considerable importance for production
mechanisms involving pre-ionisation and predissociation.

Herzberg (1955) suggested that the auto-ionisation of
negative ions of low ionisation energies (e.g. O_, N  or C-)
might be the cause of the diffuse features. The expected profiles
of lines resulting from auto-ionisation processes have been

reviewed by Fano (1961), Fano & Cooper (1965) and Shore (1967).

Of particular interest for the identification of this process are
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the asymmetrical 1line profiles which can result from auto-
ionisation. Auto-ionisation line profiles can vary from
Lorentzian to strongly asymmetrical profiles with either blueward
or redward absorption wings. Rudkjobing (1969 et seq.) has
applied this suggestion to the diffuse features at 4430%, 47608,
48902 and 61802, citing H as the species responsible; and 57808
and 5797%, citing O as the species responsible. The wavelength
identifications reported by Rudkjobing were determined by
extrapolating wavenumbers along iso-electronic sequences.
Although there have been no published results which refute the
tentative identifications reported by Rudkjobing, there has been
uncharacteristically 1little mention of his work in the diffuse
feature literature.

Herbig (1967) noted that the spectral energy absorbed by the
diffuse interstellar features was significantly greater than that
absorbed by the major interstellar atomic and molecular species
observable in the visible spectrum. He suggested that the Ilower
states of the transitions which give rise to the diffuse feature
spectrum are likely to be the ground state, as with most known
interstellar absorption lines. He also drew attention to the fact
that all known diffuse features fall in the energy range 1.9%eV to
2.8eV (excluding the 22002 feature), and suggested that the high
energy limit of 2.8eV could be interpretted as an ionisation or
dissociation limit. If the limit were due to the removal of an
electron from an atom or molecule, then the energies involved
suggest a negative ion to be the cause.

Herzberg (1967) reviewed the case for small polyatomic
molecules in the interstellar medium being the cause of the
diffuse features. He proposed that negative ions with small
electron affinities or neutral molecules with small dissociation
energies could pre-ionise or predissociate respectively to
produce diffuse absorption bands similar to the observed diffuse
features. He noted that under interstellar conditions each
absorption band of a molecule will consist of only one or two
rotational components and, if predissociation is possible, these
lines would be symmetrically broadened. The molecules likely to
be responsible for the diffuse features would have small
dissociation energies, less than 2.8eV, and be reasonably

abundant. In view of the high relative abundance of hydrogen in
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the interstellar medium, the molecule responsible would probably
contain no more than one atom other than hydrogen, and several

hydrogen atoms. Herzberg suggested that CH+ and NH4 might be

4
likely predissociation candidates. Experimental results reported
by Ensberg & Jefferts (1975) have since ruled out the possiblity
+

of CH4 being responsible for the diffuse features. However, the

predissociation of NH, remains a possibility.

4

The remarkable observational results presented by Herbig
(1988) for the region near 68008 comprise the most convincing
evidence in favour of a molecular origin for the diffuse
features yet reported. However, after a careful review of
candidates taken from light hydrides and their ions, Herbig
concluded that the cause of this system of lines remains unknown.

Danks & Lambert (1976) discussed the possibility of the
diffuse features being the result of unresolved rotational
structure in electronic transitions within large interstellar
molecules. Using high resolution observations of the diffuse
features at 57808 and 57972 as a basis, they performed
calculations assuming the molecule to behave like a symmetric top
and using an excitation temperature of 50K. Their calculations
suggested that the molecules would have between three and five
heavy atoms (i.e. atoms other than hydrogen) in order to
reproduce the narrower diffuse features. Attempts at modelling
the broad wings sometimes seen accompanying these two diffuse
features were unsuccessful. However, Danks & Lambert concluded
that the wuse of an asymmetrical top in the calculation might
solve this shortcoming. Attempts at modelling the broader diffuse
features (e.g. the 44302 feature) using a symmetrical top were
also unsuccessful. Assuming the oscillator strength for the
relevant transition to be around 10_2, they suggested an
abundance of 10“6 for the molecule relative to hydrogen. They
concluded that there is no difficulty in satisfying the abundance
requirements neccessary to explain the strength of the diffuse
features from this model. However, Danks & Lambert note the
difficulty of maintaining a stable population of absorbers
against photodissociation in the interstellar radiation field
(e.g. Wilson, 1964).

Douglas (1977) proposed that long carbon chain molecules
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might be responsible for the diffuse interstellar features. She
suggested that these molecules vary in length in the interstellar
medium from two carbon atoms to fifteen. She considered the
shorter chains, C2 to C4, likely to be photodissociated in the
diffuse interstellar medium. However, the longer chains can lose
radiatively absorbed energy by a process of radiationless
internal conversion between the excited electronic state and the
higher vibrational 1levels of a lower electronic state. The
process of internal conversion also results in a diffuse
appearance similar to the observed diffuse features. Smith, Snow
& York (1977) also reviewed the proposed gas phase mechanisms for
the diffuse features. They were in agreement with the model
presented by Douglas (1977) and added that non-rigidity in either
linear or planar molecules is another mechanism for producing
diffuse band structure. There 1is no evidence against this
hypothesis.

Johnson (1967) suggested that complex molecules containing
carbon, nitrogen and hydrogen may be responsible for the diffuse
features. Johnson, Bailey & Wegner (1972) presented evidence for
the match between the absorption spectrum of a porphyrin molecule
(dipyridyl magnesium porphin - MgC46H30N6) determined in the
laboratory and several of the diffuse features. Wavelength
agreement was found for the diffuse features at 4428&, 61758,
62848, 63768, 6614R and 66618. oOnce formed in the interstellar
medium, this molecule 1is 1likely to be guite stable to
photodissociation because of its size. However, the synthesis
route for the production of this molecule in the interstellar
environment remains unclear. In particular, there is no reason
why this molecule should be present in the interstellar medium in
favour of any other porphyrin, each with its own distinct optical
spectrum. Furthermore, most of the absorption spectrum of this
molecule appears to arise from excited states. This is contrary
to the expectation that most interstellar molecules are likely to
be in their ground state (e.g. Herbig, 1967).

More recently, it has been suggested that polycyclic
aromatic hydrocarbon (PAH) molecules might be responsible for the
diffuse features (e.g. Van der Zwet & Allamandola, 1985; Leger &
d'Hendecourt, 1985; Crawford, Tielens & Allamandola, 1985). Based

upon a suggestion originally made by Duley & Williams (1981),
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Leger & Puget (1984) proposed that the unidentified infra-red
emission features observed at 3.28, 6.2, 7.7, 8.6 and 11.3
microns were due to PAH molecules in the interstellar medium
radiating after the absorption of ultraviolet photons. The number
of carbon atoms in these molecules was estimated to be greater
than twenty. Leger & Puget found good agreement between the
infra-red spectrum of coronene (C24H12) and the observed
unidentified infra-red emission features. Van der Zwet &
Allamandola (1985) suggested that PAH molecules or their positive
ions may also be responsible for the diffuse interstellar
features. They estimated an abundance of the PAH responsible for
the diffuse features that would require less than 0.03% of the
interstellar carbon abundance. Leger & d'Hendecourt (1985) also
noted that PAH molecules would be substantially more stable to
destuction by the interstellar ultraviolet radiation field than
the carbon chain molecules suggested by Douglas (1977). Crawford,
Tielens & Allamandola (1985) supported the conclusions of Leger &
d'Hendecourt (1985). One problem with the PAH model lies in the
ultraviolet spectrum. The ultraviolet spectrum for PAH molecules
is complex. However, although there are several strong
unidentified absorption lines in the ultraviolet interstellar
spectrum (e.g. Morton, 1975), there is little evidence for the
complexity suggested by PAH molecules. This absence may be an
effect of the general complexity of the ultraviolet spectrum
between 12008 and 30002 and the difficulty establishing a
continuum in this region (Seab & Snow, 1985). Van der Zwet &
Allamandola (1985) suggest that the 22008 feature might also be
caused by PAH molecules.

Duley & Williams (1986) reviewed the chemical processing of
the PAH molecules and their ions in the diffuse interstellar
medium. They noted that although the lifetimes of these molecules
are large for photodissociation (around 10165), chemical
processing involving reactions with atomic hydrogen and oxygen
would reduce the expected lifetimes to less than 1013s. Duley &
Williams noted that hydrogenated amorphous carbon (HAC) 1is the
precursor of PAH molecules in shocked interstellar regions and
will survive in relatively dense diffuse clouds. However, they
conclude that PAH molecules are not likely to be a wubiquitous

component of the interstellar medium.



9

Finally, Andriesse & de Vries (1981) suggested that
transitions of electrons bound to the lattice of a small particle
may be responsible for the diffuse features. They noted that
small particles of sizes ranging from 502 to 1002 with strong
lattice bonds might produce broadened, quasi-molecular lines
similar in appearance to the diffuse features. They also noted
that 1larger agregates of particles would produce broadened lines
shifted in wavelength, similar to those occurring near the sharp

diffuse features.
1.5.3 Solid State Models

Perhaps the most compelling evidence in support of the solid
state origin of the diffuse features is the high degree of
correlation between the strengths of the diffuse features and
interstellar extinction. This has been the major area of interest
in studies of the diffuse features since the work of Merrill in
the 1930s and has given support to the interpretation that the
diffuse features represent structure in the interstellar
extinction curve. The formation of the diffuse features is
considered to be the result of impurity atoms dispersed
throughout the interstellar grain material. Studies of the
profiles of the broader diffuse features by Wampler (1966),
Walker (1970), York (1971) and Bromage (1972) 1indicated the
presence of blueward emission wings which are predicted by these
theories.

Van de Hulst (1949) was the first to present a comparison
between the observed profiles of the diffuse features (44302 and
62842) and the line profiles calculated from the Mie theory of
scattering. In the calculations he used a number of approximate
formulae and assumed the composition of the grains to be water
ice. Greenberg (1968) repeated the calculations for the 44308
diffuse feature reported by van de Hulst, but wusing exact
formulae. Both van de Hulst and Greenberg concluded that the
grains responsible for the diffuse features would have to be
substantially smaller than those responsible for the interstellar
extinction in the visible region of the spectrum. Wickramasinghe

& Nandy (1971) used the method of van de Hulst (1949) to model
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the 44302 diffuse feature for three additional types of grain
material: silicate, iron and graphite. They used only a single
grain size for each of these grain types. Their results suggested
that impurities in elongated silicate grains of approximate size
0.1 microns could explain the 44308 feature.

Bromage (1972) reported the results of a comprehensive
investigation into the profiles expected from grain impurities in
several types of grain material. Bromage used calculations based
upon exact equations of the Mie theory given by van de Hulst
(1957) for simple spheres and of Guttler (1952) for coated
spheres. The grain compositions considered were: iron, water ice,
dirty ice, graphite, impure graphite, silicates (olivine and
enstatite), impure silicate, crystal quartz, solid hydrogen,
silicon carbide. Bromage found that the ratio of apparent peak
emission to apparent peak absorption for a particular model was a
valuable indicator of the goodness of the fit to the observed
diffuse features. The results of his calculations suggested that
either silicate grains of around 0.12 micron radius or coated
graphite grains of around 0.05 micron radius produced the best
fits to the data. He found that using a distribution of grain
sizes did not significantly alter this conclusicon. He noted that
a maximum impurity level of 1% is necessary to explain the
strength of the 44302 diffuse feature, even allowing for a small

1 t6 107%). The results of modelling

oscillator strength (10~
other diffuse features in the blue and red regions of the
spectrum suggested silicate to be a more likely candidate than
coated graphite. Bromage concluded that grain impurities can be
used to explain the profiles of the diffuse features accurately
and went on to predict a polarisation profile of the diffuse
features which approximately follows the absorption profile.
Since the work reported by Bromage (1972), Purcell & Shapiro
(1977) and Shapiro & Holcomb (1986a, b) have reported a new model
for grains with resonant impurities. Purcell & Shapiro (1977)
noted that previous models of grain impurities have assumed the
homogeneity of the host grain dielectric and that no interaction
occurs between the impurity elements and the host dielectric
which might change the polarisability of the whole grain beyond
that predicted by the sum of the grain components. They presented

a model based upon a dielectric material containing randomly
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distributed resonant dipole oscillators, each of which is
represented by a harmonically bound electron at the centre of a
spherical cavity. Their results indicate that the models based
upon the work of wvan de Hulst (1957) require a much larger
damping constant to produce an absorption feature of the same
width as the embedded-cavity model. This is because the self-
damping of the oscillators is dominated by damping caused by the
interaction between the oscillator and the host material. Results
presented by Purcell & Shapiro for small spheroids show that the
expected line profiles are asymmetric with a redward emission
wing. This finding is inconsistent with the observed profiles of
several of the stronger diffuse features (see Subsection 1.4.3).
The precise shape of the line profile was found to be dependent
upon grain composition and shape.

Shapiro & Holcomb (1986a) used the theory presented by
Purcell & Shapiro (1977) to derive line profiles from homogeneous
spherical grains (i.e. Mie, 1908) and spherical core-mantle
grains (i.e. Guttler, 1952) varying the grain size, transition
oscillator strength, grain composition and impurity
concentration. Of particular interest for studies of the diffuse
features 1is the possibility of profiles resembling unsharp blends
of two lines, reminiscent of the results of Herbig & Soderblom
(1982) for the 66148 diffuse feature. Shapiro & Holcomb (1986b)
applied these results specifically to the identification of the
diffuse interstellar features. They used the high resolution
results for the star HD187982 published by Snell & Vanden Bout
(1981), for the 57802 feature, and Herbig & Soderblom (1982), for
the 66148 feature. They concluded that small grains of radius
much less than the wavelength of the line and with a single
composition cannot produce the required profiles, but that small
grains with a broad range of impurity concentrations can. Grains
composed of graphite or magnetite cannot produce the required
profiles. Grains composed of dirty silicates or dirty ice <can
produce the required line profiles as long as grains which are
large with respect to the wavelength of the lines are excluded.
An oscillator strength for the impurity transition between 10
and 10—2 was suggested. They also suggested that the negative
correlation between the wavelength of maximum polarisation and

diffuse feature strength reported by Snow & Cohen (1974) may be
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explained in this model by variations in grain size due to the
addition of an impurity-free mantle on a constant sized core with

impurities.
1.5.4 Dust-gas Models

The possibility of an interaction between the gas and dust
in the interstellar medium being responsible for the diffuse
interstellar features was first suggested by Merrill & Wilson
(1938) . However, no author has yet produced a quantitative
physical model that can be tested in some way by observation.
Duley & McCullogh (1977) have discussed the adsorption of
interstellar molecules onto specific sites on grain surfaces.
They noted that this process would produce positive or negative
molecular ions with spectral features in the visible region of
the spectrum.

Recently, Carnochan (1988) has suggested that absorption
arising from endothermic charge transfer reactions between
neutral hydrogen and singly ionised iron, silicon and magnesium
might be responsible for the 22002 feature. Since charge transfer
involves a triple collision, Equation (l1.l1), Carnochan concluded
that these reactions are unlikely to occur in the gas phase.
Instead, he argued that the process is most likely to occur on or
within grains and have oscillator strengths in the range 0.1 to

1.0.

H+Xt+hw—-oHt4+X (1.1)

Carnochan also suggested that charge transfer between simple
molecules and the same ions may be responsible for the diffuse
interstellar features. Carnochan's model does predict the
wavelengths of several absorption features arising from charge
transfer. However, because of the adsorption energy of the
reactants on the grain some wavelength shift, of order lO—2eV, is
also 1likely. This makes the testing of the predictions made by

Carnochan difficult without the aid of laboratory studies.
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1.5.5 General Conclusions

There 1is no observational evidence which conflicts with the
proposition that the cause of the diffuse features is in the gas
phase. The absence of any evidence for molecular band structure
within the profiles of the diffuse features, and the absence of
any saturation effects up to a reddening of E(B-V) = 2, suggest
that a molecular origin of the diffuse features would require an
intrinsic broadening mechanism of some kind. Pre-ionisation and
predissociation mechanisms would provide such a broadening
mechanism. Large molecules, either 1linear or PAH, also have
mechanisms which produce diffuse absorption lines and do not
violate abundance constraints. However, the stability of these
molecules to ionisation, dissociation or chemical processing
within the diffuse interstellar medium is still the subject of
some debate.

The absence of any polarisation structure within the
profiles of the diffuse features 1is evidence against the
proposition that the cause of the diffuse features exists in the
solid state. Furthermore, there is no evidence of the variation
in the breadths of the diffuse features that would arise f£rom
variations in grain temperature between diferent lines of sight.
However, the lack of any polarisation structure may be explained
if only spherical grains contributed to the formation of the
diffuse features. It is not clear what predictions of temperature
dependent behaviour result from recent solid state models of
diffuse feature formation.

There 1is no observational evidence which conflicts with the
proposition that the cause of the diffuse features lies in an

interaction between the interstellar gas and dust.

1.6 The University of London Observatory Diffuse Feature
Programme

The Interstellar Research Group at the University of London
Observatory under the supervision of Dr. D. McNally, and in
collaboration with Dr. W.B. Somerville at University College
London, has conducted a continuing research programme into the

diffuse interstellar features since 1978. Observations have been



acquired at the South African Astrophysical Observatory, the Lick
Observatory and latterly the Mt. Stromlo Observatory. Of these
observations, those obtained at the Lick and the Mt. Stromlo
Observatories provided material for this thesis.

Observations obtained at the Lick Observatory, using the
coude spectrograph of the 3m Shane reflector and the 0.6m Coude
Auxiliary Telescope, were made as part of a survey of the diffuse
interstellar features at 57808, 57978, 62848 and 6614%
wavelengths for over 100 lines of sight. A total of 124 stars
were observed as part of the programme, of which approximately 80
were observed at least twice in each wavelength region in order
to minimise random errors in the resultant data. Some results of
this survey have been reported by Whittet et al. (1979), Whittet
& Blades (1980), Blades & Somerville (1981) and Baines & Whittet
(1983). Although of good quality, the resolution of these data
(approximately 45km/s or 0.92) allows only equivalent width
analysis (c.f. Herbig, 1975). The data acquisition and subsequent
reduction were performed with a view to making a thorough
statistical analysis of the data, and hence pains were taken to
maintain a high level of internal consistency within the data set
once the programme was under way.

Throughout this work on the diffuse interstellar features
the adopted approach to understanding these absorption lines has
been to look at the physical distinctions between lines of sight
which produce anomalous diffuse line strengths with respect to
reddening and those which show average behaviour (e.g. Baines &
Whittet, 1983). Several authors have reported the existence of
such anomalies, and suggestions of suitable astrophysical
correlates have also been made (see Section 1.4). Generally,
previous work has been based upon correlation analyses to a
greater or lesser extent, with the precise statistical approach
varying between authors. Furthermore, Dpboth sample size and data
guality vary between published studies. Clearly, a necessary
prerequisite for any further study of the behaviour of these
lines 1is to establish the reality of reported anomalies with
respect to the statistical uncertainties likely £from the
measurement procedures. In order to do this, some development of
the statistical methods used in the study of the diffuse features

is necessary.
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The statistical work reported in this thesis was done with
the intention of minimising the ambiguity with which statements
concerning the behaviour of the diffuse interstellar features
can be made. In order to achieve this, a number of basic

requirements were necessary:

o the acquisition of a large, observationally homogeneous

data set;

o the reliable enumeration of the statistical uncertainty on

any measurement made;

o the development and use of appropriate statistical methods

which make full use of all the data available.

Having satisfied the above requirements, it was intended to
move towards a more physical interpretation of the diffuse
features by broadening the range of interstellar parameters
explored in the statistics. Hence, the statistical study included
atomic and molecular abundances taken from the literature (e.qg.
Smith, 1987). This approach was considered to be the logical
development of previously reported statistical studies of the
diffuse features.

It was the aim of the Mt. Stromlo Observatory programme to
complement the equivalent width measurements of the diffuse
features made during the Lick Observatory programme with measures
of the physical and kinematic conditions in the interstellar
medium along a selected number of lines of sight. The principal
objective of the study was to look for structure within the 66142
diffuse feature observed towards stars of low and moderate
reddening. This diffuse feature was chosen partly because the
work of Herbig & Soderblom (1982) indicated that some broad
structure was present, and partly because the feature was narrow
enough to fit easily within the spectral range of the instrument
being used. Most of the chosen lines of sight had already been
observed in the Lick Observatory programme. This study was
carried out wusing a spectroscopic resolution of approximately
l1.4km/s, obtainable with the coude echelle spectrograph of the

1.9m telescope.



Chapter 2

DATA ACQUISITION AND REDUCTION

2.1 Overview

This chapter discusses the procedures employed in the
acquisition and reduction of the observational data used in this
thesis. In particular, considerable attention is given to the
accuracy of the resulting calibrated data used in the analysis
reported in the following chapters.

Data were acquired at two observatories: the Lick
Observatory, Mt. Hamilton, California; and the Mt. Stromlo
Observatory, Canberra, ACT. Coude spectrographs were used at both
observatories to acquire the spectra. At the Lick Observatory,
photographic spectra were obtained using the coude spectrograph
of the 3m Shane reflector and the C.6m coude auxiliary telescope
with an image intensified coude camera. At the Mt. Stromlo
Observatory, photo-electric spectra were obtained using the coude
spectrograph of the 1.9m telescope and the Mt. Stromlo Photon
Counting Array.

There follows a description of each instrument and the
procedures used in the associated data reduction. The resulting
accuracy of the photometric and wavelength calibrations is

discussed in some detail.

2.2 The Lick Observatory Observations

2.2.1 The Observations

The spectroscopic observations collected at the Lick
Observatory, Mt. Hamilton, California were made during the period
1978 to 1984 over a total of seven observing runs. The
observations were made by Dr. and Mrs. D.C.B. Whittet in 1978
October, Dr. D. McNally and Mr. D.W.T. Baines in 1980 September,
Dr. D. McNally and Mr. M.E.C. Ashfield in 1981 October, Dr. D.
McNally and Dr. W.B. Somerville in 1982 July, Dr. D. McNally and



Mr. P.C.T. Rees in 1983 September, Dr. D. McNally and Mr. P.C.T.
Rees in 1984 June, and Dr. D. McNally and Mr. S.J. Fossey in 1984
September. All observations were made using the 0.6m coude
auxiliary telescope of the 3m Shane reflector. The basic details
of procedures at the spectrograph, maintained throughout the work
at Lick Observatory, were established by Dr. J.C. Blades in 1977
(e.g. Whittet & Blades, 1980).

During the observing runs at the Lick Observatory a total of
644 useful photographic spectra were acquired. Of these, 244
spectra were obtained for the work reported in this thesis (in
the 62008 region); and a further 400 obtained to examine the
diffuse features at 57802 and 5797X (228 spectra), and at 66142
(172 spectra). The 62008 region spectra contributed data for the
diffuse features at 61968, 62038, 62708, 6284K and 6379R. al1
techniques used in the data acquisition and reduction were kept
as consistent as possible between observers to reduce the
possibility of systematic discrepancies arising within the data

set.
2.2.2 The Spectrograph

The coude spectrograph of the 3m Shane reflector is of
classical coude design and incorporates a total of 5 cameras from
8 to 160 inches focal length (Soderblom, 1976). In this work the
20 inch camera was used with a 600 grooves/mm Babcock original
diffraction grating blazed for 114008 and used in second order. A
cooled 40mm diameter Varo image intensifier (Mk.II system; e.g.
Zappala, 1971) was used to amplify the spectra. Spectra were
recorded mainly on baked Kodak IITaF (formerly Kodak 127-04)
emulsion, and occasionally on Kodak 103aD emulsion. A nominal
reciprocal dispersion of 17g/mm was achieved for all spectra.

A spectrograph slit width of 300 microns, with the 234 inch
focal 1length collimator, provided a projected slit width of 20
microns at the plate (allowing for an additional reduction factor
of 0.94 imposed by the Varo image intensifier). A slit length of
8mm provided a stellar spectrum width of approximately 650
microns at the plate. The central wavelength of the spectra used
in this work was mainly 62008, and occasionally 64508. The useful

spectral range of the spectra was approximately 3508. an example



of a spectrum obtained during the Lick Observatory programme 1is
given in Figure 2.1.

Wavelength calibration was provided using a 3 second
exposure of an iron/neon hollow cathode lamp at the beginning and
end of each spectrum exposure. Intensity calibration strips were
also provided on each plate using a 4 minute exposure from an
incandescent source passing through two stepped slits, one on
either side of the spectrum (see Figure 2.1). Table 2.1 presents
the relative intensities of each of the 14 resulting calibration

strips (Soderblom, 1976).

Table 2.1
Strip Number Log I Strip Number Log I + Constant
1 2.404 2 2.255
3 2.105 4 1.955
5 1.803 6 1.656
7 1.495 8 1.350
9 1.183 10 1.027
11 0.839 12 0.752
13 0.399 14 0.332

A table of relative intensities for the 20 inch camera of the
Lick Observatory coude spectrograph intensity calibration. The
even strips differ in log I from the odd strips by a constant
of approximately -0.21 because of their differing 1light paths
(Soderblom, 1976).

2.2.3 The Mk.II Varo System

The Mk.I Varo system has been reported in some detail by
Zappala (1971). The Mk.II Varo system differed from its
predecessor 1in that it was cooled to below 0°C to reduce
background and thus improve the signal/noise ratios of the
resulting spectra.

The image intensifier was a Varo model 8605 single stage,
electrostatically focussed, 40mm diameter image tube with fibre
optic input and output faceplates. It had an S-20 photocathode
providing a wavelength sensitivity range between 25008 and 85002.
The phosphor of the Varo image tube was P-20, emitting most light
in the wavelength range between 47008 and 70002, and with a peak

radiative output at approximately SSOOX. The image tube used was
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selected at the manufacturer on the basis of low background and
high output uniformity. Figure 2.2 illustrates the design of the
Varo image intensifier.

The cooling system used in the Mk.II Varo system was
latterly based upon cooled air flowing through the Varo assembly
in the coude room. (Originally a cold box in physical contact
with the Varo assembly provided some degree of cooling.) The air
was cooled by passing through heat transfer coils immersed in a
slurry of dry ice and ethanol. A thermostat switched the air flow
on and off to maintain a stable temperature of between -6°C and
-5°C at the Varo image tube.

The possible distortions of the incident image imposed by
the Varo 1image tube (and by all image tubes of similar
design), have been reviewed by Coleman & Boksenberg (1976) and
Kitchin (1984). It is appropriate here to discuss some of the
distortions of potential importance in the work done in the Lick
Observatory programme. They are described below in approximate

order of importance to the work done.

(i) Radial sensitivity decrease
The gain of the Varo image intensifier decreases radially
from the centre of the output faceplate. This sensitivity
decrease is illustrated by Figure 2.3, which reproduces

results given by Zappala (1971).

(1i) Pincushion distortion
Figure 2.4 illustrates the effect of pincushion distortion
on the image of a given target. As in the case of the
sensitivity decrease noted above, pincushion distortion is
minimum along the optical axis and becomes more severe as

radial distance from the optical axis increases.

(iii) Rotational distortion
Rotational or "S" distortion is also found in all image

intensifiers. Figure 2.5 illustrates this effect.

All the above distortions were present on the spectrograms
taken with the Varo system at the Lick Observatory. Rotational

distortion over the spectral range of interest was only
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Figure 2.2

Schematic diagram illustrating the design of a single stage,
electrostatically focussed image intensifier.
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Figure 2.3

Graph 1illustrating the radial sensitivity decrease of the Varo
image intensifier (after Zappala, 1971).
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Figure 2.4

Diagram illustrating the effect of pincushion distortion on the
image of a given target. The target is illustrated in (a), the
image is illustrated in (b).






measurable using a travelling microscope. Sensitivity decrease
and pincushion distortion were both clearly visible and may be
seen in the example in Figqure 2.1.

Further to the above distortions, the definition of the
spectrum image was also degraded near the edge of the field of
the image tube. This was also noted by Zappala (1971). The cause
of this was probably intrinsic to the image tube since a field
flattening lens was incorporated into the Varo assembly at the
input faceplate. The most likely source of image degradation was
the curvature of the photocathode and phosphor surfaces. This
degradation was not important since it was only apparent well
away from region of spectrum selected as useful (see Subsection
2.2.2).

One further characteristic of the Varo system encountered
was a significant variation in focus which did not vary radially
and which varied apparently randomly from plate to plate. The
cause of this variability was probably related to the proximity
focus between the output faceplate of the Varo image intensifier
and the photographic emulsion. This variation in focus 1is
discussed in detail in Subsection 2.2.9.

No attempt to correct any of the above distortions was made
in the data reduction. Normally, analysis of the spectra was only
carried out within the area of spectrum on each photographic
plate where these effects were considered to be minimal. However,
account was taken of the variations in focus in the restoration
of the telluric oxygen alpha band in the program L6284 described
in Subsection 2.2.6, and in this case it was crucial to the

success of the restoration procedure to do so.

2.2.4 The Photographic Processing

All Kodak 1IIIaF photographic plates were baked at a
temperature of 60°C in either nitrogen or forming gas (92%
nitrogen and 8% hydrogen) prior to use. Forming gas was only used
in 1983. The duration of the bake varied slightly from season to
season, but was typically about 9 hours. Baking was undertaken by
Mr. E. Harlan at Lick Observatory on behalf of the observers.
When used, Kodak 103aD plates were unbaked.

The processing of the photographic plates was slightly



variable. All plates taken were developed in Kodak D19 developer
for between 2.75 and 3.5 minutes in a Mt. Wilson-type rotating
rocker. The development time was varied to allow for seasonal
variations in the darkroom ambient temperature, and hence the
temperature of the photographic solutions, despite a
thermostatically controlled air conditioning system. Normally the
developer temperature did not exceed 24°C. However, several
plates taken in 1980 had a very high plate fog density
characteristic of over-development resulting from a high
developer temperature. Other plates in different years varied
slightly in plate £fog level, probably dependent upon the
freshness of the developer used.

The development was stopped by a 30 second, continuously
agitated immersion in 1% acetic acid solution. The plates were
then fixed by a single immersion in a solution of sodium
thiosulphate (hypo) with a Kodak hardener added. Fixing was for a
duration of 15 minutes. After fixing, the plates were washed for
a duration of 45 minutes in cold running water. The anti-halation
backing was then removed from the plate with a cotton wool swab
before the plate was immersed in a solution of Kodak Photo Flo

wetting agent and set on a rack to dry.

2.2.5 Use of the PDS Facility at the Royal Greenwich Observatory

Spectrograms obtained during the Lick Observatory programme
were all digitised using the Perkin-Elmer PDS microphotometer
facility at the Royal Greenwich Observatory. All spectrograms
were digitised wusing essentially the same microphotometer
settings, these having been established by Dr. D.C.B. Whittet and
Mr. D.W.T. Baines in 1979 (Baines & Whittet, 1983). The projected
aperture settings were chosen to sample the data on the basis of
a 20 micron projected slit width. Furthermore, the findings of
Massey & Welch (1979) concerning the effects of the response time
of the 1logarithmic amplifier of the PDS microphotometer on
photometric and positional accuracy were considered in
establishing an optimum scan velocity for the digitising.

The spectrograms were digitised using a projected aperture

of 10 microns width and 450 microns length, the interval between
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samples being 5 microns. This sampling was in accord with the
Sampling Theorem (e.g. Brault & White, 1972), given a calculated
spectrograph projected slit width of 20 microns at the plate. The
spectrograms were scanned at a velocity of 2.35mm/s and the data
were subsequently recorded on computer tape in 2048 pixel blocks.
For the 62008 region spectrograms two blocks of data were usually
recorded in each scan, corresponding to a wavelength range of
approximately 3482. All 64508 region spectrograms were recorded
in four block scans, corresponding to a wavelength range of
approximately 6968. It should be pointed out that the comments
made above in Subsection 2.2.2 regarding the useful wavelength
range of all these spectrograms (3502) remain pertinent.

Each spectrogram was digitised in five scans along the

direction of the dispersion. These scans recorded

o the plate fog level,
o the wavelength calibration spectrum,
o the stellar spectrum,
o the wavelength calibration spectrum,

o and the plate fog respectively.

The spectrogram was then rotated through 90° and scanned
perpendicular to the dispersion direction for the intensity
calibration data. This scan was normally one block in length and
was made at a wavelength close to the spectral region of
interest. Throughout its use, the PDS microphotometer was
operated in EDGE mode (i.e. single direction scans with f1§back)
as opposed to FLIPPED mode (i.e. raster—-type scans). FLIPPED mode
was not available when using a block size of 2048 pixels. Figure
2.6 illustrates these two scanning modes and Figure 2.7
illustrates the adopted digitising procedure.

The dynamic range of the PDS microphotometer was from O to 4
densities, where density, D, is defined in the usual way by the
equation

I
D =log,, (70‘) (2.1)

I0 being the PDS beam illuminating intensity, and I being the

intensity transmitted through the photographic plate. The density
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Figure 2.6

Diagram illustrating the two scanning modes of the
PDS microphotometer: EDGE and FLIPPED.
direction with flyback, is illustrated in

raster-type scans, is illustrated in (b).

Perkin-Elmer
EDGE mode, i.e. single

(a) . FLIPPED mode, i.e.



output of the PDS microphotometer, however, was on a linear scale
from: 0 to 9999, 9999 representing a maximum density of 4. The
data were stored on 9-track computer tape at a density of 1600

bits per inch.

2.2.6 Computer Software and Data Reduction

Interactive computer software for reducing and analysing the
digitised spectroscopic data from the PDS microphotometer at the
Royal Greenwich Observatory was originally designed and written
by Mr. D.W.T. Baines in 1980 and 1981. Extensive use of
interactive computer graphics was made in these programs which
incorporated the DIAGRAM and GRAFX interactive graphics
subroutines available on the University College London Starlink
VAX 11/780. 1In order to maintain these computer programs and to
make them easier to use, some were substantially modified and
restructured in 1984, as part of the work reported in this
thesis. However, in the interests of the consistency of the
results, no changes were made which would affect the basic
processing except 1in correcting programming errors. All data
reduction software relevant to this work was written either in
FORTRAN 66 or in FORTRAN 77 and run on the University College
London node of Starlink.

There follows a summary description of each of the programs

written by Mr. D.W.T. Baines.

(1) RPDST
This program read the digitised data off the PDS data tape
and converted it to VAX data format. The data were read

into a data file on disk.

(ii) NCALP
This program fitted the intensity calibration data file
from the PDS microphotometer to a three parameter non-
linear function representing the underexposed and linear
sections of the photographic characteristic curve (see
Subsection 2.2.7). The fit results were saved in a data

file on disk.






(1ii)

The three parameter function representing the

characteristic curve was
logyo I = alogyo (10°/° —1) +¢ (2.2)

where I 1is the relative intensity; D is the PDS density
output of the signal divided by 1000; and a, b and c are
the function parameters fitted. This function is based upon
one given by Sampson (1925), and is discussed in detail in
Subsection 2.2.7. It should be noted that the mathematical
representation of the characteristic curve has no 1likely
physical basis (e.g. Farnell, 1966), but serves as a
convenient method of performing the intensity calibration

of photographic data by computer.

The above function was fitted by the method of least
squares using a gradient expansion algorithm for fitting
non-linear functions (Marquardt, 1963) described by
Bevington (1969). The subroutines used in the fitting
procedure originated from Mr. D.E. Maslen and were written

in FORTRAN 66.

SPECONV

This program first averaged the two fog level PDS scans
and also averaged the two wavelength calibration scans (see
Subsection 2.2.5) of the appropriate PDS spectrum file.
The program then converted the digitised spectrum density
data into relative intensity units using the calibration
results saved from the NCALP program. The resulting
intensity calibrated spectrum was saved in a data file on

disk.

(iv) NWAVE

This program used the averaged wavelength calibration data
saved in the data file resulting from SPECONV to perform a
wavelength calibration of the spectrum. The resultant

calibrated spectrum data were stored on disk.



S

The centroids of comparison spectrum lines were determined

using the equation

2iziDi (2.3)

after Massey & Welch (1979); where X, are the pixel
numbers and Di are their respective densities. The
summations were performed for each comparison line over 21
pixels about the approximate line centre, determined using

the interactive graphics cursor.

The reciprocal dispersion relation was fitted by a
polynomial of specified order using the method of least

squares. The maximum polynomial order available was 5.

(v) VNSP
This program was used to analyse the calibrated spectrum
data. Among its options were algorithms for smoothing the
displayed spectrum by convolution with a Gaussian filter
function, calculating the eguivalent widths of absorption

lines, and fitting Gaussian profiles to absorption lines.

At the time this software was written few reduction and
analysis programs were running on the Starlink VAX computer
system at University College London. It 1is currently more
realistic to use software already available on Starlink than to
write new software. However, in the interests of consistency in
the data reduction and analysis, the maintainance and use of
these programs was continued throughout the work on spectra
obtained in the Lick Observatory programme.

There follows a summary description of each of the programs
used 1in the data reduction and analysis reported in this thesis.
In general these programs were based upon original code written
by D.W.T. Baines and checked and further developed as part of the
work reported in this thesis. The exceptions to this were the
programs L6284 and LSPEC, which were almost entirely

original work.



(i) PDSREAD

This program was almost identical to RPDST above.

Figure 2.8 illustrates the program structure (i.e. Jackson,

1975) of PDSREAD.

(ii) LICON

This program combined the procedures of NCALP and SPECONV
above with the added function of performing an intensity
calibration of one comparison spectrum scan. These data
were saved at the end of the resultant data file on disk

and were used in the program L6284 described below.

A further modification to NCALP and SPECONV above was the
replacement of the fitting subroutines written by Mr. D.E.
Maslen. These were replaced by IBM matrix manipulation
subroutines and a re-written fitting subroutine. This was
done because of an error occuring 1in the matrix
manipulation of the original subroutines. This apparently
caused the iterative fitting procedure to converge more
slowly and tend to converge to local chi-squared minima in
parameter space, rather than converge completely to the
solution. The fit convergence was speeded up and became

more stable after the procedure was re-written.

Figure 2.9 illustrates the program structure of LICON.

(iii) LWCAL
This program was almost identical to NWAVE above.
Procedures were added to read the data for L6284, discussed
under LICON above, at the end of the input data file and to
write it at the end of the output data file.
Figure 2.10 illustrates the program structure of LWCAL.

(v) L6284

This program was designed to rectify the telluric oxygen
alpha band at 62768 wavelength. This was necessary in order

to obtain accurate data for the diffuse interstellar
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Figure 2.8

Diagram illustrating the program structure of PDSREAD.
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Figure 2.9 (continued)
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Figure 2.10 (continued)




feature at 62848 wavelength. The rectification procedure
involved modelling the telluric oxygen band in optical
depth wusing a high resolution spectrum of the region
bethen 62692 and 63OOX by the method of 1least squares.
This optical depth modelling accounted for variations in
the strength of the telluric band with airmass. The high

resolution data originated from Griffin & Griffin (1979).

The intensity calibrated comparison spectrum data were used
to determine the instrumental response function by fitting
a Gaussian profile to the neon line at 62668. The response
function was used to degrade the high resolution oxygen
alpha band spectrum by convolution to the resolution of the
spectrograph system used. Once a suitable restoration of
the spectrum data had been achieved, the data were saved on

disk.
This program is discussed in detail in Chapter 3.
Figure 2.11 illustrates the program structure of L6284.

(vi) LSPEC
This program was a completely restructured version of VNSP.
It became necessary to largely rewrite VNSP because the
command structure was virtually inaccessible and the
program exceedingly awkward to maintain and expand. Only

the original equivalent width algorithm was kept unchanged.

Figure 2.12 illustrates the program structure of the root

module of LSPEC.

Further to the above computer software the spectrum data
analysis program DIPSO and the interactive plotting program
MONGO, available on the University College London node of
Starlink, were also used in the preparation of the diagrams

presented throughout this thesis.
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Figure 2.12

Diagram illustrating the program structure of the root module and
equivalent width subroutine of LSPEC.




2.2.7 The Photometric Accuracy

As noted in Subsection 2.2.6 the function used to fit the
characteristic curve for the photometric calibration of the

spectrograms was

log;o I = alog;q (100/" - 1) +c

Sampson (1925) and Baker (1925, 1927) discussed a more general
form of the above equation (see also the discussion by de

Vaucouleurs, 1968), given by the series
1 .2 1 2
logioI = aA + T + ECA +dAT+§eT + - (2.4)

where I is the relative intensity at a particular wavelength; A
is a function of density D; and T is a function of exposure time,
t. Sampson (1925) simplified the above general expression on

empirical grounds to the more practical form
1
logloIzaA+bT+§eT (2.5)

where

A =log, (10P — 1)

t
T = log;o (2‘6)

t being the exposure time and t_. some reference exposure time.

o]
In the Lick Observatory programme t was constant (4 minutes
intensity calibration exposure time), thus T was also a constant.

This simplified Sampson's formula further:
logqio I = alogyg (IOD — 1) + constant (2.6)
The above equation was the basic expression used for the

photometric wcalibration. A further parameter was inserted to

scale the density variable, D, to give Equation (2.2):



logyo I = alog,, (IOD/b — 1) +c

The choice of this analytical expression to fit the intensity
calibration data was made by Mr D.W.T. Baines in 1980. The
addition of a third fit parameter, scaling the density variable,
was made in order to fit the data more precisely. This addition
to Sampson's basic formula is discussed by Farnell (1966). The
adopted expression has the advantage that a good fit to the data
can be achieved using only three fit parameters. TIf this 1is
compared to the analytical function discussed by Tsubaki &
Engvold (1975), which has a total of seven fit parameters, the
function used leads to four additional degrees of freedom in the
least squares fit. It is statistically very valuable to have
fewer fit parameters when the number of data is small (typically
between nine and eleven for the Lick data). The one possible
disadvantage of the function used is that it only described the
unsaturated region of the characteristic curve. This means that
for very high densities a disagreement between the calibration
data and the model function might occur. In the event, this was
not a problem since the intensity calibration data did not
generally reach saturation densities.

In the Lick Observatory programme the least squares fit to
the above function was an unweighted one. The density variable
used was the PDS output divided by 1000 (a factor 2.50 times the
photographic density), rather than the photographic density.
However, this difference was fully compensated for by the
parameter b in Equation 2.2.

Assuming the uniform development of the photographic plates,
three possible sources of systematic error are of importance to
the accuracy of the photometric calibration. These are discussed

below.

(i) Wavelength Sensitivity Variations.
Typically, the characteristic curve of a photographic
emulsion will vary as a function of both wavelength and
exposure time (e.g. Altman, 1977). In order to eliminate

systematic errors in the intensity calibration arising from



sensitivity variations across the spectrum it is usually
necessary to determine the characteristic curve for the
emulsion at each wavelength of interest when doing
photographic spectrophotometry. In the Lick Observatory
programme the photographic emulsion was preceded by a Varo
image intensifier with an S-20 photocathode and a P-20
phosphor. This meant that the effective wavelength range of
light reaching the photographic emulsion was always that of
the phosphor, with a peak radiative output at approximately
55002. Because of this, the precise form of the
characteristic curve could be considered independent of
wavelength in the Lick Observatory data. Variations in the
sensitivity of the S-20 Varo photocathode with respect to
wavelength remain. However, these variations would not
affect the form of the characteristic curve (in particular
the contrast - gamma), but would only translate the
characteristic curve along the 1log(relative intensity)
axis. Hence, spectroscopic measures such as equivalent
width and absorption depth, which are measured relative to

the local spectrum continuum, would not be affected.

(ii) Reciprocity Failure.
The exposure times of the spectra taken during the Lick
Observatory programme were typically about 30 minutes, and
within a range from 1 to 110 minutes. Since these spectra
were taken by trailing the star image along the
spectrograph slit, the actual exposure time at any one
point in the spectrum was intermittent and largely
dependent upon the size of the seeing disk. Given that the
angular scale at the slit was 10 arc sec./mm and that the
slit length was 8mm then, for a typical seeing disk of 2
arc seconds, the exposure time for any one part of the
spectrum would be 0.025 the exposure time. Hence the range
of exposure times was from 0.025 to 2.75 minutes, with a
typical exposure time of about 0.75 minutes. The intensity
calibration was provided by a continuous exposure of 4
minutes duration (see Subsection 2.2.2). Throughout the
Lick Observatory programme it was assumed that the effects

of reciprocity failure for the Kodak reciprocity-corrected



(1ii)

emulsions used were negligible over the above range of
exposure times. Moreover, it was assumed that the
difference in sensitometry between continuous and
intermittent exposures (e.g. Griffin & Griffin, 1979) could

be neglected.

If reciprocity failure were present to any significant
degree, its most damaging effect would be to change the
contrast (gamma, or the slope of the linear portion of the
characteristic curve), of the stellar spectrum with respect
to the intensity calibration. This would have the effect of
systematically skewing the relative intensity scale towards
lower intensities with increasing relative intensity.
Broadly, this would tend to weaken apparent line

strengths in proportion to the change in gamma.

The Model Fit Accuracy.

In order to examine the accuracy of the model discussed
above, the residuals from the least squares fit were
examined with respect to log(relative intensity). Although
the average residual at each sensitometer strip varied
somewhat both with number of data and observing season,
essentially the same systematic trend was found in the
residuals. Figure 2.13 illustrates these variations wusing

all the data for the IIIaF emulsion used in this thesis.

Typically, the standard deviation of the least squares fit
to the data was about 0.02 in log(relative intensity).
However, the log(relative intensity) data given by
Soderblom (1976) relate to the relative intensities of the
calibration strips incident on the photocathode faceplate
of the Varo image intensifier. The systematic variation
shown 1in Figure 2.13 most likely arose from the radial
sensitivity variation of the Varo image tube discussed 1in
Subsection 2.2.3. This variation would cause a systematic
departure from the log(relative intensity) data depending
upon the position of each calibration strip relative to the
optical axis of the image tube. 0ddly, the largest

residuals occur for the calibration strips nearest the
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Figure 2.13

Graphs illustrating the systematic variation of the residuals
from the intensity calibration fit with respect to displacement
from the stellar spectrum. The fit residuals ‘have units of
relative intensity. Residuals from fits wusing 9 data are
presented 1in. (a), and residuals from fits using 11 data are
presented 1in (b). The two sets of connected data in each plot
indicate intensity data taken from either side of the stellar
spectrum.



optical axis. However, it is not clear precisely how the
least squares fit algorithm will behave when given skewed

data of this kind.

It has been assumed that the systematic variations in
relative intensity of the calibration strips either side of
the spectrum are symmetrical. However, if a bias in the
calibration were present, then systematic errors would
propagate into the intensity calibration and into the
subsequent data analysis. Inspection of the data
illustrated by Figure 2.13 implies that the greatest effect
of the systematic trends in the fit residuals, assuming
them to be symmetrical, will be a translation of the
original relative intensity scale along the residual axis,
and parallel to the log(relative intensity) axis. The
effect of this would be to transform the original relative
intensity scale into another arbitrary relative intensity
scale by multiplication by a factor close to unity. The
resultant random error of this intensity calibration is
likely to be somewhat less than that derived from the least
squares fit alone; perhaps less than 0.007 in
log(relative intensity). It would be difficult to
substantiate this further. This discussion is of importance

to the error analysis given in Chapter 4.

One further influence on the accuracy of the photometric
calibration is photographic grain noise, which is of a random
nature. It should be noted that the continuum noise seen on the
photometrically calibrated data was not only the result of
photographic grain, but also of the fibre optic pattern of the
output faceplate of the Varo image intensifier. Some smoothing of
this noise has also been imposed by the response time of the
logarithmic amplifier of the PDS microphotometer (e.g. Massey &
Welch, 1979). The graphs given in Figure 2.14 illustrate the
behaviour of the continuum noise in the final calibrated data for
the two photographic emulsions used (Kodak IIIaF and 103aD). The
method of calculation was to fit a polynomial to the continuum

over 508 of spectrum at a time. The noise 1is the standard
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deviation of the data about the fit curve. Although care was
taken to avoid including absorption features in the continuum
fit, the scatter of the data imply that this was not wholly
successful. The conclusions drawn from this exercise were that
over the intensity range normally used for data analysis, the
percentage continuum noise (with respect to the relative
intensity) was approximately constant for a given spectrogram.
Some variation in the noise characteristics between photographic
plates of the same emulsion is also apparent. Typically, the
continuum noise for the Kodak IIIaF emulsion was found to be
approximately 1.0%, whereas the Kodak 103aD emulsion recorded a

continuum noise of approximately 2.4%.
2.2.8 The Wavelength Accuracy

The method of centroiding a calibration spectrum line has
been discussed in Subsection 2.2.6 for the programs NWAVE and
LWCAL. Of particular relevance to the accuracy of the wavelength
calibration was the presence of S-distortion introduced by the
image intensifier. Since an average of the two calibration
spectra was used to obtain the centroid of each strong neon
emission line in the calibration spectrum, any significant amount
of S-distortion would lead to the emission 1lines not being
coincident in position within the two PDS scans of the
calibration spectra. Hence, broader or even double emission lines
would be recorded for each of the neon calibration lines.
Inspection of the calibration data indicated that this was indeed
the case when the data were taken from vositions on the image
intensifier faceplate far from its optical axis. However, 1in the
region of the spectrum considered spectroscopically useful, the
effects of S-distortion were not apparent.

The wavelength calibration data were fitted to a polynomial
as discussed in Subsection 2.2.6. For 62002 region spectra, a
cubic polynomial was used; and for 64502 region spectra, a
quartic polynomial was normally used. Usually, 9 neon lines were
used in the calibration of the 62002 region spectra, and 12 neon
lines were used in the calibration of the 64503 region spectra.
The wavelength fit standard deviation was maintained well below

O.lg; with the 62002 region spectra giving standard deviations



around 0.0252, and the 64508 region spectra giving standard
deviations around 0.0352. These errors are well within the PDS
sampling pixel size of approximately 0.088. It is considered that
S-distortion was the likely cause of the increase in the standard
deviation of the polynomial fit to the wavelength data for the

64502 region spectra.
2.2.9 The Focus Variability

In order to establish the instrumental response function of
the spectrograph for the modelling of the telluric oxygen band at
62768 (see Chapter 3), the intensity profile of the wavelength
comparison line at 62668 was fitted by a Gaussian function. The
applicability of the Gaussian function and its accuracy are
discussed in detail in Chapter 3. Here, it is sufficient to note
that the fit to the data was normally a good one when photometric
variability was taken into account.

Over the entire data set investigated, the full width at
half maximum (FWHM) of the neon 62668 wavelength comparison 1line
varied within the range 0.57 to 1.372. The average FWHM over all
the 62008 region spectrograms was 0.88 * 0.172, and the average
FWHM over all the 64508 region spectrograms was 0.86 * 0.078,
where the errors quoted are the standard errors on the mean
values. Table 2.2 tabulates the average FWHM by observing run
separately for the 62002 and 64SOR region spectrograms.

It was considered necessary to first «check that these
variations were real and not just a result of poor plate
levelling during digitising on the PDS microphotometer. Although
visual inspection of individual spectrograms indicated that the
effect was real, a number of spectrograms were traced on a Joyce-
Loebl Mk.III CS at the University of London Observatory using a
projected slit width of 10 microns. The 62668 arc line was
measured both sides of the stellar spectrum; care being taken to
align the spectrum as accurately as possible. The results are

tabulated in Table 2.3.



Table 2.2

Year Emulsion Region FWHM S.D. N
) () &)
1978 IIlaF 6200 0.866 0.140 37
103aD 6200 0.880 0.109 11
1980 IIIaF 6200 0.728 0.104 48
1981 IIIaF 6200 1.099 0.112 26
103aD 6200 1.000 .. 1
1982 IIIaF 6200 0.913 0.135 29
IIIaF 6450 0.862 0.072 23
103aD 6200 0.840 0.186 6
1983 IIIaF 6200 0.903 0.136 a2
IIIaF 6450 0.866 0.061 7
1984a ITIIaF 6200 0.915 0.181 8
1984b IIIaF 6200 0.829 0.084 4

A table of average FWHM by observing run, emulsion and plate
central wavelength. 1984a and 1984b in column 1 refer to the June
1984 and September 1984 observing runs respectively. Column 5
gives the standard deviation, not the standard error.

Table 2.3
Plate No. FWHM (PDS) FWHM (J-L)
®) )
EP7496 0.692 0.705
EP7497 1.120 1.041
EP7507 1.047 1.023
EP7791 1.311 1.198
EP7988 0.985 0.918
EP8179 0.929 0.825

A table of measured FWHM using both Perkin-Elmer PDS
microphotometer and Joyce-Loebl Mk.III CS microdensitometer scan
results.



It was found that the FWHM's of the 62668 arc line measured
with the Joyce-Loebl microdensitometer compared well with those
calculated from the PDS results. 1In general, the agreement was
better than 10%, with the Joyce-Loebl FWHM being the narrower. It
is suggested that this was due to plate levelling on the PDS
being performed for the whole spectrum, rather than Jjust the
62668 region, and thus being slightly affected by S-distortion
local to 62668. It was concluded that the focus variability was
real.

A check was made on the possible effects of diurnal
temperature variations within the spectrograph being responsible
for the focus variability. However, no significant difference
appears between the FWHM recorded for all plates taken at the
beginning of a night and the FWHM recorded for all plates taken
at the end of a night. One would expect the largest temperature
difference in the coude room to arise between these two extremes.
In the absence of any temperature data for the coude room, this
is all that could be done to check for such temperature effects.

Dr. G.H. Herbig (Herbig, 1985) has suggested that the focus
variation arose from small variations in the seating of the plate
emulsion upon the image tube faceplate. He noted that tiny scraps
of emulsion caught between the two surfaces would be enough to
account for the focus effect observed. Dr. R.F. Griffin (Griffin,
1985) has also suggested that the effect could be intrinsic to
the Varo image tube (possibly resulting from drift in the supply
voltage). If this were so, longer exposures would have given rise
to increasingly indistinct spectra than shorter exposures.
Unfortunately, the fact that the wavelength comparison spectrum
from which these measurements were taken was only exposed for 3
seconds at the beginning and end of each stellar exposure
precluded a test of this kind being made on the data. It is also
noted that the focus of a single stage electrostatic image
intensifier is not voltage dependent within its operating range
of 11 to 13kV. Visual inspection of the spectrograms revealed the
same focus effects in the sharpness of the intensity calibration
strips, which were exposed for 4 minutes in a single exposure
during the stellar exposure. This latter observation 1is in

support of the suggestion by Herbig.



2.2.10 Discussion

In general, the acquisition and reduction of the Lick
Observatory data was successful in that it maintained a good
degree of continuity in technique between different observers
over a period of seven years, and in that errors occurring in the
data reduction were of a manageable proportion.

The photographic processing regime, as detailed in
Subsection 2.2.4, was fairly typical of spectrophotometry where
the intensity calibration resides on each plate. However, a
regime similar to that outlined by Miller (1977) would have been
more rigorous in assuring the true archival performance of the
photographic plates. 1In this context, the use of two sequential
fixing baths would have been appropriate, as would the use of a
clearing agent bath prior to the plate wash. Although this
neglect 1is of concern to the long-term stability of the
photographic data acgqguired at the Lick Observatory, it has no
effect on the photometric accuracy of the work in this thesis.

Perhaps the most disturbing irregularities in the accuracy
of the Lick Observatory data occur in the photometric calibration
detailed in Subsection 2.2.7. As discussed in Subsection 2.2.7,
it 1is fortunate that the errors on the photometric calibration
resulting from the radial sensitivity decrease of the Varo image
intensifier probably manifest themselves as a linear translation
in log(relative intensity), and hence just change the gradient of
the relative intensity séale. This gradient change will have
little or no effect on the subsequent equivalent width analysis
discussed in Chapters 3, 4 and 5.

One further comment on the photometric calibration of the
Lick Observatory data concerns the method of fog subtraction in
the programs SPECONV and LICON. No method of interactively
checking and removing plate faults from the two plate fog scans
was provided. Occasionally, it was found that a facility of this
kind would have been helpful in the data reduction. Furthermore,
the fog data contain grain noise which, when subtracted from the
spectrum data, increase the continuum noise of the calibrated
spectrum. This could have been reduced by fitting a polynomial to
the fog data by the method of least squares, and subtracting the

fit results from the spectrum data. It is likely that continuum
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noise in the calibrated spectrum data would have been reduced by
a factor of approximately 1.4 by wusing a fog subtraction
technique of this kind.

The acéuracy of the wavelength calibration discussed in
Subsection 2.2.8 was found to be well within the PDS
microphotometer sampling pixel size used.

The discussion in Subsection 2.2.2 noted that the projected
slit width of the coude spectrograph with the Mk.II Varo system,
used in conjunction with the 20 inch spectrograph camera, was 20
microns. This projected slit width corresponded to a width of
0.333 in wavelength at 62662 for the dispersion used. As noted in
Subsection 2.2.9 the mean value of the FWHM of the 62662
comparison line was 0.88 0.17X for all the 62002 region
spectrograms, corresponding to a projected slit width of 54
microns. Certainly, this will largely be the result of the focus
effects discussed in Subsection 2.2.9. However, the narrowest
recorded FWHM for the 62668 comparison line was 0.57X,
corresponding to a projected slit width of 35 microns. This
amount of degradation of the projected slit width is more typical
of a photographic detector, resulting from the emulsion
granularity. Hence, notwithstanding the focus effects discussed
in Subsection 2.2.9, the instrument was potentially capable of
performing as well as the coude spectrograph without an image

intensifier system.

2.3 The Mt. Stromlo Observatory Observations

2.3.1 The Observations

The spectroscopic observations collected at the Mt. Stromlo
Observatory, Canberra, ACT were made during the period 1978 May
to 1985 May. A total of 4 observing runs contributed to the data.
The observations were made by Dr. M.J. Barlow and Dr. J.C. Blades
in 1978 May, 1978 July, and 1979 June; and by the Mr. P.C.T. Rees
in 1985 May. All observations were made using the coude
spectrograph of the 1.9m reflector. The basic spectrograph
configuration was not changed between the observing runs given

above. However, in 1978 and 1979 the detector used was the 1-



dimensional photon counting array (PCA), and in 1985 the detector
used was the 2-dimensional PCA. During the above observing runs a
total of 65 useful spectra were acquired for the work discussed

in this thesis.
2.3.2 The Spectrograph

The coude spectrograph of the 1.9m reflector is of classical
design with the wavelength dispersion being in the vertical
direction. The spectrograph incorporates a total of three cameras
of 15, 30 and 130 inches focal length. In addition to the normal
low order grating spectrograph, an echelle grating mode has
recently been provided within the basic design (Butcher, 1971).

In this work the 130 inch camera of the spectrograph was
used with a 79 grooves/mm Bausch & Lomb replica echelle
diffraction grating. A 300 grooves/mm Bausch & Lomb replica
diffraction grating blazed for 50008 was used to cross-disperse
the echelle spectrum prior to the echelle grating. A nominal
reciprocal dispersion of O.SBR/mm was achieved at the detector
faceplate at a wavelength of 5890%K. This represented a spectral
range of 9.68 at a reciprocal dispersion of O.77X/mm at the
reticon for the 1l-dimensional PCA, and a spectral range of 6.28
at a reciprocal dispersion of O.S6X/mm at the ¢cCD for the 2-
dimensional PCA. This difference was the result of
demagnification within the PCA system caused by the image tubes
used in the light amplification.

The spectrograph slit width used for these observations was
varied 1in order to meet somewhat conflicting observational
requirements. These observational requirements were principally
high resolution and minimal exposure times. Generally a
compromise was made between these two requirements depending upon
seeing conditions and the magnitudes of the stars being observed.
The spectrograph slit width varied between 60 and 250 microns for
the data acquired by Barlow and Blades, and was maintained at 125
microns by the author in 1985. The resulting resolution of the
spectrograph is discussed in detail in Chapter 6, but was
typically between 0.7km/s and 3.0km/s (0.0142 and 0.0592
respectively at 58902).



2.3.3 The Mt. Stromlo Photon Counting Array

The basic characteristics of the two versions of the Mt.
Stromlo Photon Counting Array used (l-dimensional and 2-

dimensional) are discussed below.

(i) The 1-Dimensional Photon Counting Array
The l1-dimensional PCA is discussed in detail by Stapinski,
Rodgers & Ellis (1979), in which the authors also discuss
the objectives of the development of a photon counting
system at the Mt. Stromlo and Siding Spring Observatories.

These objectives were as follows:

(a) To count every photo-electron emitted at the front
photocathode.

(b) To count these only once.

(c) To centre the photon event pulse to obtain maximum
resolution.

(d) To eliminate all non-photon noise.

The 1l-dimensional PCA detection system was based wupon a
tandem stack of six single stage, electrostatically
focussed, 40mm diameter image tubes. The image tubes were
fibre optically coupled and provided a net gain of 107. The
image tubes used P-20 phosphors and, in the work used in
this thesis, S-20 photocathodes. A Reticon dual 1024
element array was optically coupled to the tandem image
tube stack using two Nikon F/1.2, 55mm photographic lenses.
The pixel size of the Reticon arrays was 25 microns wide
by 430 microns high. The two arrays were separated by a
vertical distance of 2.5mm. Mechanisms were provided at the
coupling between the Reticon and the tandem stack to adjust
the transfer optics focus, array tilt and array
translation. These were of considerable utility in aligning
the Reticon arrays with the dispersion direction when using

the coude echelle spectrograph.

A DEC PDP-11 series mini-computer provided the Reticon data

acquisition and storage system. Exposures were monitored



and controlled using interactive graphics facilities
provided by the data acquisition’system. The data from the
two Reticon arrays were treated separately by the data
acquisition system until the detected photon events were
centroided. The two array results were then combined and
sent as one stream to be accumulated in the computer

memory .

The centroiding of detected photon events was performed to
a precision of half the Reticon pixel width, i.e. 12.5
microns. However, the resolution of the detector system was
further constrained by the 8 micron fibre optic size at the

input faceplate of the image tubes.

The dark current count for the system 1is given by
Stapinsky, Rodgers & Ellis (1979) as 0.005Hz/pixel when
the first photocathode is cooled to a temperature of

-40°C.

(ii) The 2-Dimensional Photon Counting Array
The 2-dimensional PCA is discussed in detail by Stapinski,
Rodgers & Ellis (198l). The design philosophy of the 2-
dimensional PCA system was the same as that for the 1-
dimensional PCaA since the 2-dimensional PCA is a

development of the l-dimensional PCA.

In the configuration used in 1985 the 2-dimensional PCA was
used with an 18mm diameter microchannel plate at the front
end, with one fibre optically coupled, single stage,
electrostatically focused image tube stacked in tandem. The
front photocathode was again S-20. This configuration gave
a net gain similar to that of the l-dimensional PCA (107).
The back end of this intensifying stack was optically
coupled to a Fairchild charge coupled device (CCD) type

SL62925 using two Nikon F/1.2, 55mm photographic lenses.

The CCD array had 488 rows and 380 columns of charge
coupled photosites. The area of these photosites was 12x18

2 . . .
microns and they were situated on 30 micron horizontal and



18 micron vertical centres. The dimensions of the CCD array
measured 11.4mm wide by 8.8mm high. The CCD array was
mounted on a mechanical subassembly which could be adjusted

for transfer optics focus, array tilt and translation.

A DEC PDP-11 series mini-computer provided the CCD data
aquisition and storage system. Exposures were monitored and
controlled using interactive graphics facilities provided
by the data acquisition system. Photon events detected at
the CCD array were centred to half a pixel precision in the
horizontal direction (15 microns) and two pixels precision
in the wvertical direction (36 microns). Hence the 2-
dimensional image accumulated in computer memory was
760x244 pixels, 760 pixels being in the dispersion
direction of the spectrograph. The two pixels precision of
the vertical centring of the photon events was devised to
reduce unnecessary computation in the data acquisition
system. The resolution of the 2-dimensional PCA was also
degraded by fibre optic diameters of 8 microns in the fibre

optic coupling at the intensification stage.

The saturation characteristics of the 2-dimensional PCA
were dominated by the output phosphor decay time. A
canonical maximum count rate of 0.3Hz/pixel was suggested.
This can be compared with a dark current count of

0.0004Hz/pixel.

The counting accuracy of the 2-dimensional PCA system,
after flat-fielding, has been measured as giving a count
standard deviation of 1.1/N; where N is the number of
counts. This is in good agreement with Poissonian
statistics, which would be expected from an ideal photon

counting detector.



2.3.4 The Data Reduction

The data from both the l-dimensional and the 2-dimensional
PCA systems were saved on 9-track magnetic tape in Mt. Stromlo
Astronomical Data (SAD) format.

Prior to 1985 the data collected were subsequently converted
to SDRSYS format on tape using the Mt. Stromlo Observatory VAX
11/780. All calibration work on these spectra was done using the
SPICA data reduction program on the University College London and
Rutherford/Appleton Laboratories nodes of Starlink. The
calibration work done included the wavelength calibration of the
spectra obtained and the subtraction of background counts from
these spectra. No flat field data were acquired for these
spectra. This work was done by Dr. M.J. Barlow and Dr. J.C.
Blades. It was necessary to repeat the background count
subtraction for several spectra because of a software error found
in SPICA. Rectification of the spectra was performed by the using
a least squares polynomial fit to the continuum of each spectrum.
This was carried out using the DIPSO spectrum data analysis
program available on the University College London node of
Starlink. An example of an unrectified l-dimensional PCA spectrum
is given in Figure 2.15. This illustrates well the amount of
radial sensitivity decrease in the system produced by the six
tandem image intensifiers.

Flat field correction and 2-dimensional spectrum extraction
for the data obtained in 1985 was done at Mt. Stromlo Observatory
using data reduction software available on the Mt. Stromlo VAX
11/780. Flat field correction and background count subtraction
were performed using the PANDORA data reduction program, and
spectrum extraction was performed using the programs LOCSPE and
EXTRAC to produce a spectrum template and to extract the spectrum
data respectively. The resultant preprocessed data were stored on
9-track magnetic tape in Flexible Image Transfer System (FITS)
format. All subsequent data calibration (i.e. wavelength
calibration) was done using the SPICA program on the University
College London node of Starlink. Rectification of the spectra,
when necessary, was performed using the program DIPSO. Examples
of raw 2-dimensional PCA spectrum images for the stars HD92207

and HD144217 are given in Figure 2.16 in false colour. Examples
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An example of an unrectified 1-dimensional PCA spectrum of
interstellar sodium D2. The star is HD92207.
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of wunrectified spectra extracted from the 2-dimensional PCA
images presented in Figure 2.16 are given in Fiqure 2.17. Notable
in these two figures are the two clearly defined velocity
components in the spectrum of HD92207, and the weak absorption
lines apparent in the spectrum of HD144217 caused by atmospheric

water vapour.

2.3.5 The Photometric Accuracy

The sodium D data obtained using the 1l-dimensional PCA
system were reduced without using a flat field correction of any
kind; the data obtained using the 2-dimensional PCA system were
corrected with flat field data. The 1985 sodium D data were
corrected wusing a flat field image of approximately 3550
counts/pixel; and the diffuse interstellar feature data were
corrected using a flat field image of approximately 6700
counts/pixel. Figure 2.18 1illustrates a flat field image of
approximately 2400 counts/pixel. The ring pattern visible in
Figure 2.18 was seen in all flat fields taken in 1985. This was
thought to arise within the optical system of the detector.
However, 1its precise nature was unclear. The pattern appeared to
be Newton's rings, possibly caused by dust between the faceplates
of the microchannel plate and the image intensifier. The
intensity difference between the centre of the pattern and its
first minimum was approximately 10%. The vignetting to the left
hand side of the image, although probably unrelated, was thought
to be of similar origin. At the left hand side of the image the
intensity dropped to approximately 65% of that at the centre.
Both these effects were largely rectified in the data by the flat
field correction.

The signal/noise characteristics of the 1l-dimensional PCA
system are illustrated in Figure 2.19. It can be seen from the
graphs in Figure 2.19 that the detection performance of the 1-
dimensional PCA is generally better than that given by Poissonian
statistics. This 1is largely due to the spectra having been
resampled to equal wavelength intervals during reduction, and
hence smoothed to some degree. However, there is a fair agreement
between the measured noise and that predicted by counting

statistics. Furthermore, the noise characteristics of the
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Unrectified 2-dimensional PCA spectra extracted from the images

shown in Figure 2.16:

(a) HD92207,

and (b) HD144217.
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Figure 2.19

Graphs 1illustrating the continuum noise behaviour of the 1-
dimensional PCA system. The ratio of the continuum standard
deviation and the expected Poissonian standard deviation (the
square root of the number of counts) as a function of detected
spectrum counts is illustrated in (a). The departure from
Poissonian statistics as a function of detected spectrum count
rate 1is illustrated in (b). The residual is the continuum
standard deviation minus the expected Poissonian standard
deviation.



detector appear to be stable over a range of detection count
rates.

The signal/noise characteristics of the 2-dimensional PCA
system, after spectrum order extraction, are illustrated in
Figure 2.20. It can be seen from these graphs that there is a
strong departure from Poissonian statistics at low counts. If
these data are examined with respect to detection count rate, it
can be seen that the noise characteristics asymptotically
approach Poissonian statistics at high count rates. This
behaviour is largely explained by the presence of a significant
background count rate of approximately 4)(10_4 Hz/pixel in the
extracted spectrum. This is in remarkable agreement with the
background count rate given in Subsection 2.3.3. This background
has important implications for work aiming at high signal/noise,
as in the case of the diffuse feature study, since it makes
observations of faint stars more unfavourable than their

magnitudes already suggest.
2.3.6 The Wavelength Accuracy

The wavelength calibration of the sodium D data was
performed using the absorption lines of telluric water vapour in
this region of the spectrum. It was necessary to use these lines
because the spectrum provided by the thorium hollow cathode lamp
available was too sparse over the 6% wavelength range on the
detector to provide an adequate calibration for the high
resolution camera. The resulting wavelength calibration produced
a linear least squares fit standard deviation of better than
0.0lR (0.5km/s) for both the 1-dimensional and the 2-dimensional
PCA systems.

In order to calibrate the spectra of the diffuse
interstellar feature at 6614R% taken in 1985, it was necessary to
use the spectra of two K-type stars of known radial velocities.
The stars used were HD105707 (RV = 5.2 * 0.5km/s) and HD168454
(RV = -20.0 * 0.l1lkm/s). The radial velocities were taken from Abt
& Biggs (1972), and the errors quoted are simply derived from the
scatter of the data presented by the authors. Although the

absolute wavelength calibration derived from these stars was
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Figure 2.20

Graphs illustrating the continuum noise behaviour of the 2-
dimensional PCA system. The ratio of the continuum standard
deviation and the expected Poissonian standard deviation (the
square root of the number of counts) as a function of detected
spectrum counts 1is illustrated in (a). The departure from
Poissonian statistics as a function of detected spectrum count
rate is illustrated in (b). The residual 1is the continuum
standard deviation minus the expected Poissonian standard
deviation.



dependent upon the accuracy to which their radial velocities are
known, the internal consistency of the wavelength calibration

appeared to be as good as that of the sodium D data.
2.3.7 Discussion

Once the diffraction gratings had been set for the
wavelength region of interest, and this region checked using the
solar spectrum, the data acquisition system provided for the Mt.
Stromlo PCA made the data acquisition both efficient and
straightforward. The principal difficulties encountered were
finding the location of the required wavelength region and
obtaining an adequate wavelength calibration. Both of these
difficulties arose from the small wavelength range projected onto
the detector (approximately 68). The 2-dimensional PCA made the
acquisition of the appropriate wavelength region less arduous
than was the case with the l-dimensional PCA. This was mainly
because a part of two spectrum orders were visible simultaneously
on the 2-dimensional detector. The centring of the order on the
detector was also less arbitrary than with the 1l-dimensional PCA
as a result.

The problem of adequate wavelength calibration data remains
an 1important one, although it is understood that a new thorium
hollow cathode lamp has been installed in the spectrograph since
1985 May which provides at least two emission lines within the 68
wavelength range in the yellow and red spectrum. However, this
situation is still not ideal for an accurate wavelength
calibration.

The photometric characteristics of the 2-dimensional PCA
detector discussed in Subsection 2.3.5 also caused some concern.
However, these patterns appear to be largely corrected using the
flat field data. The noise characteristics of this detector have
important implications for very high resolution spectroscopy of
faint stars, since the resultant continuum noise would be
strongly divergent from a Poissonian nature because of its

background count rate.



2.4 Concluding Remarks

In the acquisition and reduction of the Lick Observatory
data, the central concern was one of continuity of technique
between observers. This was especially important since the data
acquired were to be used in a statistical study of the diffuse
interstellar features, and were acquired over a period of seven
years by a number of different observers. It is considered that a
good degree of continuity in data reduction techniques was upheld
throughout the Lick Observatory programme.

It 1is clear from the discussion in Subsection 2.2.10 that
most of the wuncertainties 1in the Lick Observatory data,
particularly those relating to the photometric calibration of the
spectra, originated from the use of an image intensifier to
amplify the spectra. The use of this system was necessary when
using the 0.6m coude auxiliary telescope with the coude
spectrograph of the Shane telescope in order to Kkeep exposure
times of the spectra obtained to within practical limits. Hence,
although introducing some uncertainties in the reduced data, the
use of the Varo image intensifier could not be avoided when using
the coude auxiliary telescope to collect the 1light. It is
noteworthy that an observational programme of this size would be
unlikely to succeed in obtaining an allocation of time on the 3m
Shane telescope.

It was found that the acquisition and reduction of the Mt.
Stromlc Observatory data were considerably more straightforward
than was the case for the Lick Observatory data, even considering
the photometric peculiarities discussed in Subsection 2.3.5. It
is considered that the wuse of 2-dimensional photo-~electric
detectors 1is superior in both accuracy and repeatability to the
use of photographic techniques. However, it is clear that the use
of the specific detectors outlined in this chapter depended
largely upon their applications. It is interesting to note that a
Reticon became available for use with the spectrograph at the
Lick Observatory during the diffuse feature programme and was
used by Mr. M.E.C. Ashfield in 1981 to obtain a number of
spectra. No results appear to have come from this data and the
detector was taken out of commission for a prolonged interval

shortly after 1981.



The main limitation of the Mt. Stromlo Observatory programme
was the low efficiency of the spectrograph when used with the 130
inch camera. If studies at resolutions near 1 km/s (0.028) were
to be regularly conducted with this spectrograph, several simple
and inexpensive modifications could be made to the spectrograph
to increase efficiency. It is clear that, with a scale of 2.8 arc
sec./mm at the coude focus of the 1.9m telescope, most of the
inefficiency results from starlight not getting into the
spectrograph through the slit (set typically to a width of 120
microns). Use of a Richardson image slicer (e.g. Richardson,
Fletcher & Grundmann, 1984) in place of the spectrograph slit
would increase the amount of light entering the spectrograph by a
typical factor 2.5.

A second source of inefficiency is the grating cross-
disperser. The cross-disperser is present in the system to
isolate individual echelle grating orders in a direction
perpendicular to the echelle dispersion. However, since only a 68
wavelength range falls on the detector at any one time when using
the 130 inch camera, the cross-disperser is somewhat redundant.
In place of the «cross disperser a plane mirror could be
installed, and the wavelength region of interest isolated wusing
interference filters. This solution has the advantages of
potentially higher efficiency and allowing only those wavelengths
which are of interest into the spectrograph. The latter point is
of importance since it reduces the amount of scattered 1light
within the spectrograph. Conversely, one disadvantage of the use
of interference filters is the necessity of having a set of
filters, one for each of the interstellar lines of interest to
the observer.

To conclude, the coude spectrograph of the Mt. Stromlo
Observatory 1.9m telescope is an excellent instrument for high
resolution interstellar spectroscopy. Some small enhancements
would increase its usefulness further when using the 130 inch

spectrograph camera.



Chapter 3

STUDIES OF THE DIFFUSE INTERSTELLAR FEATURE 52_62842

3.1 Overview

This chapter discusses the spectroscopic pollution of the
diffuse interstellar feature at 6284&, by the alpha band of
telluric molecular oxygen, and its rectification. The alpha band
of telluric molecular oxygen has its head at 62762, hence the
diffuse feature at 6284% lies in the redward wing of this band. A
computational procedure was devised to model the alpha band in
optical depth to account for the variation in the strength of
this band with air mass between spectra. The computational
procedure used a high resolution spectrum in the wavelength
region from 62692 to 63002 as a model template for the alpha
band. The resultant best fit model of the alpha band was then
used to correct the spectroscopic data. The accuracy of the
computational procedure is discussed in detail to examine its
effect wupon the accuracy of the analysis reported in Chapters 4
and 5.

There follows an outline of the nature of the spectroscopic
pollution, followed by a discussion of the computational
procedure and its accuracy. The chapter is concluded with a
comparision of the results of the rectification of the 62843
region with results from uncorrected spectra and existing

published data for the diffuse feature at 62843.

3.2 Spectroscopic Pollution caused by Telluric Oxygen

In the red spectrum there are three major absorption bands
resulting from vibrational structure of a forbidden electron
transition in telluric molecular oxygen. These bands are the A, B
and alpha bands which have their heads at 7593%, 68678 and 6276&
respectively. The bands result from the vibrational transitions
(0-0), (1-0) and (2-0) (for the A, B and alpha bands

respectively) between the ground state X3Zé and the excited



state blZ; of the oxygen molecule (e.g. Babcock & Herzberg,
1948). This electronic transition 1is a magnetic dipole
transition. Because of the extent of the redward wing of the
alpha band, studies of the diffuse interstellar feature at 62848
have been severely restricted in their accuracy by telluric
oxygen. Figure 3.1 illustrates the effect of this band on data
acquired at the Lick Observatory.

The profiles of the component lines of the alpha band have
been previously studied in some detail, with a view to using the
profiles of the band components in the evaluation of the
performance of high resolution spectrographs (e.g. Allen, 1937;
Panofsky, 1942; Griffin, 1969). Within one band component
observed, say, towards the zenith the specific intensity is given

by
I = I exp(—n) (3.1)

Here I;O) is the specific intensity incident on the Earth's
atmosphere; TA is the optical depth within the line profile; and

IX is the resultant observed specific intensity. At a given
wavelength, A, the optical depth within the line profile is the

integral of the optical depth throughout the atmosphere:

Ta
1’,\:/ dt, (3.2)
o]

At a given height, h, in the atmosphere, along a height increment

dh, the resulting optical depth increment, 4t may be written

)\ r
dts = n(h) ax(h)dh (3.3)

where n(h) is the number density of the absorbers, and ax(h) is
the 1line absorption coefficient at wavelength ). Equation (3.2)

may then be written

o0 A{ gk oo !
= , =2 (3.4)
) /0 n(h)ax(h)dh 8wcy:‘4"’/o n(h) éx(h) dh

where (h) is the 1line broadening function. In the case of the
A
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Figure 3.1

A spectrum of the region near 62848 observed during the
University of London Observatory diffuse feature programme at the
Lick Observatory. The star is HD4841, and has a colour excess of
E(B-V) = 0.65. It was observed at an air mass of 1.12 (zenith
distance of 27°). Note both the head of the alpha band of
telluric oxygen at 6276A, and the diffuse interstellar feature
centred at 6284K.

6340



Earth's atmosphere, ¢A(h) will depend upon the temperature, T,

and density, n, at height h:

_1 Y 1 T(Wexp[-w?/b(n)]
h)= = ) a
éxr(h) W/_m b(lz)ﬁ{I‘Z(h)+[)\—/\0(1"'“/‘:)]2}"1 3.5)

¢A(h) is the result of a convolution between the thermal
broadening function which is Gaussian in shape, and a Lorentzian
broadening function resulting from a combination of both natural

and pressure broadening, where
r(h) =Traa + rprca(h) (3.6)

represents the full width at half maximum (FWHM) of the
Lorentzian function, and T and T are the contributions
rad pres
from natural and pressure broadening respectively.
Assuming a plane parallel atmosphere, the optical depth
within a 1line at a zenith distance z, may be related to the
optical depth observed for the line at the zenith simply by

ma(2) =~ {9 sec 2 (3.7)

At high zenith distances for the Earth's atmosphere, a more

accurate approximation is given by

Ta(2) =~ TISO)X (3.8)

where X 1is the air mass, given by the usual polynomial

approximation (e.g. Hardie, 1962):

X = sec z — 0.0018167 (sec z — 1) — 0.002875 (sec z — 1) — 0.0008083 (sec z — 1)>  (3.9)

The relative strengths of the component absorption lines
within the alpha band (corresponding to particular rotational

states) may be found by assuming local thermodynamical



equilibrium and applying the usual Boltzmann factors:

I yrr "
TIaps o< (J' 4+ J" 4+ 1) exp [_B I +1)h°] (3.10)

kT

where B" is the rotational constant of the initial state; and J"
the rotational quantum number of the initial state, and J' the
rotational quantum number of the final state.

It 1is clear from the above discussion that throughout the
Earth's atmosphere the populations of both the vibrational and
rotational states will vary with height. However, the resulting
line profile functions at any one instant will vary little with
respect to air mass, scaling only in optical depth proportional
to air mass. This 1is not the case when diurnal and, more
significantly, seasonal variations in the temperature and density
distribution within the atmosphere are considered. To account for
the alpha band of telluric oxygen completely, it would be
necessary to model the formation of its component line profiles
in detail. To do this successfully would require a knowledge of
the temperature and density structure of the Earth's atmosphere
in the wvicinity of the Lick Observatory during the relevant
periods. However, since it is only necessary to rectify the alpha
band intensities to account for the presence of the Earth's
atmosphere, each component of the alpha band could be
approximated by a single Voigt profile function using a least
squares procedure (e.g. Kielkopf, 1973); as long as the component
lines are well resolved.

In practice, the resolution of the Lick Observatory data was
not able to resolve individual components of the alpha band
(illustrated in Figure 3.1), which have full widths at half depth
of approximately 0.0142, as compared with 0.882 for the
instrumental response function of the spectrograph. It was
therefore not feasible to model and rectify each component line
of this band. As a consequence of this, and as a consequence of
the spectrogram focus variability discussed in Chapter 2
(Subsection 2.2.9), it was considered that the only reliable

method of rectifying the telluric alpha band was to use high



resolution data degraded to the resolution of each spectrogram by
convolution, and modelled in optical depth to fit the observed
spectra. A single high resolution spectrum of the telluric alpha
band was used for this purpose, making the assumptions of
negligible diurnal and seasonal variations in the relative
strengths of the band components. Ideally, a complementary high
resolution spectrum of the 62848 region would have been acquired
for each night when the 62842 diffuse feature was observed. This
high resolution data could then be used in the rectification of
the telluric alpha band, making the assumption of negligible
diurnal variation only in the relative strengths of the band
components. No attempts were made to acquire such complementary
data prior to 1983, and certainly no such data exist in the Lick
Observatory spectrogram collection held at the University of
London Observatory. It should be noted, however, that the
acquisition of high resolution data using the same instrument
would have involved lengthy delays each night as a result of
spectrograph camera and detector changes. Later in the
observational programme, control stars of low reddening were
observed at various altitudes at the same resolution as the
diffuse feature data in order to provide test data for the
telluric band restoration procedure.

The high resolution data used in the correction procedure
was that reported by Griffin & Griffin (1979) for the spectrum of
Procyon. This spectrum offered good signal/noise and photometric
accuracy, and the stellar spectrum was less crowded in the region
of the alpha band than those of other similar spectrophotometric
atlases (e.g. Minnaert, Mulders & Houtgast, 1940; Griffin, 1968).
Figure 3.2 1illustrates the high resolution data of Griffin &
Griffin (1979), for the region of the 62848 diffuse feature; the
lines caused by telluric oxygen indicated are tabulated in Table
3.1. The data were digitised by hand from the published spectrum
plots at a wavelength interval of 0.042, and with a precision of
0.1% in residual intensity. Figure 3.3 illustrates the
identification and subsequent rectification of all identifiable
stellar lines in the high resolution data. The identification of
stellar lines was done by comparing the Procyon data with a high
resolution spectrophotometric atlas of the Sun (Minnaert, Mulders

& Houtgast, 1940), which records the telluric lines in the same
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A plot of the spectrum of Procyon taken from Griffin & Griffin
(1979) in the region from 6268.45A to 6299.41%. The components of
the alpha band of telluric oxygen are indicated, and are

tabulated in Table 3.1.



Table 3.1

K"

O N U w =

A table

Wavelength (X)

PP Branch

6287.749
6290.222
6292.959
6295.962
6299.230

R
R Branch

6284.536
6282.726
6281.178
6279.896
6278.878
6278.126
6277.638
6277.419
6277.470
6277.785
6278.374
6279.233
6281.781
6283.468

of wavelengths correspondin
components in the region 62708 to 6300%.
highly forbidden transitions (for K"=1,
pollution by a nearby solar line (for K"=25,

to

Wavelength (X)

P
Q Branch

. e o

6289.397
6292.162
6295.179
6298.457

R
Q Branch

6283.795
6281.956
6280.393
6279.101
6278.073
6277.312
6276.818
6276.590
6276.633
6276.938
6277.525
6278.374
6279.506
6280.910
6282.588

the telluric

oxygen

Missing data are either
Q branch), or because of

R branch).
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velocity frame as that of the solar spectrum. There is a velocity
shift of 26km/s in the Procyon data (the Procyon rest frame for
the date of observation), allowing stellar line identification to
be made on the basis of wavelength shift. The resulting spectrum
was used in the correction procedure described in Section 3.3.

It should be noted that, in addition to the alpha band
components in the region of the 62848 diffuse feature listed 1in
Table 3.1, there are also a number of weak absorption lines of
atmospheric origin not attributed to oxygen. Those lines
attributed to atmospheric water vapour occur at the following
wavelengths: 6275.278%, 6276.44%, 6278.008, 6281.6278, 6282.500%,
6285.801K, 6287.2858, 6289.1408, 6289.95%, 6292.614%, 6294.6508,
6297.2628 and  6299.228R. Other unidentified atmospheric
absorption lines occur at the following wavelengths: 6271.9492,
6272.4158, 6279.3188, 6286.8008, 6287.9458, 6295.6508. These
wavelengths and identifications are taken from Moore, Minneart &
Houtgast (1966). Although the strengths of these lines will vary
with air mass in a similar manner to the oxygen band components,
they will also vary significantly with the quantity of water
vapour in the atmosphere. This will be dependent upon the weather

pattern.

3.3 The Telluric Oxygen Alpha Band Rectification Procedure

3.3.1 Outline of the Procedure

The procedure used to correct the spectroscopic pollution
caused by the alpha band of telluric molecular oxygen on each
spectrogram was briefly outlined in Chapter 2, Subsection 2.2.6,
for the program L6284. The procedure involved modelling the alpha
band of telluric oxygen in optical depth and wavelength using the
high resolution Procyon data of Griffin & Griffin (1979),
discussed in Section 3.2. It is noted that Herbig (1975) briefly
outlined a procedure similar in principle to that presented
herein, using data of equal resolution derived from the spectra
of stars of low reddening. In the procedure presented herein the
modelling was done by the method of least squares, wusing an
optical depth parameter to account for variations in the strength

of the telluric band due to changes in air mass, and using a















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































